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ARTICLE INFO ABSTRACT

Keywords: Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
NLRP3 inflammasomeome 2), exhibits a wide spectrum of clinical presentations, ranging from asymptomatic cases to severe pneumonia or
SARS-CoV-2 even death. In severe COVID-19 cases, an increased level of proinflammatory cytokines has been observed in the
COVID-19 . « . . . s . o s

Pathogenesis bloodstream, forming the so-called “cytokine storm”. Generally, nucleotide-binding oligomerization domain-like
Inhibifor receptor containing pyrin domain 3 (NLRP3) inflammasome activation intensely induces cytokine production as

an inflammatory response to viral infection. Therefore, the NLRP3 inflammasome can be a potential target for
the treatment of COVID-19. Hence, this review first introduces the canonical NLRP3 inflammasome activation
pathway. Second, we review the cellular/molecular mechanisms of NLRP3 inflammasome activation by SARS-
CoV-2 infection (e.g., viroporins, ion flux and the complement cascade). Furthermore, we describe the
involvement of the NLRP3 inflammasome in the pathogenesis of COVID-19 (e.g., cytokine storm, respiratory
manifestations, cardiovascular comorbidity and neurological symptoms). Finally, we also propose several
promising inhibitors targeting the NLRP3 inflammasome, cytokine products and neutrophils to provide novel
therapeutic strategies for COVID-19.

1. Introduction

Since the first cases of atypical viral pneumonia were reported in
December 2019, a global infection has disseminated widely with coro-
navirus disease 2019 (COVID-19) [1]. Severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) is the causative agent behind the
ongoing COVID-19 pandemic. SARS-CoV-2, an enveloped
single-stranded positive-sense RNA virus, belongs to the genus Betacor-
onavirus within the family Coronaviridae [2]. SARS-CoV-2 is an envel-
oped virus that is comprised of spike (S), membrane (M), nucleocapsid

(N) and envelope (E) proteins [3]. In addition, this virus also encodes a
set of accessory proteins, including two ion-channel proteins known as
viroporins (open reading frame 3a (ORF3a) and ORF8a) [4]. Most
COVID-19-infected individuals present with mild flu-like symptoms
(low-grade fever and cough), while 5-10 % are severe cases suffering
from a compromised respiratory system and life-threatening pneumonia
[1]. In general, severe cases result in acute respiratory distress syndrome
(ARDS) and acute lung injury (ALI), which are known to be induced by a
storm of inflammatory cytokines, especially interleukin (IL)-1p, IL-6,
and tumor necrosis factor-oa (TNF-a) [5]. Apart from the typical

Abbreviations: COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NLRP3, nucleotide-binding oligomerization
domain-like receptor containing pyrin domain 3; S/M/N/E protein, spike/membrane/nucleocapsid/envelope protein; ORF3a/8a/8b, open reading frame 3a/8a/8b;
ARDS, acute respiratory distress syndrome; ALI, acute lung injury; IL-18/1p/6/8/10/1RA, interleukin-18/1p/6/8/10/1RA; TNF, tumor necrosis factor; ASC,
apoptosis-associated speck-like protein containing a caspase recruitment domain; LRR, , leucine-rich repeat; PYD, pyrin domain; CARD, caspase recruitment domain;
PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; LPS, lipopolysaccharide; NF-kB, nuclear factor kappa B; PKR,
double-stranded RNA-dependent protein kinase; NEK7, never in mitosis A-related kinase 7; ERGIC, endoplasmic reticulum-Golgi apparatus intermediate compart-
ment; ROS, reactive oxygen species; mtDNA, mitochondrial DNA; ACE2, angiotensin-converting enzyme 2; TMPRSS2, transmembrane serine protease 2; Ang II,
angiotensin II; AT1R, Ang II type 1 receptor; MBL, mannan-binding lectin; MASP2, MBL-associated serine protease 2; MAC, membrane attack complex; ERK,
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respiratory symptoms, other cardiovascular and neurological manifes-
tations have also been reported in COVID-19 [6,7].

Generally, the production of inflammatory cytokines in host cells
necessitates inflammasomes. Inflammasomes are protein complexes
formed in the cytosol responding to different stimuli [8]. Of all the
inflammasomes, the nucleotide-binding oligomerization domain-like
receptor containing pyrin domain 3 (NLRP3) inflammasome is the best
studied inflammasome, comprised of NLRP3 protein, the adapter
apoptosis-associated speck-like protein containing a caspase recruit-
ment domain (ASC) and pro-caspase-1 [9]. The NLRP3 protein consists
mainly of three parts, namely, a leucine-rich repeat (LRR) domain, a
central nucleotide-binding domain known as NACHT and a pyrin
domain (PYD). ASC is composed of two parts: PYD and a caspase
recruitment domain (CARD). In response to danger signals, NLRP3 binds
to ASC via interactions between PYDs. Subsequently, ASC recruits
pro-caspase-1 through CARD. The homophilic interactions of domains
are important for the structural mechanism of NLRP3 inflammasome
activation [10].

Activation of the NLRP3 inflammasome leads to proteolytic cleavage
of inactive pro-caspase-1 to form caspase-1, which subsequently con-
verts the cytokine precursors pro-IL-1p and pro-IL-18 into mature IL-1p
and IL-18 [11]. In general, the activation of the NLRP3 inflammasome
occurs in two steps: priming and activation. In the first step (priming),
pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs), such as lipopolysaccharide (LPS), are
recognized by Toll-like receptors, resulting in the activation of nuclear
factor kappa B (NF-kB)-mediated signaling. NF-xB upregulates the
transcription of inflammasome-related components such as inactive
NLRP3, pro-caspase-1, pro-IL-1p and pro-IL-18 [12]. The second step
(activation) is mainly triggered by ATP, pore-forming toxins, viral RNA
and particulate matter, leading to the assembly of NLRP3, ASC, and
pro-caspase-1 into a complex [13]. Since NLRP3-activating factors are
chemically diverse, NLRP3 seems to sense some common cellular signals
instead of contacting its activators directly. It is worth noting that
several molecular and cellular events, including K" efflux [14], Ca?t
signaling [15], reactive oxygen species (ROS) production [16], mito-
chondrial dysfunction, and lysosomal rupture [17,18], have been pro-
posed to describe the second step of inflammasome activation. In
addition to the signals mentioned above, guanylate-binding protein 5
[19], double-stranded RNA-dependent protein kinase (PKR) [20] and
never in mitosis A-related kinase 7 (NEK7) [21] have also been identi-
fied as important regulators of NLRP3 inflammasome activation.

As a vital part of the innate immune system, the NLRP3 inflamma-
some is important for antiviral host defenses, whereas its aberrant
activation can lead to pathological tissue injury during infection. Pre-
vious studies have characterized the involvement of the NLRP3
inflammasome in the pathogenesis of ARDS and ALI [22,23], which are
respiratory symptoms in severe COVID-19 cases [4]. Additionally,
cytokine storm, the main cause of inflammation in severe COVID- 19
cases [23], implicates the participation of the NLRP3 inflammasome in
the pathogenesis of COVID-19 [24,25]. Accordingly, several studies
have reported hyperactivation of the NLRP3 inflammasome in
COVID-19 [26,27]. In this context, a better understanding of NLRP3
inflammasome activation during COVID-19 is required for further
investigation and better treatment of COVID-19.

Herein, considering the significant involvement of the NLRP3
inflammasome in COVID-19, this review describes the possible path-
ways of NLRP3 inflammasome activation in response to SARS-CoV-2
infection, the role of the NLRP3 inflammasome in the pathogenesis of
COVID-19 and promising treatments based on the inhibition of the
NLRP3 inflammasome in COVID-19.

2. Mechanisms of NLRP3 inflammasome activation

The NLRP3 inflammasome, as an important part of the innate im-
mune system, is closely related to inflammation and immunopathology.
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As mentioned above, the activation of the NLRP3 inflammasome in-
cludes 2 steps: priming and activation [9].

In the priming stage, PAMPs or DAMPs (such as LPS) are recognized
by Toll-like receptors, initiating the activation of a few transcription
factors, such as NF-xB, via intricate signals. The NF-kB pathway subse-
quently upregulates the expression of NLRP3 inflammasome-related
components [12], including NLRP3, proinflammatory cytokines and
pro-caspase-1 [28]. The second step (activation) is the oligomerization
of NLRP3 and the assembly of NLRP3, ASC, and pro-caspase-1 into a
complex. This is typically triggered by ATP, pore-forming toxins, viral
RNA and particulate matter [13]. Cellular signaling events can thus be
initiated, such as K* efflux [14], Ca®t flux [1 5], ROS production [16],
mitochondrial dysfunction [29], lysosomal rupture [17], and chloride
intracellular channel-dependent Cl~ efflux [30]. Apart from the
signaling events, several important regulators of NLRP3 inflammasome
activation have also been reported, including PKR [31],
guanylate-binding protein 5 [19] and NEK7 [21].

In general, K" efflux is a crucial step for NLRP3 inflammasome
activation. After ATP stimulation, P2X purinergic receptor 7 (P2 x 7),
an ATP-gated ion channel, promotes Ca?t and Na® influx and co-
ordinates with K™ channels to mediate K* efflux [32]. The decrease in
intracellular K concentration thus triggers NLRP3 inflammasome
activation in both canonical and noncanonical inflammasome pathways
[14,33]. For Ca®" signaling, either the opening of plasma membrane
channels or the release of ER-linked intracellular Ca®" stores can lead to
Ca®* flux into the cytosol [34], thus promoting NLRP3 complex for-
mation [15]. Additionally, Ca>" mobilization and mitochondrial Ca*
overload can induce mitochondrial dysfunction, promoting NLRP3
inflammasome activation [35]. Notably, Ca®* flux and K* efflux are
often coordinated in NLRP3 inflammasome activation. For instance, ATP
induces weak Ca®" influx via P2 x 7, coordinating K" efflux [32].
Subsequently, K* efflux promotes the release of ER-linked Ca®" stores
[36]. Additionally, Cl™ efflux via chloride intracellular channel proteins
is necessary for NLRP3 inflammasome activation. It acts downstream of
the K efflux-ROS axis to promote the assembly and activation of the
NLRP3 inflammasome [30]. A recent study also proposed that K efflux
promotes NLRP3 oligomerization, while CI- efflux facilitates ASC poly-
merization [37]. Moreover, mitochondrial dysfunction [29], production
of ROS [16] and mitochondrial DNA (mtDNA) [38] are also critical
mediators of NLRP3 inflammasome activation. In addition, lysosomal
rupture and release of particulates into the cytoplasm can activate K™
efflux and Ca* influx, thus leading to NLRP3 inflammasome activation
[39]. Above all, the mechanisms of NLRP3 inflammasome activation are
various. In particular, many NLRP3 inflammasome activation pathways
involve either K* efflux and/or Ca2t flux. Of note, K* efflux, ROS and
Cl” efflux have been proven to be important for the NEK7-NLRP3
interaction [9], which further implies the intricate correlation of
diverse signal events and regulators.

With the activation of the NLRP3 inflammasome, mature caspase-1
leads to the cleavage of pro-IL-1p/18 to form IL-1/18 and the cleav-
age of gasdermin D into fragments forming pores on the cell membrane.
Cytosolic content is released through these pores, causing the unre-
strained dissemination of inflammatory factors such as IL-13/18, further
resulting in a form of cell death termed pyroptosis [40] (Fig. 1).

3. NLRP3 inflammasome activation in response to SARS-CoV-2
infection

The canonical NLRP3 inflammasome activation mechanisms have
been described above, which discussed that K efflux, Ca®" flux, ROS,
mitochondrial damage and lysosomal rupture are important cellular
signals for inflammasome activation. For SARS-CoV-2-induced NLRP3
inflammasome activation, the possible mechanisms are mainly based on
canonical activation pathways. SARS-CoV-2 can activate the NLRP3
inflammasome either directly or via diverse cellular/molecular
signaling events.
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Fig. 1. Schematic diagram of the canonical
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3.1. Cda?®* transport through the SARS-CoV E protein channel activates
the NLRP3 inflammasome

SARS-CoV encodes viroporins with ion channel activity, such as
protein E, ORF3a and ORF8a. As previously reported, these viroporins
oligomerize and form pores during viral infections, which compromise
normal physiological homeostasis in host cells and thus lead to viral
pathogenicity [41]. Of these viroporins, protein E has been indicated to
play a vital role in viral virulence [42]. Notably, deletion of the
SARS-CoV E gene can attenuate SARS-CoV infection [43,44], high-
lighting the importance of the E protein in the high virulence of
SARS-CoV.

The role of the E protein in the virulence of SARS-CoV has been
widely studied. First, it has been stated that SARS-CoV overstimulates
the NF-xB inflammatory pathway in the presence of the E protein [45].
Moreover, the CoV E gene encodes a small transmembrane protein
highly expressed during infection. It mainly localizes to the Golgi
apparatus and the endoplasmic reticulum-Golgi apparatus intermediate
compartment (ERGIC), where it can promote virus production and
morphogenesis [46]. Additionally, it is worth noting that the ion chan-
nel activity of the E protein allows the CoV E protein to assemble in
membranes, forming pentameric protein-lipid pores to induce ion

IL-1p/18 and pyroptosis by the cleavage of
gasdermin D.

transport [47]. Furthermore, it has been proposed that the SARS-CoV E
protein exhibits a slight preference for cations (Na*, K*) over anions
(Cl7) when reconstituted in membranes mimicking the charge and
composition of the ERGIC/Golgi [47]. These ion channel properties of
the E protein and the relevance of the E protein to virulence have further
encouraged a recent study, which indicated that the E protein forms a
Ca2+'perrneable channel in ERGIC/Golgi membranes [5]. As a result,
Ca?" leakage through E protein ion channels in ERGIC/Golgi mem-
branes can induce ionic imbalances within cells, which can exacerbate
inflammation and immunopathology.

Increasing evidence has shown that NLRP3 detects RNA viruses by
sensing the cellular damage or distress induced by viroporins [48,49]. As
mentioned above, Ca* flux is a vital signaling event for the activation of
the NLRP3 inflammasome. With Ca?" leakage through the E protein ion
channel in ERGIC/Golgi membranes, increased cytosolic Ca>" may
promote NLRP3 inflammasome activation. In accordance, a recent study
proved that the SARS-CoV E protein triggers NLRP3 inflammasome
activation through its Ca’* transport ability [5] (Fig. 2).
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3.2. K" efflux and ROS production induced by the ORF3a protein activate
the NLRP3 inflammasome

The ORF3a protein, as mentioned above, is also a SARS-CoV viro-
porin. Similar to the E protein, ORF3a also has ion channel activity and
is thought to act as a K" channel [50]. It has been identified to cause host
cell lysosome dysfunction and initiate caspase-1 activation either
directly or through increased K* efflux. Additionally, ORF3a can lead to
NF-kB-mediated upregulation of the cytokine IL-1p and pyroptosis,
contributing to host inflammatory responses to SARS-CoV infection and
tissue damage [51,52].

Considering the indispensable role of NF-xB and K efflux in the
canonical inflammasome pathway, NLRP3 inflammasome activation by
the ORF3a protein was discussed in a recent study [52]. The authors of
this study stated that the ion channel activity of the 3a protein is
required for inflammasome-mediated IL-1p secretion and that SARS-CoV
3a is sufficient to trigger activation of the NLRP3 inflammasome. In
addition, it has been observed that both K* efflux and ROS production
are involved in the IL-1p secretion induced by the SARS-CoV 3a protein
[52]. As a result, this suggests a mechanism that the intracellular ionic
concentration disruption and mitochondrial damage induced by ORF3a
trigger the activation of the NLRP3 inflammasome (Fig. 2).

3.3. Ang II accumulation induced by the S protein-ACE2 pathway
activates the NLRP3 inflammasome

SARS-CoV mediates viral membrane fusion via the S protein
expressed on the surface of the virus [53]. The S protein can be cleaved
into 2 subunits: S1 and S2. S1 directly binds to angiotensin-converting
enzyme 2 (ACE2) [54], followed by priming/processing by trans-
membrane serine protease 2 (TMPRSS2) [55]. Subsequently, S2 is
exposed by the cleavage, which facilitates the fusion of the virus and
host cell membranes, leading to entry of virus into host cells [56]. It has
been shown that the SARS-CoV-2 S protein has almost 80 % amino acid
identity with the SARS-CoV S protein. Additionally, the binding affinity
of the SARS-CoV-2 S protein to human ACE2 is similar to that of the
SARS-CoV S protein [57].

ACE2 is one of the members of the membrane-bound carbox-
ydipeptidase family, which degrades angiotensin II (Ang II) to generate
angiotensin 1-7 and negatively regulates various Ang II activities
mediated by the Ang II type 1 receptor (AT1R) [58]. Due to the
increasing replication of the virus, the S protein-ACE2 contact is
enhanced, while the ACE2-Ang II interaction is attenuated. Therefore,
the degradation of Ang II is diminished as well. As a result, non-
competing Ang II accumulation occurs, leading to ALI via AT1R acti-
vation [59]. Notably, a recent study revealed that Ang II can activate the
NLRP3 inflammasome in podocytes, which is partially attributed to
mitochondrial dysfunction [60]. In this context, it can be inferred that
SARS-CoV-2 can activate the NLRP3 inflammasome through the S
protein-ACE2 pathway via Ang Il accumulation (Fig. 2).

3.4. The complement cascade induced by SARS-CoV-2 infection activates
the NLRP3 inflammasome

The N proteins of SARS-CoV-2 can activate the complement cascade
in a mannan-binding lectin (MBL)-dependent manner. The complex
formation of MBL and MBL-associated serine protease 2 (MASP2) sub-
sequently induces the release of C3a and C5a anaphylatoxins and the
formation of a nonlytic C5b/C9 membrane attack complex (MAC)
[61-63]. Accordingly, it has been reported that striking deposition of
C5b-9, C4d and MASP?2 exists in the microvasculature of 2 organ systems
from patients with SARS-CoV-2 infection and severe respiratory failure
[63]. This highlights the pathophysiologic importance of complement in
COVID-19.

Moreover, several studies have indicated that the initiation of the
complement cascade can lead to the activation of the NLRP3
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inflammasome. For example, C3a, a potent effector of the complement
cascade, engages the C3a receptor and upregulates ATP efflux in an
extracellular signal-regulated kinase 1/2 (ERK1/2)-dependent fashion
[64]. Increased ATP efflux in turn elevates NLRP3
inflammasome-induced IL-13/18 secretion via P2 x 7 [64], an
ATP-gated ion channel for K efflux in NLRP3 inflammasome activation
[65]. Furthermore, C5a-C5a receptor 2 signaling has been found to
activate the NLRP3 inflammasome by upregulating dsRNA-dependent
PKR, an NLRP3 inflammasome activation regulator mentioned above
[20], via the mitogen-activated protein kinase (MEK)/ERK pathway and
type I interferon (IFN) signaling [66]. In addition, MAC, formed by
self-polymerization of terminal components of the complement cascade,
contacts the surfaces of target cells and forms transmembrane pores or
channels in the cell membrane to influence cytolysis [67]. A recent study
revealed that MAC insertion triggers Ca2" influx and increases cytosolic
Ca?* concentration, inducing mitochondrial damage and NLRP3
inflammasome activation [68].

In conclusion, the complement system contributes to COVID-19 pa-
thology and is closely related to the activation of the NLRP3 inflam-
masome. In this context, it can be inferred that SARS-CoV-2 infection
can activate the NLRP3 inflammasome via the complement cascade
pathway (Fig. 2) [61,62].

3.5. ORFB8b protein activates the NLRP3 inflammasome by binding to its
LRR domain directly

ORF8b, an 84-residue polypeptide, is formed after the cleavage of
ORFS8 in the late phase of SARS infection. It has been deemed that the
cleavage of ORF8 grants an evolutionary advantage to the virus because
ORF8b promotes virus replication in the presence of IFN [69,70]. These
findings indicate the contribution of ORF8b to SARS-CoV pathology.
Regarding the specific cellular mechanism, it has been reported that
ORF8b forms intracellular aggregates, which is dependent on a valine at
residue 77, leading to lysosomal stress, autophagy, and cell death [71].

Inflammatory monocyte-macrophages in the lungs have been
considered vital mediators of SARS-CoV pathology [72] and serve as a
critical link between intracellular aggregates and inflammasome acti-
vation [73]. In this scenario, the effect of ORF8b on inflammasome
activation in macrophages has been studied. It has been suggested that
ORF8b induces NLRP3 inflammasome activation in macrophages by
binding to the NLRP3 LRR domain directly (Fig. 2) [71].

4. Role of the NLRP3 inflammasome in COVID-19 pathogenesis

COVID-19 clinical presentations are variable in severity, ranging
from asymptomatic cases to severe pneumonia and ARDS, even
including death. In symptomatic cases, COVID-19 typically presents as
an influenza-like respiratory illness, with fever, cough, dyspnea, and
malaise/myalgia. In atypical presentations, it generally manifests as
extrapulmonary involvement, such as cardiovascular comorbidity,
gastrointestinal symptoms, neurological manifestations and multiorgan
failure (liver, kidneys, heart). To date, many studies have provided a
better understanding of COVID-19 pathogenesis. Here, this review
mainly describes the involvement of the NLRP3 inflammasome in
COVID-19-related cytokine storm and respiratory, cardiovascular and
neurological manifestations and complications (Fig. 3).

4.1. NLRP3 inflammasome and cytokine storm in COVID-19

Cytokine release syndrome is a systemic inflammatory response
triggered by various stimuli, including drugs and infections [74]. For
instance, respiratory viral infection, such as influenza, has been char-
acterized as a stimuli for the development of cytokine release syndrome
[25]. Typically, patients undergo a robust cytokine-mediated response
to these stimuli, which often is associated with fever, hypotension and
hypoxemia [74,75]. The subsequent syndrome can either be mild and
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the BBB to enter the CNS and induce the
permeation of peripheral white blood cells and
monocytes. Moreover, systemic inflammation
induced by the NLRP3 inflammasome leads to
the formation of pathogenic fibrils, mitochon-
drial dysfunction and apoptosis, which can

Cardiovascular
symptoms
n

Neurological
symptoms

result in neurodegeneration. Promising inhibitors of the NLRP3 inflammasome, cytokine products and the neutrophil-NET axis have been shown.

relieved spontaneously or develop into persistent high-grade fevers,
vasodilatory shock with hemodynamic instability, or severe hypoxemia
requiring mechanical ventilation [74,75]. SARS-CoV-2 infection initi-
ates a cytokine storm that has similar characteristics to cytokine release
syndrome as stated above [76]. The escalation of IL-6, IL-1p, TNF-a, IL-8,
IL-10, IL-1RA, and C-X-C motif chemokine ligand 10 (CXCL10) has been
observed in severe COVID-19 patients with cytokine storm [77,78].
These cytokines can produce eosinopenia and lymphocytopenia (low
counts of eosinophils, CD8 + T cells, natural killer and naive T-helper
cells) and induce naive B-cell activation, T-helper cell 17 lymphocyte
differentiation, and the stimulation of monocyte and neutrophil
recruitment [79-81].

As mentioned above, the NLRP3 inflammasome is one of the most
important innate immune components, which facilitates inflammation
by producing IL-13/18 and causing pyroptosis. With the development of
the inflammatory cascade, IL-1p and IL-18 promote the release of
additional NLRP3 cytokines, such as IL-6 [82]. Additionally, a recent
study indicated that activation of the NLRP3 inflammasome by S. suis
leads to the production of IL-1p, resulting in cytokine release syndrome
[24]. Accordingly, the positive correlation of IL-18 and caspase-1 with
other inflammatory markers, such as C-reactive protein, lactate dehy-
drogenase (LDH) and IL-6, has been reported with the inflammasome
activation in COVID-19 [27]. This further implies the importance of the
NLRP3 inflammasome for the formation of cytokine storm and the
development of COVID-19 (Fig. 3).

4.2. NLRP3 inflammasome in COVID-19 respiratory symptoms

Based on the clinical data of SARS-CoV-2-infected patients, radio-
logic evidence has shown that lung edema is quite common. Lung edema
is a manifestation of ALI and can develop into hypoxemia and ARDS
[83]. COVID-19 ARDS manifests with diffuse alveolar damage,
increased epithelial and endothelial cell permeability, leakage of fluid
into the pulmonary interstitium, fibrin-rich hyaline membranes, and
significant disruption of gas exchange, which finally results in hypoxia
and respiratory failure [84-86]. In addition, COVID-19 infection is
similar to bacterial and viral pneumonia. Both COVID-19 ARDS and
pneumonia are associated with significant morbidity, high levels of
mortality and a poor prognosis. Many studies have reported significant
levels of immune dysregulation in the lungs of patients with severe
COVID-19 pneumonia or ARDS.

Of note, the inflammatory biomarkers of ARDS associated with
cytokine storm are IL-6, IL-8, IL-18, and TNF [87]. Additionally, it has
recently been reported that increased levels of IL-18 are consistent with
increased mortality in ARDS [88]. In this context, it can be inferred that
the production of inflammatory cytokines largely contributes to the
exacerbation of ARDS [78]. These inflammatory mediators in the pul-
monary vasculature promote the development of ARDS by inducing the
activation of vascular endothelial cells [89], platelets [90] and neutro-
phils [91]] and ultimately the formation of platelet neutrophil com-
plexes at the surface of the endothelium [92]. As described above, the
NLRP3 inflammasome is closely related to the formation of the severe
cytokine storm. Additionally, previous studies have revealed the
important role of the NLRP3 inflammasome in the pathogenesis of ARDS
and ALI [22,23]. In this scenario, it is obvious that the NLRP3 inflam-
masome contributes to the development of COVID-19 ARDS. Notably,
high mobility group box 1 protein has been proposed to activate the
NLRP3 inflammasome, leading to ARDS/ALI in the lungs of COVID-19
patients [93,94]. Furthermore, neutrophil activation has been widely
recognized as an amplifier of lung injury in ARDS [95]. In addition,
COVID-19 patients exhibit higher neutrophil counts in blood [96].
Neutrophils undergo a particular type of cell death known as NETosis
[97]. Subsequently, expiring neutrophils produce thread-like extracel-
lular structures termed neutrophil extracellular traps (NETs) [97]. NETs
originally exert a protective function by forming mesh-like structures to
trap microbes. However, aberrant NET production has been indicated as
a vital factor contributing to ALI and ARDS [98]. Intriguingly, IL-1p
secreted by the NLRP3 inflammasome is a key trigger of NETs [99]. In
ALI/ARDS caused by infections, due to the chemokines produced by
epithelial cells and macrophages, neutrophils migrate massively into the
alveoli [98]. With stimulants such as IL-1f in the alveoli, migrated
neutrophils thus produce aberrant amounts of NETs, causing potent lung
injury [100]. Notably, neutrophil elastase can lead to proinflammatory
cytokine production by cleaving cadherins and endothelial cytoskeletal
proteins [100], which implies a feedback loop in IL-1p and neutrophils.
In conclusion, the elevated level of IL-1p produced by the NLRP3
inflammasome further activates neutrophils, leading to increased levels
of NET production. High levels of NETs cause increased clot formation,
endothelial damage, and alveolar damage associated with COVID-19.

In summary, the interrelationship of the NLRP3 inflammasome,
cytokine storm and NETs emphasizes the vital involvement of the NLRP3
inflammasome in the pathogenesis of COVID-19 ALI/ARDS (Fig. 3).
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4.3. NLRP3 inflammasome in COVID-19 cardiovascular symptoms

Many investigations have focused on severe acute respiratory tract
distress in COVID-19, yet few are available on the cardiovascular man-
ifestations in COVID-19. It has been observed that patients with coex-
isting cardiovascular disorders tend to have worse outcomes, including
severe cardiac injury and mortality [6]. COVID-19 can exacerbate
pre-existing cardiovascular conditions such as ischemic heart disease
and chronic heart failure and cause myocardial injury, arrhythmia,
acute coronary syndrome, myocarditis, cardiogenic shock, venous
thromboembolism, stroke and pulmonary embolism [101].

A recent study stated that SARS-CoV-2 infection may disseminate
from the respiratory tract into the cardiovascular system via the circu-
latory or lymphatic system [102]. With ACE2 receptors expressed in the
heart, the COVID-19 virus may trigger a proinflammatory cascade, as it
does in the lung. The recruitment of various adaptors, such as mito-
chondrial antiviral signaling proteins, can increase the expression of the
NLRP3 inflammasome and thus the production of inflammatory cyto-
kines (TNF-a, IL-6 and IL-1f) [103,104]. It further leads to myocarditis,
loss of contractile function, altered ejection fraction, damage to car-
diomyocytes and release of cardiac injury markers [105]. Additionally,
endothelial cells are a constitutive and integral part of the vascular
system, and endothelial dysfunction can intrinsically cause vascular
diseases [106]. Any damage to the endothelium directly results in
altered vascular tone and vasoconstriction, leading to ischemia, vascular
inflammation, coagulation and thrombosis [107]. A recent study found a
high prevalence of hypertension in COVID-19 patients and speculated on
the critical role of endothelial dysfunction in COVID-19 [108]. Notably,
NLRP3 inflammasome activation has been considered a vital function of
endothelial cells in COVID-19 inflammation [106]. Interestingly,
another study has suggested that the gut microbiota composition and the
gut blood barrier are altered in various forms of cardiovascular disease
[109]. Of note, this study reported that the dysfunctional gut mucosal
barrier facilitates passive leakage of microbial products such as LPS into
the circulation, thus inducing NLRP3 inflammasome activation and
contributing to cardiac manifestations in COVID-19 patients [109].

In conclusion, all the findings above highlight the profound partici-
pation of the NLRP3 inflammasome in the pathogenesis of COVID-19
cardiovascular symptoms (Fig. 3).

4.4. NLRP3 inflammasome in COVID-19 neurological symptoms

An increasing number of studies have reported the neurological
symptoms in patients with COVID-19, including cerebrovascular com-
plications, convulsions, encephalitis, change in mental status, confusion,
headaches and febrile seizures, as well as taste (hypogeusia/ageusia)
and smell (anosmia/hyposmia) dysfunction [7]. Accordingly,
SARS-CoV-2 has been reported to affect human neural progenitor cells
and brain organoids, indicating the possibility of direct infection of brain
tissue by CoV [110]. SARS-CoV-2 may invade brain tissue in similar
ways to other viruses: 1) the hematogenous route, in which viruses reach
and invade epithelial cells from the blood-brain barrier (BBB) or the
blood cerebrospinal fluid barrier via the bloodstream, or entrance into
the central nervous system (CNS) via leukocytes; 2) the neuronal
retrograde route, in which viruses invade peripheral neurons to reach
the CNS [111]. From this point of view, viruses can cross the BBB and
enter the CNS, initiating a neuroinflammatory process [111]. BBB
permeability increases in patients with neurodegenerative diseases,
facilitating SARS-CoV-2 neuroinvasion.

It has been indicated that inflammasomes are activated in various
diseases and injuries affecting the CNS [112]. Therefore, it is obvious
that the CNS is able to develop an immune response via inflammasome
activation. Additionally, P2 x 7 receptors are ATP-gated ion channels
widely expressed in the CNS [65], and their activation initiated by viral
infection can result in behavioral alterations and mental disorders [113,
114]. As mentioned above, P2 x 7 receptors are important for the
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indispensable K' efflux for NLRP3 inflammasome activation. In this
context, it has been proposed that neuroinvasion via the BBB and hy-
perstimulation of neuroimmune responses in COVID-19 may be induced
by P2 x 7 receptors in the CNS via NLRP3 inflammasome activation
[62]. Additionally, high levels of peripheral cytokines (such as IL-1p and
IL-6) can induce neuroinflammation by passing through the BBB directly
or diminishing BBB integrity, leading to the permeation of virus-infected
peripheral white blood cells and monocytes [115]. Furthermore, sys-
temic inflammation induced by NLRP3 inflammasome activation im-
pairs immune homeostasis in the brain. It facilitates the production of
inflammatory cytokines and the aggregation of peptides into pathogenic
fibrils and promotes mitochondrial dysfunction and apoptosis. As a
result, it ultimately leads to neurodegeneration [116,117]. These find-
ings indicate that the NLRP3 inflammasome may play a key role in the
development of COVID-19 neurological manifestations (Fig. 3).
Intriguingly, a recent study [118] summarized the potential simi-
larities of the pathogenesis of COVID-19 and some autoimmune dis-
eases, including rheumatoid arthritis, diabetes, multiple sclerosis, etc.
Of note, most of these autoimmune diseases have been characterized by
the involvement of the NLRP3 inflammasome [9], which again implies
the participation of the NLRP3 inflammasome in COVID-19 pathogen-
esis. Nonetheless, the specific mechanisms of NLRP3 inflammasome
involvement in the development of various COVID-19 symptoms or
complications need to be further investigated with more studies.

5. NLRP3 inflammasome-targeted therapeutic strategies for
COVID-19

Since the NLRP3 inflammasome, cytokine storm and neutrophil-NET
axis all contribute to ALI/ARDS in severe COVID-19 cases, it would be
feasible to explore therapies by inhibiting 1) NLRP3 inflammasome
activation, 2) cytokine action, or 3) increases in neutrophils and NETs
(Fig. 3). This review discusses several inhibitors targeting these three
factors. The clinical trials of inhibitors are listed in Table 1, and the
specific characteristics of the clinical trials are listed in Table 2.

5.1. NLRP3 inflammasome-targeted therapeutic strategies for COVID-19

Several NLRP3 inflammasome inhibitors have been clinically studied
for their effectiveness in COVID-19, which implies a promising appli-
cation of other NLRP3 inflammasome inhibitors.

Melatonin is a hormone of the pineal gland contributing to the
regulation of physiological activities and neuroendocrine processes.
Recently, it has been proposed that the NLRP3 inflammasome is a new
target for melatonin to exert its anti-inflammatory activity [119]. Based
on the melatonin inhibitory activity of the NLRP3 inflammasome, a
recent clinical trial evaluated the therapeutic effects of melatonin in
inhibiting the NLRP3 inflammasome in COVID-19 patients (Trial-
TrovelD-375830). Additionally, statins are a treatment for diverse in-
fections, such as influenza virus or middle east respiratory syndrome
coronavirus (MERS-CoV) [120]. It has been shown to limit cytokine
storm in severe COVID-19 patients by inhibiting NF-kB and the NLRP3
inflammasome [121]. In addition, colchicine is also capable of inhibiting
the NLRP3 inflammasome by preventing caspase activation, inhibiting
P2 x 7 receptors and decreasing pyrin gene expression [122]. In
accordance, a clinical trial is studying the safety and efficacy of the
combination of rosuvastatin and colchicine in addition to standard care
in hospitalized patients with SARS-CoV-2 (TrialTrovelD-379443). Of
note, a completed trial indicated that the use of colchicine reduces the
length of supplemental oxygen therapy and hospitalization and
increased clinical improvement (TrialTrovelD-381747). Therefore,
colchicine could be considered a beneficial and inexpensive option for
COVID-19 treatment. Additionally, several studies have stated that IFN
can compromise the NLRP3 inflammasome via various pathways [123].
A number of trials have been conducted to assess the efficacy of re-
combinant IFNs in the treatment of COVID-19. The completed clinical
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Table 1
Inhibitors targeting NLRP3 inflammasome-related factors for COVID-19.
Target Inhibitor Clinical trial” Trial Trial status
phase
NLRP3 Melatonin TrialTrovelD- I Open
inflammasome 375830
Statins TrialTrovelD- 111 Open
379443
IFN TrialTrovelD- v Completed
371689
TrialTrovelD- 1I/111 Completed
370679
TrialTrovelD- 111 Completed
392370
TrialTrovelD- I Completed
372573
Sirolimus TrialTrovelD- I Open
378925
TrialTrovelD- I Open
371558
TrialTrovelD- I Planned
373755
Azithromycin  TrialTrovelD- I\ Completed
394294
TrialTrovelD- I\ Completed
390593
Cyclosporine TrialTrovelD- /1 Completed
383935
Colchicine TrialTrovelD- 11/1IT Completed
381747
TrialTrovelD- I Planned
383970
Baricitinib TrialTrovelD- III Open
393453
TrialTrovelD- I Completed
376590
Acalabrutinib ~ TrialTrovelD- I Completed
374074
Oridonin Required / /
Parthenolide Required / /
Bay 11-7082 Required / /
Glyburide Required / /
IL-1p Anakinra TrialTrovelD- I Planned
387990
TrialTrovelD- I Completed
381687
Canakinumab  TrialTrovelD- I Completed
394661
1L-6 Sarilumab TrialTrovelD- I Open
374439
Tocilizumab TrialTrovelD- I\ Completed
395500
TrialTrovelD- v Completed
379637
Neutrophils Sivelestat Required / /
Colchicine TrialTrovelD- II/101 Completed
381747
TrialTrovelD- I Planned
383970
NETs Dornase alfa TrialTrovelD- III Open
371650

? Clinical trials registered at Citeline.informa.com.

trials have shown that IFNf-1a (TrialTrovelD-371689), IFNf-1b (Trial-
TrovelD-370679), IFNa-2b (TrialTroveIlD-392370) and
peginterferoni-1a (TrialTrovelD-372573) exhibit benefits for clinical
improvement in moderate to severe COVID-19. Moreover, azithromycin
has been claimed to have an inhibitory effect on NLRP3 inflammasome
activation [124]. Accordingly, azithromycin has been studied in several
clinical trials (TrialTroveID-394294, TrialTroveIlD-390593). The results
of TrialTroveIlD-390593 showed that the combination of hydroxy-
chloroquine and azithromycin can help to promote the recovery of most
patients and significantly reduce their signs and symptoms. Further-
more, sirolimus and cyclosporine, immunosuppressants that can atten-
uate NLRP3 inflammasome activation [125,126], are undergoing
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clinical trials to treat COVID-19 (TrialTrovelD-378925,
TrialTrovelD-371558, TrialTrovelD-373755, TrialTrovelD-383935).
Notably, one trial (TrialTrovelD-373755) is investigating the effect of
both azithromycin and sirolimus as multiple arms, which further implies
the importance of the NLRP3 inflammasome in COVID-19. Additionally,
the results of TrialTroveID-383935 have shown that cyclosporine A can
improve outcomes and reduce mortality in moderate to severe
COVID-19 cases. Likewise, other drugs that can inhibit the NLRP3
inflammasome, such as baricitinib and acalabrutinib [127,128], are
being widely studied in clinical trials for COVID-19 (Trial-
TrovelD-376590, TrialTrovelD-393453, TrialTrovelD-374074). Ac-
cording to the results of TrialTrovelD-376590, baricitinib can
significantly reduce the mortality of COVID-19 patients.

Apart from NLRP3 inflammasome inhibitors that have been applied
in clinical trials of COVID-19, some other potent and effective NLRP3
inflammasome inhibitors deserve more attention. For example, natural
product inhibitors such as oridonin and parthenolide and synthetic
compound inhibitors such as Bay 11-7082 are closely associated with
the attenuation of SARS-CoV infection and the reduction of lung
inflammation [45,129,130]. Additionally, glyburide can inhibit the
NLRP3 inflammasome in cells infected with RNA viruses [131]. In short,
effective NLRP3 inflammasome inhibitors should be discussed further to
explore more promising treatments for COVID-19 (Fig. 3).

5.2. Cytokine product-targeted therapeutic strategies for COVID-19

Considering the cytokine-mediated inflammatory response during
COVID-19, targeting cytokines directly is a potent therapeutic strategy.

As stated above, IL-1p and IL-18 can facilitate the release of other
cytokines, such as IL-6.In addition, IL-1p and IL-6 can promote inflam-
masome activation in a feedforward mode [132,133]. As a result, the
direct inhibition of cytokine products may largely contribute to the
blockade of the NLRP3 inflammasome and thus the inflammatory
response in COVID-19. For example, the IL-1 receptor antagonists ana-
kinra and canakinumab are undergoing evaluation in several trials for
the treatment of COVID-19 (TrialTrovelD-381687,
TrialTrovelD-387990, TrialTrovelD-394661). The completed trial
TrialTrovelD-381687 showed that in patients with severe COVID-19
pneumonia and high oxygen requirements, anakinra could represent
an effective treatment option and may confer clinical benefit. Addi-
tionally, the results of TrialTroveID-394661 indicated that canakinumab
therapy causes rapid and long-lasting improvement in oxygenation
levels in the absence of any severe adverse events. Thus, in hospitalized
adult patients with mild or severe COVID-19, canakinumab could be a
valid therapeutic option. Moreover, the effects on COVID-19 of two
anti-IL-6 receptor monoclonal antibodies, sarilumab and tocilizumab [4,
133-136], have been evaluated by several clinical trials (Trial-
TrovelD-374439, TrialTroveID-395500, TrialTrovelD-379637). The re-
sults of TrialTrovelD-379637 demonstrated that tocilizumab was
associated with rapid improvement in oxygenation and a faster decrease
in C-reactive protein and white blood cell counts in patients with
COVID-19. Therefore, tocilizumab should be evaluated as rescue ther-
apy for patients with progressive disease. Interestingly,
TrialTroveID-393453 mentioned above is evaluating the efficacy of both
tocilizumab and baricitinib to determine the best option for the man-
agement of ARDS in COVID-19 patients. This further implies the vital
role of the NLRP3 inflammasome-cytokine axis in COVID-19 and in-
dicates a novel treatment for COVID-19.

5.3. Neutrophil-NET-targeted therapeutic strategies for COVID-19

As described above, the NLRP3 inflammasome produces IL-1$, which
can further recruit and activate neutrophils, resulting in excessive NETs.
Additionally, NETs can in turn activate the NLRP3 inflammasome to
form a feedback loop [99]. Therefore, considering the participation of
neutrophils and NETs in COVID-19 ARDS, inhibition of the
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Table 2

Characteristics of the clinical trials performed on COVID-19 patients®.
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Agent Clinical trials Objective Intervention Control Primary outcome
measures
Melatonin TrialTrovelD- To evaluate the therapeutic effects of 9 mg melatonin for 7-10 The usual treatment The amount of
375830 melatonin by inhibition of NLRP3 nights melatonin [Time Frame:
inflammasome in COVID-19 patients Up to 10 days]
Statins TrialTrovelD- To study safety and efficacy of the 40 mg rosuvastatin daily and ~ The standard care COVID-19 severity (as
379443 combination of colchicine and 0.6 mg colchicine twice for 3 defined by World Health
rosuvastatin in addition to standard of days and then 0.6 mg daily Organization Ordinal
care in hospitalized patients with SARS- Scale) [Time Frame: 30
CoV-2 Days]
IFN TrialTrovelD- To investigate the beneficial effects of 44 pg IFNp-laondays1,3,6 400 mg hydroxychloroquine on day Time to clinical
371689 IFNp-1a, compared to IFNp-1b and the (for Arm1); 1 + 400 mg lopinavir/100 mg improvement [Time
base therapeutic regiment in moderate to  0.25 mg IFNp-1b on days 1, ritonavir twice a day for 10 days Frame: From date of
severe COVID-19 3, 6 (for Arm2); randomization until 14
400 mg hydroxychloroquine days later]
on day 1 + 400 mg
lopinavir/100 mg ritonavir
twice a day for 10 days (for
Arm1,2)
TrialTrovelD- To evaluate the efficacy and safety of 250 pg IFNB-1b Hydroxychloroquine + lopinavir/ Response to the
370679 IFNB-1b in the treatment of COVID-19 subcutaneously every other ritonavir for at least 5 days treatment daily;
day for 14 days Complications of the
treatment daily
TrialTrovelD- To test whether IFNa-2b can provide Single dose of 1 ug/kg The standard care Change in ordinal scale
392370 additional benefit to these patients in pegylated IFNa-2b [Time Frame: From
terms of reduced rate of hospitalization baseline to day 11]
and better time to recovery
TrialTrovelD- To evaluate peginterferon) in 180 pg peginterferoni-1a at Placebo Proportion swab
372573 ambulatory and hospitalized patients baseline and a second dose negative [Time Frame:
with mild to moderate COVID-19 on day 7 At day 71;
Treatment-emergent
and treatment related
serious adverse events
[Time Frame: Day O to
day 30];
Time to viral negativity
[Time Frame: Day O to
day 28]
Sirolimus TrialTrovelD- To illustrate the efficacy and safety of 6 mgsirolimus dailyonday1  The standard care Time to clinical
378925 sirolimus as an adjuvant agent to the followed by 2 mg daily for 9 recovery [Time Frame:
standard treatment protocol against days 14-28 days];
COVID-19 infection Viral clearance [Time
Frame: 14 days]
TrialTrovelD- To determine if treatment with sirolimus 6 mgsirolimus dailyonday1  Placebo Proportion of patients
371558 can improve clinical outcomes in followed by 2 mg daily for who are alive and free
hospitalized patients with COVID-19 the next 13 days from advanced
respiratory support
measures at day 28
[Time Frame: 28 days]
TrialTrovelD- To study the effect of 250 mg azithromycin daily None Time to clinical
373755 hydroxychloroquine in combination with  for 10 days (for Arm1); improvement
azithromycin or sirolimus for treating 4 mg sirolimus for 1 day then
COVID-19 patients 2 mg daily for 9 days (for
Arm?2);
600 mg hydroxychloroquine
daily for 10 days (for
Arm1,2)
Azithromycin  TrialTrovelD- To assess the clinical effectiveness and 500 mg azithromycin on day =~ None The changes in clinical
390593 safety profile of the COVID-19 treatment 1, then 250 mg daily for 5 and biochemical
protocol (containing both days + 400 mg parameters during
hydroxychloroquine and azithromycin) hydroxychloro twice a day hospitalization period
in an Iraqi specialized hospital on day 1 then 200 mg twice a such as disappearance of
day for 5 days (for clinical symptoms,
Arml1,2,3); virologic clearance and
75 mg tamiflu twice a day for occurrence of side
5 days (for Arm2,3); effects
200 mg lopinavir/ 50 mg
ritonavir twice a day for 5
days and antibiotic(s)
accordingly (for Arm3)
Cyclosporine TrialTrovelD- To evaluate low doses of corticosteroids Cyclosporine A at a dose of The standard treatment: 0.5 mg/kg Number of days to
383935 and cyclosporine combined with 1-2 mg /kg / day divided enoxaparin once, 500 mg clinical improvement

enoxaparin, in patients with COVID-19
pneumonia

into two doses, for 7 days

clarithromycin twice and
metylprednisolone 0.5 mg/kg once

until hospital discharge
or death. [Time Frame:
28 days]

(continued on next page)
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Table 2 (continued)
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Agent Clinical trials Objective Intervention Control Primary outcome
measures
Colchicine TrialTrovelD- To evaluate whether the addition of 0.5 mg colchicine three Placebo Number of days of need
381747 colchicine to standard treatment for times a day for 5 days, then of supplemental oxygen
COVID-19 results in better outcomes 0.5 mg twice a day for 5 days by catheter or masks;
(a loading dose of 1 mg if Number of days from
body weight >80 kg) the admission to the
discharge;
The percentage of
individuals who will
require admission to the
intensive care unit;
The percentage of death
TrialTrovelD- To evaluate the efficacy and safety of oral 1.5 mg colchicine orally on The standard treatment Number of participants
383970 colchicine plus standard therapy versus day 1 (initial 1 mg and who die or require
standard therapy in the clinical course of 0.5 mg at 2 h), then 0.5 mg transfer to intensive
SARS-CoV-2 infection, in a population every 12 h on days 2 to 7, care unit [Time Frame:
group with moderate COVID-19 and continuing with 0.5 mg In the first 15 days after
compromise and requiring per day until completing randomization]
hospitalization 14 + 1 days
Baricitinib TrialTrovelD- To evaluate the efficacy of remdesivir 5 mg/kg (<40 kg) or 200 mg  None Time to clinical
393453 and baricitinib combination therapy for (>40 kg) remdesivir I/V on improvement [Time
the treatment of ARDS caused by COVID-  day 1, then 2.5 mg/kg (< Frame: Following
19; 40 kg) or 100 mg (> 40 kg) randomization 30 days]
To compare the outcome of the daily following
"remdesivir + baricitinib" against randomization (for Arm1,2);
"remdesivir + tocilizumab" therapy and 4 mg baricitinib tablets daily
find the best option for the management for 2-4 weeks (for Arm1);
of ARDS in COVID-19 patients 8 mg/kg tocilizumab I/V (up
to 800 mg highest) 12 h
apart (for Arm2)
TrialTrovelD- To evaluate the efficacy and safety of 4 mg of baricitinib once daily ~ Placebo Percentage of
376590 baricitinib in hospitalized adults with participants who die or
COVID-19 require non-invasive
ventilation/high-flow
oxygen or invasive
mechanical ventilation
(including
extracorporeal
membrane oxygenation)
[Time Frame: Day 1 to
day 28]
Acalabrutinib  TrialTrovelD- To investigate the safety, efficacy and 100 mg acalabrutinib twicea  Best supportive care Occurrence of adverse
374074 pharmacokinetics of acalabrutinib day for 10 days events and serious
together with best supportive care in the adverse events [Time
treatment of COVID-19 Frame: Day 28];
Proportion of subject
alive and free of
respiratory failure
[Time Frame: Day 28]
Anakinra TrialTrovelD- To determine the efficacy of anakinra, an ~ Anakinra IV 4 times a day for 0.9 % saline Number of subjects alive
387990 IL-1 receptor blocker, in reducing the 7 days (100 mg anakinra without having required
need for mechanical ventilation and/or mixed with 100 ml of 0.9 % mechanical ventilation
28-day mortality among patients with saline solution for IV [Time Frame: 28 days
COVID-19 who have features of cytokine  administration) post randomization]
storm syndrome and severe respiratory
failure
TrialTrovelD- To investigate whether anakinra may 100 mg anakinra once daily The standard treatment Need for invasive
381687 reduce the need for invasive mechanical for 3 days, followed by mechanical ventilation
ventilation and deaths when compared to 100 mg once every other day or admission to the
standard of care in patients with severe for 7 days intensive care unit
COVID-19 [Time Frame: From
patient records between
baseline and 14 days];
In-hospital mortality
[Time Frame: From
patient records between
baseline and death or
discharge]
Canakinumab  TrialTrovelD- To evaluate canakinumab to improve 300 mg canakinumab by Standard therapy: /
394661 respiratory function and laboratory single subcutaneous hydroxycloroqui + lopinavir/
parameters compared with standard administration ritonavir
therapy
(hydroxycloroquine + lopinavir/
ritonavir)
Sarilumab TrialTrovelD- To generate a rapid, still robustly Sarilumab prefilled syringe None Proportion of patients
374439 documented, evidence on the potential who show an

10

(continued on next page)
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Agent Clinical trials Objective Intervention Control Primary outcome
measures
clinical efficacy and tolerability of a improvement of the
further IL-6R antagonist in COVID-19 respiratory function
pneumonia [Time Frame: 6 weeks]
Tocilizumab TrialTrovelD- To analyze the effectiveness of Tocilizumab 8 mg/kg (up to 80 mg methylprednisolne daily in two  Decreased mortality in
395500 tocilizumab in moderate to severe 800 mg/dose) over 1 h, divided doses as per national/local participants [Time
COVID-19 participants on the basis of followed by up to three guidelines Frame: 30 days];
predefined assessment criteria additional doses if required Hospital & intensive
as per the response after the care unit stay in days
first dose with 8 h intervals [Time Frame: 14 days]
TrialTrovelD- To assess the effects of tocilizumab, anIL- A single dose of 400 mg The standard care Intra-hospital mortality
379637 6 receptor antagonist, on intra-hospital intravenous tocilizumab
mortality and development of positive twice a day
cultures in patients with COVID-19
admitted to the intensive care unit
Dornase alfa TrialTrovelD- To evaluate the efficacy and safety of 2500 IU dornase alfa The usual care Efficacy of intra-
371650 aerosolized intra-tracheal dornase alfa inhalation solution twice tracheal administration

administration in mechanically
ventilated patients hospitalized for
COVID-19-related ARDS

daily, 12 h apart, for 7
consecutive days

[Time Frame: Day 7];
Improvement in the
ARDS scale severity
(Berlin criteria). [Time
Frame: Day 7]

@ Characteristics of each clinical trial obtained from Citeline.informa.com.

neutrophil-NET axis can attenuate inflammation in COVID-19 either
directly or via inhibition of the NLRP3 inflammasome.

NET production can be blocked by recombinant dornase alfa, histone
deacetylase inhibitors and some IL-6 blockers [99,137]. Of note, dornase
alfa has been undergoing clinical trials for COVID-19 (Trial-
TrovelD-371650), which aims to evaluate the effect of dornase alfa
aerosol in mechanically ventilated patients hospitalized for
COVID-19-related ARDS. In addition, the neutrophil elastase inhibitor
sivelestat, approved to treat ARDS, has been studied [138], while clin-
ical trials on COVID-19 are lacking. In addition, the NLRP3 inflamma-
some inhibitor colchicine mentioned above is also capable of preventing
the adhesion and recruitment of neutrophils [139]. The ongoing clinical
trials of colchicine are described above (TrialTrovelD-379443,
TrialTrovelD-381747). Clinical improvement through the use of
colchicine in COVID-19 implies that the inhibition of both the NLRP3
inflammasome and neutrophils is effective for COVID-19 treatment. All
of these inhibitors are safe and FDA-approved drugs, for which more
specific clinical trials can be conducted to further assess their efficacy in
COVID-19.

Above all, with an enormous number of clinical trials that are
planned, ongoing or completed, inhibitors of the NLRP3 inflammasome,
cytokines and neutrophil-NETs will be able to provide novel treatments
for COVID-19 and help further study the pathogenesis of COVID-19.

6. Conclusion

COVID-19, as a worldwide public health concern, presents with a
broad spectrum of symptoms ranging from few or no symptoms to severe
pneumonia, which can develop into ARDS or even death. Nevertheless,
the specific mechanisms that influence disease severity still remain un-
clear. Many recent studies have reported that inflammatory mediators
such as IL-1f, IL-6 and LDH are closely associated with severe COVID-19
cases. Typically, the inflammatory responses to diverse stimuli in host
cells necessitate inflammasomes. Although inflammasome signaling is
necessary to defend against viral infection, it contributes to the hyper-
activated inflammatory response at the same time. As the best studied
inflammasome, the NLRP3 inflammasome has been proven to play a key
role in the severity of MERS-CoV, SARS-CoV and SARS-CoV-2 infections
[75]. As a result, given the great number of people affected with
COVID-19 and the urgent need for drug discovery, a thorough consid-
eration of NLRP3 inflammasome involvement in COVID-19 provides a
better understanding of pathogenesis and helps with therapeutic
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development.

It has been suggested that inflammation signaling pathways are
probably better targets than a reduction in viral load for managing
COVID-19 [112]. For this reason, this review has highlighted the
mechanisms of NLRP3 inflammasome activation by SARS-CoV-2 infec-
tion. This finding implies several potential targets for the inhibition of
the NLRP3 inflammasome and thus the attenuation of COVID-19. For
instance, P2 x 7 receptor blockers can inhibit K* efflux (e.g., glyburide)
[131], and antioxidant/ROS scavengers (e.g., rosuvastatin) can reduce
ROS, thus compromising NLRP3 inflammasome activation [9]. In
addition, inhibitors targeting the complement cascade or AT1R may also
contribute to the inhibition of the NLRP3 inflammasome. Considering
the involvement of the NLRP3 inflammasome and its downstream
pathways in the pathogenesis of COVID-19 (mainly respiratory, car-
diovascular and neurological symptoms), the direct inhibition of
NLRP3-related inflammatory cells and cytokine products also provides a
potential treatment for COVID-19. This review has proposed several
inhibitors targeting the NLRP3 inflammasome, IL-1f, IL-6, neutrophils
and NETs. To date, several FDA-approved therapies that interfere with
inflammasome activation signaling have been considered for the treat-
ment of COVID-19, including anakinra, tocilizumab and IFN-f. How-
ever, there are no FDA-approved drugs that directly target the
inflammasome. Therefore, inhibitors directly targeting the NLRP3
inflammasome, such as MCC950 and oridonin, which bind to the
NACHT domain of NLRP3 [9,140], are worth investigating further in
clinical trials. Additionally, even nutraceutical strategies for the man-
agement of COVID-19 via suppression of NLRP3 inflammasome activa-
tion have been thoroughly reported [141].

Given that the timing of therapy is important, targeted therapy is
urgently needed to protect individuals with mild/moderate disease from
severe symptoms and improve patient outcomes in severe cases. Addi-
tionally, since CoV infections may become a seasonal infection (e.g.,
MERS-CoV, SARS-CoV and SARS-CoV-2 infections), it is important to
explore more FDA-approved and novel therapeutics that can be applied
for the treatment of CoV infections in the future. Therefore, we suggest
the NLRP3 inflammasome as a potential target for the treatment of
COVID-19.
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