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ARTICLE INFO ABSTRACT

Keywords: Dexamethasone, a corticosteroid, has been approved for use in the treatment of severe COVID-19, which is
COVID-19 characterised by hyperinflammation and associated lung damage. However, dexamethasone shows no clinical
Dexamethasone benefit in the treatment of less severe disease, and prolonged treatment may lead to immunosuppression and an
Steroid . . s . . . .. .
NLRP3 increased risk of opportunistic infections. Hence there is a need for more specific anti-inflammatory therapies
Inflammasome which also prevent severe disease. The NLRP3 inflammasome is an intracellular signalling complex which is
responsible for the cleavage and release of the cytokines IL-1p and IL-18 and has also been shown to be inhibited
by dexamethasone. NLRP3 inflammasome activation is strongly correlated with COVID-19 severity and part of
dexamethasone's clinical effect in COVID-19 may be via NLRP3 inhibition. Specific NLRP3 inhibitors are currently
undergoing clinical trials for the treatment of COVID-19. In this review, we evaluate the evidence supporting the
use of dexamethasone and speculate on the potential use of NLRP3 inhibitors to treat COVID-19 as a more specific
approach that may not have the liabilities of dexamethasone.
1. COVID-19 mild patients, and IL-18 was in fact shown to have the strongest associ-

COVID-19 (coronavirus disease 2019) was first identified in Wuhan,
China in December 2019 (Lu et al., 2020). As of May 2021, there have
been almost 160 million cases of COVID-19 worldwide, leading to over 3
million deaths. Common symptoms of COVID-19 are fever, cough,
shortness of breath, breathing difficulties and anosmia, but complications
may include pneumonia and acute respiratory distress syndrome (Yue
et al., 2020).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a
single-stranded positive sense RNA coronavirus. Coronaviruses in gen-
eral do not cause severe disease, with the exceptions of SARS-CoV,
Middle East respiratory syndrome (MERS) and now SARS-CoV-2 (Fung
and Liu, 2019). The nature of the immune response to SARS-CoV-2 is
thought to be a factor in influencing disease severity. Patient studies have
revealed that COVID-19 is generally characterised by increases in innate
immune cells and markers, such as IL-6 and TNFa, which are accompa-
nied by decreases in antigen-specific T cell responses (Huang et al., 2020;
Mathew et al., 2020). Prolonged elevation of these innate immune cy-
tokines, termed hyperinflammation or cytokine release syndrome (CRS),
is correlated with increased disease severity (Lucas et al., 2020). The
cytokines IL-1p and IL-18 are also elevated in severe patients compared to
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ation with risk of intensive care unit (ICU) admission and death of any
biomarker (Lucas et al., 2020). These observations have raised awareness
of the potential role that the NLRP3 inflammasome plays in COVID-19
pathogenesis, since NLRP3 is a key driver of IL-1p, IL-18 and an in-
flammatory type of cell death called pyroptosis in many inflammatory
diseases (Mangan et al., 2018). Furthermore, increased NLRP3 expres-
sion has been detected in monocytes and lung tissue obtained from
COVID-19 patients compared to healthy controls (Rodrigues et al., 2021).

Although mild cases of COVID-19 may be treated using over-the-
counter medications such as paracetamol, there are few available treat-
ment options which have been demonstrated to be effective in the
treatment of severe COVID-19. Remdesivir, an antiviral medication, may
reduce recovery time but does not significantly reduce mortality (Grein
et al., 2020). However, in February 2021 the world's largest randomised
controlled trial (RCT) of COVID-19 treatments, called the RECOVERY
trial, found that the corticosteroid dexamethasone reduced mortality in
patients receiving respiratory support (Group et al., 2021). As a cheap
and widely available drug with an established safety profile, dexameth-
asone has become part of the standard-of-care given to severe COVID-19
patients. There are, however, potential disadvantages to the use of cor-
ticosteroids to treat COVID-19, which are mainly related to their
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prolonged immunosuppressive effects. Therefore, although much of the
current research focus surrounds the development and rollout of pre-
ventive vaccines to SARS-CoV-2, there remains a need for more specific
therapeutic options available to treat COVID-19.

2. Dexamethasone: mechanisms of action

Endogenous glucocorticoids are essential to restoring homeostasis
following inflammation. They are synthesized in the adrenal cortex and
are able to act on virtually all cells in the body due to the ubiquitous
expression of the glucocorticoid receptor (GR) (Webster and Tonelli,
2002). Cortisol is the most important endogenous glucocorticoid and
forms the basis for the structure of the synthetic glucocorticoid dexa-
methasone, which is a more potent and longer-acting glucocorticoid than
endogenous cortisol (Nicolaides et al., 2000). Once bound to the cyto-
solic GR, the ligand-receptor complex translocates into the nucleus where
it binds to DNA sequences called glucocorticoid response elements (GRE)
in the promoter regions of target genes (Rhen and Cidlowski, 2005). The
interactions which occur between the GR and these DNA elements may
lead to the transcriptional activation (transactivation) of
anti-inflammatory target genes, or the transcriptional repression (trans-
repression) of proinflammatory target genes. There is also evidence to
suggest that the GR can induce epigenetic changes through interactions
with histone acetyltransferases (HATs) and histone deacetylases
(HDAGs), which respectively acetylate or deacetylate DNA in promoter
regions (Ito et al., 2000). Deacetylated DNA results in a closed chromatin
structure and reduced accessibility of the DNA to proinflammatory
transcription factors such as NF-kB. The reduced transcriptional activity
of NF«B is key to the anti-inflammatory effects of dexamethasone (De
Bosscher et al., 2003), as expression of many of the pro-inflammatory
cytokines implicated in COVID-19 is NF-kB-dependent, including IL-1,
IL-18, IL-6, TNFa, and CXCL10 among others. Further transactivation
targets of glucocorticoid signalling include annexin Al (Goulding et al.,
1990), which represses prostaglandin production, and MAPK
phosphatase-1 (MPK-1) (Kassel et al., 2001), which inactivates all
members of the proinflammatory MAPK family of proteins.

3. Dexamethasone in COVID-19

The RECOVERY trial examined 6 different therapeutic interventions
for the treatment of COVID-19 including the antiviral drug cocktail
lopinavir-ritonavir, the anti-malarial drug hydroxychloroquine, the
antibiotic azithromycin, the anti-IL-6 monoclonal antibody tocilizumab
and convalescent plasma from recovered COVID-19 patients, as well as
dexamethasone. It is striking that dexamethasone and tocilizumab, two
immunosuppressive drugs, were the only interventions to demonstrably
reduce mortality in severe COVID-19. Although the reduction in mor-
tality observed with tocilizumab was modest (4%), dexamethasone
reduced mortality by one third in ventilated patients and one fifth in
patients receiving oxygen. There was no benefit to patients who were not
receiving respiratory support (Group et al., 2021). As the clinical benefit
associated with dexamethasone use is only observed in the most severe
patients, it is likely that the deterioration of COVID-19 patients is inex-
tricably linked to immunopathological phenomena rather than viral load.
This would perhaps also explain why antiviral medications reduce re-
covery time when given early, but do not reduce mortality in severe
COVID-19 when hyperinflammation predominates (Grein et al., 2020).
The aggressive inflammatory responses in COVID-19 result in damage to
the airways, termed acute respiratory distress syndrome (ARDS), which
may lead to respiratory failure- this is the cause of death in 70% of fatal
COVID-19 cases (Zhang et al., 2020a). A similar triphasic disease course
has been described for the other pathogenic coronaviruses SARS-CoV and
MERS-CoV: viral replication followed by hyperinflammation and resul-
tant immunopathological damage to the lungs (Lee et al., 2003; Zaki
et al., 2012). Corticosteroid treatment reduced mortality during the first
SARS epidemic (Yam et al., 2007), but subsequent meta-analyses have
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again highlighted the importance of timing when considering cortico-
steroid administration, as corticosteroid use was associated with
increased viral load (Stockman et al., 2006). Furthermore, the initial
stages of SARS-CoV-1 infection are characterized by a reduction of
antigen-specific CD41 and CD8" T-cells (Stockman et al., 2006), as is also
the case during SARS-CoV-2 infection. Early administration of dexa-
methasone would likely further suppress the mounting of adaptive im-
mune responses, and also increase the risk of secondary bacterial or
fungal infections (Chen et al., 2020). Corticosteroids were widely used in
the treatment of MERS-CoV infection, but a large retrospective study of
309 adults with severe disease showed that corticosteroid treatment was
not associated with reduced mortality, and in fact increased the need for
mechanical ventilation. Again, corticosteroid treatment was associated
with reduced viral clearance from the lungs (Arabi et al., 2018). Analysis
of the use of corticosteroids in the treatment of other viral infections has
led to similarly troubling results: a large meta-analysis showed increased
mortality and increased length of stay in ICU for influenza patients given
corticosteroid treatment (Ni et al., 2019), and corticosteroids are not
recommended in the treatment of respiratory syncytial virus (RSV) in
children due to a lack of clinical benefit (McGee and Hirschmann, 2008).

A possible explanation for the lack of efficacy in corticosteroid
treatment for viral infections is the role of type I IFN in these diseases.
Type I IFN signals in an autocrine or paracrine manner to upregulate
interferon-stimulated genes (ISGs), which are key to the induction of an
antiviral state. Although the hyperinflammatory state which defines se-
vere COVID-19 is characterized by increased levels of many proin-
flammatory cytokines, there are reports that type I IFN and ISGs may in
fact be reduced in these cases (Blanco-Melo et al., 2020; Hadjadj et al.,
2020). Furthermore, there are subsets of severe COVID-19 patients with
autoantibodies against type I IFN and deficiencies in IFN signalling
(Bastard et al., 2020; Zhang et al., 2020b), further emphasizing the
importance of IFN signalling to the defence against SARS-CoV-2. Inter-
estingly, robust IFN responses have also been observed in COVID-19
patients, and these responses are in fact associated with viral persis-
tence and more severe disease (Wilk et al., 2020; Zhou et al., 2020b).
Hence the role of type [ IFN in COVID-19 may be highly time-dependent,
whereby a strong early IFN response would aid viral clearance but a
prolonged IFN response would contribute to immunopathological tissue
damage (Park and Iwasaki, 2020). Perhaps the clinical benefit provided
by dexamethasone administration in severe late-stage COVID-19 results
from type I IFN suppression, and this is also why dexamethasone does not
provide any clear benefit in the treatment of early-stage disease and in
the treatment of other viral infections.

The conflicting evidence on corticosteroid use from previous coro-
navirus epidemics led to some dispute surrounding its use in treating
COVID-19 prior to publication of the RECOVERY trial (Russell et al.,
2020). However, the RECOVERY trial has shown that there is significant
clinical benefit in the use of dexamethasone for the treatment of severe
COVID-19. The hallmarks of severe COVID-19 resemble those of septic
shock, where the use of corticosteroids has also been shown to reduce
mortality (Annane et al., 2018). However, there remains a need for more
specific anti-inflammatory therapeutics for COVID-19 which are not
accompanied by the risk of secondary infections or prolonged viremia.

Recently, dexamethasone has been shown to inhibit the NLRP3
inflammasome in a model of allergic airway inflammation. Dexametha-
sone treatment reduced OVA-induced upregulation of NLRP3, caspase-1
and IL-1p in this model (Guan et al., 2020). Since NLRP3 has been
implicated in COVID-19 pathogenesis (Rodrigues et al., 2021), this raises
the possibility that part of the efficacy of dexamethasone treatment in
COVID-19 might be via NLRP3 inhibition. This may also suggest that
specific inhibition of NLRP3 might be a better option for the safe treat-
ment of COVID-19.

4. NLRP3 inflammasome

NOD-like receptors (NLRs) are a sub-group of pattern-recognition
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receptor (PRR) which are characterised structurally by the presence of a
central nucleotide-binding and oligomerization (NACHT) domain
flanked by a C-terminal leucine rich repeat (LRR) domain and an N-ter-
minal caspase-recruitment (CARD) or pyrin (PYD) domain (Schroder and
Tschopp, 2010). Some of these NLR family members form large intra-
cellular protein complexes, called inflammasomes, which converge on
and activate caspase-1 as an effector molecule to cleave IL-1f and IL-18
into their active forms prior to their release from the cell (Martinon
et al., 2002). Caspase-1, in addition to cleaving these cytokines, also
cleaves the protein gasdermin D into its active N-terminal subunit, which
inserts into the cell membrane and initiates a programmed form of in-
flammatory cell death termed pyroptosis (Liu et al., 2016; Shi et al.,
2015).

The NLRP3 inflammasome complex consists of the central NLRP3
protein, the adaptor protein ASC, the mitotic kinase NIMA-related kinase
7 (NEK7) and the effector protein pro-caspase-1. NLRP3, like all other
NLRs, consists of a NACHT domain, an auto-inhibitory C-terminal LRR
domain and an N-terminal PYD domain (Schroder and Tschopp, 2010).
The NACHT domain provides ATPase activity which is essential for
NLRP3 self-association (Duncan et al., 2007). Through PYD-PYD in-
teractions, self-oligomerised NLRP3 interacts with and recruits ASC into
the inflammasome complex (Cai et al., 2014; Lu et al., 2014). ASC in turn,
through CARD-CARD interactions, recruits the effector protein
pro-caspase-1, which autocatalytically cleaves to generate the interme-
diate subunits p10 and p33. Further processing is required to generate
the active subunits p10 and p20 (Boucher et al., 2018). The processes
leading up to caspase-1 cleavage are displayed in Fig. 1. The active
caspase-1 subunits p10 and p20 carry out the effector functions of the
inflammasome complex, namely cleaving the cytokines IL-1f§ and IL-18
into their mature forms and gasdermin D into its active N-terminal
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fragment. Gasdermin D, although described as ‘the pyroptosis execu-
tioner’ (Liu et al., 2016; Shi et al., 2015), is able to exert functions in-
dependent of its role in pyroptosis. For example, in dendritic cells it has
been shown to regulate IL-1p release without initiating pyroptosis
(Evavold et al., 2018). It may therefore be the case that gasdermin D is
not the final protein in the pyroptosis pathway. Supporting this, a protein
regulated downstream of gasdermin D, termed nerve injury-induced
protein 1 (NINJ1), was recently identified as a regulator of membrane
rupture following inflammasome activation (Kayagaki et al., 2020).

NLRP3 inflammasome activation is a two-step process. The first step
is a priming signal (signal 1), provided by TLR stimulation by a pathogen-
or damage-associated molecular pattern (PAMP or DAMP) leading to
transcriptional upregulation of NLRP3 and pro-IL-1p. However, the sec-
ond step (signal 2), which results in inflammasome assembly and acti-
vation, is less well-elucidated. The main issue concerning NLRP3
activation is that it may be triggered by a wide range of different stimuli,
in contrast to most other inflammasomes which respond to more specific
triggers. Therefore, there remains much debate about a unifying mech-
anism for NLRP3 inflammasome activation. K efflux is a common
mechanism for various triggers of inflammasome activation including
ATP (Perregaux and Gabel, 1994; Surprenant et al., 1996), pore-forming
toxins, and the phagocytosis of particulate matter (Halle et al., 2008;
Hornung et al., 2008; Martinon et al., 2002; Munoz-Planillo et al., 2013).
In addition to potassium efflux, additional triggers have also been
described for NLRP3 inflammasome activation. These include but are not
limited to mitochondrial dysfunction (Gross et al., 2016; Iyer et al., 2013;
Nakahira et al., 2011; Zhong et al., 2016, 2018), trans-Golgi disassembly
(Chen and Chen, 2018) and metabolic stimuli (Wen et al., 2011; Wolf
et al., 2016; Youm et al., 2015).
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Fig. 1. Mechanics of NLRP3 inflammasome activation.

Oligomerization

Upon inflammasome stimulation, the central protein NLRP3, consisting of its pyrin domain (PYD), NACHT domain and leucine-rich repeat (LRR) domain, associates
with the adaptor protein ASC through PYD-PYD interactions. ASC, in turn, associates with caspase-1 through caspase activation and recruitment domain (CARD)
interactions. NEK7 also binds NLRP3 at several surfaces, which aids oligomerization of NLRP3. These interactions lead to assembly of the inflammasome complex,
which is followed by autocatalytic cleavage of the effector protein caspase-1 into the active subunits p10 and p20. These subunits carry out the effector functions of the

inflammasome complex, including the cleavage of IL-1p into its active form.
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5. NLRP3 activation in COVID-19

Due to the numerous and wide-ranging stimuli which have been
described for NLRP3 activation, it is generally accepted that the NLRP3
inflammasome is a sensor for cellular stress or damage rather than a
receptor for specific pathogens. Hence NLRP3 has been implicated in the
host response to numerous pathogens, as well as various auto-
inflammatory diseases where its activation is dysregulated.

However, monogenic NLRP3-driven diseases do exist. Gain-of-
function mutations in NLRP3 cause a group of systemic auto-
inflammatory diseases called cryopyrin-associated periodic syndromes
(CAPS). CAPS include familial cold auto-inflammatory syndrome (FCAS),
Muckle-Wells syndrome (MWS) and neonatal-onset multisystem inflam-
matory disorder (NOMID) (Agostini et al., 2004; Hoffman et al., 2001).
The 3 diseases vary in severity, but they are generally characterised by
blood neutrophilia, fever and localised inflammation caused by sponta-
neous inflammasome activation. Anti-IL-1 therapy is the current first-line
treatment option for CAPS patients. In addition to the monogenic
NLRP3-driven diseases, the NLRP3 inflammasome contributes to the
pathogenesis of other sterile inflammatory diseases. Alzheimer's disease
(Heneka et al., 2013), atherosclerosis (Duewell et al., 2010), asthma
(Besnard et al., 2011), inflammatory bowel disease (IBD) (Bauer et al.,
2010), multiple sclerosis (MS) (Gris et al., 2010), type I diabetes (Hu
et al., 2015) and rheumatoid arthritis (Vande Walle et al., 2014) are all
improved in Nirp3~/~ models, demonstrating the viability of NLRP3 as a
therapeutic target. Although these disease models are models of sterile
inflammation rather than pathogen-induced inflammation, they serve to
reinforce the notion that NLRP3 can be a key driver of immunopathology.

The role of inflammasome signalling in host defence to infection was
first made in 1995, prior to the identification of the inflammasome
complex, with the observation that caspase-1-deficient mice were resis-
tant to LPS-induced sepsis (Li et al., 1995). Although it was later clarified
that this effect was due to inadvertent codeletion of caspase-11 (Kayagaki
et al., 2011), other components of inflammasome signalling including
gasdermin D were later also shown to be critical to LPS-induced lethality
(Kayagaki et al., 2015). Inflammasome signaling has also been implicated
in mediating inflammation in response to viral infection, particularly in
severe infections accompanied by lung injury and ARDS. IL-1p levels are
raised in the plasma and bronchoalveolar lavage (BAL) fluid of ARDS
patients and seem to be associated with a worsened clinical outcome in
these patients (Meduri et al., 1995a, 1995b). Furthermore, IL-1f levels
are also increased in patients with respiratory viral infections including
influenza (Beigel et al., 2005), MERS-CoV (Alosaimi et al., 2020) and
SARS-CoV (He et al., 2006). Several studies have directly implicated
inflammasome components in the immunopathology resulting from viral
infection. Mice deficient in absent in melanoma 2 (AIM2), another
caspase-1-activating inflammasome, and IL-1R1 were protected from
influenza A virus (IAV)-induced lung injury (Schmitz et al., 2005; Zhang
et al., 2017). IL-1R1-and MyD88-deficient mice were also protected from
bleomycin-induced lung fibrosis (Gasse et al., 2007). Taken together,
these studies provide strong evidence that inflammasome signalling and
resultant IL-1f production are critical to the immunopathology driving
acute lung injury. Although dysregulated inflammasome signalling may
lead to tissue damage, it should be noted that these responses may also be
important in restraining viral replication. For example, IL-1p signalling
was shown to be critical in suppressing West Nile virus (WNV) replication
in neurons (Ramos et al., 2012). Thus, it may be important to consider the
balance between promoting pathogen replication and restraining
immunopathology when considering the therapeutic targeting of NLRP3.

The link between inflammasome activation and disease severity made
during previous coronavirus epidemics can also be extended to the cur-
rent SARS-CoV-2 pandemic. As previously mentioned, IL-1p and IL-18
levels are correlated with mortality and disease severity in COVID-19
patients (Lucas et al., 2020). Cleaved caspase-1 was also shown to be
increased in the sera COVID-19 patients, indicating the presence of active
inflammasomes (Rodrigues et al., 2021). Furthermore, the release of
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lactate dehydrogenase (LDH) from dying cells is used as a measure of
pyroptosis, also a consequence of inflammasome activation, and is
considered a powerful predictive biomarker of lung damage and severe
disease in COVID-19 (Rodrigues et al., 2021; Yan et al., 2020). Thus, it is
likely that inflammasome signalling contributes to immunopathology in
COVID-19. Further in vitro assays have indeed clarified that SARS-CoV-2
infection of healthy human monocytes can drive NLRP3
inflammasome-dependent IL-1f release (Rodrigues et al., 2021). Inter-
estingly however, pyroptosis was not inhibited by the specific NLRP3
inhibitor MCC950 in the same assay, suggesting that virus-induced cell
death may be dependent on multiple inflammasome signalling pathways
(Rodrigues et al., 2021). As such it may be worth considering the role of
other inflammasome complexes in the immune response to SARS-CoV-2
including the AIM2 inflammasome, which has been shown to play a role
in IAV infection (Zhang et al., 2017), and the NLRP1 inflammasome,
which was recently shown to bind dsRNA following infection with the
positive-sense single-stranded RNA virus Semliki Forest Virus (SFV), ul-
timately driving pyroptotic cell death (Bauernfried et al., 2021).

The question of how the NLRP3 inflammasome in particular is being
activated during SARS-CoV infection has been addressed by several
studies. SARS-CoV encodes three proteins, also conserved in SARS-CoV-
2, which are able to drive NLRP3 inflammasome activation, as can be
seen in Fig. 2. Open reading frame (ORF) 3a protein does this through
ubiquitination of ASC (Chen et al., 2019; Siu et al., 2019), ORF8b in-
teracts directly with the LRR of NLRP3 (Shi et al.,, 2019) and the
SARS-CoV envelope (E) protein also promotes IL-1p release in an un-
identified manner (Nieto-Torres et al., 2014). MERS-CoV also drives
NLRP3 inflammasome activation in human, but not bat, peripheral blood
mononuclear cells (PBMCs) (Ahn et al., 2019). This was found to be due
to various mechanisms, including reduced transcriptional upregulation
and increased LRR-mediated autoinhibition of NLRP3 in bats (Ahn et al.,
2019). Reduced NLRP3 activation is perhaps what enables bats to
tolerate high viral loads without developing severe disease and supports
the role of bats as reservoir hosts for zoonotic viruses such as MERS-CoV
and SARS-CoV-2 (Li et al., 2005; Munster et al., 2016).

Lung injury and ARDS is often accompanied by the activation of
coagulation pathways in severe COVID-19, leading to the development of
microcoagulation, disseminated intravascular coagulation (DIC) and ul-
timately multiorgan failure (Levi et al., 2020). Levels of D-dimer, a
marker of thrombosis, are increased in patients with severe COVID-19
and are associated with poor disease prognosis (Zhou et al., 2020a).
The generation of thrombin, key to clot formation, is tightly regulated by
an intricate procoagulant-anticoagulant balance which is disturbed dur-
ing hyperinflammation (Jose and Manuel, 2020). This may be termed
immunothrombosis. One such pathway of immunothrombosis is driven
by the pyroptosis executioner gasdermin D. LPS-induced caspase-11
activation during bacterial endotoxemia drives gasdermin D-dependent
phosphatidylserine exposure and tissue factor activation in macrophages,
leading to DIC. As such, Gsdmd ™'~ and Casp11~/~ mice are fully pro-
tected from LPS-induced sepsis (Deng et al., 2018; Yang et al., 2019).
Although this pathway is predominantly focused on non-canonical
inflammasome signalling, which is type I IFN-dependent (Yang et al.,
2020), there is evidence to suggest that canonical NLRP3 inflammasome-
and caspase-1-dependent cleavage of gasdermin D can also drive DIC
(Wu et al., 2019). NLRP3 inhibitors, or perhaps more specifically gas-
dermin D inhibitors of which several have recently been described
including the licensed therapeutic disulfiram (Hu et al., 2020; Humphries
et al., 2020), may be effective in treating immunothrombosis associated
with severe COVID-19. However, it should be noted that the studies
elucidating this pathway were performed in the context of bacterial
infection rather than viral infection. As such it is important to establish
whether inflammasome signalling also drives DIC in COVID-19.

6. Therapeutic targeting of NLRP3

Excessive IL-1f production has been demonstrated to contribute to
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Fig. 2. SARS-CoV drives NLRP3 inflammasome activation.

Virus-derived dsRNA and ssRNA can be sensed by endosomal TLR3 and TLR7, as well as by the RIG-I-like receptors (RLRs) RIG-I and melanoma differentiation-
associated protein 5 (MDAS5), which signal through mitochondrial antiviral signaling protein (MAVS) to upregulate proinflammatory gene expression via NF-kB.
Pro-IL-1p expression may be upregulated in this manner and is subsequently processed to mature IL-1p by the NLRP3 inflammasome complex. The NLRP3 inflam-
masome may be activated by specific viral peptides, including open reading frame (ORF) 3a, ORF8B and the envelope (E) protein. IL-1§ is released from the cell

through the gasdermin D (GSDMD) pore.

multiple autoinflammatory diseases including rheumatoid arthritis
(Dinarello, 2000) and multiple sclerosis (Schrijver et al., 1999). Indeed
anti-IL-1 therapies, in the form of a receptor antagonist (anakinra), sol-
uble decoy receptor (rilonacept), or a neutralising monoclonal antibody
(canakinumab) are licensed and effective in the treatment of both
localised inflammatory disorders, such as gout, and systemic inflamma-
tory disorders, such as the NLRP3-driven disorder cryopyrin-associated
periodic syndrome (CAPS). Furthermore, results from the large scale
RCT of canakinumab, called CANTOS, showed that the use of canaki-
numab significantly reduced the rate of cardiovascular events (Ridker
et al., 2017a) and lung cancer incidence (Ridker et al., 2017b) when
compared with placebo. However, the use of canakinumab was also
associated with a higher incidence of fatal infection than placebo (Ridker
et al., 2017a). Thus, it is generally accepted that the use of anti-IL-1
therapy is effective in treating inflammatory disorders, but may be
associated with increased susceptibility to infection, roughly mirroring
the properties of dexamethasone.

Previous reports of clinical benefit associated with the use of anakinra
in systemic inflammatory disorders which share some of the hallmarks of
severe COVID-19, including septic shock (Shakoory et al., 2016), hae-
mophagocytic lymphohystiocytosis (Rajasekaran et al., 2014; Wohlfarth
et al., 2019) and macrophage activation syndrome (MAS) (Lind-Holst
et al., 2019) had raised hopes that anti-IL-1 therapy could improve out-
comes for COVID-19 patients. Initial data from observational studies
were promising. The first retrospective study performed in Italy found a
77% reduction in mortality in patients on non-invasive ventilation given
anakinra (Cavalli et al., 2020), whereas a second prospective study in
France also found a 50% reduction in mortality in patients requiring
oxygen (Huet et al., 2020). However, the first multi-centre RCT (COR-
IMUNO-ANA-1) found that anakinra provided no clinical benefit over
usual care in patients with mild-to-moderate COVID-19 pneumonia

(group (2021)). In fact, the study was stopped early, and the frequency of
serious adverse events was higher in the anakinra group than the usual
care group (group, 2021). Although this particular RCT was not blinded
and the sample size was relatively small, these results would clearly not
support the use of anakinra in the treatment of COVID-19. However, a
second RCT (CORIMUNO-ANA-2) within the same collaborative group to
assess the impact of anakinra on ICU patients with more severe COVID-19
has been completed and is being analysed. The use of anakinra may have
parallels with that of dexamethasone in COVID-19, where clinical benefit
is only conferred to patients with the most severe forms of the disease.
The serious adverse events experienced by patients in the anakinra
group of CORIMUNO-ANA-1 included bacterial and fungal infections
(group, 2021), which may be associated with immunosuppression caused
by anti-IL-1 therapy. Specific targeting of the NLRP3 inflammasome
would allow for compensatory production of IL-1p by other inflamma-
somes during pathogen invasion, and perhaps result in a lower risk of
infection than that associated with the use of immunosuppressive med-
ications such as anakinra and dexamethasone. MCC950, also known as
CRID3 or CP-456,773, is the most well-characterised inhibitor of NLRP3.
It was first identified as being part of a group of sulfonylurea-containing
compounds that inhibit IL-1f release (Perregaux et al., 2001), before
subsequently being shown to specifically inhibit NLRP3 inflammasome
activation by binding to the NLRP3 NACHT domain and blocking ATP
hydrolysis (Coll et al., 2015, 2019; Tapia-Abellan et al., 2019). Impor-
tantly, MCC950 has shown efficacy in the majority of NLRP3-driven
mouse models of disease (Mangan et al., 2018), and derivatives of the
molecule are currently in clinical development for the treatment of some
of these diseases. However, there are relatively few reports of the use of
MCC950 in the treatment of infectious diseases. One such study
compared the effect of early vs late administration of MCC950 in a mu-
rine model of lethal IAV infection and the results were striking regarding
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the temporal differences in MCC950 administration. Early administra-
tion of MCC950 one day after IAV challenge increased mortality rates in
infected mice, while administration of MCC950 starting on day 3 after
IAV challenge, considered the peak of disease severity, delayed mortality
(Tate et al., 2016). These results would be consistent with previous re-
ports demonstrating that NLRP3 plays a protective role in the early stages
of IAV infection, likely by restricting viral replication (Allen et al., 2009;
Thomas et al., 2009). In later stages of the disease, NLRP3 contributes to
hyperinflammation and cellular influx into the lungs. MCC950 was also
shown to reduce inflammation in response to Chikungunya virus, an
arthritogenic alphavirus, suggesting that NLRP3 inhibition may provide
clinical benefit in the treatment of a wide range of viruses (Chen et al.,
2017).

The pathophysiology of IAV infection bears many similarities to that
of SARS-CoV-2 infection. Therefore, it may again be the case that NLRP3
inhibition would only be desirable in patients with severe COVID-19
where hyperinflammation and resulting lung damage predominate. In
vitro mouse studies have demonstrated that MCC950 can inhibit SARS-
CoV-2-induced caspase-1 activation and IL-1p release (Rodrigues et al.,
2021), but as yet there are no data concerning the use of MCC950 in in
vivo mouse models of SARS-CoV-2 infection. However, Novartis is
currently analysing data from the RCT it completed in January 2021,
testing its NLRP3 inhibitor DFV890 on 143 patients with
SARS-CoV-2-associated pneumonia (NCT04382053). Interestingly, the
company Olatec is pursuing a slightly different approach with its own
NLRP3 inhibitor dapansutrile (NCT04540120). Rather than recruiting a
cohort of ICU patients with severe COVID-19, Olatec has a target of 80
unhospitalized COVID-19 patients, with the hope of demonstrating that
its NLRP3 inhibitor can prevent disease progression into severe
COVID-19. It is possible therefore that we could soon have an answer as
to whether NLRP3 inhibition is efficacious for the treatment of mild
COVID-19, severe COVID-19 or both. The pharmacokinetics of these
compounds may be an additional factor when considering the efficacy of
targeting NLRP3 therapeutically. Small molecule inhibitors of NLRP3,
such as MCC950, have been shown to have promising pharmacokinetics
profiles (Mastrocola et al., 2016). For example, the oral bioavailability of
MCC950 in mice was calculated to be 68%, which is comparable to the
bioavailability of dexamethasone in humans (Coll et al., 2015; Duggan
et al., 1975). One possible advantage that NLRP3 inflammasome inhi-
bition has over the use of dexamethasone in the treatment of early
COVID-19 concerns inhibition of type I IFN. As previously mentioned, it
is thought that a robust early IFN response is required to limit viral
replication (Park and Iwasaki, 2020). While dexamethasone and other
immunosuppressive drugs block type I IFN signalling, NLRP3 inflam-
masome inhibition would leave type I IFN signalling intact, thereby
allowing for increased viral clearance. Furthermore, type I IFN has pre-
viously been shown to repress NLRP3 inflammasome activation by
reducing pro-IL-1f levels and IL-1p cleavage. To further support this,
monocytes isolated from multiple sclerosis patients on IFN-§ therapy
released less IL-1f than monocytes from healthy donors (Guarda et al.,
2011). High levels of type I IFN may therefore be beneficial not just in
promoting an antiviral state, but also in restraining NLRP3 inflamma-
some activation and associated hyperinflammation.

7. Conclusion

Dexamethasone treatment is now part of the standard-of-care given to
severe COVID-19 patients, and the clinical benefit provided by it is hard
to dispute, despite unconvincing prior evidence regarding the use of
dexamethasone in the treatment of respiratory viral infections. A clinical
need still remains for treatments which (1) help to prevent ICU admission
in the first place and; (2) are more specific and do not lead to the
immunosuppressive side effects which may occur with dexamethasone
administration. A case in point is the recent rise in cases of mucormy-
cosis, or ‘black fungus’, in India, which has been linked to an excessive
use of corticosteroids in the treatment of COVID-19 during the second
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wave of infections (Raut and Huy, 2021). NLRP3 inhibitors will likely
address the issue of side effects, but question marks still remain over
whether NLRP3 inhibition is desirable in early viral infection. Clinical
trials which are currently underway with highly specific NLRP3 in-
hibitors will soon reveal the answers to these questions. It is perhaps
premature to evaluate the potential utility of these compounds in treating
COVID-19 when they are not yet FDA-approved. Furthermore, the side
effect profile is unknown and could be problematic in a similar manner to
dexamethasone. As such, their potential use in COVID-19 remains spec-
ulative, but promising nonetheless.
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