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ABSTRACT 24 

Despite global vaccination programs, infections with severe acute respiratory syndrome 25 

coronavirus-2 (SARS-CoV-2) continue to cause severe disease with significant morbidity and 26 

mortality. Severe coronavirus disease 20219 (COVID-19) is characterized by an exuberant 27 

inflammatory response in the lung leading to acute lung injury and consequent gas exchange 28 

problems. Complete insights in this hyperinflammatory response are still lacking. However, a 29 

thorough understanding of immunopathogenesis of severe COVID-19 is needed to not only 30 

develop personalized targeted therapies, but also to identify biomarkers that predict disease 31 

outcome and therapeutic responses. Here we review the current evidence that SARS-CoV-2 32 

activates the inflammasome, which is an intracellular multiprotein complex that leads to the 33 

activation and secretion of the interleukin (IL)-1 family cytokines, IL-1 and IL-18, and to a lytic 34 

form of cell death, called pyroptosis. Further we discuss the contribution of inflammasomes 35 

and IL-1 family cytokines to the immunopathogenesis of COVID-19 and its clinical implications.  36 

37 



Introduction 38 

The potential of respiratory RNA viruses, such as influenza viruses and coronaviruses, to 39 

adapt and mediate human-to-human transmission and to consequently cause a pandemic, 40 

poses a constant and realistic threat to global health. This is illustrated by the current severe 41 

acute respiratory syndrome coronavirus-2 (SARS-CoV-2) pandemic, as well as by previous 42 

pathogenic coronavirus and influenza virus outbreaks. To date, SARS-CoV-2 continues to 43 

cause morbidity and mortality. Despite a massive global effort to understand the virus and the 44 

response of the host to it, there is still an unmet need for more effective therapies to treat the 45 

most severe COVID-19 patients. A thorough understanding of the immunopathogenesis of 46 

severe coronavirus infections is key for identifying targeted therapies and might also be 47 

important for possible future pandemics caused by respiratory RNA viruses.  48 

 49 

Severe coronavirus disease-2019 (COVID-19) traditionally follows a biphasic course with an 50 

early viral response phase followed by a second hyperinflammatory phase, that usually occurs 51 

around 8-10 days after onset of the first symptoms, when viral replication is waning1,2. This 52 

hyperinflammatory phase is characterized by exuberant production of inflammatory cytokines 53 

and chemokines in the lungs, leading to the recruitment of pro-inflammatory cells, further 54 

amplifying the inflammation and causing lung injury. The triggers and drivers of the 55 

hyperinflammatory response in COVID-19 are currently incompletely understood, but parallels 56 

to other respiratory viral infections can be important pointers. It is widely recognized that 57 

inflammasomes are activated during viral infections, and these inflammasomes are involved 58 

in the activation of the interleukin (IL)-1 family cytokines, particularly IL-1b and IL-18 that 59 

depend on caspase-1 activity for full biological activity3. Dysregulated activation of 60 

inflammasomes could be a trigger for the hyperinflammation seen in severe COVID-19, a 61 

hypothesis that was introduced already early after the first appearance of the virus4. Here, we 62 

review the current evidence for inflammasome activation during SARS-CoV-2 infection and its 63 

role in the immunopathogenesis of COVID-19.  64 



 65 

Inflammasomes and type 1 family cytokines 66 

Inflammasomes are intracellular multiprotein complexes that respond to intracellular and 67 

extracellular danger-associated molecular patterns, thereby contributing to innate immunity. 68 

Inflammasome activation is regulated at the transcriptional, as well as the post-translational 69 

level. A first or priming signal is initiated by toll-like receptors (TLR), RIG-I-like receptors (RLR) 70 

or other protein receptor engagement and induces the NF-kB-dependent transcription of 71 

NLRP3, pro-caspase-1, pro-IL-1b and pro-IL-185,6. Once all components are available, a 72 

second signal leads to inflammasome assembly, a process that is initiated by a sensor protein. 73 

Of note, circulating monocytes might release processed IL-1b after only one stimulation by 74 

TLR-ligands, resulting from constitutively expressed caspase-1 and release of endogenous 75 

ATP7. The nature of the sensing protein differs from one to the other named inflammasome 76 

complex. The NLR family pyrin domain containing 3 (NLRP3) inflammasome is the most 77 

extensively studied one and also the most promiscuous. NLRP3 inflammasome assembly can 78 

be induced by different endogenous (such as ATP, uric acid crystals, etc) and exogenous 79 

(such as bacterial products, viruses, etc) triggers. Unlike TLRs and RLRs, which detect 80 

specific agonists, NLRP3 rather senses cellular damage and distress. Several mechanisms of 81 

NLRP3 activation have been proposed, including ROS production, ion flux and lysosomal 82 

damage, yet the exact mechanism remains to be elucidated8. Upon activation, NLRP3 83 

multimerizes and recruits the apoptosis-associated speck-like protein containing a CARD 84 

(ASC) adaptor protein. In a very similar stepwise approach like the NLRP3 inflammasome, the 85 

RIG-I and AIM2 sensing proteins can interact with ASC to form the so-called RIG-I and AIM2 86 

inflammasomes during viral infection9. The ASC adaptor protein recruits pro-caspase-1 and 87 

activates it. Once caspase-1 is active, the inflammasome complex cleaves the precursor 88 

cytokines pro-IL-1b and pro-IL-18 into their active forms IL-1b and IL-18 respectively. In 89 

addition, the inflammasome complex cleaves the pore-forming protein gasdermin D 90 

(GSDMD), resulting in the release of GSDMD N-terminal fragments that are essential for its 91 



pore formation in cell membranes. GSDMD pore formation leads to inflammatory cell death or 92 

pyroptosis, but also to the release of the processed cytokines IL-1b and IL-185,6. IL-1b and IL-93 

18 are pleiotropic proinflammatory cytokines that play crucial roles in innate immune 94 

responses, in addition to instructing adaptive immune responses 10–13. However, aberrant 95 

expression of these cytokines might induce tissue damage, and elevated IL-1 and/or IL-18 96 

have been involved in the pathogenesis of severe pneumonia, sepsis and shock14. IL-1b also 97 

enhances the production of TNF, and IL-6 is stimulated by both cytokines providing an 98 

integrated amplified inflammatory response. 99 

 100 

Evidence of inflammasome activation by SARS-CoV-2  101 

Extensive immune profiling of serum from COVID-19 patients revealed high concentrations of 102 

inflammatory markers, such as CRP and ferritin, and pro-inflammatory cytokines, chemokines, 103 

and complement activation products, although concentrations of these were lower than in 104 

classical cytokine release syndromes15,16. CRP, ferritin and complement can be induced by 105 

the inflammasome derived cytokines IL-1b and IL-1817. Serum levels of the inflammasome 106 

derived cytokine IL-18 are indeed consistently increased in COVID-19 patients compared to 107 

healthy controls, with the highest levels observed in the most severe patients18–21. The pro-108 

inflammatory cytokine IL-6, which might be induced by IL-1b and is a potent inducer of CRP, 109 

is also consistently increased in serum of COVID-19 patients and highly predictive for poor 110 

outcomes22,23. However, most studies could not detect increased serum levels of IL-1b in 111 

COVID-19 patients16,21,24–28, which might be due to the extremely short half-life of IL-1b28. 112 

Accordingly, in many trials in rheumatology and sepsis, it has been very difficult to detect 113 

serum or plasma levels of the cytokine, and there has been a big interest in finding alternative 114 

biomarkers that could identify patients with high IL-1 bioactivity.  As an example, the soluble 115 

IL-1 receptor antagonist (IL-1RA) is induced by IL-1 and its serum concentration can be 116 

measured as a surrogate of IL-1 biological activity, without however discriminating between 117 



IL-1a and IL-1b. IL-1RA levels are increased in the serum of COVID-19 patients16,24–26,29,30 and 118 

correlate with disease severity29,30. Recently, the soluble urokinase type plasminogen activator 119 

receptor (suPAR) also emerged as an early biomarker for hyperinflammation in COVID-19 120 

patients, at least identifying patients where IL-1 blockade might be beneficial31. Another 121 

explanation for the normal IL-1b serum levels in COVID-19 patients, even in the most severe, 122 

might be a more localized production of IL-1b in the lungs. This is supported by the observation 123 

that serum cytokine levels often do not correlate with their whole blood RNA levels27,32, while 124 

single cell RNA sequencing of BAL fluid cells did show increased expression of pro-125 

inflammatory cytokines and chemokines locally in the lung33,34. Accordingly, IL-1b levels were 126 

significantly increased in the bronchoalveolar lavage (BAL) fluid of COVID-19 patients 127 

compared to healthy controls, and correlated also with disease severity35,36. Moreover, 128 

immunohistochemical staining of the lungs for IL-1b and IL-18 revealed higher production of 129 

these cytokines by macrophages in COVID-19 patients compared to healthy donors, 130 

supporting the idea that cytokine production might be highly compartmentalized to the lungs.  131 

 132 

Localized production of the inflammasome-dependent cytokines and their downstream target 133 

cytokines, strongly suggests that there is activation of (potentially several) inflammasomes in 134 

the lungs of COVID-19 patients. Accordingly, several groups reported the presence of NLRP3 135 

and ASC specks in lung biopsies from COVID-19 patients18,37. These inflammasome specks 136 

were higher in COVID-19 samples compared to control subjects that died from 137 

cardiopulmonary arrest. ASC specks have also been observed in SARS-CoV-2 infected 138 

peripheral blood monocytes from COVID-19 patients18,28. Rodrigues and colleagues found 139 

NLRP3 puncta in monocytes from COVID-19 patients18, while Junqueira et al found, next to 140 

NLRP3, also AIM2 puncta28. The activation of the AIM2 sensor upon SARS-CoV-2 infection is 141 

unexpected, as AIM2 senses cytosolic DNA38. However, AIM2 activation was also observed 142 

during experimental IAV infection in mice39. Possibly, AIM2 is activated during SARS-CoV-2 143 

infection by a bacterial surinfection or by host genomic DNA or mitochondrial DNA, released 144 



through ruptured membranes of dying cells. In vitro experiments provide further evidence for 145 

inflammasome activation by SARS-CoV-218,19,28,40. In vitro SARS-CoV-2 infection of human 146 

monocytes induced the secretion of cleaved IL-1b, LDH and active caspase-1 and these were 147 

diminished when NLRP3 or caspase-1 specific inhibitors were added, suggestive for 148 

inflammasome activation18,19. In addition, the direct presence of ASC and/or NLRP3 puncta in 149 

these in vitro infected monocytes were shown18,28. Interestingly, in the presence of a NLRP3 150 

selective inhibitor (MCC950) ASC-specks were still formed, suggesting that SARS-CoV-2 can 151 

activate multiple inflammasomes18.  152 

Also in mouse model of SARS-CoV-2 infection using humanized K18-hACE2 mice, NLRP3 153 

inflammasome priming, activation of caspase-1 and maturation of IL-1b were established in 154 

the lungs of infected mice41. Nevertheless, the presence of NLRP3 and ASC was not assessed 155 

as direct evidence of inflammasome activation. 156 

Next to high levels of pro-inflammatory cytokines and chemokines, the cell lysis marker LDH 157 

is increased in the serum of COVID-19 patients, and high LDH is a strong indicator of severe 158 

disease and poor clinical outcome28,42–44. LDH might be a sign of pyroptosis, as it is released 159 

into the extracellular space when plasma membrane integrity is disrupted. Observations of 160 

increased cleaved caspase-1 and GSDMD in the serum of COVID-19 patients support the 161 

hypothesis that the increased LDH concentrations are due to inflammasome induced 162 

pyroptosis28,45. In addition, GSDMD was also found to be increased in the lung tissue of 163 

COVID-19 patients45.  164 

 165 

Activation of the inflammasome by SARS-CoV-2 166 

In vivo and in vitro data thus support that SARS-CoV-2 induces NLRP3 inflammasome 167 

assembly. However, the molecular mechanisms by which NLRP3 inflammasome assembly is 168 

induced upon SARS-CoV-2 infection, and more broadly upon viral RNA infection, are still 169 

incompletely understood. Several mechanisms have been proposed (figure 1).  170 



Indirect inflammasome activation by ion flux It is increasingly evident that NLRP3 senses 171 

viral infections by cellular damage or distress induced by viroporins. Viroporins are 172 

transmembrane pore-forming viral proteins that enhance viral shedding from infected cells, 173 

but also mediate ion in- and efflux. The envelope (E) protein of both SARS-CoV-1 and SARS-174 

CoV-2 has been shown to form a K+ permeable ion channel46,47, suggesting that these proteins 175 

might contribute to inflammasome activation. Indeed, mice infected with a mutant SARS-CoV-176 

1 virus that has suppressed ion conductivity of the E protein, exhibit the same amount of pro-177 

IL-1b, but lower levels of cleaved active IL-1b in the lungs compared to the mice infected with 178 

the wild type SARS-CoV-1 virus46. During SARS-CoV-2 infection, inhibition of the E channel 179 

similarly limits pulmonary inflammation, but it has not been formally investigated whether this 180 

observation is due to reduced inflammasome activation47.  181 

Seemingly at odds with the above-described findings, are the observations of decreased 182 

inflammasome priming in bone marrow derived macrophages transduced with E protein 183 

lentivirus compared to those transfected with control lentivirus48. The same observations were 184 

made in vivo when mice received E protein or control lentivirus and were next challenged with 185 

poly(I:C) to mimic the effects of viral RNA, yet this should be validated in SARS-CoV-2 186 

infection mouse models. In contrast, when the authors primed the bone marrow derived 187 

macrophages with LPS and poly(I:C), transduction with E protein lentivirus enhanced NLRP3 188 

inflammasome activation, maybe suggesting that during the later stages of infection, when the 189 

NLRP3 inflammasome is primed by other triggers, the E protein can contribute to NLRP3 190 

inflammasome activation. However, this should be investigated in in vivo models of SARS-191 

CoV-2 infection. In addition, the ORF3a viroporin of SARS-CoV-1 has been shown to activate 192 

the NLRP3 inflammasome by disrupting intracellular K+ concentrations and causing 193 

mitochondrial ROS production12. There is a high conservation of the ORF3a protein across 194 

coronavirus genomes and indeed, the SARS-CoV-2 viroporin ORF3a is also able to promote 195 

NLRP3 inflammasome assembly through the induction of K+ efflux, a well-known trigger of 196 

the NLRP3 inflammasome49. Moreover, ORF3a of both SARS-CoV-1 and SARS-CoV-2 also 197 



primes the inflammasome (signal 1) by activating the NF-kB pathway and consequent 198 

expression of pro-IL-1b49,50. Ion efflux might also be mediated by other mechanisms than 199 

viroporins. Da Costa and colleagues reported that RNA viral replication induces lytic cell death 200 

and K+ efflux, leading to NLRP3 inflammasome activation51. Many of these findings rely on in 201 

vitro overexpression of viroporins in cell lines, and consequently these findings need to be 202 

validated in in vivo models of SARS-CoV-2 infection.  203 

Direct interaction with inflammasome sensing proteins. It has been reported that 204 

coronavirus derived proteins can activate the inflammasome by direct interaction with 205 

inflammasome proteins. Siu et al. found that the SARS-CoV-1 ORF3a protein activates the 206 

NLRP3 inflammasome also independently of its ion channel activity50. Instead, they proposed 207 

a mechanism by which ORF3a directly interacts with TRAF3, thus promoting the ubiquitination 208 

of ASC, with consequent NLRP3 inflammasome activation. This has not been described for 209 

the ORF3a protein of SARS-CoV-2 yet. The ORF8b protein of SARS-CoV-1 promotes 210 

inflammasome assembly by the formation of insoluble intracellular aggregates that directly 211 

interact with NLRP352. Aggregates of ORF8b induce lysosomal stress, which is a well-212 

recognized trigger for NLRP3 inflammasome assembly53,54. Despite the ability of the SARS-213 

CoV-2 ORF8 protein to also form intracellular aggregates55, it has not been reported to be 214 

involved in NLRP3 inflammasome activation, potentially due to the substantial amino acid 215 

differences between the SARS-CoV-1 and SARS-CoV-2 ORF8 proteins56. Nevertheless, the 216 

N protein of SARS-CoV-2 has been shown to directly interact with the NLRP3 protein in vivo, 217 

leading to inflammasome assembly and consequent secretion of IL-1b and pyroptosis57.  218 

Inflammasome sensing of viral RNA It is widely accepted that NLRP3 assembly is also 219 

induced by viral RNA, but the exact underlying mechanism remains a matter of debate58–62. 220 

GU-rich single-stranded (ss) RNA of SARS-CoV-2 was shown to elicit the expression and 221 

maturation of IL-1b from human macrophages through NLRP3 inflammasome activation, yet 222 

in the absence of pyroptosis62. NLRP3 inflammasome activation was dependent on TLR8 223 

activation, with K+ efflux acting as a second signal. In addition, it was suggested that viral RNA 224 



or RNA cleavage products bind with the DexD/H-box RNA helicase family member DHX33, 225 

which consequently directly interacts with NLRP3 to induce inflammasome assembly59,63. 226 

However, others could not find a major role for DHX33 in RNA virus induced NLRP3 227 

activation51,60. Whether this pathway is involved during SARS-CoV-2 infection remains to be 228 

elucidated. Finally, it is described that viral dsRNA can trigger inflammasome activation by 229 

activating the RIP1-RIP3-DRP1 pathway which promotes mitochondrial damage, an important 230 

stimulus for NLRP3 assembly60. The RIP1-RIP3 pathway is involved in necroptosis, a lytic 231 

form of cell death. However, inflammasome activation by this pathway was independently of 232 

MLKL, an essential downstream effector of RIP1-RIP3-dependent necroptosis. Whether RIP1-233 

RIP3-DRP1 dependent inflammasome activation also applies in the context of SARS-CoV-2 234 

infection remains to be elucidated. Viral infections can also indirectly activate inflammasomes 235 

as they induce tissue damage8. Cell death releases a series of DAMPS, such as ATP, 236 

hyaluronan, uric acid, etc, that also induce inflammasome assembly with consequent cytokine 237 

release and pyroptosis. Indeed, necroptosis and inflammasome induced pyroptosis lead to 238 

additional inflammasome activation by the release of DAMPS, resulting in a positive feedback 239 

loop.  240 

In addition to the above-mentioned mechanisms, Kucia et al showed that interaction of the 241 

Spike (S) protein with ACE2 and TLR4 receptors on hematopoietic stem/progenitor cells and 242 

endothelial progenitor cells induced inflammasome activation and pyroptosis, as was 243 

assessed by increased levels of active caspase-1 and LDH in the culture supernatant40. When 244 

MCC950 was added, caspase-1 activity and LDH levels significantly decreased, suggesting 245 

the involvement of the NLRP3 inflammasome. Yet this possible inflammasome assembly 246 

induced by the direct interaction of the SARS-CoV-2 S protein with its receptor needs further 247 

validation in in vivo models.  248 

Other hypotheses of inflammasome activation during SARS-CoV-2 infection have been 249 

postulated, but need experimental validation4. Binding of Angiotensin II to its AT1 receptor can 250 

activate the NLRP3 inflammasome, and consequently as the ACE2 receptor is internalized 251 



after SARS-CoV-2 binding, this might reduce the conversion of angiotensin 2, leading to 252 

increased triggering of the renin-angiotensin-aldosterone system. Moreover, it has been 253 

shown that SARS-CoV-2 activates all three arms of the complement pathway64. Complement 254 

activation might influence inflammasome activation, in both an activating (C5b-9 complex, C3a 255 

and C5a) and an inhibiting way (C1q)65. Yet the interaction between the complement pathway 256 

and inflammasome activation needs to be explored in the context of SARS-CoV-2 infection.   257 

Taken together, inflammasomes might be activated by multiple possible mechanisms during 258 

SARS-CoV-2 infection. However, many pathways still need to be investigated specifically in 259 

the context of SARS-CoV-2, and most of the findings specific to SARS-CoV-2 need validation 260 

in in vivo models and in humans. Understanding the mechanisms by which SARS-CoV-2 261 

induces inflammasome assembly is important in order to develop novel therapeutic strategies 262 

to target this pathway.  263 

 264 

265 



266 

Figure 1: Possible mechanisms of inflammasome activation by SARS-CoV-2. SARS-CoV-2 267 

infection triggers the activation of toll-like receptors (TLR) and RIG-I-like receptors (RLR) with 268 

consequent priming of the inflammasome by inducing the NF-kB dependent transcription of NLRP3, 269 

pro-caspase-1, pro-interleukin (IL)-1β and pro-IL-18. Next, SARS-CoV-2 viroporins (ORF3a and the 270 

envelope (E) protein), might activate the NLRP3 inflammasome by the induction of ion flux. In addition, 271 

the N protein of SARS-CoV-2 was shown to directly interact with NLRP3 to activate its assembly. Viral 272 

RNA can activate the NLRP3 inflammasome by binding through DHX33, which directly interacts with 273 

NLRP3, or by activating the RIP1-RIP3-DRP1 pathway, which induces mitochondrial damage and 274 

consequent NLRP3 activation. Of note, these latter 2 pathways remain to be investigated in the context 275 

of SARS-CoV-2 infection. Binding of the S protein to the ACE2 receptor was shown to inflammasome 276 

activation in vitro, but the exact mechanism remains to be elucidated. Finally, SARS-CoV-2 induces 277 

tissue damage with the release of danger associated molecular patterns (DAMP), also leading to 278 

inflammasome activation. NLRP3 activation leads to the assembly of the inflammasome complex with 279 

consequent cleavage of pro-caspase-1 into active caspase-1. Caspase-1 cleaves pro-IL-1β and pro-IL-280 

18 into their active forms. In addition, it cleaves gasdermin D (GSDMD) of which the N-terminal 281 

fragments form a transmembrane pore. GSDMD pore formation leads to the release of cytokines and 282 



lytic cell death or pyroptosis. ROS: reactive oxygen species; dsRNA: double-stranded RNA; ACE2 283 

receptor: angiotensin converting enzyme-2 receptor. Created with BioRender.com.  284 

 285 

Inflammasome and its downstream cytokines: contribution to pathogenesis 286 

A temporal role for inflammasome activation during SARS-CoV-2 infection?  287 

As described above, serum and BAL fluid levels of the inflammasome derived cytokines IL-18 288 

and IL-1b, and its downstream cytokines IL-6 and surrogate biomarkers IL-1RA and suPAR, 289 

are significantly correlated with severe COVID-19, suggestive for inflammasomes to be drivers 290 

of an exuberant host response. Accordingly, GSDMD, NLRC4 and NLRP3 eQTLs linked to 291 

increased blood expression are significantly associated with severe COVID-1928. Moreover, it 292 

was reported that lung injury and cytokine production induced by the SARS-CoV-2 N protein 293 

were reversed in mice treated with the NLRP3 inhibitor MCC950 and in Nlrp3-/- mice57, further 294 

suggesting that NLRP3 activation contributes to severe disease.  295 

However, several lines of evidence from other mouse models of viral RNA infections suggest 296 

that inflammasomes and their downstream cytokines might also be protective against severe 297 

disease, especially early during the infection11,58,66. A lot of this knowledge stems from 298 

influenza A virus (IAV) models, where a temporal role for inflammasomes and its downstream 299 

cytokines applies. While mice carrying a gain-of-function mutation in the Nlrp3 gene are 300 

strongly resistant to IAV  infection due to IL-1b mediated neutrophil recruitment11, mice 301 

defective for NLRP3 or caspase-1 were more susceptible to IAV infection due to a decreased 302 

neutrophil and monocyte recruitment and increased lung damage early during infection58,66. In 303 

accordance with these observations, administration of the NLRP3 specific inhibitor MCC950 304 

directly after IAV infection increased disease severity67. However, when MCC950 was given 305 

later in the disease course, when symptoms were present, mice were protected from severe 306 

IAV infection. In consistency with NLRP3 contributing to early disease control, mice lacking 307 

the IL-1-receptor exhibit increased mortality with reduced inflammatory lung pathology upon 308 



IAV infection, suggesting that IL-1 signaling, by both IL-1α and IL-1b, limits virus induced 309 

damage, potentially by affecting viral titers68. In contrast, treatment with anti-IL-1b from day 3 310 

post IAV infection ameliorated the hyperinflammation and increased survival69. When anti-IL-311 

1b treatment was initiated earlier, increased survival was still observed, although to a lesser 312 

extent compared to treatment initiated at day 3. These observations in IAV infection, suggest 313 

that inflammasome activation and consequent IL-1 signaling is needed to limit initial virus 314 

induced disease, while exuberant IL-1b release might contribute to hyperinflammation driving 315 

severe disease. In a SARS-CoV-2 infection model using humanized K18-hACE2 mice, 316 

treatment with IL-1RA, starting 1 day after infection, ameliorated survival, weight loss and lung 317 

inflammation, while slightly increasing viral load41. This is consistent with what is described in 318 

IAV infection. However, whether the temporal role of IL-1 signaling observed in IAV models, 319 

also applies to SARS-CoV-2 infection, needs to be investigated by using timed IL-1 inhibition 320 

and IL-1R-/- mice.  321 

Also accordingly to observations from IAV mouse models, Pan and colleagues reported that 322 

lung injury and cytokine production induced by the SARS-CoV-2 N protein were reversed in 323 

mice treated with the NLRP3 inhibitor MCC950 and in NLRP3-/- mice57, suggesting that NLRP3 324 

activation contributes to severe disease. They could not assess if early inflammasome 325 

activation limits viral replication and virus induced lung injury, as they only investigated the 326 

role of SARS-CoV-2 N protein. Consequently, further exploration of these findings is needed 327 

in more physiologic models of SARS-CoV-2 infection. Recently, a not yet peer reviewed report 328 

described therapeutic benefits of caspase-1 and NLRP3 blockade in a humanized COVID-19 329 

mouse model that uses AAV to deliver ACE2 to the lungs of humanized MISTRG-6 mice70. 330 

While observing higher viral loads, caspase-1 blockade starting 6 days post-infection reduced 331 

the inflammatory profile in the lungs of infected mice, reversing the immune-pathological state 332 

of the lung, measured by scoring of lung histology. However, the effects of earlier caspase-1 333 

blockade were not studied. Accordingly to the previous 2 studies, Zeng et al observed 334 

ameliorated pulmonary inflammation and lung injury in NLRP3-/- mice compared to wild type 335 



controls in a mouse model of SARS-CoV-2 infection71. In contrast to other studies, they also 336 

observed a reduced viral load in the absence of NLRP3 signaling. The same observations 337 

were made when hACE2 transgenic mice were treated with MCC950 starting at the day of 338 

infection. 339 

Next to IL-1b, the other inflammasome derived cytokine IL-18 is also important for initial control 340 

of virus induced damage. Mostly in combination with IL-12, IL-18 activates T and NK cells to 341 

proliferate and produce IFNg, which is a crucial element for defense against infections72. 342 

Accordingly, upon IAV infection, mice lacking IL-18 exhibit increased mortality with 343 

pronounced virus growth and massive inflammatory cell influx73. Upon murine hepatitis 344 

coronavirus infection, IL-18R-/- mice were also more vulnerable, with poor survival and 345 

elevated viral replication compared to wild-type mice74. The same observation was made in 346 

mice lacking all inflammasome signaling (Casp-1/11 -/-). However, mice lacking IL-1 signaling 347 

exhibited similar survival upon infection with murine hepatitis coronavirus compared to their 348 

wild-type littermate controls, although viral replication was increased in the IL-1R-/- mice74. In 349 

contrast, when produced in excessive amounts, IL-18 might be detrimental by inducing 350 

hyperinflammation-related injury72. IL-18 has also been shown to play a role in 351 

hemophagocytic lymphohistiocytosis syndromes. Taken together, IL-18 is protective in the 352 

early phase of viral infection driving an appropriate response against the pathogen, while it 353 

can become detrimental in later phases. Whether IL-18 effectively contributes to 354 

hyperinflammation in later stages of viral infection remains to be elucidated, as timed IL-18 355 

antagonism has not been investigated. Moreover, the possible protective and detrimental roles 356 

of IL-18 in COVID-19 need to be validated in mouse models of this disease.  357 

 358 

The exact functional role of inflammasome activation during SARS-CoV-2 infection remains 359 

to be elucidated by using accurate mouse models of COVID-19, but based on the data 360 

described above, it is clear that tight regulation of inflammasome activation during viral 361 



infection is crucial. Once activated, inflammasomes can amplify the inflammatory response in 362 

a paracrine manner, as their activation induces pyroptosis with the release of a second series 363 

of inflammasome agonists (e.g. ATP, hyaluronan, etc)8. In addition, IL-1b and IL-18 contribute 364 

to the recruitment of additional effector populations8. Moreover, binding of IL-1b to its receptor 365 

results in the transcription of pro-IL-1b, increasing the availability of substrate for activated 366 

inflammasomes 75.  The precise role of IL-18 binding protein (IL-18BP) also deserves more 367 

study, since it is a major antagonist of the biological activity of IL-1876.  Lack of IL-18BP might 368 

be related to the hyperactivation of macrophages seen in COVID-19 patients. 369 

 370 

Inflammasomes and adaptive immune responses 371 

Despite the report of preserved adaptive immune responses in Nlrp3-/- and Casp1-/- mice 372 

during IAV infection66, other studies suggest that inflammasome activation is needed for 373 

optimal adaptive immune responses. ASC and caspase-1 are required for effective CD4 and 374 

CD8 T cell responses, as well as for mucosal IgA secretion and systemic IgG responses during 375 

IAV infection77. However, NLRP3 was not required, suggesting that also other inflammasomes 376 

are activated during IAV infection which contribute to the initiation of effective adaptive immune 377 

responses. IL-1 signaling was shown to be necessary during IAV for effective CD4 T cell 378 

activation and IgM production, while the activation of CD8 T cells, virus killing, IgG and IgA 379 

levels were intact in Il1r1-/- mice68. In Il18-/- mice, antibody production and generation of CD8 380 

T lymphocytes was preserved during IAV infection, yet the specific CD8 T cells produced less 381 

IFNγ, TNFα and IL-268,73. This might provide an additional explanation for the previously 382 

described reduced viral clearance in IL-18 deficient animals. To date, no data on 383 

inflammasomes and adaptive immunity in SARS-CoV-2 infection are available. Whether 384 

inflammasome activation is needed to initiate effective adaptive immune responses during 385 

SARS-CoV-2 infection needs to be investigated.  386 



 387 

Crosstalk between inflammasomes and type 1 interferons 388 

Type 1 interferon (IFN) is crucial as it provides an immediate suppression of viral replication 389 

78 and inhibition of inflammasome activation79. Besides that, it is also required for protective T 390 

cell responses80. A characteristic feature of SARS-CoV and MERS-CoV viruses is their ability 391 

to inhibit and delay the induction of type I IFN by infected cells81,82. SARS-CoV-2 is also able 392 

to inhibit the type I IFN responses in infected cells, leading to delayed or overall suppressed 393 

type I IFN responses83,84. This mechanism might be a virulence factor of SARS-CoV-2, thereby 394 

escaping from the host innate immune response. 395 

The suppressed type I IFN response might be a driver of severe COVID-19, as inborn errors 396 

in the type I IFN pathway or the presence of neutralizing auto-antibodies to type I IFN are 397 

strongly over-represented among individuals who developed life-threatening COVID-19 85,86. 398 

In contrast to these findings, it has initially been suggested that the type I IFN response 399 

contributes to the hyperinflammatory response seen in severe COVID-19 patients87. However, 400 

all other reports consistently show a decreased type 1 IFN response in severe COVID-19, 401 

along with an exacerbated pro-inflammatory response24,32,88. Again, timing is everything to 402 

explain the effects of type I interferons in COVID-19. In a mouse model of SARS-CoV-1, 403 

delayed type 1 IFN signaling was accompanied by the recruitment of inflammatory monocyte-404 

macrophages that produce the inflammasome derived cytokine IL-1b, along with TNFα and 405 

IL-689. This population of cytokine producing inflammatory monocyte-macrophages has also 406 

been identified in the BAL fluid of patients infected with SARS-CoV-2 by RNA sequencing35,36. 407 

The recruitment of these monocyte-macrophages was also reduced upon abrogation of 408 

endogenous type 1 interferon signaling in a mouse model of SARS-CoV-290, suggesting that 409 

the delayed type 1 interferon response also contributes to disease pathogenesis in COVID-410 

19. However, this needs further investigation in models of SARS-CoV-2. 411 



In addition, in a mouse model of MERS infection, delayed type 1 IFN responses are also 412 

associated with reduced virus clearance, increased pro-inflammatory cytokines and poor 413 

outcomes91. Type 1 IFN signaling was shown to inhibit inflammasome activation in a STAT-1 414 

dependent manner79. In addition, the suppressed type 1 IFN response might enhance SARS-415 

CoV-2 replication and consequent tissue damage, both leading to increased inflammasome 416 

activation.   417 

Taken together, severe COVID-19 patients are characterized by a defective or delayed type 418 

1 interferon response and a concomitant exuberant inflammatory cytokine production24. This 419 

raises the question whether COVID-19 is a disease driven by immunosuppression or 420 

hyperinflammation, as the reduced type 1 IFN response might be the driver of exuberant 421 

inflammasome activation. Moreover, despite high levels of pro-inflammatory cytokines in 422 

serum, ex vivo stimulation of peripheral blood mononuclear cells (PBMC) of COVID-19 423 

patients led to decreased cytokine production compared to healthy controls, septic patients 424 

and critically ill non-septic patients25,32.  425 

Risk factors for severe COVID-19 are associated with increased inflammasome activation and 426 

pro-inflammatory cytokines 427 

Various host intrinsic risk factors for severe COVID-19 are correlated with increased 428 

inflammasome activation. Obesity and type 2 diabetes are both predictors of increased 429 

morbidity and mortality during SARS-CoV-2 infection. Both conditions are characterized by 430 

chronic low grade inflammation and inflammasome activation5. This pre-existing 431 

inflammasome priming might enhance SARS-CoV-2 induced inflammasome activation, as 432 

different positive feedback loops for inflammasome activation have been described8.  433 

Male sex is also an independent risk factor for increased morbidity and mortality from COVID-434 

1992,93. The male immune response is characterized by a lower type 1 IFN response and 435 

consequently higher susceptibility to viral infections compared to females94. Accordingly, in 436 

the early phase of COVID-19, type 1 IFN is lower in males compared to females, whereas IL-437 

8 and IL-18 levels are higher in the plasma of males95, suggestive for increased inflammasome 438 



activation in male patients. In a mouse model of SARS-CoV-1 infection, the higher mortality 439 

of male mice was attributed to the protective roles of the female sex hormone estrogen 92,96. 440 

Estrogens have been shown to dampen the exuberant production of pro-inflammatory 441 

cytokines and chemokines92, providing an explanation for females to be at reduced risk of 442 

severe COVID-19.  443 

Finally, older age is associated with severe SARS-CoV-2 infection. Aging is accompanied by 444 

a decreased type 1 IFN response and elevated innate proinflammatory cytokines and 445 

chemokines upon viral infection97, suggesting that older individuals are more prone to 446 

exuberant inflammasome activation during SARS-CoV-2 infection.  447 

 448 

Clinical implications 449 

Increasing evidence suggests that NLRP3 inflammasome activation with consequent release 450 

of IL-1b and IL-18, and downstream IL-6 and TNF production, contributes to the 451 

hyperinflammation, characteristic for severe COVID-19. Several randomized controlled trials 452 

(RCTs) with repurposed drugs targeting the inflammasome and its downstream cytokines, 453 

have been conducted in COVID-19 patients (Table 1). Many RCTs with IL-6 or IL-6R blockade 454 

have been published, yet mixed results were observed across different trials98. Two large 455 

platform trials showed improved outcomes with IL-6 blockade: the RECOVERY trial observed 456 

an increased survival rate in patients with respiratory failure and increased serum CRP 457 

concentration with tocilizumab, and the REMAP-CAP trial showed an increased number of 458 

organ-support free days at day 21 in ventilated patients or patients with cardiovascular organ 459 

support with tocilizumab or sarilumab99,100. Other trials with IL-6 or IL-6R blockade could not 460 

observe improved outcomes in COVID-19 patients101–112.   461 

Trials targeting the more upstream cytokine IL-1 also had mixed results. An RCT employing 462 

canakinumab, an anti-IL-1b antibody, in non-ventilated COVID-19 patients with hypoxia and 463 

systemic inflammation failed to significantly increase the likelihood of survival without invasive 464 

mechanical ventilation113. Another RCT employing the IL-1 receptor antagonist anakinra, 465 



which targets both IL-1b and IL-1a, was prematurely terminated for absence of effect114. In 466 

accordance, the COV-AID trial that was conducted by us in Belgian centers could not observe 467 

therapeutic benefits for anakinra in COVID-19 patients with signs of systemic cytokine release, 468 

even when the subgroup with the highest concentrations of serum IL-1RA or IL-6 were 469 

analyzed separately in a post-hoc analysis of the data109.  In marked contrast, another RCT 470 

(SAVE-MORE) reported an impressive and much more favorable outcome of anakinra 471 

treatment on day 28 survival compared to standard of care in patients selected on the basis 472 

of high concentration of the biomarker soluble urokinase plasminogen activator receptor 473 

(SuPAR)31.  Possibly, the clinical severity of these patients was milder compared with the ones 474 

in the COV-AID trial. A recent systematic review of RCTs targeting IL-1 signaling in COVID-475 

19 patients could not find evidence for an important beneficial effect of IL-1 blocking agents115.  476 

The mixed success of trials targeting single cytokines might be explained by the redundancy 477 

of inflammatory cytokine pathways able to drive the hyperinflammatory response along many 478 

paths. Consequently, direct targeting of the inflammasome might be more effective. Several 479 

trials targeting the NLRP3 inflammasome with colchicine or metformin have been initiated. 480 

RCTs with colchicine in COVID-19 patients showed different results, and a recent meta-481 

analysis of those RCTs could not identify a benefit of colchicine in COVID-19 patients116–120. 482 

Currently, 3 RCT with metformin are ongoing (NCT04604678, NCT04625985, NCT04510194) 483 

and 1 one was prematurely stopped (NCT04626089). We need to await analysis of these 484 

trials, before firm conclusions can be made.  485 

Targeting of GSDMD pore formation has also been proposed as a treatment for COVID-19 486 

patients, as this could prevent the release of IL-1b  and DAMPs. Disulfiram, a drug approved 487 

for alcohol dependence, inhibits GSDMD pore formation, and RCTs investigating its effect in 488 

COVID-19 patients have been initiated, but no results have been published yet (NCT04485130 489 

and NCT04594343)121. Dimethyl fumarate and fumarate have also been shown to inhibit 490 

GSDMD122. To date, the RECOVERY trial investigates the safety and efficacy of dimethyl 491 



fumarate in patients hospitalised with COVID-19, but results are not available yet 492 

(NCT04381936).  493 

Direct targeting of IL-18 has not yet been investigated in COVID-19 patients. To date, no IL-494 

18 blocking drugs are approved, but a monoclonal anti-IL-18 antibody, as wells as 495 

recombinant human IL-18BP have been tested in type 2 diabetes, rheumatic diseases and 496 

hemophagocytic lymphohistiocytosis syndrome72. Of note, IL-18BP in high concentrations 497 

also binds IL-37, preventing IL-37 to suppress inflammation123. IL-37 acts as an anti-498 

inflammatory cytokine, suppressing both innate and adaptive immunity. Consequently, 499 

administration of recombinant IL-18BP could lead to sequestration of IL-37, thus possibly 500 

making the hyperinflammation worse. 501 

Table 1: Overview of targeting strategies with repurposed drugs to inhibit the inflammasome 502 

and its downstream effectors in COVID-19.  503 

 504 

ICU: intensive care unit ; RCT: randomised controlled trial. 505 

 506 

Target Repurposed drug Published RCTs with primary outcome Evidence summary
1. Direct inhibition Colchicine GRECCO-19: improved time to clinical deterioration (ref 117)

RECOVERY: no effect on mortality (ref 118)

COLCORONA: no effect on mortality or hospital admission in community treated patients, 

but decreased mortality and hospital admission in the  subgroup with PCR-confirmed COVID-19 (ref 119)

Lopes et al: reduced length of supplemental oxygen therapy and hospitalisation (ref 120)

Metformine No published trials 

(NCT04626089: prematurely stopped; other registered: NCT04604678, NCT04625985, NCT04510194)

2. IL-1 signaling Anakinra CORIMUNO-ANA: no effect on mortality, need for ventilation or survival without ventilation (ref 113)

COV-AID: no effect on time to clinical improvement (ref 107)

SAVE-MORE: increased clinical status at day 28 (ref 31)

Canakinumab CAN-COVID: no effect on survival without mechanical ventilation (ref 113)

3. IL-6 signaling CORIMUNO-SARI-1: no effect on survival or need for ventilation (ref 101)

REMAP-CAP: increased number of organ-support free days (ref 100)

SANOFI: no effect on time to clinical improvement (ref 102)

SARICOR: no effect on evolution ARDS (ref 103)

SARTRE: no effect on progression to severe respiratory faillure (ref 104)

BACC-BAY: no effect on preventing intubation or death (ref 105)

CORIMUNO-TOCI-1: no effect on survival or need for ventilation (ref 106)

COV-AID: no effect on time to clinical improvement (ref 107)

COVACTA: no effect on clinical status or mortality (ref 108)

COVIDSTORM: better clinical recovery and shorter duration of hospitalisation (ref 109)

COVINTOC: no effect on time to clinical improvement (ref 110)

EMPACTA: reduced progression to mechanical ventilation or death, no effect on survival (ref 111)

RECOVERY: increased survival (ref 99)

REMAP-CAP: increased number of organ-support free days (ref 100)

REMDACTA: no effect on time to hospital discharge (ref 112)

Siltuximab COV-AID: no effect on time to clinical improvement (ref 107)

4. Gasdermin D Disulfiram No published trials

(registered: NCT04485130, NCT04594343)

Dimethyl fumarate No published trials

(registered: NCT04381936)

Not available

Not available

Not available

Sarilumab

No reduced risk of mortality, need for 
ventilatory support, ICU admission or 

length of hospital stay (ref 103)

Tocilizumab

Meta-analysis of RCTs: Lower 28-day 
all-cause mortality (ref 99)

Meta-analysis of RCTs: little or no 
increase in clinical improvement at 

day 28 (ref )



Taken together, a deeper understanding of the immunopathogenesis of COVID-19 might help 507 

us to explain the inconsistent results of trials in COVID-19 patients with cytokine and 508 

inflammasome blockade, and to identify additional therapeutic targets, as well as biomarkers 509 

that predict outcome and treatment responses. So, research in in vivo models of SARS-CoV-510 

2 infection are urgently needed to unravel the immunopathogenesis of severe COVID-19. A 511 

thorough understanding of the immunopathogenesis of severe coronavirus infections, might 512 

not only be important to reduce morbidity and mortality of the current COVID-19 pandemic, 513 

but also of future coronavirus outbreaks46. 514 

515 



Conclusion 516 

Taken together, reduced type 1 interferon responses, together with excessive inflammatory 517 

cytokine and chemokine production, might be the drivers of severe COVID-19. 518 

Inflammasomes, especially the NLRP3 inflammasome, are contributing to the exuberant 519 

cytokine production, yet in early stages of SARS-CoV-2 infection they might be crucial to limit 520 

viral replication and consequent tissue damage. However, these findings need to be validated 521 

in in vivo models of SARS-CoV-2 infection. The most recent results of the SAVE-MORE trial 522 

call for optimism of anakinra blockade in COVID-19, yet results from COV-AID temper this 523 

optimism, suggesting that IL-1 and inflammasome inhibition will not be the wonder drug for all 524 

patients with severe COVID-19.  A thorough understanding of the immunopathogenesis of 525 

severe COVID-19 is key to not only develop personalized targeted therapies, but also to 526 

identify biomarkers that predict disease outcomes and identify the correct time window when 527 

these therapies might be most beneficial.  528 

 529 

ACKNOWLEDGEMENT 530 

JD and EDL received personal PhD training fellowships from FWO flanders (grant 11B7720N 531 

and grant 11M6622N). BNL received an European Research Council Advanced Grant (ERC-532 

2017-ADG-789384), as well as a Universtiy of Ghent Methusalem Grant.  533 

 534 

REFERENCES 535 

1. Wiersinga, W. J., Rhodes, A., Cheng, A. C., Peacock, S. J. & Prescott, H. C. 536 

Pathophysiology, Transmission, Diagnosis, and Treatment of Coronavirus Disease 537 

2019 (COVID-19): A Review. JAMA - J. Am. Med. Assoc. 324, 782–793 (2020). 538 

2. Hu, B., Guo, H., Zhou, P. & Shi, Z. L. Characteristics of SARS-CoV-2 and COVID-19. 539 

Nat. Rev. Microbiol. 19, 141–154 (2021). 540 



3. Chen, I. Y. & Ichinohe, T. Response of host inflammasomes to viral infection. Trends 541 

Microbiol. 23, 55–63 (2015). 542 

4. Ratajczak, M. Z. & Kucia, M. SARS-CoV-2 infection and overactivation of Nlrp3 543 

inflammasome as a trigger of cytokine “storm” and risk factor for damage of 544 

hematopoietic stem cells. Leukemia 34, 1726–1729 (2020). 545 

5. López-Reyes, A. et al. NLRP3 Inflammasome: The Stormy Link Between Obesity and 546 

COVID-19. Front. Immunol. 11, 1–9 (2020). 547 

6. Choudhury, S. M., Ma, X., Abdullah, S. W. & Zheng, H. Activation and inhibition of the 548 

nlrp3 inflammasome by rna viruses. J. Inflamm. Res. 14, 1145–1163 (2021). 549 

7. Netea, M. G. et al. Differential requirement for the activation of the inflammasome for 550 

processing and release of IL-1β in monocytes and macrophages. Blood 113, 2324–551 

2335 (2009). 552 

8. Davis, B. K., Wen, H. & Ting, J. P. Y. The Inflammasome NLRs in immunity, 553 

inflammation, and associated diseases. Annu. Rev. Immunol. 29, 707–735 (2011). 554 

9. Lupfer, C. & Kanneganti, T. D. The expanding role of NLRs in antiviral immunity. 555 

Immunol. Rev. 255, 13–24 (2013). 556 

10. Cheung, P. H. H. et al. PB1-F2 protein of highly pathogenic influenza A (H7N9) virus 557 

selectively suppresses RNA-induced NLRP3 inflammasome activation through 558 

inhibition of MAVS-NLRP3 interaction. J. Leukoc. Biol. 108, 1655–1663 (2020). 559 

11. Niu, J. et al. Hyperactivation of the NLRP3 inflammasome protects mice against 560 

influenza A virus infection via IL-1β mediated neutrophil recruitment. Cytokine 120, 561 

115–124 (2019). 562 

12. Chen, I. Y., Moriyama, M., Chang, M. F. & Ichinohe, T. Severe acute respiratory 563 

syndrome coronavirus viroporin 3a activates the NLRP3 inflammasome. Front. 564 

Microbiol. 10, 1–9 (2019). 565 



13. Tisoncik, J. R. et al. Into the Eye of the Cytokine Storm. Microbiol. Mol. Biol. Rev. 76, 566 

16–32 (2012). 567 

14. Lu, Z. et al. Necroptosis Signaling Promotes Inflammation, Airway Remodeling, and 568 

Emphysema in  Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care 569 

Med. 204, 667–681 (2021). 570 

15. Guan, W. et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N. 571 

Engl. J. Med. 382, 1708–1720 (2020). 572 

16. Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus in 573 

Wuhan, China. Lancet 395, 497–506 (2020). 574 

17. Slaats, J., ten Oever, J., van de Veerdonk, F. L. & Netea, M. G. IL-1β/IL-6/CRP and 575 

IL-18/ferritin: Distinct Inflammatory Programs in Infections. PLoS Pathog. 12, 1–13 576 

(2016). 577 

18. Rodrigues, T. S. et al. Inflammasomes are activated in response to SARS-cov-2 578 

infection and are associated with COVID-19 severity in patients. J. Exp. Med. 218, 579 

(2020). 580 

19. Ferreira, A. C. et al. SARS-CoV-2 engages inflammasome and pyroptosis in human 581 

primary monocytes. Cell Death Discov. 7, (2021). 582 

20. Satış, H. et al. Prognostic value of interleukin-18 and its association with other 583 

inflammatory markers and disease severity in COVID-19. Cytokine 137, 155302 584 

(2021). 585 

21. Lucas, C. et al. Longitudinal analyses reveal immunological misfiring in severe 586 

COVID-19. Nature 584, 463–469 (2020). 587 

22. Lavillegrand, J. R. et al. Elevated plasma IL-6 and CRP levels are associated with 588 

adverse clinical outcomes and death in critically ill SARS-CoV-2 patients: 589 

inflammatory response of SARS-CoV-2 patients. Ann. Intensive Care 11, (2021). 590 



23. Zhu, J. et al. Elevated interleukin-6 is associated with severity of COVID-19: A meta-591 

analysis. J. Med. Virol. 93, 35–37 (2021). 592 

24. Blanco-Melo, D. et al. Imbalanced Host Response to SARS-CoV-2 Drives 593 

Development of COVID-19. Cell 181, 1036-1045.e9 (2020). 594 

25. Remy, K. E. et al. Severe immunosuppression and not a cytokine storm characterizes 595 

COVID-19 infections. JCI Insight 5, (2020). 596 

26. Abers, M. S. et al. An immune-based biomarker signature is associated with mortality 597 

in COVID-19 patients. JCI Insight 6, (2021). 598 

27. Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A. & Boussier, J. Impaired type I 599 

interferon activity and inflammatory responses in severe COVID-19 patietnts. Science 600 

(80-. ). 369, 718–724 (2020). 601 

28. Junqueira, C. et al. FcγR-mediated SARS-CoV-2 infection of monocytes activates 602 

inflammation. Nature (2022). doi:10.1038/s41586-022-04702-4 603 

29. Zhao, Y. et al. Longitudinal COVID-19 profiling associates IL-1RA and IL-10 with 604 

disease severity and RANTES with mild disease. JCI Insight 5, 4–14 (2020). 605 

30. Yang, Y. et al. Plasma IP-10 and MCP-3 levels are highly associated with disease 606 

severity and predict the progression of COVID-19. J. Allergy Clin. Immunol. 146, 119-607 

127.e4 (2020). 608 

31. Kyriazopoulou, E. et al. Early treatment of COVID-19 with anakinra guided by soluble 609 

urokinase plasminogen receptor plasma levels: a double-blind, randomized controlled 610 

phase 3 trial. Nat. Med. 27, 1752–1760 (2021). 611 

32. Arunachalam, P. S. et al. Systems biological assessment of immunity to mild versus 612 

severe COVID-19 infection in humans. Science (80-. ). 369, 1210–1220 (2020). 613 

33. Zhou, Z. et al. Heightened Innate Immune Responses in the Respiratory Tract of 614 



COVID-19 Patients. Cell Host Microbe 27, 883–890 (2020). 615 

34. Wilk, A. J. et al. A single-cell atlas of the peripheral immune response in patients with 616 

severe COVID-19. Nat. Med. 26, 1070–1076 (2020). 617 

35. Xu, G. et al. The differential immune responses to COVID-19 in peripheral and lung 618 

revealed by single-cell RNA sequencing. Cell Discov. 6, (2020). 619 

36. Liao, M. et al. Single-cell landscape of bronchoalveolar immune cells in patients with 620 

COVID-19. Nat. Med. 26, 842–844 (2020). 621 

37. Toldo, S. et al. Inflammasome formation in the lungs of patients with fatal COVID-19. 622 

Inflamm. Res. 70, 7–10 (2021). 623 

38. Hornung, V. et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-activating 624 

inflammasome with ASC. Nature 458, 514–518 (2009). 625 

39. Zhang, H. et al. AIM2 Inflammasome Is Critical for Influenza-Induced Lung Injury and 626 

Mortality. J. Immunol. 198, 4383–4393 (2017). 627 

40. Kucia, M. et al. An evidence that SARS-Cov-2/COVID-19 spike protein (SP) damages 628 

hematopoietic stem/progenitor cells in the mechanism of pyroptosis in Nlrp3 629 

inflammasome-dependent manner. Leukemia 35, 3026–3029 (2021). 630 

41. Xiong, S. et al. Interleukin-1ra mitigates sars-cov-2-induced inflammatory lung 631 

vascular leakage and mortality in humanized k18-hace-2 mice. Arterioscler. Thromb. 632 

Vasc. Biol. 2773–2785 (2021). doi:10.1161/ATVBAHA.121.316925 633 

42. Wu, M. Y. et al. Clinical evaluation of potential usefulness of serum lactate 634 

dehydrogenase (LDH) in 2019 novel coronavirus (COVID-19) pneumonia. Respir. 635 

Res. 21, 1–6 (2020). 636 

43. Han, Y. et al. Lactate dehydrogenase, an independent risk factor of severe COVID-19 637 

patients: A retrospective and observational study. Aging (Albany. NY). 12, 11245–638 



11258 (2020). 639 

44. Zhou, Y. et al. Serum lactate dehydrogenase level may predict acute respiratory 640 

distress syndrome of patients with fever infected by SARS-CoV-2. Ann. Transl. Med. 641 

8, 1118–1118 (2020). 642 

45. Zhang, J. et al. Pyroptotic macrophages stimulate the SARS-CoV-2-associated 643 

cytokine storm. Cell. Mol. Immunol. 18, 1305–1307 (2021). 644 

46. Nieto-Torres, J. L. et al. Severe Acute Respiratory Syndrome Coronavirus Envelope 645 

Protein Ion Channel Activity Promotes Virus Fitness and Pathogenesis. PLoS Pathog. 646 

10, (2014). 647 

47. Xia, B. et al. SARS-CoV-2 envelope protein causes acute respiratory distress 648 

syndrome (ARDS)-like pathological damages and constitutes an antiviral target. Cell 649 

Res. 31, 847–860 (2021). 650 

48. Yalcinkaya, M. et al. Modulation of the NLRP3 inflammasome by Sars-CoV-2 651 

Envelope protein. Sci. Rep. 11, 1–12 (2021). 652 

49. Xu, H. et al. SARS-CoV-2 viroporin triggers the NLRP3 inflammatory pathway. bioRxiv 653 

2020.10.27.357731 (2020). 654 

50. Siu, K. L. et al. Severe acute respiratory syndrome Coronavirus ORF3a protein 655 

activates the NLRP3 inflammasome by promoting TRAF3-dependent ubiquitination of 656 

ASC. FASEB J. 33, 8865–8877 (2019). 657 

51. da Costa, L. S., Outlioua, A., Anginot, A., Akarid, K. & Arnoult, D. RNA viruses 658 

promote activation of the NLRP3 inflammasome through cytopathogenic effect-659 

induced potassium efflux. Cell Death Dis. 10, (2019). 660 

52. Shi, C. S., Nabar, N. R., Huang, N. N. & Kehrl, J. H. SARS-Coronavirus Open 661 

Reading Frame-8b triggers intracellular stress pathways and activates NLRP3 662 

inflammasomes. Cell Death Discov. 5, (2019). 663 



53. Duewell, P. et al. NLRP3 inflammasomes are required for atherogenesis and 664 

activated by cholesterol crystals. Nature 464, 1357–1361 (2010). 665 

54. Hornung, V. et al. Silica crystals and aluminum salts activate the NALP3 666 

inflammasome through phagosomal destabilization. Nat. Immunol. 9, 847–856 (2008). 667 

55. Geng, H. et al. SARS-CoV-2 ORF8 Forms Intracellular Aggregates and Inhibits IFNγ-668 

Induced Antiviral Gene Expression in Human Lung Epithelial Cells. Front. Immunol. 669 

12, 679482 (2021). 670 

56. Mohammad, S. et al. Sars-cov-2 orf8 and sars-cov orf8ab: Genomic divergence and 671 

functional convergence. Pathogens 9, 1–26 (2020). 672 

57. Pan, P. et al. SARS-CoV-2 N protein promotes NLRP3 inflammasome activation to 673 

induce hyperinflammation. Nat. Commun. 12, 1–17 (2021). 674 

58. Allen, I. C. et al. The NLRP3 Inflammasome Mediates In Vivo Innate Immunity to 675 

Influenza A Virus through Recognition of Viral RNA. Immunity 30, 556–565 (2009). 676 

59. Mitoma, H. et al. The DHX33 RNA Helicase Senses Cytosolic RNA and Activates the 677 

NLRP3 Inflammasome. Immunity 39, 123–135 (2013). 678 

60. Wang, X. et al. RNA viruses promote activation of the NLRP3 inflammasome through 679 

a RIP1-RIP3-DRP1 signaling pathway. Nat. Immunol. 15, 1126–1133 (2014). 680 

61. Kanneganti, T. D. et al. Critical role for Cryopyrin/Nalp3 in activation of caspase-1 in 681 

response to viral infection and double-stranded RNA. J. Biol. Chem. 281, 36560–682 

36568 (2006). 683 

62. Campbell, G. R., To, R. K., Hanna, J. & Spector, S. A. SARS-CoV-2, SARS-CoV-1, 684 

and HIV-1 derived ssRNA sequences activate the NLRP3 inflammasome in human 685 

macrophages through a non-classical pathway. iScience 24, 102295 (2021). 686 

63. Chakrabarti, A. et al. RNase L activates the NLRP3 inflammasome during viral 687 



infections. Cell Host Microbe 17, 466–477 (2015). 688 

64. Afzali, B., Noris, M., Lambrecht, B. N. & Kemper, C. The state of complement in 689 

COVID-19. Nat. Rev. Immunol. 22, 77–84 (2022). 690 

65. Triantafilou, M., Hughes, T. R., Morgan, B. P. & Triantafilou, K. Complementing the 691 

inflammasome. Immunology 147, 152–164 (2016). 692 

66. Thomas, P. G. et al. The Intracellular Sensor NLRP3 Mediates Key Innate and 693 

Healing Responses to Influenza A Virus via the Regulation of Caspase-1. Immunity 694 

30, 566–575 (2009). 695 

67. Tate, M. D. et al. Reassessing the role of the NLRP3 inflammasome during 696 

pathogenic influenza A virus infection via temporal inhibition. Sci. Rep. 6, 1–8 (2016). 697 

68. Schmitz, N., Kurrer, M., Bachmann, M. F. & Kopf, M. Interleukin-1 Is Responsible for 698 

Acute Lung Immunopathology but Increases Survival of Respiratory Influenza Virus 699 

Infection. J. Virol. 79, 6441–6448 (2005). 700 

69. Bawazeer, A. O. S. et al. Interleukin-1β exacerbates disease and is a potential 701 

therapeutic target to reduce pulmonary inflammation during severe influenza A virus 702 

infection. Immunol. Cell Biol. 99, 737–748 (2021). 703 

70. Sefik, E. et al. Inflammasome activation in infected macrophages. BioRxiv Prepr. doi 704 

https//doi.org/10.1101/2021.09.27.461948 705 

doi:https://doi.org/10.1101/2021.09.27.461948 706 

71. Zeng, J. et al. Specific inhibition of the NLRP3 inflammasome suppresses immune 707 

overactivation and alleviates COVID-19 like pathology in mice. eBioMedicine 75, 1–13 708 

(2022). 709 

72. Vecchié, A. et al. IL-18 and infections: Is there a role for targeted therapies? J. Cell. 710 

Physiol. 236, 1638–1657 (2021). 711 



73. Liu, B. et al. Interleukin-18 improves the early defence system against influenza virus 712 

infection by augmenting natural killer cell-mediated cytotoxicity. J. Gen. Virol. 85, 423–713 

428 (2004). 714 

74. Zalinger, Z. B., Elliott, R. & Weiss, S. R. Role of the inflammasome-related cytokines 715 

Il-1 and Il-18 during infection with murine coronavirus. J. Neurovirol. 23, 845–854 716 

(2017). 717 

75. Van De Veerdonk, F. L. & Netea, M. G. Blocking IL-1 to prevent respiratory failure in 718 

COVID-19. Crit. Care 24, 1–6 (2020). 719 

76. Harel, M., Girard-Guyonvarc’h, C., Rodriguez, E., Palmer, G. & Gabay, C. Production 720 

of IL-18 Binding Protein by Radiosensitive and Radioresistant Cells in CpG-Induced 721 

Macrophage Activation Syndrome. J. Immunol. 205, 1167–1175 (2020). 722 

77. Ichinohe, T., Lee, H. K., Ogura, Y., Flavell, R. & Iwasaki, A. Inflammasome recognition 723 

of influenza virus is essential for adaptive immune responses. J. Exp. Med. 206, 79–724 

87 (2009). 725 

78. Tan, L. Y., Komarasamy, T. V. & RMT Balasubramaniam, V. Hyperinflammatory 726 

Immune Response and COVID-19: A Double Edged Sword. Front. Immunol. 12, 1–11 727 

(2021). 728 

79. Guarda, G. et al. Type I Interferon Inhibits Interleukin-1 Production and Inflammasome 729 

Activation. Immunity 34, 213–223 (2011). 730 

80. Kolumam, G. A., Thomas, S., Thompson, L. J., Sprent, J. & Murali-Krishna, K. Type I 731 

interferons act directly on CD8 T cells to allow clonal expansion and memory 732 

formation in response to viral infection. J. Exp. Med. 202, 637–650 (2005). 733 

81. Züst, R. et al. Ribose 2’-O-methylation provides a molecular signature for the 734 

distinction of self and non-self mRNA dependent on the RNA sensor Mda5. Nat. 735 

Immunol. 12, 137–143 (2011). 736 



82. Spiegel, M. et al. Inhibition of Beta Interferon Induction by Severe Acute Respiratory 737 

Syndrome Coronavirus Suggests a Two-Step Model for Activation of Interferon 738 

Regulatory Factor 3. J. Virol. 79, 2079–2086 (2005). 739 

83. Yuen, C. K. et al. SARS-CoV-2 nsp13, nsp14, nsp15 and orf6 function as potent 740 

interferon antagonists. Emerg. Microbes Infect. 9, 1418–1428 (2020). 741 

84. Miorin, L. et al. SARS-CoV-2 Orf6 hijacks Nup98 to block STAT nuclear import and 742 

antagonize interferon signaling. Proc. Natl. Acad. Sci. U. S. A. 117, 28344–28354 743 

(2020). 744 

85. Zhang, Q. et al. Inborn errors of type I IFN immunity in patients with life-threatening 745 

COVID-19. Science (80-. ). 370, (2020). 746 

86. Bastard, P. et al. Autoantibodies against type I IFNs in patients with life-threatening 747 

COVID-19. Science (80-. ). 370, (2020). 748 

87. Lee, J. S. et al. Immunophenotyping of covid-19 and influenza highlights the role of 749 

type i interferons in development of severe covid-19. Sci. Immunol. 5, (2020). 750 

88. Brodin, P. Immune determinants of COVID-19 disease presentation and severity. Nat. 751 

Med. 27, 28–33 (2021). 752 

89. Channappanavar, R. et al. Dysregulated Type I Interferon and Inflammatory 753 

Monocyte-Macrophage Responses Cause Lethal Pneumonia in SARS-CoV-Infected 754 

Mice. Cell Host Microbe 19, 181–193 (2016). 755 

90. Israelow, B. et al. Mouse model of SARS-CoV-2 reveals inflammatory role of type i 756 

interferon signaling. J. Exp. Med. 217, (2020). 757 

91. Channappanavar, R. et al. IFN-I response timing relative to virus replication 758 

determines MERS coronavirus infection outcomes. J. Clin. Invest. 129, 3625–3639 759 

(2019). 760 



92. Scully, E. P., Haverfield, J., Ursin, R. L., Tannenbaum, C. & Klein, S. L. Considering 761 

how biological sex impacts immune responses and COVID-19 outcomes. Nat. Rev. 762 

Immunol. 20, 442–447 (2020). 763 

93. Jin, J. M. et al. Gender Differences in Patients With COVID-19: Focus on Severity and 764 

Mortality. Front. Public Heal. 8, 1–6 (2020). 765 

94. Klein, S. L. & Flanagan, K. L. Sex differences in immune responses. Nat. Rev. 766 

Immunol. 16, 626–638 (2016). 767 

95. Takahashi, T. et al. Sex differences in immune responses that underlie COVID-19 768 

disease outcomes. Nature 588, 315–320 (2020). 769 

96. Channappanavar, R. et al. Sex-based differences in susceptibility to SARS-CoV 770 

infection. 198, 319–335 (2018). 771 

97. Pillai, P. S. et al. Mx1 reveals innate pathways to antiviral resistance and lethal 772 

influenza diseae. Science (80-. ). 352, 463–466 (2016). 773 

98. Shankar-Hari, M. et al. Association between Administration of IL-6 Antagonists and 774 

Mortality among Patients Hospitalized for COVID-19: A Meta-analysis. JAMA - J. Am. 775 

Med. Assoc. 326, 499–518 (2021). 776 

99. Abani, O. et al. Tocilizumab in patients admitted to hospital with COVID-19 777 

(RECOVERY): a randomised, controlled, open-label, platform trial. Lancet 397, 1637–778 

1645 (2021). 779 

100. Gordon, A. et al. Interleukin-6 Receptor Antagonists in Critically Ill Patients with Covid-780 

19. N. Engl. J. Med. 384, 1491–1502 (2021). 781 

101. The CORIMUNO-19 Collaborative group. Sarilumab in adults hospitalised with 782 

moderate-to-severe COVID-19 pneumonia (CORIMUNO-SARI-1): An open-label 783 

randomised controlled trial. Lancet Rheumatol. 4, e24-32 (2022). 784 



102. Lescure, F. X. et al. Sarilumab in patients admitted to hospital with severe or critical 785 

COVID-19: a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 786 

Respir. Med. 9, 522–532 (2021). 787 

103. Salama, C. et al. Tocilizumab in Patients Hospitalized with Covid-19 Pneumonia. N. 788 

Engl. J. Med. 384, 20–30 (2021). 789 

104. Rosas, I. O. et al. Tocilizumab and remdesivir in hospitalized patients with severe 790 

COVID-19 pneumonia: a randomized clinical trial. Intensive Care Med. 47, 1258–1270 791 

(2021). 792 

105. Merchante, N. et al. Early Use of Sarilumab in Patients Hospitalized with COVID-19 793 

Pneumonia and Features of Systemic Inflammation: The SARICOR Randomized 794 

Clinical Trial. Antimicrob. Agents Chemother. 66, 1–12 (2022). 795 

106. Sancho-López, A. et al. Efficacy and Safety of Sarilumab in patients with COVID19 796 

Pneumonia: A Randomized, Phase III Clinical Trial (SARTRE Study). Infect. Dis. Ther. 797 

10, 2735–2748 (2021). 798 

107. Stone, J. H. et al. Efficacy of Tocilizumab in Patients Hospitalized with Covid-19. N. 799 

Engl. J. Med. 383, 2333–2344 (2020). 800 

108. Hermine, O. et al. Effect of Tocilizumab vs Usual Care in Adults Hospitalized with 801 

COVID-19 and Moderate or Severe Pneumonia: A Randomized Clinical Trial. JAMA 802 

Intern. Med. 181, 32–40 (2021). 803 

109. Declercq, J. et al. Effect of anti-interleukin drugs in patients with COVID-19 and signs 804 

of cytokine release syndrome (COV-AID): a factorial, randomised, controlled trial. 805 

Lancet Respir. Med. 1427–1438 (2021). doi:10.1016/S2213-2600(21)00377-5 806 

110. Rosas, I. O. et al. Tocilizumab in Hospitalized Patients with Severe Covid-19 807 

Pneumonia. N. Engl. J. Med. 384, 1503–1516 (2021). 808 

111. Broman, N. et al. Early administration of tocilizumab in hospitalized COVID-19 809 



patients with elevated inflammatory markers; COVIDSTORM—a prospective, 810 

randomized, single-centre, open-label study. Clin. Microbiol. Infect. 28, 844–851 811 

(2022). 812 

112. Soin, A. S. et al. Tocilizumab plus standard care versus standard care in patients in 813 

India with moderate to severe COVID-19-associated cytokine release syndrome 814 

(COVINTOC): an open-label, multicentre, randomised, controlled, phase 3 trial. 815 

Lancet Respir. Med. 9, 511–521 (2021). 816 

113. Caricchio, R. et al. Effect of Canakinumab vs Placebo on Survival without Invasive 817 

Mechanical Ventilation in Patients Hospitalized with Severe COVID-19: A 818 

Randomized Clinical Trial. JAMA - J. Am. Med. Assoc. 326, 230–239 (2021). 819 

114. Mariette, X. et al. Effect of anakinra versus usual care in adults in hospital with 820 

COVID-19 and mild-to-moderate pneumonia (CORIMUNO-ANA-1): a randomised 821 

controlled trial. Lancet Respir. Med. 9, 295–304 (2021). 822 

115. Davidson, M. et al. Interleukin-1 blocking agents for treating COVID-19. Cochrane 823 

Database Syst. Rev. 2022, (2022). 824 

116. Mehta, K. G., Patel, T., Chavda, P. D. & Patel, P. Efficacy and safety of colchicine in 825 

COVID-19: A meta-analysis of randomised controlled trials. RMD Open 7, 1–10 826 

(2021). 827 

117. Deftereos, S. G. et al. Effect of Colchicine vs Standard Care on Cardiac and 828 

Inflammatory Biomarkers and Clinical Outcomes in Patients Hospitalized with 829 

Coronavirus Disease 2019: The GRECCO-19 Randomized Clinical Trial. JAMA Netw. 830 

Open 3, 1–14 (2020). 831 

118. Group, R. C. Colchicine in patients admitted to hospital with COVID-19 (RECOVERY): 832 

a randomised, controlled, open-label, platform trial. Lancet Respir. Med. 9, 1419–833 

1426 (2021). 834 



119. Tardif, J. C. et al. Colchicine for community-treated patients with COVID-19 835 

(COLCORONA): a phase 3, randomised, double-blinded, adaptive, placebo-836 

controlled, multicentre trial. Lancet Respir. Med. 9, 924–932 (2021). 837 

120. Lopes, M. I. et al. Beneficial effects of colchicine for moderate to severe COVID-19: A 838 

randomised, double-blinded, placebo-controlled clinical trial. RMD Open 7, 1–8 839 

(2021). 840 

121. Vora, S. M., Lieberman, J. & Wu, H. Inflammasome activation at the crux of severe 841 

COVID-19. Nat. Rev. Immunol. (2021). doi:10.1038/s41577-021-00588-x 842 

122. Humphries, F. et al. Succination inactivates gasdermin D and blocks pyroptosis. 843 

Science (80-. ). 369, 1633–1637 (2020). 844 

123. Cavalli, G. & Dinarello, C. A. Suppression of inflammation and acquired immunity by 845 

IL-37. Immunol. Rev. 281, 179–190 (2018). 846 

 847 


