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Abstract

ZBP1 has been characterized as a critical innate immune sensor of not only viral RNA products 

but also endogenous nucleic acid ligands. ZBP1 sensing of the Z-RNA produced during influenza 

virus infection induces cell death in the form of pyroptosis, apoptosis, and necroptosis 

(PANoptosis). PANoptosis is a coordinated cell death pathway that is driven through a 

multiprotein complex called the PANoptosome and enables crosstalk and co-regulation among 

these processes. During influenza virus infection, a key step in PANoptosis and PANoptosome 

assembly is the formation of the ZBP1-NLRP3 inflammasome. When Z-RNA is sensed, ZBP1 

recruits RIPK3 and caspase-8 to activate the ZBP1-NLRP3 inflammasome. Several other host 

factors have been found to be important for ZBP1-NLRP3 inflammasome assembly, including 

molecules involved in the type I interferon signaling pathway and caspase-6. Additionally, 

influenza viral proteins, such as M2, NS1, and PB1-F2, have also been shown to regulate the 

ZBP1-NLRP3 inflammasome. This review explains the functions of ZBP1 and the mechanistic 

details underlying the activation of the ZBP1-NLRP3 inflammasome and the formation of the 

PANoptosome. Improved understanding of the ZBP1-NLRP3 inflammasome will direct the 

development of therapeutic strategies to target infectious and inflammatory diseases.

Keywords

ZBP1; NLRP3; inflammasome; PANoptosis; influenza A virus; PANoptosome; pyroptosis; 
apoptosis; necroptosis; virus infection; innate immunity

1 | Introduction

1. 1 | The NLRP3 inflammasome

Inflammasomes are critical components of the innate immune system, the first line of host 

defense which recognizes pathogenic and sterile insults. These macromolecular complexes 

assemble in response to diverse stimuli, and inflammasome assembly is initiated by sensor 
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molecules1,2. To date, there are five well-characterized inflammasome sensors, including 

NOD-like receptor (NLR) family pyrin domain-containing 1 (NLRP1)3, NLRP34–6, NLR 

family caspase recruitment domain (CARD)-containing 4 (NLRC4)7,8, absent in melanoma 

2 (AIM2)9–12, and PYRIN13. Some other innate sensors have also been reported to initiate 

inflammasome assembly under specific conditions, such as NLRP614, NLRP915, NLRP1216, 

interferon-γ-inducible protein 16 (IFI16)17, retinoic acid-inducible gene I (RIG-I)18, and 

myxovirus resistance protein A (MxA)19. Upon activation, inflammasome sensors interact 

with the adaptor molecule apoptosis-associated speck-like protein containing a CARD 

(ASC) in the cytosol, which then recruits and activates caspase-1. Activated caspase-1 can 

proteolytically cleave the cytokines pro–IL-1β and pro–IL-18 into their bioactive forms to 

induce proinflammatory responses20,21. Simultaneously, active caspase-1 can process the 

pore-forming protein gasdermin D (GSDMD) to free its N-terminus, which targets the cell 

membrane to assemble pore structures and induce a form of inflammatory cell death termed 

pyroptosis22–24.

The NLRP3 inflammasome has been extensively studied in the past two decades. Several 

stimuli have been reported to trigger NLRP3 inflammasome activation, including 

endogenous danger signals like ATP4–6, ionophores like nigericin5, particulate matter such 

as silica and uric acid crystals6, viral infection like influenza A virus (IAV)25–28, Gram-

positive bacterial infection such as Bacillus cereus29, Gram-negative bacterial infection like 

Citrobacter rodentium and Escherichia coli30–32, and fungal infection like Candida albicans 
and Aspergillus fumigatus33–35 (Figure 1). Given the diverse stimuli that can activate the 

NLRP3 inflammasome, it is unlikely that NLRP3 directly binds to these diverse ligands. The 

exact mechanism for NLRP3 inflammasome activation is still an active area of investigation.

Two signals are required for canonical NLRP3 inflammasome activation: a priming and an 

activating signal. The priming signal comes from ligands that can activate NF-κB and ERK 

pathways, such as lipopolysaccharide (LPS), Pam3CSK4, poly (I:C), and TNF. Two major 

functions have been proposed for priming36. One is to upregulate the gene expression of 

inflammasome components such as NLRP3 and IL-1β. The other is to provide post-

translational modifications (PTMs) for NLRP3. Activation of NLRP3 is tightly regulated, 

and NLRP3 has been reported to undergo several PTMs, such as ubiquitination37, 

phosphorylation38,39, and sumoylation40, before inflammasome assembly. PTMs of NLRP3 

before its activation allow NLRP3 to be maintained in an auto-suppressed but signal-

competent state. Following priming, the activation step can occur. Though NLRP3 can be 

activated by the many different stimuli listed above, it has been suggested that all these 

triggers induce specific cellular stress patterns which are sensed by NLRP3. Several models, 

such as K+ efflux41,42, mitochondria dysfunction43,44 and trans-Golgi disassembly45, have 

been proposed to explain how NLRP3 is activated. But none of them have proven to be 

applicable to all the known NLRP3 triggers. More studies are required to fully understand 

the mechanism for NLRP3 inflammasome activation.

There is also an alternative route for activation of the NLRP3 inflammasome referred to as 

non-canonical NLRP3 inflammasome activation. During Gram-negative bacteria infection, 

mouse caspase-11, or the human analogues caspase-4 or −5, sense the cytosolic bacterial cell 

wall component LPS and subsequently cleave GSDMD to drive pyroptosis and NLRP3 
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inflammasome initiation22,24,30,31. Therefore, in this process, sensing by caspase-11 (or 

caspase-4/5) acts as the upstream step to trigger NLRP3 inflammasome assembly.

1.2 | PANoptosis

In addition to pyroptosis activated downstream of inflammasome activation, there are several 

other programmed cell death pathways. PANoptosis is a newly emerging concept that 

highlights the crosstalk and coordination that occurs between three of these pathways, i.e. 

pyroptosis, apoptosis, and necroptosis46,47. Our team has been working on this concept for a 

decade to build on our initial findings that overlapping regulation occurs between the 

inflammasome/pyroptotic and apoptotic and necroptotic components. We first demonstrated 

the crosstalk between pyroptosis and apoptosis48,49. Subsequent studies in our lab showed 

redundant roles for caspase-8 and caspase-1/NLRP3, suggesting intersecting functions for 

pyroptotic, apoptotic, and necroptotic molecules32,50,51. Our more recent studies have 

demonstrated the roles of ZBP128, TAK152,53, and caspase-654 in the process of PANoptosis 

activation, further solidifying the basis of the concept. Most recently, we found that this 

concept can be applied to various pathogens including IAV, vesicular stomatitis virus (VSV), 

Listeria monocytogenes, and Salmonella enterica serovar Typhimurium, and we 

characterized a single cell death complex, the PANoptosome, that initiates this process47,55. 

While our initial work found that NLRP3 is a key molecule in this complex53,54, our 

discovery of PANoptosis in the context of pathogens that are recognized by other 

inflammasome sensors suggests that these molecules may also play a role in PANoptosome 

formation47,55.

PANoptosis is also observed during development. Loss of the caspase activity of caspase-8 

will lead to the activation of PANoptosis, which results in large amounts of cell death and 

inflammation in the intestine and embryonic lethality56,57. In addition to caspase-8, RIPK1 

is also a key regulator of PANoptosis during development; both loss of RIPK1 and mutation 

of the caspase-8 cleavage site in RIPK1 have been shown to be embryonically lethal58,59. 

PANoptosis also has implications in cancer, as the regulation of PANoptosis by interferon 

regulatory factor 1 (IRF1) prevents the development of colorectal cancer in a mouse 

model60. Overall, the process of PANoptosis has diverse implications throughout infectious 

and inflammatory diseases, development, and cancer.

2 | ZBP1 senses Z-RNA produced by both DNA and RNA viruses or from 

endogenous transcripts

Z-DNA-binding protein 1 (ZBP1), also known as DNA-dependent activator of interferon-

regulatory factors (DAI) or DLM-1, is known to be a key mediator of NLRP3 inflammasome 

activation and PANoptosis under certain conditions. ZBP1 contains two Z-nucleic acid 

binding domains (Zα1 and Zα2) in the N-terminus and two RIP homotypic interaction 

motifs (RHIM1 and RHIM2) in the middle of the protein sequence (Figure 2A). Initially, 

ZBP1 was identified as a DNA sensor which could enhance the expression of type I 

interferons (IFNs) and inflammatory cytokines after binding to B-DNA or purified viral or 

bacterial DNA61. Later, however, it was demonstrated that loss of ZBP1 has no effect on 

DNA-induced immune responses62,63.
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2.1 | Role of ZBP1 during virus infection

The biological role of ZBP1 was characterized in 2012, when ZBP1 was found to induce 

necroptosis via a RHIM-mediated homotypic interaction with RIPK3 in response to 

fibroblast infection with the M45 RHIM-mutated murine cytomegalovirus (MCMV-

M45mutRHIM), a DNA virus64 (Figure 2B). These findings suggested that ZBP1 may be a 

sensor that induces cell death. To escape necroptosis-mediated inhibitory effects on viral 

replication, MCMV has evolved to express a RHIM-containing protein named viral inhibitor 

of RIP activation (vIRA) encoded by the M45 gene. This protein is a potent inhibitor of 

necroptosis due to its capacity to counteract the interaction between ZBP1 and RIPK365. To 

date, two other DNA viruses, herpes simplex virus 1 (HSV1) and vaccinia virus (VACV), 

have also been shown to be sensed by ZBP166,67 (Figure 2B). Similar to MCMV, both of 

these viruses have evolved to suppress ZBP1-initiated necroptosis. HSV1 encodes the 

RHIM-containing protein ICP6, while VACV encodes the Zα-containing protein E3L66–69. 

ICP6 of HSV1 inhibits ZBP1-mediated necroptosis via the RHIM domain in human cells66. 

However, this process is much more complicated in mouse cells during HSV1 infection, 

where the RHIM-mediated interaction between ICP6 and RIPK3 promotes cell death68,69. 

Interestingly, in mouse embryonic fibroblasts (MEF), HSV1-induced cell death can occur in 

both ICP6-dependent and -independent manners, and ICP6-independent cell death relies on 

ZBP166. In VACV infection, the E3L protein has been proposed to compete with ZBP1 to 

bind the ligand, thus blocking the activation of ZBP167.

Although ZBP1 was shown to be essential for DNA virus-induced cell death, subsequent 

studies from our lab and others have found that ZBP1 is also able to sense RNA virus 

infection. IAV infection induces multiple programmed cell death pathways concomitantly, 

including pyroptosis, apoptosis, and necroptosis28, through the process of PANoptosis in 

murine macrophages46. ZBP1 is the sensor responsible for triggering PANoptosis in 

response to IAV28,70,71 (Figure 2B). In addition to IAV, ZBP1 senses flavivirus infection like 

Zika virus and West Nile virus (WNV) and induces cell death-independent antiviral 

effects72,73. Notably, these antiviral effects are unlikely to be due to the induction of type I 

IFNs. Conversely, loss of ZBP1 results in higher type I IFN production in the WNV-infected 

mouse brains73. Taken together, these studies indicate that ZBP1 plays critical roles during 

both DNA and RNA virus infection, mediating cell death-dependent or -independent 

antiviral effects. Whether ZBP1 functions during other pathogenic infections like bacterial 

and fungal infection requires further study.

2.2 | Role of ZBP1 in development and inflammatory bowel disease

Two groups independently reported that ZBP1 plays critical roles during development and 

inflammatory disease by sensing endogenous transcripts74,75. Mutations in the RHIM of 

RIPK1 (Ripk1mR/mR) cause perinatal lethality in mice, and conditional knock-out of RIPK1 

in the epidermis (Ripk1E-KO) results in skin inflammation due to the activation of 

necroptosis; both these detrimental effects are rescued by deleting ZBP1 in the mice76,77. 

But the exact functions of ZBP1 in these processes was not fully understood. Further genetic 

studies have indicated that loss of the Zα2 domain of ZBP1 (Zbp1ΔZα2ΔZα2) can rescue 

Ripk1mR/mR-induced perinatal lethality and suppress Ripk1E-KO-induced skin 

inflammation74,78, suggesting Z-nucleic acid sensing plays a role in the activation of ZBP1 
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in these mice. Additionally, the RHIM1 of ZBP1 is required to mediate Ripk1mR/mR-induced 

perinatal lethality and suppress Ripk1E-KO -induced skin inflammation74. These data suggest 

that ZBP1 can directly sense endogenous transcripts during development to induce 

programmed cell death and inflammation63. Interestingly, while around 85% of Zbp1–/–

Ripk1E-KO and Zbp1mR1/mR1Ripk1E-KO mice remain healthy for more than 40 weeks, 

approximately 75% of the Zbp1mZα2/mZα2Ripk1E-KO mice develop mild skin inflammation 

at the age of 40 weeks, suggesting that ZBP1 may function as a adaptor protein downstream 

of some factors74.

In addition to its functions in infection and organismal development, ZBP1 is also involved 

in inflammatory bowel diseases (IBD). Gene expression of SET domain bifurcated histone 

lysine methyltransferase 1 (SETDB1) is reduced by about 50% in patients with IBD75,79. 

When this was modeled with conditional deletion of Setdb1 in the intestine of mice, tissue 

sample analysis unveiled that ZBP1-dependent necroptosis was activated. These mice 

develop spontaneous terminal ileitis and colitis, suggesting that SETDB1 participates in the 

pathogenesis of IBD in a ZBP1-dependent manner75. Ex vivo studies found that deleting the 

Zα2 or RHIM1 of ZBP1 could block SETDB1 deficiency-induced necroptosis75, suggesting 

that ZBP1-mediated necroptosis after sensing endogenous ligands is involved in the 

pathogenesis of IBD.

2.3 | The natural ligand for ZBP1

In spite of the critical function of ZBP1 in host defense, the natural ligand for ZBP1 has not 

been fully established63. Inhibiting RNA synthesis but not translation can block MCMV-

M45mutRHIM-induced necroptosis80. Likewise, suppressing transcription but not viral 

DNA replication is able to abolish the ICP6-RHIM mutated HSV1-induced cell death66. 

These data suggest that the natural ligands for ZBP1 during DNA virus infection should be 

RNA but not viral DNA. However, detailed studies are needed to differentiate the role of 

newly synthesized viral RNA and endogenous RNA transcripts in activating ZBP1 in 

response to DNA virus infection.

During IAV infection, ZBP1 has been shown by stochastic optical reconstruction 

microscopy (STORM) to bind the viral RNP complex70. In addition, another study using 

RNAseq confirmed that ZBP1 can bind to viral genomic RNA following IAV infection when 

ZBP1 is overexpressed in HEK293T cells71. However, the genomic RNA alone cannot 

mimic the cell death observed in IFN-β–primed fibroblasts after delivery to the cells70, 

suggesting that viral RNA alone may not be recognized by ZBP1. It is known that the Zα 
domain only shows high affinity for left-handed nucleic acids, i.e. Z-DNA or RNA81–85. It is 

possible that viral RNA alone cannot form a conformation that is able to be recognized by 

ZBP1. Work from our group has demonstrated that ZBP1 is able to co-immunoprecipitate 

viral RNP components PB1 and NP following IAV infection28. Therefore, ZBP1 may sense 

the viral RNP complex or replication intermediates which may take on the Z-RNA 

conformation to induce PANoptosis. Very recently, a study has confirmed that Z-RNA is 

produced in the nucleus during IAV infection, which could trigger MLKL activation there86. 

Interestingly, it was also noted that abolishing the nuclear transport of ZBP1 could not 

inhibit the cell death induced by IAV86, suggesting that ZBP1 is able to sense its ligand both 
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in the nucleus and cytosol. However, whether the ligand for ZBP1 is the newly generated 

viral RNP complex or the replication intermediates remains unclear86.

While there is no doubt that ZBP1 can bind an IAV RNA product during viral 

infection70,71,86, it is unknown whether endogenous Z-RNAs are induced and also contribute 

to ZBP1-mediated cell death during IAV infection or development. It has been suggested 

that RNAs expressed from endogenous retrovirus-like elements can adopt the Z-RNA 

conformation and be sensed by ZBP1 to induce cell death in Ripk1mR/mR or Ripk1E-KO cells 

or in cells lacking Setdb174,75,87,88. More studies are required to differentiate the 

contribution of viral RNA and endogenous RNA in activating ZBP1 during virus infection63. 

Moreover, it is worth noting that even though ZBP1 contains two Zα domains and two 

RHIMs, only one of each have been found to be functional66,71,78,80. So far, only Zα2 is 

known to be essential for recognizing viral infection and RHIM1 is known to mediate signal 

transduction by interacting with RIPK3 and/or RIPK166,71,78,80. Whether Zα1 and RHIM2 

function in other biological processes remains enigmatic.

3 | Influenza A virus induces the ZBP1-NLRP3 inflammasome

Activation of the NLRP3 inflammasome by IAV was initially described in 200625. The 

significance of inflammasome activation in host defense against IAV infection was 

highlighted later by in vivo studies27. NLRP3-deficient mice are more susceptible to mouse-

adapted IAV (A/PR/8/34, H1N1) infection than are wild type (WT) mice26,27. Similarly, 

caspase-1–deficient mice have higher mortality after IAV infection26,27, further suggesting 

that the inflammasome is required for host defense against IAV infection. Loss of NLRP3 

leads to extensive collagen deposition in the lungs of mice following IAV infection27, 

indicating that inflammasome activation contributes to tissue healing after IAV infection. 

Additionally, elderly mice are more susceptible to IAV (A/HKx31, H3N2) infection than are 

younger mice due to defective NLRP3 inflammasome activation. Treatment with the 

NLRP3-activating compound nigericin can dramatically increase IL-1β processing in the 

IAV-infected lungs and reduce IAV-induced mortality in elderly mice89. In vitro, 

supplementing IAV-infected cells from elderly mice with nigericin can rescue NLRP3 

inflammasome activation89. These results further highlight the critical role of the NLRP3 

inflammasome in defending against IAV infection. Additionally, mice receiving the NLRP3 

inflammasome-specific inhibitor MCC950 in the early infection phase become susceptible to 

IAV (A/HKx31, H3N2; A/PR/8/34, H1N1) infection90. Interestingly, it was noted that if the 

NLRP3 inhibitor was given in the late infection phase, mice showed some resistance to the 

infection, suggesting that the NLRP3 inflammasome may play a detrimental role in the late 

infection phase of IAV90. Moreover, the effect of the NLRP3 inflammasome on host defense 

may be viral strain specific. For example, while NLRP3-deficient mice are more susceptible 

to the A/PR/8/34, H1N1 strain of IAV compared with WT mice26,27, mice with loss of 

NLRP3 or caspase-1 have decreased pulmonary inflammation and are less susceptible to the 

A/shanghai/4664T/2013, H7N9 strain of IAV91. Furthermore, IAV-induced inflammasome 

activation also contributes to the development of adaptive immune responses92. Both CD4+ 

and CD8+ T-cell responses are impaired in the caspase-1– or ASC–deficient mice following 

IAV (A/PR/8/34, H1N1) infection. Unexpectedly, this report found that NLRP3 but not 
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caspase-1 was dispensable for host defense against infection with the PR8 strain82. This 

inconsistency may come from mutations that occur in the virus during lab passages.

Despite the critical role of the NLRP3 inflammasome in IAV-induced pathogenicity, other 

host factors that contribute to this process were largely unknown until recently. In 2014, 

RIPK3 was found to be required for RNA virus-induced NLRP3 inflammasome activation, 

including IAV-induced inflammasome assembly93. Mechanistically, in response to RNA 

virus infection, RIPK3 interacts with RIPK1, forming the RIPK3-RIPK1 complex to 

phosphorylate dynamin-related protein 1 (DRP1). DRP1 then translocates to the 

mitochondria and promotes mitochondrial damage, which has been reported to be essential 

for NLRP3 inflammasome activation94. The kinase activity of RIPK1 was shown to be 

essential for this process93. RIPK3 is known to function as an adaptor protein and has been 

shown to act downstream of several receptors or sensors, including TNF receptor 1 

(TNFR1), Toll-like receptors (TLRs), and ZBP164,65,95–99. However, the specific upstream 

factor that recruits RIPK3 to activate the RNA virus-induced inflammasome was not 

resolved in this report.

Our lab then showed that ZBP1, together with another known innate sensor RIG-I, was 

among the most up-regulated genes following IAV infection in WT bone marrow derived-

macrophages (BMDMs) compared to those from type I IFN receptor I (IFNAR1)-deficient 

mice28. These results were consistent with the original finding that ZBP1 can be an IFN-

inducible gene100. It was surprising to find that deleting ZBP1 completely abolished IAV-

induced NLRP3 inflammasome activation, while loss of RIG-I only partially affected 

NLRP3 inflammasome assembly in response to IAV infection28,70. Given the role of RIG-I 

in activating type I IFN expression following IAV infection, it is not unexpected that loss of 

RIG-I would dampen the expression of ZBP1, which can account for the impaired NLRP3 

inflammasome activation in Rig-i–/– cells70. Subsequently, another group also noted that 

ZBP1 was required for IL-1β release after IAV infection71, providing additional evidence for 

the requirement of ZBP1 in NLRP3 inflammasome activation. Collectively, these findings 

indicate that NLRP3 inflammasome activation during IAV infection is totally dependent on 

ZBP1, leading to the designation of the ZBP1-NLRP3 inflammasome. While ZBP1 is 

indispensable for IAV-induced NLRP3 inflammasome activation, it is dispensable for 

NLRP3 inflammasome activation in response to other RNA viruses such as VSV28. Detailed 

studies are needed to clarify this discrepancy, particularly because both IAV and VSV 

infection involve the ZBP1 interacting partner RIPK3 for NLRP3 inflammasome 

activation93.

Genetic evidence has shown that in addition to RIPK3, caspase-8 also acts downstream of 

ZBP1 to regulate ZBP1-NLRP3 inflammasome activation (Figure 3). Loss of RIPK3 leads 

to a dramatic decrease in NLRP3 inflammasome activation, while deletion of both RIPK3 

and caspase-8 mimics the phenotype of ZBP1 deletion during IAV infection28. Since 

caspase-8 has no proposed domains that are involved in homotypic or heterotypic 

interactions with ZBP1, it is possible that RIPK1, another RHIM-containing protein, acts as 

the adaptor downstream of ZBP1 to recruit caspase-8 via Fas-associated protein with death 

domains (FADD). Indeed, loss of both FADD and RIPK3 blocks cell death similarly to loss 

of caspase-8 and RIPK3 in BMDMs following IAV infection, suggesting that this deletion 
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can abolish IAV-induced ZBP1-NLRP3 inflammasome activation28. However, using mice 

with a kinase-dead mutant form of RIPK1, we found that the kinase activity of RIPK1 does 

not contribute to ZBP1-NLRP3 inflammasome activation, which is inconsistent with the 

results observed with the RIPK1 inhibitor Nec-128,93. It is worth noting that the study using 

Nec-1 only tested the requirement of this inhibitor for VSV-induced NLRP3 

inflammasome93; therefore, it is possible that the kinase activity of RIPK1 only contributes 

to VSV-induced NLRP3 inflammasome activation.

4 | Regulation of the ZBP1-NLRP3 inflammasome

ZBP1-NLRP3 inflammasome assembly can be regulated by both host and viral proteins. 

Given the requirement for a priming signal for NLRP3 inflammasome activation, factors that 

are able to affect the priming of the ZBP1-NLRP3 inflammasome can mediate its activation. 

Additionally, proteins that are required for ZBP1 upregulation are also regulators of the 

ZBP1-NLRP3 inflammasome.

4.1 | Regulation by host proteins

As a single-stranded RNA virus, IAV can be sensed by several innate immune sensors, such 

as TLR3, TLR7, and RIG-I, to prime the ZBP1-NLRP3 inflammasome by activating 

inflammatory signaling and type I IFN expression101–104. All these sensors function in a cell 

type-specific manner; TLR3 plays a role in sensing IAV in epithelial cells104, RIG-I 

principally functions in fibroblasts and conventional dendritic cells (cDCs)105, and TLR7 

senses IAV in plasmacytoid dendritic cells (pDCs)101,102. However, they also have 

redundant roles in some cells. For example, both TLR3 and RIG-I are involved in IAV 

sensing in lung epithelial cells to control IFN expression106,107. It has been shown that 

TLR7 is required for pro–IL-1β expression following influenza virus infection in 

BMDMs108, suggesting that TLR7 can regulate the priming of the ZBP1-NLRP3 

inflammasome. In line with this, BMDMs lacking MyD88 and TRIF, adaptor proteins for 

TLRs, have substantially reduced ZBP1-NLRP3 inflammasome activation during IAV 

infection70.

Additionally, type I IFN signaling has been shown to be important for regulating the ZBP1-

NLRP3 inflammasome. Type I IFN signaling is essential for ZBP1 expression in BMDMs 

and fibroblasts. Cells without IFNAR1 or signal factors downstream of IFNAR1, such as 

IRF9 and STAT1, do not have detectable ZBP1 expression28,70, which suggests that type I 

IFNs are not only required for up-regulating the expression of ZBP1 but are also required for 

maintaining the basal level of ZBP1 expression. RIG-I deficiency in BMDMs counteracts 

the increased expression of type I IFNs but only partially reduces the expression of ZBP1 

following IAV infection, resulting in decreased ZBP1-NLRP3 inflammasome activation 

compared to that in WT BMDMs (Figure 3)70. These results indicate that RIG-I is the 

primary sensor for inducing type I IFN expression in response to IAV infection in BMDMs, 

but that it is dispensable for maintaining the basal expression of ZBP1. It is also possible 

that some other innate sensors play a role in activating the IAV-induced type I IFN response 

in BMDMs and could regulate the expression of ZBP1. More studies are needed to clarify 

this. In addition to the impact of ZBP1 expression on the regulation of the ZBP1-NLRP3 
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inflammasome, post-translational modifications of ZBP1 may also be critical for ZBP1 

activation70. We observed that ubiquitination of ZBP1 is dramatically increased following 

IAV infection but not IFN-β treatment70, suggesting that ubiquitination may play some role 

in regulating the assembly of the ZBP1-NLRP3 inflammasome. The specific function of 

ZBP1 ubiquitination requires further investigation.

While it was known that type I IFNs were critical for ZBP1 expression, how type I IFN 

signaling mechanistically regulates the expression of ZBP1 was not clear. In the context of 

Francisella infection, we reported that type I IFNs are required for Francisella-induced 

AIM2 inflammasome activation due to the expression of IRGB10 and GBPs downstream of 

IRF1 expression109,110. A similar scenario was observed during IAV infection. IRF1 

expression during IAV infection is largely dependent on type I IFN signaling (Figure 3)111. 

Without IRF1, ZBP1 expression is impaired during IAV infection, suggesting that IRF1 

could be the transcription factor for ZBP1. Consistent with the role of ZBP1 in NLRP3 

inflammasome activation, BMDMs without IRF1 showed impaired ZBP1-NLRP3 

inflammasome activation following IAV infection111.

In addition to controlling the expression of the inflammasome components, the assembly of 

the ZBP1-NLRP3 inflammasome complex can also be regulated. We very recently 

discovered that the host factor caspase-6, the physiological role of which has been enigmatic 

for decades, acts as a ZBP1-NLRP3 inflammasome regulator (Figure 3)54. We found that 

loss of caspase-6 in BMDMs leads to reduced ZBP1-NLRP3 inflammasome activation 

following IAV infection54. The reduced ZBP1-NLRP3 inflammasome assembly is not due to 

defective priming, since the activation of both NF-κB and pERK are not dampened54. 

Additionally, the induction of ZBP1 expression in Casp6–/– cells is normal following IAV 

infection54. Furthermore, loss of caspase-6 does not affect the replication of IAV in 

BMDMs54. All these data together suggest a different mechanism for caspase-6 regulation 

of ZBP1-NLRP3 inflammasome activation. By characterizing the intrinsic ability of 

caspase-6 to interact with other key signaling proteins present in the ZBP1-containing 

complex, we observed that caspase-6 can interact with RIPK3 but not ZBP1, RIPK1, or 

caspase-854. Interestingly, the interaction between caspase-6 and RIPK3 can enhance the 

interaction between RIPK3 and ZBP1 when RIPK1 is present, suggesting that caspase-6 

regulates the ZBP1-NLRP3 inflammasome by mediating the interaction between ZBP1 and 

RIPK354. Previous studies of caspase-6 have been focused on its caspase activity, but our 

finding revealed that even when the catalytic site of caspase-6 is mutated, caspase-6 

continues to enhance the interaction between ZBP1 and RIPK3. The intrinsically disorder 

regions (IDRs) may be critical to mediate the interaction between caspase-6 and RIPK3, 

suggesting a scaffold function for caspase-6 during IAV infection54. Whether this model can 

be applied to other viruses or endogenous ligand-induced ZBP1-RIPK3 pathways needs 

further investigation.

4.2 | Regulation by viral proteins

The activation of the ZBP1-NLRP3 inflammasome can also be regulated by viral proteins 

(Figure 4). The matrix protein 2 (M2) of IAV was the first viral protein shown to be critical 

for ZBP1-NLRP3 inflammasome activation. It was shown that IAV (A/Udorn/72, H3N2) 
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lacking the ion channel activity of M2 (referred to as M2del29–31) loses the capacity to 

activate the NLRP3 inflammasome108. Furthermore, overexpressing M2 using lentiviruses 

can induce IL-1β and IL-18 release after LPS priming, suggesting that M2 alone is able to 

provide the activation signal for the NLRP3 inflammasome108. Since the mechanisms by 

which ZBP1-RIPK3 complex formation leads to NLRP3 inflammasome activation remain 

unclear, it is possible that the ion channel of M2 plays some role in ZBP1-NLRP3 

inflammasome assembly in the early infection phase. But this role should be carefully 

explored during IAV infection. It is well known that the M2 protein is essential for the IAV 

life cycle, and without it IAV propagates poorly112. Two major functions of M2 have been 

unveiled: one is to acidify the viral interior to release the viral RNP complex from the M1 

coat and the other is to maintain the pH of the Golgi apparatus and stabilize the 

conformation of the HA protein during its transportation; both of these functions rely on the 

ion channel activity of M2113. To overcome the functional deficiencies caused by the loss of 

M2, the virus can even adapt to gain a new viral protein, which performs exactly the same 

function as M2, via mutations114, indicating the indispensable role of M2 for IAV. Moreover, 

it has been reported that the M2-mutant virus Udorn (M2del29–31) showed significantly less 

replication than its WT counterpart, and its viral protein production in infected cells was 

reduced by about 90%115. How this defective replication of IAV affects ZBP1-NLRP3 

inflammasome activation needs detailed exploration. Furthermore, because recent studies 

have demonstrated that either pannexin-1 pore formation following apoptotic caspase-

mediated cleavage or MLKL pore formation after the initiation of necroptosis can provide 

the activation signal for the NLRP3 inflammasome116,117 and because IAV infection leads to 

both apoptosis and necroptosis, it is necessary to reconsider whether M2 channel activity is 

essential for ZBP1-NLRP3 inflammasome activation.

In addition to the M2 protein, two other viral proteins, PB1-F2 and non-structural protein 1 

(NS1), have also been reported to regulate ZBP1-NLRP3 inflammasome activation. The 

peptide derived from the IAV PB1-F2 protein can induce NLRP3 inflammasome activation 

after priming118,119. However, another study using PB1-F2 from the same strain showed that 

PB1-F2 was able to inhibit NLRP3 inflammasome assembly in an overexpression system120. 

Additional studies are required to resolve this discrepancy. NS1 is a multifunctional protein 

in IAV which has been shown to regulate type I IFN expression, inflammatory responses, 

and cell death during IAV infection121. Several studies have shown that NS1 is also involved 

in ZBP1-NLRP3 inflammasome activation122–124. It seems that NS1 has a global inhibitory 

effect on NLRP3 inflammasome assembly, not just on IAV-induced NLRP3 inflammasome 

activation122,124. However, the inhibitory effect varies between different strains122,123; this is 

consistent with other strain-specific abilities observed with NS1121.

5 | ZBP1-NLRP3 inflammasome: a critical component of PANoptosis

It is known that both pyroptosis and necroptosis are inflammatory forms of programmed cell 

death which can release large amounts of proinflammatory cytokines. While apoptosis was 

originally recognized as an immunologically-silent form of programmed cell death, studies 

of the crosstalk between apoptosis and pyroptosis indicate that in some cell types apoptotic 

cell death is also inflammatory48,125–129. Therefore, PANoptosis represents an inflammatory 

form of cell death, and it can occur in the context of infectious and inflammatory diseases, 
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development, and cancer. The ZBP1-NLRP3 inflammasome is a critical component of IAV-

induced PANoptosis. Following influenza virus infection, the ZBP1-NLRP3 inflammasome 

becomes activated, contributing to proinflammatory cytokine maturation and also leading to 

GSDMD cleavage to activate pyroptosis. Therefore, the ZBP1-NLRP3 inflammasome 

contributes to IAV-induced PANoptosis in two aspects: it facilitates the maturation of 

proinflammatory cytokines, i.e. IL-1β and IL-18, following IAV infection, and it also is 

directly responsible for the activation of the pyroptotic executioner of PANoptosis. 

Furthermore, our group has recently shown that cells undergoing PANoptosis in the context 

of TAK1 inhibition following TLR priming form a large puncta in the cytosol that contains 

RIPK1, ASC, and caspase-853. These findings suggest that the inflammasome may be a 

critical component of the protein complex that initiates PANoptosis, the PANoptosome. 

Several other studies have also reported that caspase-8 can interact with ASC56,57,130, 

providing further evidence for the inflammasome being part of the PANoptosome. Thus, it is 

possible that the ZBP1-NLRP3 inflammasome is assembled with the ZBP1-RIPK3-

caspase-8 complex as a large multiprotein complex following IAV infection. We recently 

showed that immunoprecipitation of RIPK3 in an overexpression system could co-

immunoprecipitate caspase-8, ASC, RIPK1, NLRP3 and ZBP1, providing further support 

for this hypothesis55. Detailed studies are needed to further understand this complex.

When PANoptosis is activated, blocking just one arm (i.e., blocking just pyroptosis or 

apoptosis or necroptosis alone) cannot prevent cell death or inflammatory cytokine-induced 

disease. For example, blocking pyroptosis by deleting NLRP3 or GSDMD alone does not 

abolish IAV-induced cell death. Similarly, addition of the caspase-8 inhibitor or RIPK3 

kinase inhibitor cannot block cell death during IAV infection28,131. The emergence of 

PANoptosis is evolutionally beneficial for the host to control pathogen invasion by 

eliminating the infected cells and providing functional redundancies to overcome pathogen 

immune evasion strategies that may allow them to evade one or two of the cell death 

pathways. However, in cases where cytokine storm is occurring and causing detrimental 

inflammation and tissue damage in the host, it is important to note that it may be necessary 

to target all these pathways simultaneously to adequately control the cytokine release. 

Overall, in-depth characterization of the molecular mechanisms of PANoptosis activation 

will be important to inform the development of treatments for infectious and inflammatory 

diseases and cancer.

6 | Summary and perspectives

ZBP1 is the sensor for influenza virus-induced NLRP3 inflammasome activation and plays a 

role similar to that of caspase-11 (or caspase-4/5) in LPS-induced non-canonical NLRP3 

inflammasome activation28,46,70. Additionally, it has key roles in the initiation of IAV-

induced PANoptosis28,46,47,54. Even though the core complex responsible for ZBP1-NLRP3 

inflammasome activation has been identified, how ZBP1 sensing of influenza virus leads to 

NLRP3 inflammasome activation is still not fully understood. Furthermore, host factors that 

can regulate ZBP1-NLRP3 inflammasome activation and PANoptosome assembly remain 

largely unknown, and whether the ZBP1-NLRP3 inflammasome can be triggered by the 

other viruses or endogenous ligands remains to be investigated in the future.
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To date, all the functional studies of the ZBP1-NLRP3 inflammasome have been focused on 

mice or mouse cells. There is an urgent need to clarify the role of ZBP1 in human cells. A 

recent study has demonstrated that MxA can act as the inflammasome sensor following IAV 

infection in human respiratory epithelial cells19. It is known that Mx1 (the mouse 

counterpart of human MxA) is not functional in most strains of inbred mice132. It will be 

interesting to test whether ZBP1 could interact with MxA during IAV infection in 

respiratory epithelial cells.

Additionally, the rise of the circulating SARS-CoV-2 virus throughout the world has raised 

concerns about the effect of inflammasome activation on the development of COVID-19. 

Because SARS-CoV-2 is also an RNA virus, similar to IAV, it is worth examining whether 

SARS-CoV-2 can induce the ZBP1-NLRP3 inflammasome and PANoptosis after infection. 

If ZBP1 is the sensor for SARS-CoV-2–induced cell death and inflammasome activation, 

our foundation of mechanistic knowledge surrounding the ZBP1-NLRP3 inflammasome 

would provide important clues to direct the therapeutic advances.
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FIGURE 1. 
NLRP3 inflammasome activation through canonical and non-canonical routes.

Activation of the NLRP3 inflammasome has been shown through two different pathways 

referred to as canonical and non-canonical NLRP3 inflammasome activation. Activation of 

the canonical NLRP3 inflammasome can be triggered by ATP, pore-forming toxins such as 

nigericin, Ca2+ signaling, lysosome disruption, particulate matter such as alum or silica, or 

viral, bacterial, or fungal infection. Non-canonical NLRP3 inflammasome activation is 

dependent on caspase-11 (or human counterparts caspase-4/5) sensing cytosolic 
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lipopolysaccharide (LPS). After binding to the cytosolic LPS, caspase-11 will undergo auto-

activation and cleave gasdermin D (GSDMD) to drive NLRP3 inflammasome activation.
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FIGURE 2. 
ZBP1 senses both DNA and RNA virus infection.

A) Schematic structure of the ZBP1 protein and its domains. B) RNA viruses such as 

influenza A virus (IAV) can be sensed by ZBP1, following which the PANoptosome will be 

assembled to induce PANoptosis. ZBP1 is also able to sense West Nile virus (WNV) 

infection and then inhibit WNV replication. Zika virus can be sensed by ZBP1 to induce a 

RIPK1- and RIPK3-dependent signaling pathway to suppress viral replication in neurons. 

DNA viruses including mutated herpes simplex virus 1 (HSV1-ICP6mutRHIM), mutated 
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murine cytomegalovirus (MCMV-M45mutRHIM), and mutated vaccinia virus (VACV-E3L 

△83N) can be sensed by ZBP1 to activate necroptosis.
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FIGURE 3. 
ZBP1 can be induced by type I interferons (IFNs) and induce PANoptosis in macrophages.

Influenza virus (IAV) infection can be sensed by RIG-I, which will upregulate the 

expression of type I IFNs. The activated type I IFN signaling pathway can induce IRF1 

expression, which acts as a transcription factor to control the expression of ZBP1. Influenza 

virus-produced Z-RNA can be sensed by ZBP1 in the nucleus and cytosol to induce the 

activation of PANoptosis.
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FIGURE 4. 
ZBP1-NLRP3 inflammasome assembly can be regulated by influenza viral proteins.

The ion channel protein M2 contributes to ZBP1-NLRP3 inflammasome activation, while 

the non-structural protein 1 (NS1) has been shown to suppress ZBP1-NLRP3 inflammasome 

activation.
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