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Abstract 

Programmed cell death (PCD), namely apoptosis, pyroptosis, and necroptosis, have been 

reported in the context of many viral infections. However, the role that PCD plays during 

infection, whether it acts as a mechanism of pathogenesis or as an innate immune response to 

aid in viral clearance, is unclear. Apoptosis is generally thought of as a non-inflammatory form 

of PCD while pyroptosis and necroptosis are considered inflammatory. Apoptosis, mediated by 

caspase-3, results in chromatin condensation and cell blebbing. Pyroptosis, mediated by 

caspase-1 and gasdermin-D, and necroptosis, mediated by RIPK3 and pMLKL, both result in 

pore formation in the cell membrane and subsequent lysis of the cell. 

 

RNA viruses have been the cause of well-known large-scale virus outbreaks over the last 

century including HIV, Ebola, Influenza A viruses (IAVs), and SARS-CoV-2. RNA viruses are of 

particular interest due to their high mutation rates and association with increased likelihood of 

pandemics. Hepatitis C virus (HCV) and IAVs are two types of RNA viruses with substantial 

public health implications. HCV is a blood-borne virus that, if left untreated, will lead to chronic 

infection in ~80% of individuals. Despite curative drug treatment for HCV, some individuals still 

develop liver disease, even in the absence of virus infection, necessitating research to 

understand the cause of ongoing liver disease and inflammation. IAVs have been the causative 

agent of several pandemics in the last century and are constantly a concern for public health 

agencies. While seasonal human IAVs have been studied extensively in the context of cell 
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death, IAVs from non-human hosts, such as birds and swine, have not been studied in this 

context despite their pandemic potential.  

 

The goal of the research for this thesis was a better understanding of pathogenesis, the role of 

PCD, and the mechanisms by which PCD is induced by RNA virus infections. Chapter 1 

introduces these topics. Chapter 2 focuses on our investigation of apoptosis and pyroptosis 

induction by HCV. We found significant crosstalk between the apoptosis and pyroptosis 

pathways during HCV infection and showed that PCD was necessary for efficient virus 

propagation. Chapter 3 traces our investigation of the trigger of HCV-induced pyroptosis in 

hepatocytes, finding that fully infectious virus production was necessary to trigger pyroptosis in 

HCV-infected Huh-7.5 cells. We also attempted to identify mechanisms by which bystander 

pyroptosis could be occurring and investigated the role of immune cells in bystander 

pyroptosis, finding that THP-1 cells are susceptible to bystander pyroptosis induced by HCV. 

Chapter 4 outlines our investigation of PCD induced by two IAVs of avian-origin and two of 

swine-origin. We found that the two avian viruses preferentially induced different forms of PCD 

and that one of these viruses was unexpectedly able to infect human lung cells while the other 

abortively infected the lung cells. The two swine viruses both induced all three forms of PCD 

albeit to different extents.  

 

Given the importance of RNA viruses to public health and the substantial number of disease 

outbreaks caused by them, understanding how these viruses cause disease is an important 

academic and globally relevant pursuit. The clearer understanding of the mechanisms of cell 
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death contributing to viral pathogenesis or innate immune clearance presented here may aid in 

drug development and help prioritize research on viruses most likely to cause future outbreaks. 

Overall, the work presented in this thesis adds to the growing body of research that aims to 

understand the role of PCD during virus infection.  
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General Summary 

Just as with entire organisms, individual cells die by a variety of means that are referred to as 

various types of programmed cell death (PCD). These ultimately result in diverse outcomes for 

both the individual cell as well as the whole organism. One thing that can trigger one or more 

types of PCD is viral infection. Such infections are responsible for many illnesses and deaths 

every year. Hepatitis C virus (HCV) and Influenza A viruses (IAVs) both infect millions of people 

every year. HCV causes inflammation of the liver and infection is associated with sustained 

inflammation. IAVs ŎŀǳǎŜ ǎŜŀǎƻƴŀƭ ŎŀǎŜǎ ƻŦ άǘƘŜ Ŧƭǳέ ōǳǘ Ŏŀƴ ŀƭǎƻ ŎŀǳǎŜ ǎǇƻǊŀŘƛŎ ƻǳǘōǊŜŀƪǎ 

when an IAV from a non-human host infects humans. We aimed to further understand how 

HCV and IAVs induce cell death and to understand the role that various forms of cell death play 

in disease development. Understanding exactly how viruses cause disease is one of the biggest 

concerns in the field of virology research as understanding how disease occurs may provide a 

target for how to prevent it.   
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Chapter 1: Overall Introduction 
1.1 RNA Viruses of Interest 

1.1.1 Hepatitis C Virus 

1.1.1.1 The State of Hepatitis C Virus Today 
There are currently an estimated 58 million individuals living with HCV worldwide which 

marks a significant decrease from the 2013 estimate of 185 million [1,2]. If left 

untreated, HCV will become a chronic infection in ~80% of those infected and, without 

treatment, can lead to liver fibrosis, cirrhosis, and/or hepatocellular carcinoma (HCC). 

These liver conditions are associated with significant inflammation, and elevated levels 

of inflammatory cytokines are found in the serum of individuals living with HCV [3ς6]. 

Despite the availability of curative drug therapies, some individuals continue to show 

evidence of ongoing inflammation, maintenance of elevated levels of specific 

inflammatory cytokines, as well as continued development of liver disease despite 

complete viral clearance [3,7ς10]. Therefore, despite huge steps forward in our 

understanding of HCV, further study is still warranted.  

 

1.1.1.2 Identification 
Hepatitis not caused by hepatitis A virus or hepatitis B virus (HBV) was being identified 

as early as 1974 and referred to as non-A, non-B hepatitis [11,12]. At the time, liver 

inflammation had been documented in individuals living with hemophilia who had 

received blood transfusions [13]. The new virus causing these cases was identified for 

the first time in 1989 and named hepatitis C virus (HCV) [14,15].  
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1.1.1.3 Classification 
Eventually the more recent hepatitis virus was determined to be a novel flavivirus and 

was the first member listed in the inaugural hepacivirus genus [16]. Other flaviviruses 

with human relevance include, but are not limited to, Dengue virus, Zika virus, yellow 

fever virus, Japanese encephalitis virus, and tick-borne encephalitis virus. Many animal 

pathogens are also flaviviruses. Most other viruses in the flavivirus family are vector-

borne although HCV is not. Interestingly, HCV was shown to be sufficiently different 

from the previously described flaviviruses that it warranted creation of an entirely new 

genus [16]. HCV was the only known member of the hepacivirus genus for many years 

but has since been joined by several other viruses that display liver tropism, including a 

rodent hapacivirus that has been explored as a possible rodent model of HCV [17,18].  

 

1.1.1.4 Virology 
HCV is a single-stranded, positive-sense RNA virus with icosahedral symmetry. HCV 

virions are circular and ~ 30-60 nm in diameter [19ς22]. The genome of HCV is 9.6 Kb in 

ƭŜƴƎǘƘ ŀƴŘ ƛƴŎƭǳŘŜǎ ŀ оллл ŀƳƛƴƻ ŀŎƛŘ ƻǇŜƴ ǊŜŀŘƛƴƎ ŦǊŀƳŜ όhwCύ ǿƘƛŎƘ Ƙŀǎ рΩ ŀƴŘ оΩ 

ǳƴǘǊŀƴǎƭŀǘŜŘ ǊŜƎƛƻƴǎ ό¦¢wǎύ ƻƴ ŜŀŎƘ ǎƛŘŜ ƻŦ ǘƘŜ hwCΦ ¢ƘŜ рΩ ¦¢w ƛǎ ƻŦ ǇŀǊǘƛŎǳƭŀǊ 

importance as it serves as the internal ribosomal entry site (IRES), allowing cellular 

ribosomes to bind directly to the genome and, in turn, allowing for direct translation of 

the viral genome (reviewed in [23]).  

 

HCV enters cells using various receptors, including CD81, scavenger receptor B type I, 

claudin-1, and occludin, while interacting with cell surface glycosaminoglycans 



 20 

(reviewed in [24]). HCV is then internalized via clathrin-dependent endocytosis where 

low pH leads to fusion of the membranes of the virus and endosome, leading to release 

of the viral core with an uncoating of the core proteins and then leading to release of 

the viral genome into the cytoplasm [25]. From there, the viral RNA is translated directly 

into a polypeptide which is then cleaved by viral and cellular proteases into ten viral 

proteins [26].  

 

The virus genome encodes three structural proteins (Core, E1/E2, the major capsid 

protein and transmembrane envelope proteins, respectively) and seven non-structural 

proteins (p7, NS2, NS3, NS4a, NS4b, NS5a, and NS5b). HCV core protein makes up the 

majority of the viral nucleocapsid which interacts with genomic RNA in new virions and 

has been shown to have several other functions, including roles in immune evasion and 

pathogenesis. E1/E2 are envelope glycoproteins which mediate entry of the virus into 

cells. The exact function of the p7 protein has remained elusive but it is necessary for 

viral infectivity and formation of infectious viral particles. NS2 and NS3 are both 

proteases while NS3 also has helicase activity. NS3 dimerizes with NS4a to induce most 

of the protease activity necessary for cleavage of the viral polyprotein. NS4B triggers 

formation of a cellular membranous web, the function of which is not explicitly 

understood but is where and necessary for virus replication and RNA replication to take 

place. NS5A is necessary for RNA replication (part of the replication complex) and virion 

assembly.  NS5B is the viral RNA-dependent RNA polymerase (RdRp) which synthesizes 

the complementary negative strand of the viral genome, the strand subsequently acting 
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as a template for the synthesis of genomic RNA to be assembled into new progeny 

virions. Details regarding the HCV genome and lifecycle are extensively reviewed in 

Moradpour & Penin, 2013 and Tellinghuisen et al., 2007 [27,28].  

 

HCV assembly is still not well understood and occurs very quickly, therefore, 

intermediate steps of assembly have been difficult to identify. Viral assembly cannot 

occur without the nucleocapsid (HCV core protein), the envelope glycoproteins (E1/E2), 

and the viral genome being brought together. Core protein, along with E1 and E2, are 

found at the ER membrane which then form new virions with genomic RNA in the ER 

lumen [29,30]. From there, the new virions pass through the Golgi apparatus via 

secretory pathways before being released via budding at the cell membrane. HCV 

assembly and release is reviewed by Lindenbach, 2013 [29]. While new HCV virions were 

traditionally thought to exit cells via secretory pathways, more recent work from our 

own lab suggests that the release of HCV virions is, at least some of the time, via lytic 

cell death mechanisms [31]. 

 

1.1.1.5 Natural History of Infection/Pathogenesis 
HCV transmission occurs via contact with infected blood. Individuals who were infected 

prior to the 1990s were mostly infected via blood transfusion when the blood supply 

was contaminated and prior to the identification of HCV. In more recent years, in the 

Global North, transmission has been mainly via intravenous or inhalation drug use [32]. 

There is a small amount of vertical transmission from pregnant person to child [33] and 

there may be a small amount of sexual transmission if blood is exchanged [34]. In the 
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Global South, the routes of transmission are the same but also include infection via 

contaminated blood transfusions or use of unsterilized medical equipment [35]. The 

vast majority (>80%) of individuals who are infected with HCV will develop chronic 

infection although HCV can remain asymptomatic for years or even decades with many 

individuals unaware that they have been infected until they develop liver 

fibrosis/cirrhosis [36ς39]. A small proportion of individuals are able to clear HCV but the 

ƳŜŎƘŀƴƛǎƳ ōȅ ǿƘƛŎƘ ǘƘƛǎ ƻŎŎǳǊǎ ŀƴŘ ǿƘȅ ǎƻƳŜ ƛƴŘƛǾƛŘǳŀƭǎΩ ƛƳƳǳƴŜ ǎȅǎǘŜƳǎ ŀǊŜ 

capable of this, while others are not, is unclear [40].  If left untreated, chronic HCV will 

continue to worsen, with 50-60% of chronically infected individuals developing fibrosis, 

cirrhosis, and/or hepatocellular carcinomas (HCC), many of whom will go on to require a 

liver transplant [37].  

 

1.1.1.6 Therapeutics/Vaccines 
Thankfully, in 2016, direct-acting antivirals (DAAs) were introduced as standard 

treatment, demonstrating a cure rate >90% for individuals infected with HCV [41,42]. 

These DAAs are generally well tolerated, especially compared to treatment with 

interferon, the standard of care prior to introduction of DAAs [43]. The DAA regimens 

generally include a combination of a protease inhibitor, an NS5a inhibitor, and a 

polymerase inhibitor [42]. To date, HCV is the only known chronic viral infection that is 

routinely curable.  

 

Despite clearance rates (sustained virologic response [SVR]) of >90%, viral clearance 

with DAAs does not induce strong immunity and individuals who have been treated for 
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HCV infection can be continually re-infected [40,44]. Unfortunately, these DAAs remain 

unavailable to most individuals who require them as they are extremely expensive and 

mostly limited to prescription within developed countries, despite the fact that the 

majority of the burden of HCV remains in eastern and central Asia, North Africa, and the 

Middle East [1]. Traditionally, Egypt has recorded the highest burden of HCV per country 

with nearly 10% of its population infected. However, because of programs for the 

protection against and treatment of HCV, <0.4% of their population is currently living 

with HCV, a drastic improvement in about a decade [45]. Worldwide, there are still 

millions of individuals who are untreated, many unaware they have been infected and 

lacking access to treatments even if they know their infection status. It is estimated that 

in Canada one in four people are unaware of their current or past infection with HCV 

[46] and 38% of people are estimated to be unaware of the same in the United States 

[47]. 

 

DAAs have been arguably one of the most successful stories in medicine in the last 

several decades. However, since the introduction of DAAs, some work has shown that 

some individuals, despite clearing HCV, still develop worsening liver disease [7ς10]. 

Studies suggest there is ongoing inflammation even in the absence of viral replication 

[3], suggesting more work should be done to help understand the cause of inflammation 

post cure.  
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Despite several promising attempts and decades of work, the field of HCV research has 

been unsuccessful at developing a vaccine that effectively produces sterilizing immunity 

or prevents chronic infection with HCV [40,44]. There are several inhibitory factors 

relating to vaccine development including, but not limited to, funding, the lack of 

appropriate animal model, and the availability of DAAs. In terms of animal models, the 

only known immunocompetent model is the chimpanzee which has been banned for 

use in research since 2015 following a slow phase out, due to ethical concerns and 

financial cost [48ς50]. Even if chimpanzee use was not banned, these animals still would 

not serve as a perfect animal model. When research was ongoing, most chimpanzees 

cleared the virus and, of those that did develop chronic infection, most did not develop 

severe liver disease such as fibrosis, cirrhosis, or HCC [51]. Several mouse models have 

been developed but mice are not naturally susceptible to HCV infection. Mice with 

humanized livers were suggested but these mouse models are of limited use because, in 

order to prevent rejection, the mice have to be immunosuppressed or immunodeficient, 

rendering any studies related to the immunology of HCV challenging to interpret 

(reviewed in [52]).  

 

1.1.1.7 in vitro Study Systems  
HCV is a highly variable virus with several genotypes that are geographically distinct 

[53,54]. Even within a single infected individual, there is much variation as mutations 

arise quickly due to the lack of proofreading ability by the HCV RdRp. This means HCV is 

described as a quasispecies within an individual since one person may have many 

mutational variants of HCV present within them [55]. To date, only one HCV isolate, 
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JFH1, has ever been grown in cell culture to significant viral titres. JFH1, a genotype 2a 

virus, was specifically grown in Huh7 cells [20] and is the only known patient isolate to 

grow in cell culture without adaptive mutations or cell modifications [56]. This isolate is 

assumed to be highly virulent since it was first isolated from a case of fulminant 

hepatitis and may not recapitulate HCV in vivo. JFH1T is a cell-culture adapted version of 

JFH1 which grows at particularly high titres [57]. Huh7 cells and their subclones such as 

Huh-7.5 cells, are hepatoma-derived cells and, therefore, have modified biology 

including deficiencies in innate immune signalling [58,59]. Despite these limitations, JFH 

and Huh7 cells allowed HCV to be grown in vitro for the first time and have been 

invaluable for developing and testing antivirals as well as understanding basic HCV 

virology [27,60].  

 

1.1.2 Influenza A Virus 

1.1.2.1 The State of Influenza A Today 
Human influenza A viruses (IAVs) are responsible for an average of 700,000 deaths every 

year due to virus-induced respiratory failure or cardiac complications [61]. Human IAVs 

circulate the globe in somewhat predictable patterns that are used to make decisions 

ǊŜƎŀǊŘƛƴƎ ǾŀŎŎƛƴŜ ŎƻƳǇƻǎƛǘƛƻƴǎ ŀƘŜŀŘ ƻŦ ǘƘŜ ǇǊŜŘƛŎǘŜŘ άŦƭǳ ǎŜŀǎƻƴέ [62,63]. Most other 

IAVs are maintained in wild bird populations, specifically ducks, gulls, seabirds, and 

shorebirds [64ς67]. While birds are the reservoir host for IAVs, these viruses are also 

able to infect a variety of vertebrate hosts including, but not limited to, wild birds, 

poultry, swine, marine mammals, horses, bats, mink, foxes, and humans [68ς70]. Unlike 

seasonal human IAVs that generally remain a constant subtype, IAVs that circulate in 
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wild bird populations tend to be more varied with less predictable patterns. Therefore, 

networks have been established to monitor IAVs in migratory birds through routine 

surveillance. Many countries have programs similar to ά/ŀƴŀŘŀΩǎ ƛƴǘŜǊ-agency 

ǎǳǊǾŜƛƭƭŀƴŎŜ ǇǊƻƎǊŀƳ ŦƻǊ ŀǾƛŀƴ ƛƴŦƭǳŜƴȊŀ ƛƴ ǿƛƭŘ ōƛǊŘǎέ [71]. Although only two subtypes 

of IAVs, H1N1 and H3N2, currently circulate through human populations, humans can be 

infected with some avian- and swine-origin IAVs. This is concerning from a public health 

perspective as some of these avian-origin IAVs have been associated with substantial 

morbidity and mortality with case fatality rates of ~50% [72]. The 1918 flu pandemic is 

perhaps the most well-known example in which an IAV of avian-origin spilled over into 

naïve human populations, resulting in more than 50 million deaths and leading to a 

significant decrease in life expectancy [73]. One particular avian-origin IAV, H5N1 (clade 

2.3.4.4b), has been responsible for the deaths of hundreds of millions of wild birds since 

its introduction into North America (in Newfoundland) in late 2021 [74]. Since the 

spillover of these avian- and swine-origin IAVs to humans is an ever-present threat and 

largely unpredictable, studying these viruses, particularly from a One Health 

perspective, is of utmost importance.  

 

1.1.2.2 Classification 
Influenza A viruses (IAVs) are members of the orthomyxoviridae family of segmented, 

negative sense, single-stranded RNA viruses. IAV virions are covered by a host-derived 

envelope and are about 80-120nm in diameter in their spherical state and 300nm in 

their filamentous state [75]. IAVs are pleiomorphic in vivo but become mostly spherical 

when grown in vitro [76]. IAVs contain eight gene segments encoding for at least ten 
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viral proteins with some viruses encoding additional accessory proteins. The standard 

proteins are PB1, PB2, PA, (PB1, PB2, and PA together form the RdRp complex), 

hemagglutinin (HA), nuclear protein (NP), neuraminidase (NA), matrix (M)1, M2, NS1, 

and NS2. The more recently discovered accessory proteins produced by some IAVs 

include PA-X, PB1-F2, PB1-N40, PA-N155, PA-N182, M42, and NS3. Within the IAV 

virions, the eight viral RNA segments are loosely enclosed in the nucleocapsid which is 

made of multiple NPs. Virions themselves are mostly composed of M1 proteins and also 

contain the proteins of the polymerase complex, with glycoproteins on the virion 

surface [67].  

 

IAV classification is based on their HA and NA surface proteins (glycoproteins). To date, 

19 different HAs have been identified and 11 NAs [77,78]. HA is the main determinant of 

virus infectivity and virus subtype (along with NA). New HA subtypes must differ by at 

least 30% in amino acid sequence identity and must not show cross reactivity with 

another already identified HA. The HA and NA subtypes of a given IAV are the largest 

determinants of host range and infectivity [67]. Importantly, only H1, H2, H3, H5, H6, 

H7, H9, and H10 viruses have previously caused human infections [77].  

 

While primary classification is determined by HA and NA subtype, classification of avian-

origin IAVs can also be done by determining the pathogenicity of a given virus in poultry. 

Highly pathogenic avian influenza viruses (HPAIVs) kill nearly 100% of poultry infected 

while low pathogenic avian influenza viruses (LPAIVs) viruses do not kill most infected 
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poultry. From a molecular perspective, HPAI viruses harbour a polybasic cleavage site 

within the HA protein, allowing cleavage of the protein by furin, while LPAI viruses 

contain two or fewer basic residues within the cleavage site [79ς81].   

 

1.1.2.3 Virology 
For most subtypes of IAVs, entry into host cells is via binding of HA on the surface of the 

virion with sialic acids, the major receptor for IAVs, on the surface of the cell. Bat-

associated H17 and H18 viruses as well as H19 viruses use major histocompatibility 

complex (MHC) class II for viral entry [82,83]. HA is encoded by RNA segment 4 and is 

the major antigen associated with IAV infection and is the primary determinant of virus 

tropism since it also contains the receptor binding site. Following attachment, virions 

are internalized via receptor-mediated endocytosis or micropinocytosis. Fusion occurs in 

the presence of low pH in the late endosome (the exact pH required varying slightly 

between IAV strains) and is followed by uncoating, allowing transport of the IAV 

genome to the nucleus. HA is involved in both receptor binding and fusion of the viral 

membrane with that of the cellular membrane in the endosome. IAV entry is extensively 

reviewed by Sempere Borau and Stertz [84]. 

 

Following uncoating, the viral RNA, NP, and polymerase complex translocate to the 

nucleus of the infected cell. Unlike HCV and most other RNA viruses, viral transcription 

and replication of IAVs occurs in the nucleus of infected cells. Transcription and 

replication of the viral genome is accomplished by a polymerase complex consisting of 

PB1, PB2, and PA. PB2 is encoded by RNA segment 1 and is involved in transcription 
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ƛƴƛǘƛŀǘƛƻƴ ŀƴŘ рΩ ŎŀǇ ǎƴŀǘŎƘƛƴƎΦ t.м ƛǎ ŜƴŎƻŘŜŘ ōȅ wb! ǎŜƎƳŜƴǘ н ŀƴŘ ƛǎ ƛƴǾƻƭǾŜŘ ƛƴ 

elongation of viral mRNA, elongation of the template stand, and viral RNA synthesis. PA 

is encoded by RNA segment 3 and is found in complex with PB1 and PB2. The exact role 

of PA is unclear but it may have some helicase activity. PB1, PB2, and PA all localize to 

the nucleus of infected cells to begin transcription of the viral genome into positive-

sense RNA that will act as mRNA to encode for viral proteins and as the template for 

synthesis of new viral genomes [67].  

 

At early stages of infection, protein synthesis primarily produces NP and NS1 and 

translation of host mRNAs is blocked. NP is encoded by RNA segment 5 with the main 

function to bind and encapsidate viral RNA for production of new virions. NP is found 

primarily in the nucleus and accumulates abundantly in infected cells. NS1 and NS2 are 

both encoded by RNA segment 8, although neither are incorporated into virions despite 

both having a role in virus replication. NS1 is found primarily in the nucleus of infected 

cells, is thought to be involved in combatting immune responses, and has been 

suggested to inhibit pyroptosis induction. NS2 is derived by splicing and is found 

primarily in the cytoplasm of infected cells [67].  

 

The accumulation of NP in infected cells is thought to contribute to triggering the switch 

from mRNA synthesis to viral RNA synthesis. Newly synthesized viral RNA associates 

with NP within the nucleus and functions as additional templates for more mRNA 

synthesis. Later in infection, the primary products of translation are M1, HA, and NA. 
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The RNA segment encoding HA has a higher rate of mutations compared to that of the 

rest of the IAV segments and, on average, there is about one base substitution in HA per 

newly formed virion.  

 

Following production, HA and NA are translocated to the cell membrane where full-

length HA is cleaved into two subunits (HA1 and HA2). Known as the head, HA1 is 

involved in receptor binding and is highly variable with few conserved sites. In contrast, 

HA2 (stalk region) is much more stable and highly conserved among IAVs. The NP is 

highly phosphorylated following translation but the pattern is highly dependent on the 

host. Despite this, NP is one of the major targets of CD8+ T cells, likely because of the 

abundance of this protein within infected cells [67]. 

 

Since IAV RNA is negative sense, the proteins involved in the polymerase complex are 

encapsidated into new virions to aid in transcription initiation upon infection of the host 

cell. The most abundant protein in new virions is M1 which, along with M2, are both 

encoded by bicistronic RNA segment 7. M1 forms a shell surrounding the nucleocapsid 

before it is encompassed by an envelope. M1 can be found in both the nucleus and 

cytoplasm of infected cells, although it has no known enzymatic functions and it does 

seem to be involved in the initiation of virus assembly. M2 is derived from the M1 

transcript by splicing and is described as an integral membrane protein. Once formed, 

M2 is translocated to the cell surface [67]. M2 has also been described as a proton 

channel or a viroporin which may aid in acidification of the endosome during virus 
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uncoating but has also been suggested to act as a trigger of pyroptosis in infected cells 

[85,86]. M1 encapsidates the nucleocapsid which is associated with the viral RNA. This 

then leads to budding towards the cell membrane [67].  

 

NA cleaves newly formed virions away from the surface of the cell and, therefore, 

facilitates virus spread and propagation. NA is encoded by RNA segment 6, and like HA, 

is found on the surface of virions and is a determinant of virus subtype. NA is also highly 

mutated as it is found on the virion surface and, therefore, is susceptible to increased 

selective pressure from the host immune system [67].  

 

Most of the accessory proteins of IAVs are generated via splicing or frame shifts or 

truncating the coding region of the gene. PA-X shuts down host translation and 

suppresses host immune responses so that viruses with deleted PA-X display increased 

pathogenicity, likely because overwhelming immune responses are no longer being 

supressed.  The exact function of PB1-N40 is unclear although loss of this protein seems 

to impair viral replication. It is currently unknown whether natural isolates of IAV 

carry/express PA-N155 and PA-N182 but viruses lacking these accessory proteins in the 

lab have decreased replication and cause less pathogenicity in mice. M42 is encoded by 

newly discovered mRNA product and may be a functional alternative to M2. Viruses that 

are lacking M2 but with M42 still display significant disease during infection. A newly 

found mutation of NS1 allows a novel splice site and, therefore, a new transcript and 

protein to be produced, named NS3. NS3 is a truncated version of NS1 but the function 
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of this protein remains unclear. The accessory proteins of IAVs are reviewed by Hao et 

al. [87]. 

 

1.1.2.4 Determinants of Host Range 
As discussed above, IAVs are maintained in populations of migratory wild birds but can 

infect a wide range of species including, but not limited to, water fowl, poultry, swine, 

humans, marine mammals (seals, whales, etc.), bats, horses, ferrets, and mink. While 

host range is largely determined by viral factors such as HA and NA subtype, the virus 

receptor present on cells as well as body temperature also affects host range. As 

discussed above, most IAVs utilize sialic acid as their receptor, with H17, H18, and H19 

viruses utilizing MHC class II as their receptor [67,83]. Within the viruses that utilize 

sialic acids, there is a general association of ‌-2,3-sialic acids with avian-origin IAVs and 

‌-2,6-sialic acids with human-origin IAVs [88].  

 

In birds, ‌-2,3-sialic acids are found on endothelial and epithelial cells of the intestinal 

and respiratory tract [89]. In humans, ‌-2,6-sialic acids are generally expressed in the 

upper respiratory tract while ‌-2,3-sialic acids are expressed in the lower respiratory 

tract and the eye [88]. This is one of the reasons it is thought disease is more severe 

when humans are infected with avian-origin IAVs as infection is likely in the lower 

respiratory tract, leading to the development of pneumonia [88,90]. Swine express both 

‌-2,3-sialic acids and ‌-2,6-sialic acids, making swine the perfect host to be infected 

with both avian- and human-origin IAVs.  
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Given the above, host range of IAVs is of significant interest to both public health and 

animal health officials and researchers. Interestingly, since the incursion of H5N1 into 

North America in late 2021, host range has increased to include a wider variety of birds 

and mammals. More recently, wide-spread H5N1 infections of dairy cattle have been 

reported in the USA [91ς93], and in a not-yet peer reviewed study, has been shown to 

infect mammary tissue of dairy cattle, which express both ‌-2,3- and ‌-2,6-sialic acids, 

associated with avian and human influenza receptors, respectively [94], raising concerns 

that cattle could act as a mixing pot for IAVs in the way that has been proposed for 

swine. 

 

In most mammals, IAVs present as respiratory infections. In non-poultry birds, IAV has 

traditionally been thought to present as a gastrointestinal infection, although more 

recent studies have reported respiratory or neurological infections. In poultry, HPAIs can 

present as severe respiratory infections with severe and profound neurological deficits 

[95].  

 

The respiratory and gastrointestinal tract of birds contain cells that express ‌-2,3-sialic 

acid, and the GI tract of birds is about 40̄ C. In contrast, the human upper respiratory 

tract is lined with cells that express ‌-2,6-sialic acids receptors and is about 33 C̄. These 

differences must be overcome by IAVs for a virus from one host to effectively infect the 

other. This is where swine become important intermediates. Swine upper respiratory 

tracts contain both sialic acid types and are about 37̄C, making them the ideal 
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intermediate for IAVs from both avian and human hosts, giving these viruses a perfect 

place to adapt to a new receptor type [96].  

 

1.1.2.5 Pandemic Potential  
Influenza viruses are RNA viruses that lack any proofreading ability, making them even 

more susceptible to mutations of the genome. Mutations of IAVs can be classified as 

antigenic drift (AD) or antigenic shift (AS). AD refers to the normal mutations associated 

with a virus that does not have proofreading ability coupled with an RdRp. IAVs have 

one of the highest rates of mutations in the RNA virus world. It is estimated that there is 

one mutation for every new viral genome that is synthesized [97]. Most of these 

mutations are either silent in nature or result in defective viruses and, therefore, do not 

become established. However, some of these mutations will provide benefits to the new 

virus and will be maintained in the population. AS, or reassortment, is a more extreme 

form of mutation whereby a single cell that is infected with at least two different 

influenza viruses can end up producing virions with a mix of genetic material from 

multiple viruses. AS can mean that only one of the eight segments of a given virus is 

from the second virus or it could be half of the RNA segments. As discussed above, 

swine express both ‌-2,3-sialic acids and ‌-2,6-sialic acids, allowing them to be infected 

with both avian- and human-origin IAVs. This is particularly important in the context of 

reassortment. AD explains the normal seasonal variation seen with influenza and is 

considered when deciding the seasonal vaccine strains each year. AS, however, is nearly 

impossible to predict and is one of the reasons that IAVs have so much pandemic 

potential, as these viruses could show up as entirely new viruses to the human 
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population. This could mean a complete lack of previous immunity, including from the 

seasonal flu vaccines, and could change transmissibility or host range for the virus in 

question. Antigenic drift and antigenic shift are reviewed by Kim et al. [98].   

 

Human influenza viruses, H1N1 and H3N2 viruses, circulate in seasonal patterns. 

However, many IAVs of avian origin have caused human infections and many of those 

are associated with disastrous and deadly outcomes. For example, infections with H5N1 

have been documented since 1999 with a reported fatality rate of nearly 50%. Since 

November 2021, millions of birds have died of H5N1 infections in an unprecedented 

avian pandemic that has negatively impacted the poultry industry and has pushed some 

species of wild birds towards extinction. Due to the ability of IAVs to undergo 

reassortment (discussed above), the threat of a highly pathogenic avian virus acquiring 

the ability to effectively infect human cells remains a great concern to governing health 

bodies such as the CDC and WHO.  

 

1.1.2.6 Pathogenesis in Humans 
The root cause of influenza-induced disease has been hotly debated for many decades. 

More recently, the field has shifted to a perspective that an overwhelming, dysregulated 

immune response is to blame for disease associated with influenza infections as has 

been shown for many other acute viral infections such as SARS-CoV-2 [99ς102].  

 

It is important here to bring attention to some major limitations to our understanding of 

IAV-induced disease. In terms of understanding human infections, particularly relating 
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to IAV-induced cell death, much of this work has been done using two H1N1 isolates, 

PR8 (A/Puerto Rico/8/34(H1N1)) [85,86,103ς114] and Pandemic 2009 [110,114ς120]. 

PR8 was originally isolated from a person but has since become extremely mouse 

adapted with high mortality rates in mice. It was traditionally thought that mice were 

not susceptible to IAV infection without adaptation but this has been questioned 

recently as mice have been infected with H5N1 viruses isolated from cattle [121]. The 

fact that PR8 infects mice readily with severe disease phenotypes indicates it is unlikely 

to be very comparable to human infections. Additionally, some work has been done on 

normal human seasonal IAVs as well as avian viruses that have caused substantial 

disease or large outbreaks in humans (i.e., H5N1, H7N9, 1918 H1N1) [80,122ς128] but 

almost no work has been reported regarding human immune responses to other avian 

influenza viruses despite the fact that it is relatively easy, as discussed above, for avian 

viruses to develop the ability to infect human cells.  

 

1.1.2.7 Vaccines/Therapeutics 
The first bivalent influenza vaccine was licenced for public use in 1945 and such vaccines 

have been used and updated seasonally since then [63,129]. They are made to protect 

against variants of IAV that are predicted to be circulating during the following flu 

season. However, this is an imperfect system as IAVs mutate quickly, and changes to the 

viruses are difficult to predict. The current method of IAV vaccine development involves 

culturing the viruses either in cells or in chicken eggs. The use of chicken eggs for 

vaccine development presents with a couple of problems, including the fact that it is not 

recommended for those with egg allergies to receive the vaccine as well as a known 
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difficulty with culture of human-derived H3N2 viruses in eggs, leading to changes in the 

viruses and making the vaccine less effective at protecting against H3N2 viruses [130]. 

From there, the viruses are either inactivated (intramuscular injection) or grown in 

attenuated form (flu mist).  

 

Given the fact that IAVs change so frequently and that immunity is not long-lasting, 

accounting for the need for seasonal IAV vaccines to be given annually, there has been 

ongoing work towards the development of a universal flu vaccine. Many have proposed 

to use the stalk region of HA as the major antigen of a universal IAV vaccine but, since it 

is highly conserved in IAVs, this area is not a major antigenic site [131]. Research and 

development of a possible universal flu vaccine is ongoing by many groups and progress 

has been reviewed elsewhere [132ς134]. Following the success of mRNA vaccines to 

protect against severe COVID-19, there is renewed interest in developing a universal 

influenza vaccine on an mRNA platform. Recently, Moderna announced positive results 

from a phase 3 clinical trial of an mRNA vaccine to protect against both COVID-19 and 

influenza when compared to vaccines against either infection separately [135].  

 

Several therapeutics have been developed for the treatment of severe IAV infections 

but, like other antivirals for acute infections, the drugs must be given soon after 

infection and before development of symptoms induced by an overwhelming immune 

response. Therapeutics for IAV that have shown some success are NA inhibitors which 

prevent the release of newly formed virions from the surface of the cell by preventing 
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NA from cleaving off said virions (ex. Oseltamivir known as Tamiflu). Another target 

successfully used for IAV antiviral development is against the enzyme involved in cap 

snatching which normally prevents viral RNA degradation by the host cell. Despite 

questionable efficacy of these drugs [136], they are still included on the list of WHO 

essential medications [137], particularly with the ever present threat of an AS-induced 

IAV pandemic.  

 

1.1.2.8 in vitro Study Systems 
The gold standard for culturing influenza viruses is to grow the viruses in embryonated 

chicken eggs [138]. This process is still used for growing IAVs for seasonal influenza 

vaccines. For cell culture, the gold standard is culture in Madin-Darby Canine Kidney 

(MDCK) cells. MDCK cells were first cultured from a reportedly healthy female cocker 

spaniel [139,140]. However, further analyses of these cells found that they contain extra 

chromosomes [140]Σ ǎǳƎƎŜǎǘƛƴƎ ǘƘŜ ƛƴƛǘƛŀƭ άƘŜŀƭǘƘȅέ ŘƻƴƻǊ ŘƻƎ Ƴŀȅ ƘŀǾŜ ƴƻǘ ōŜŜƴ 

perfectly healthy. Another thing to note is that these are from a dog while most 

influenza isolates come from avian, swine, or human samples. Other cells can be 

infected with various influenzas, such as A549 human epithelial lung cells. Sometimes, 

however, avian viruses require additional adaptation to grow successfully in these cells. 

A549s are a much more physiologically relevant cell line but are not a perfect in vitro 

model as not all viruses readily infect these cells. Generally, even if viruses can infect 

these cells, the titres of virus produced are reduced compared to MDCKs.  
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 1.2 Cell Death  

1.2.1 Apoptosis 
Apoptosis was identified as the first form of programmed cell death and is generally 

considered to be non-inflammatory [141]. Apoptosis is characterized by DNA 

fragmentation, chromatin condensation, and extreme changes to cell morphology, 

including membrane blebbing and production of apoptotic bodies [142].  

 

Apoptosis initiation can be either via extrinsic or intrinsic pathways. These pathways are 

initiated differently but ultimately result in the same cell death outcomes. The extrinsic 

pathway is triggered via death receptors on the cell surface while the intrinsic pathway 

is triggered by intracellular stress, including mitochondrial stress. Extensive overall 

review of the apoptosis pathways can be found in a review by Galluzzi et al. from 2018  

[141]. 

 

The extrinsic pathway is generally triggered when a foreign peptide interacts with an 

extracellular receptor on the surface of a cell, such as a death receptor like tumor 

necrosis factor (TNF) or Fas. These death receptors contain an extracellular cysteine-rich 

domain that interacts with a death ligand and death domain within the cytoplasm which 

initiates further downstream signalling [143,144]. Initiation of this pathway leads to 

recruitment of adaptor proteins like Fas-associated death domain protein (FADD) or 

tumor necrosis factor receptor type I-associated death domain protein (TRADD). These 

proteins recruit pro-caspase-8 and pro-caspase-10 which are subsequently cleaved into 

their active forms via autoproteolytic cleavage [145,146]. Depending on the cell type, 
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activation of caspase-8 and/or -10 may be sufficient to trigger the rest of the apoptosis 

pathway (including activation of executioner caspases, caspase-3, -6, and -7) while 

additional activation by the mitochondrial pathway may be required to trigger 

executioner caspases in other cells. If additional activation is required, caspase-8 will 

cleave the protein Bid, then translocating to the mitochondrial membrane and triggering 

additional activation of the pathway [141].  

 

The intrinsic apoptosis pathway can be initiated by a variety of cellular stressors such as 

radiation, hypoxia, viral infections, ROS production, or loss of growth factors (reviewed 

in [141,147,148]). These stressors cause the release of cytochrome C (Cyt C) from within 

the mitochondria to the cytoplasm. If Cyt C is released from the mitochondria, it will 

interact with apoptotic protease activating factor-1 (APAF-1) which will oligomerize to 

form a protein complex known as the apoptosome. The apoptosome will then activate 

caspase-9 which, in turn, activates the executioner caspases. The formation and 

function of the apoptosome is reviewed by Riedl et al. [149].  

 

The executioner caspases all play a role in the final stages of apoptosis induction. 

Caspase-3 carries out the majority of functions while caspase-6 and -7 are not essential 

[141]; therefore, activation of caspase-3 is generally considered a good indicator of 

apoptosis activation. Caspase-3 cleaves and thereby inactivates poly ADP-ribose 

polymerase (PARP) that, under normal circumstances, is involved with DNA repair [150]. 

Caspase-3 also cleaves gelsolin which then cleaves actin filaments, causing substantial 
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morphological changes to the cell and nuclear mitotic apparatus protein and 

subsequently leading to breakdown of the nucleus [151].  

 

It is worth mentioning that there are dozens of identified cellular proteins involved with 

either initiation or inhibition of apoptosis. Some homologs of these proteins are 

encoded by various viruses to aid in virus propagation by either inhibiting or triggering 

apoptosis, whichever is beneficial to the virus. The role of these cellular proteins is well 

beyond the scope of this thesis but interested parties may find many extensive reviews 

helpful [141,152ς154]. 

 

Virus-induced apoptosis has been extensively studied in many different viral systems 

without consensus about whether this phenomenon is an innate immune response to 

limit viral spread or a mechanism of pathogenesis. Whether apoptosis is beneficial or 

detrimental to the virus is likely cell-type-, virus isolate-, and time-frame-dependent. 

Viruses that have been shown to induce or inhibit apoptosis include, but are not limited 

to, HCV [31,155,156], Ebola Virus [157,158], Dengue Virus [159ς162], vaccinia virus 

[163], HIV [164], SARS-CoV [165], SARS-CoV-2 [166], La Cross Virus [167], measles [168], 

and IAV [169,170].  

 

Traditionally, apoptosis was thought to be non-inflammatory. However, more recent 

work has shown that there is sometimes a secondary cell death of the apoptotic bodies 

if they are not cleared by circulating or resident macrophages. This secondary death 
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seems to be enabled by caspase-3-mediated cleavage of GSDM-E, leading to a 

pyroptosis-like death and lysis of the apoptotic bodies [171ς173]. There has been some 

work done focusing on the crosstalk between cell death pathways but much remains 

unclear and requires further study to understand the conditions and reasons under 

which crosstalk between these pathways occurs [31,171,172,174ς180].   

 

1.2.2 Pyroptosis (focused on virus-induced pyroptosis) 
 

The section focused on pyroptosis was previously published as a review in Viruses in 

September 2022. Reference [181] in this thesis. Sections from the review that focused on 

DNA viruses were omitted from the main introduction of this thesis due to lack of relevance 

to the thesis topic but are included in Supplementary Chapter 1.  

 

Wallace HL, Russell RS*. 2022. Promiscuous Inflammasomes: The False Dichotomy of 

RNA/DNA Virus-Induced Inflammasome Activation and Pyroptosis. Viruses 14:2113. 

* Corresponding Author 

HLW wrote the original draft. HLW and RSR were both involved with conceptualization, 
review, and editing. RSR supervised and obtained funding. All authors have read and 
agreed to the published version of the manuscript. 
 

1.2.2.0 Abstract 
It is well-known that viruses activate various inflammasomes, which can initiate the 

programmed cell death pathway known as pyroptosis, subsequently leading to cell lysis and 

release of inflammatory cytokines IL-1‍ and IL-18. This pathway can be triggered by various 
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sensors, including, but not limited to, NLRP3, AIM2, IFI16, RIG-I, and NLRC4. Many viruses are 

known either to activate or inhibit inflammasomes as a part of the innate immune response or 

as a mechanism of pathogenesis. Early research in the field of virus-induced pyroptosis 

suggested a dichotomy, with RNA viruses activating the NLRP3 inflammasome and DNA viruses 

activating the AIM2 inflammasome. More recent research has shown that this dichotomy may 

not be as distinct as once thought. It seems many viruses activate multiple inflammasome 

sensors. Here, we detail which viruses fit the dichotomy as well as many that appear to defy 

this clearly false dichotomy. It seems likely that most, if not all, viruses activate multiple 

inflammasome sensors, and future research should focus on expanding our understanding of 

inflammasome activation in a variety of tissue types as well as virus activation of multiple 

inflammasomes, challenging biases that stemmed from early literature in this field. Here, we 

review primarily research performed on human viruses but also include details regarding 

animal viruses whenever possible. 

 

1.2.2.1 Introduction  

1.2.2.1.1. Inflammasome Activation/Pyroptosis  
The first report of what is now known as pyroptosis was a study published in 1997 by Hilbi 

et al., which showed activation of caspase-1 in macrophages infected with Shigella flexneri 

[182]Φ ¢ƘŜ ǘŜǊƳ άǇȅǊƻǇǘƻǎƛǎά ǘƻ ŘŜǎŎǊƛōŜ ŎŀǎǇŀǎŜ-1-mediated cell death was proposed for 

the first time in 2001 by Cookson and Brenna. They described pyroptosis as a form of 

programmed cell death that morphologically resembled necrosis, but was mediated by 

caspase-1, making it distinct from caspase-3-mediated apoptosis [183]. Early understanding 

of virus-induced inflammasome activation/pyroptosis leaned heavily towards 
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understanding that the inflammasome was necessary for an adaptive immune response 

and necessary for clearing viral infections [106,107,184](and reviewed in [185]). More 

recently, the role of the inflammasome during viral infection was re-evaluated, driving 

speculation that pyroptosis could be the leading factor behind deadly inflammatory 

responses associated with highly pathogenic viral infections, including pandemic-causing 

SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) [100,186ς188]. 

 

Pyroptosis is an inflammatory form of programmed cell death mediated by a protein 

complex, dubbed the inflammasome [189], which contains a receptor such as NLRP3 

(nucleotide oligomerization domain, leucine-rich repeat (NLR), pyrin-domain containing 

protein 3; [190]), AIM2 (absent in melanoma 2), IFI16 (interferon gamma inducible protein 

16), or NLRC4 (NLR family, CARD domain containing 4), among others (reviewed in [191]), 

an adaptor protein, which is often ASC (apoptosis-associated speck-like protein containing 

a CARD (caspase recruitment domain)), unless the sensor contains its own CARD, and 

effector enzyme, caspase-1. Pyroptosis ultimately leads to pore formation by gasdermin-D 

(GSDM-D) in the cell membrane, causing cell swelling and subsequent lysis. This is 

accompanied by maturation and ensuing release of inflammatory cytokines IL-мʲ ŀƴŘ L[-18 

(extensively reviewed in [141]; Fig1.1). Pyroptosis has been implicated in inflammatory 

pathogenesis induced by viruses [31,85,103,108,192ς195] as well as being shown to 

protect the host as a necessary component of an effective adaptive immune response 

[111,196ς199]. Whether pyroptosis is a mechanism of pathogenesis or a pathway 
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necessary for an effective adaptive immune response in the context of viral infections 

remains generally unclear. 

  

1.2.2.1.2 Virus-Induced Pyroptosis  
The phenomenon of viruses activating inflammasomes, leading to inflammatory pyroptosis, 

is both well documented for some viruses and absent for others. Pyroptosis in the context 

of some viral infections, such as influenza, has been extensively studied (reviewed in 

[200,201]) while a simple search for other viruses and pyroptosis-related terms yield no 

peer-reviewed publications. Overall, there remain important questions to be answered. 

These include identifying the trigger of inflammasome activation/pyroptosis, determining 

whether certain sensors are only activated by specific kinds of viruses, and how pyroptosis 

is advantageous or detrimental to the virus and/or host. 

 

1.2.2.1.3 The RNA/DNA Inflammasome Sensor Dichotomy  
Early literature regarding virus-induced pyroptosis reported results that seemed to suggest 

that RNA and DNA viruses activate different sensors to trigger the inflammasome. This 

literature largely suggested a dogma by which RNA viruses activate the NLRP3 

inflammasome [202] while the AIM2 or IFI16 inflammasome is activated by DNA viruses 

[203]. While this statement is not untrue, it is an overgeneralization that does not 

incorporate research suggesting the RNA-NLRP3 and DNA-AIM2/IFI16 dichotomy is 

inconsistent [114,192,199,204ς208].  
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CƛƎǳǊŜ мΦм ±ƛǊǳǎπƛƴŘǳŎŜŘ ƛƴŦƭŀƳƳŀǎƻƳŜ ǇŀǘƘǿŀȅ ǿƘƛŎƘ ǳƭǘƛƳŀǘŜƭȅ ǊŜǎǳƭǘǎ ƛƴ ǇȅǊƻǇǘƻǎƛǎΦ 

bǳƳŜǊƻǳǎ ǾƛǊǳǎŜǎ Ŏŀƴ ŀŎǘƛǾŀǘŜ ǾŀǊƛƻǳǎ ƛƴŦƭŀƳƳŀǎƻƳŜ ǎŜƴǎƻǊǎ ǎǳŎƘ ŀǎ b[wtоΣ !LaнΦ wLDπLΣ 

b[wtфōΣ LCLмсΣ b[wtмΣ b[w/пΣ b[wtмнΣ ŀƴŘκƻǊ ƻǘƘŜǊǎΣ ŘƛǊŜŎǘƭȅ ƻǊ ƛƴŘƛǊŜŎǘƭȅΦ ¢ƘŜ ŀŎǘƛǾŀǘŜŘ ǎŜƴǎƻǊ 

ǘƘŜƴ ƻƭƛƎƻƳŜǊƛȊŜǎ ǿƛǘƘ !{/ όƛŦ ƛǘ ŘƻŜǎ ƴƻǘ Ŏƻƴǘŀƛƴ ƛǘǎ ƻǿƴ /!w5ύΦ /ŀǎǇŀǎŜπм ƛǎ ǘƘŜƴ ǊŜŎǊǳƛǘŜŘ ǘƻ 

ǘƘŜ ƛƴŦƭŀƳƳŀǎƻƳŜ ǘƻ ŀŎǘ ŀǎ ǘƘŜ ŜŦŦŜŎǘƻǊ ŜƴȊȅƳŜΦ /ŀǎǇŀǎŜπм ŎƭŜŀǾŜǎ D{5aπ5 ŀƴŘ ǘƘŜ bπ

ǘŜǊƳƛƴǳǎ ƳƛƎǊŀǘŜǎ ǘƻ ǘƘŜ ŎŜƭƭǳƭŀǊ ƳŜƳōǊŀƴŜ ǘƻ ŦƻǊƳ ǇƻǊŜǎΦ !ǘ ǘƘŜ ǎŀƳŜ ǘƛƳŜΣ ǇǊƻπL[πму ŀƴŘ ǇǊƻπ

L[πм‍ ŀǊŜ ŀƭǎƻ ŎƭŜŀǾŜŘ ōȅ ŎŀǎǇŀǎŜπм ƛƴǘƻ ǘƘŜƛǊ ƳŀǘǳǊŜ ŦƻǊƳǎΣ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅ ǊŜƭŜŀǎŜŘ ǘƘǊƻǳƎƘ 

ǘƘŜ ǇƻǊŜǎ ŦƻǊƳŜŘ ōȅ D{5aπ5Φ ¢Ƙƛǎ ŦƛƎǳǊŜ ǿŀǎ ŎǊŜŀǘŜŘ ǿƛǘƘ .ƛƻwŜƴŘŜǊΦŎƻƳ ŀƴŘ ŀŘŀǇǘŜŘ ŦǊƻƳ 

WƻǊƎŜƴǎŜƴ Ŝǘ ŀƭΦ ώнлфϐΦ 
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1.2.2.1.4 The Many Faces of the NLRP3 Inflammasome  
Both AIM2 and IFI16 contain an HIN (hematopoietic expression, interferon-inducible 

nature, and nuclear localization) domain that can directly bind to double-stranded DNA, 

leading to logical early conclusions about their activation [210,211]. However, a clear 

understanding of what activates the NLRP3 inflammasome is lacking. There have been 

many hypotheses and much speculation, including, but not limited to, mitochondrial DNA 

[212,213], reactive oxygen species (ROS) [214,215], viral RNA [216ς218], inflammasome 

complexes released from other cells [219,220], ATP [221,222], specific viral proteins 

[108,208,223ς226], changes in ion concentrations such as potassium efflux [227,228], 

binding of/interaction with NEK7 [229,230], or even changes in cell volume [231]. To date, 

none of these hypotheses have been confirmed in all circumstances, leaving questions 

regarding whether there exists one specific trigger or multiple that activate NLRP3. While, 

at first glance, inflammasome sensors seem very specific with regard to activation by 

viruses, there are hints throughout the literature of more promiscuous activity than was 

described in early reports [202,203]. There is a growing body of research suggesting that 

some viruses, including, but not limited to, herpes simplex virus 1 (HSV-1) [207,232ς235], 

human bocavirus 1 (HBoV1) [206,236], HBV [237ς240], human adenovirus 5 (Ad5) 

[204,241ς243], Zika virus [205], West Nile virus (WNV) [244ς247], enterovirus A71 (EV-A71) 

[199,248], Mayaro virus (MAYV) [192], chikungunya virus (CHIKV) [244,249], influenza A 

virus (IAV) [85,103ς105,108,110ς112,114,124,184,196,250ς253], SARS-CoV-2 [100,254], 

and human immunodeficiency virus (HIV) [255ς259], activate multiple inflammasomes, 

particularly when one sensor is blocked or inhibited.  
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1.2.2.1.5 NLRP3 Is Triggered by WHAT?  
In the minds of the authors, there remain two primary outstanding questions in the field: 

what triggers NLRP3 and is there really a set RNA/DNA dogma? These questions may seem 

separate. However, some part or product from a given virus or cellular damage as a 

byproduct of viral infection likely triggers the inflammasome, suggesting involvement of 

viral nucleic acids, either entire viral genomes or replication intermediates, specific viral 

proteins, cytosolic sensing of mitochondrial DNA, or damage to the endoplasmic reticulum. 

The exact trigger of NLRP3 awaits conclusive research. In general, research on 

inflammasome activation has been focused on this process in immune cells. However, 

more recent work has highlighted pyroptosis induction in a multitude of cell types, 

including, but not limited to, cardiomyocytes [214], hepatocytes [31,155], intestinal 

epithelia [260,261], neurons [262,263], airway epithelial cells [206], and tubular epithelial 

cells of the kidney [264]. The identification and characterization of inflammasome 

activation in tissue and cell types other than lymphocytes remains an exciting and 

somewhat unexplored topic that will undoubtedly expand our understanding of the 

inflammasome pathway. 

 

1.2.2.2 Viruses That Fit the Dogma 

1.2.2.2.1 RNA Viruses That Activate NLRP3  

1.2.2.2.1.1 Flaviviridae  
We and others have previously reported that hepatitis C virus (HCV) activates the NLRP3 

inflammasome and subsequently induces pyroptosis [31,155,265,266]. Data from our most 

recent publication suggest inflammasome activation/pyroptosis may even contribute to the 

pathogenesis associated with HCV infection, as lower extracellular infectious titre was seen 
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in cells with inflammasome pathway components knocked out [31]. Daussy et al. showed 

that the Golgi fragmentation associated with HCV infection is induced by the NLRP3 

inflammasome [267]. Interestingly, these authors found the same effect for cells treated 

with nigericin but not when cells were infected with related flavivirus, Zika virus [267]. 

Noteworthy is the finding that levels of pyroptosis-associated cytokines IL-18 and IL-1‍ are 

increased in serum of individuals infected with HCV, even after curative therapy [3,4,268]. 

HCV may eventually be added to the list of viruses that violate the dichotomy as our most 

recent work also showed that CRISPR knockout of NLRP3 did not completely eliminate 

caspase-1 activation upon HCV infection. This result suggests other inflammasomes may be 

involved but have not yet been identified [31]. 

 

Other flaviviruses have also been shown to activate NLRP3, including Japanese Encephalitis 

Virus (JEV). Activation of NLRP3 by JEV occurred via potassium efflux and ROS production 

both in vitro and in vivo. This effect was dependent on viral replication, but the role played 

by the NLRP3 inflammasome in pathogenesis/viral clearance remains unclear [269]. A more 

recent study by Swaroop et al. revealed that knockdown of heat shock protein 60 resulted 

in decreased IL-1‍ production, which led to increased survival of JEV-infected mice [270], 

suggesting that the NLRP3 inflammasome may play a role in the pathogenesis of JEV. 

Interestingly, another recent study looked at the control of JEV in pigs, since pigs display 

less severe disease than other JEV hosts, and found no evidence of upregulation of NLRP3 

inflammasome components or IL-1‍. This may suggest the lack of NLRP3 activation serves 

as a protective effect in pigs and that overactivation of this inflammasome may contribute 
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to the severe encephalitis documented in other hosts such as mice and humans [271]. We 

were unable to find any literature suggesting JEV activates any other inflammasomes.  

 

One flavivirus that has been quite extensively studied in the context of NLRP3 activation is 

Dengue virus. This is of general interest because of the severe disease and immune 

dysfunction that is associated with secondary Dengue infection following a commonly mild 

primary infection. In a 2013 study, Wu et al. called attention to the fact that the exact 

trigger of caspase-1 and subsequent release of IL-1‍ during symptomatic Dengue infections 

was unknown despite occurring during human infection. The authors demonstrated that 

Dengue-infected inflammatory macrophages produced high levels of IL-18 and IL-1‍, 

accompanied by pyroptosis, but this did not occur in resting macrophages. This suggests 

macrophages with inflammatory phenotypes, rather than resting macrophages, primarily 

contribute to the pathogenesis of Dengue infection [272]. Around the same time, it was 

shown that Dengue-induced NLRP3 inflammasome activation increased platelet-mediated 

endothelium permeability and this was followed by increased expression of IL-1‍ in vitro 

and in patient serum. The authors also showed that platelet shedding of IL-1‍ 

microparticles were correlated with increased vascular permeability [273]. Cheung et al. 

showed Dengue virus-2 infection of primary macrophages triggered activation of caspase-4 

which subsequently induced activation of caspase-1 and secretion of IL-1‍ without the 

need for full inflammasome formation. Their data suggested that caspase-4 is upstream of 

caspase-1 and regulates inflammatory cytokine release in macrophages infected with 

Dengue-2 [274]. More recent research on Dengue-induced inflammasome activation has 
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focused on determining what viral protein triggers NLRP3. Pan et al. showed that the 

dengue virus M protein could trigger the NLRP3 inflammasome along with secretion of IL-

1‍ in mice which resulted in vascular leakage characteristic of Dengue Hemorrhagic Fever 

[194]. The M protein of Dengue was unable to induce vascular damage in NLRP3 knockout 

mice. The authors suggested that the Dengue M protein contributes to infection-associated 

vascular leakage [194]. Khan et al. determined that the E protein domain III (E III; 

immunodominant epitope) induced a pro-inflammatory signature that included secretion 

of IL-1‍ and TNF-‌ in THP-1 cells via the NF-‖B pathway. The release of IL-1‍ was observed 

in conjunction with increased ROS production and K+ efflux. Then they showed the IL-1‍ 

production induced by E III was mediated by NLRP3 and caspase-1 and suggested this was 

responsible for Dengue-induced pathogenesis [275]. Further research by Lien et al. showed 

E III, which accumulates in plasma during viremia, induced hemorrhage and endothelial 

dysfunction in a manner dependent on the NLRP3 inflammasome in mice but was not seen 

when NLRP3 inhibitors were used during Dengue infection [276]. Injection of E III caused 

abnormalities in the endothelium. Injection of E III followed by injection of anti-Dengue 

NS1 antibodies caused more extensive vascular damage, liver dysfunction, and 

hemorrhage. When the same series of injections was given to NLRP3 knockout mice, 

disease was reduced compared to that of wild-type mice. The authors concluded that the 

NLRP3 inflammasome contributes to disease and may also be a therapeutic target for 

treating Dengue Hemorrhagic Fever [276]. 
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A 2018 study by Fan et al. aimed to investigate the relationship between classical swine 

fever virus (CSFV) infection and inflammasome activation since many flaviviruses had 

already been shown to activate the NLRP3 inflammasome. The authors found that porcine 

peripheral blood mononuclear cells (PBMCs) infected with CSFV triggered the production of 

pro-IL-1‍, its activation and maturation dependent on NLRP3 and caspase-1. They were 

also able to determine that knockdown of NLRP3 enhanced replication of CSFV, suggesting 

NLRP3 activation plays a role in the immune response to CSFV in swine monocytes [277].  

 

1.2.2.2.1.2 Pneumoviridae  
Respiratory Syncytial Virus (RSV), a viral infection associated with particularly severe 

outcomes in young children, has been shown to activate the NLRP3 inflammasome, 

resulting in secretion of IL-1‍ [278,279]. This may indicate inflammasome activation 

contributes to the pathology associated with RSV infection. Notably absent is reported 

research on RSV induction of any other inflammasomes.  

 

1.2.2.2.1.3 Phenuiviridae  
Another RNA virus that has been shown to fit the RNA-NLRP3 dichotomy is Rift Valley Fever 

Virus (RVFV). RVFV is an important pathogen as it can infect both livestock and humans, 

with livestock infections known to cause significant economic loses and lead to restrictions 

on trade, mostly in east and southern Africa [280]. There is a single paper [281] that 

documents activation of the NLRP3 inflammasome after infection with this virus. Research 

on this virus is restricted due to biosafety constraints requiring containment level (CL) 3 

conditions. However, inflammasome activation by RVFV should be further studied to 
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increase our understanding of this virus that can cause significant personal and economic 

losses for individuals living in underserved areas of the world.  

 

1.2.2.2.1.4 Filoviridae  
Infection with Ebola causes substantial inflammation and immune dysregulation [282ς286], 

so it seems likely that Ebola would trigger inflammasome activation. Using a CL2 virus-like 

particle system, Ebola was demonstrated to do just that, activating the NLRP3 

inflammasome and inducing secretion of pyroptosis-associated cytokines in differentiated 

U-937 and THP-1 cells [287]. This study is the only report known to us that associates Ebola 

with inflammasome activation, and these results remain to be reproduced using a fully 

infectious virus system, which is understandably difficult due to both its classification as a 

Class A Select Agent and CL4 constraints [288].  

 

1.2.2.2.1.5 Coronaviridae  
It has been documented that coronaviruses also activate their dogma-associated NLRP3 

inflammasome. Several studies on SARS-CoV, prior to the emergence of SARS-CoV-2 and 

the onset of the COVID-19 (coronavirus disease 2019) pandemic, demonstrated that the 

viroporin 3a (ORF3a) [223,226], as well as the E protein, could trigger NLRP3 [289]. SARS-

CoV ORF8b also triggers cellular stress pathways and activates the NLRP3 inflammasome 

[290]. Similarly, mouse hepatitis virus (MHV; another coronavirus) impairs the NLRP3 

inflammasome, instead inducing inflammatory cell death mediated by caspase8/RIPK3 

[291].  
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1.2.2.2.1.6 Rhabdoviridae  
Lawrence et al. showed that rabies virus, a single-stranded, negative-sense RNA virus, upon 

infection of bone marrow-derived dendritic cells (BMDCs), resulted in production of pro-IL-

1‍ which was cleaved into its mature form and released from cells using the NLRP3 

inflammasome pathway. They also demonstrated that production of pro-IL-1‍ was 

dependent on viral replication and that IL-1 receptor-deficient mice were more seriously 

impacted by rabies infection, resulting in increased viral pathogenicity [292]. Kip et al. 

confirmed these results and suggested the inflammasome acts as an innate immune 

response to protect the host from the virus. Mice deficient in caspase-1 displayed 

increased disease severity when infected with an attenuated rabies strain (Evelyn-Rotnycki 

Abelseth) [293], indicating the inflammasome is necessary for overcoming viral 

pathogenesis. Interestingly, mice deficient in IL-1‍ and IL-му ŘƛǎǇƭŀȅŜŘ ǘƘŜ ǘȅǇƛŎŀƭ άƳƛƭŘ 

ǎȅƳǇǘƻƳǎέ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŀǘǘŜƴǳŀǘŜŘ ǎǘǊŀƛƴ [293], suggesting these inflammatory 

cytokines do not contribute to the pathogenesis associated with rabies virus infection. By 

contrast, in 2019, it was reported that mice treated with a caspase-1 inhibitor displayed 

prolonged survival upon infection with rabies [193].  

 

1.2.2.2.1.7 Hantaviridae  
The only known report of inflammasome activation by Hantaan virus, a negative sense RNA 

virus in the hantaviridae family, found activation of the NLRP3 inflammasome along with 

secretion of IL-1‍ upon infection of THP-1 cells. The authors also linked ROS, but not ATP, 

release as a requirement for IL-1‍ production. They speculated that the NLRP3 
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inflammasome is responsible for increased levels of IL-1‍ in individuals suffering from 

hemorrhagic fever with renal syndrome induced by various hantaviruses [294].  

 

1.2.2.2.1.8 Paramyxoviridae  
Several viruses from the paramyxoviridae family of negative-sense, single-stranded RNA 

viruses, are also known to activate and/or inhibit the NLRP3 inflammasome. Measles virus 

induces the NLRP3 inflammasome, resulting in secretion of IL-1‍. By infecting cells with a 

mutant measles virus lacking the V protein, Komune et al. were able to show higher levels 

of IL-1‍ secretion compared to cells infected with wild-type virus. Using THP-1 cells stably 

expressing the V protein of measles, they were able to confirm this protein inhibits the 

secretion of IL-1‍ via inhibition of the NLRP3 inflammasome pathway [295]. We are aware 

of only a single paper that describes the interaction of Sendai virus (SeV) with the 

inflammasome pathway. Using THP-1 cells infected with a V gene knockout virus, Komatsu 

et al. showed that there was greater secretion of IL-1‍ than when those cells were infected 

with wild-type virus. NLRP3-deficient cells failed to generate such an increase in IL-1‍ when 

infected with the V gene knockout virus. They also found that the V protein inhibited 

formation of the inflammasome by blocking ASC oligomerization. Although the authors did 

not use fully infectious viruses, they were able to show that the V proteins of Nipah virus 

and parainfluenza virus type 2, other paramyxoviruses, inhibited NLRP3 complex formation 

and subsequent activation of IL-1‍ [296]. Wang et al. found that human macrophage-like 

THP-1 cells infected with Newcastle disease virus (NDV) induced IL-1‍ secretion via 

activation of the NLRP3 inflammasome using small RNA knockdown and NLRP3-deficient 

cells. Knockdown or chemical inhibition of inflammasome components showed increased 
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cell survival upon NDV infection as well as increased replication [297]. Further investigation 

of NDV by Gao et al., from the perspective of understanding severe pathology in poultry 

infections, showed that IL-1‍ antibody treatment decreased body temperature and 

mortality following infection of chickens. They also showed that inhibition of NLRP3 or 

caspase-1 significantly reduced IL-1‍ expression and that NDV RNA alone was sufficient to 

induce IL-1‍ expression. These findings suggest that treatments targeting inflammasome 

pathway components may decrease disease associated with poultry infection [218]. 

 

1.2.2.3 Viruses That Do NOT Fit the Dichotomy 

1.2.2.3.1 RNA Viruses That Activate Traditional DNA Sensors  

1.2.2.3.1.1 Flaviviridae  
We have already discussed several flaviviruses that fit the RNA-NLRP3 dichotomy. 

However, there are also several that do not fit the dichotomy. In 2018, it was reported that 

substantial inflammasome activation was present in the central nervous system of fatal 

Zika virus microcephaly cases. In tissue samples from fatal neonatal cases positive for Zika 

virus, increased expression of NLRP1, NLRP3, and AIM2 was reported when compared to 

flavivirus-negative controls [205]. It is unknown at this time whether inflammasome 

activation is involved in Guillain-Barré syndrome, another known complication of Zika 

infection.  

 

Since the first detection of West Nile Virus (WNV) in North America in 1999, The United 

{ǘŀǘŜǎΩ /ŜƴǘŜǊǎ ŦƻǊ 5ƛǎŜŀǎŜ /ƻƴǘǊƻƭ ŀƴŘ tǊŜǾŜƴǘƛƻƴ Ƙŀǎ ǊŜǇƻǊǘŜŘ рнΣрон ƘǳƳŀƴ ŎŀǎŜǎ ǿƛǘƘ 

25,849 documented to have neuroinvasive disease [298]. Interestingly, before WNV was 
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shown to activate the traditional NLRP3-RNA virus sensor, it was shown to activate the RIG-

I inflammasome, which had antiviral effects in conjunction with caspase-12. Using caspase-

12 knockout mice, these authors showed that, upon infection with WNV, there was 

significantly more mortality, higher viral load, and a less effective type I IFN response 

compared to that of wild-type mice. Primary neurons and embryonic fibroblasts from mice 

were infected with WNV and showed that caspase-12 positively mediated the type I IFN 

response through its regulation of TRIM25 (E3 ubiquitin ligase) which subsequently 

mediates the ubiquitination of RIG-I [247]. To further understand the role of the 

inflammasome in the central nervous system (CNS) during WNV infection, Ramos et al. 

used a mouse model to help elucidate the role of IL-1‍ since it had been shown to be 

elevated in plasma of infected individuals. The authors showed that host IL-1‍ increases in 

infected animals with both IL-1‍ and NLRP3 acting as restriction factors to control viral 

infection in the CNS. Mouse models that were lacking the IL-1 receptor or components of 

the inflammasome pathway were more susceptible to WNV-induced pathogenic effects, 

including accumulation of virus in the CNS but not in peripheral tissues. The authors also 

noted signs of decreased quality of CD8+ T cell responses and reduced overall antiviral 

activity in the CNS. They did show that cortical neurons secrete IL-1‍ in response to WNV 

and that IL-1‍ άǎȅƴŜǊƎƛȊŜǎέ ǿƛǘƘ ǘȅǇŜ L LCb ǘƻ ǎǳǇǇǊŜǎǎ ǊŜǇƭƛŎŀǘƛƻƴ ƻŦ ²b± ƛƴ ƴŜǳǊƻƴǎΦ ¢ƘŜ 

authors concluded that the NLRP3 inflammasome pathway is critical in the control of WNV 

infection in the CNS and that IL-1‍ can aid in restriction of viral replication of WNV in 

neurons [246]. Due to the inflammatory nature of WNV and its association with 

encephalitis, Kumar et al. wanted to further investigate the role of the inflammasome in 
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the pathogenesis of WNV infection. They showed that ASC was necessary for IL-1‍ 

production, caspase-1 activation, and for an effective host response to generate immunity 

to WNV. ASC-deficient mice showed increased susceptibility to WNV, accompanied by 

decreased survival which was associated with increased viral replication in peripheral and 

CNS tissues [245]. The authors report that ASC knockout mice displayed decreased levels of 

inflammatory cytokines in serum accompanied by an interesting finding of reduced IFN-‌ 

ŀƴŘ LƎa ƛƴ ǎŜǊǳƳΦ IƻǿŜǾŜǊΣ ōǊŀƛƴǎ ƻŦ !{/ ƪƴƻŎƪƻǳǘ ƳƛŎŜ ǎƘƻǿŜŘ άǳƴǊŜǎǘǊŀƛƴŜŘ 

ƛƴŦƭŀƳƳŀǘƛƻƴΣέ ƛƴŎƭǳŘƛƴƎ ŜƭŜǾŀǘŜŘ ƭŜǾŜƭǎ ƻŦ LCb-‎, CCL2, and CCL5. This increase in 

chemokine levels was also associated with activation of astrocytes and increased 

infiltration of peripheral immune cells into the CNS along with increased death of neurons. 

The authors conclude that ASC is necessary for modulating inflammasome-dependent 

immune responses and that its activation is necessary for clearance of WNV [245]. 

Ekchariyawat et al. were interested in the similarity of innate immune responses to 

arboviruses in general so they examined the effect of both Chikungunya (CHIKV) and WNV 

on the inflammasome pathway. They found that both viruses induced secretion of IL-1‍ 

and maturation of caspase-1 in resident skin cells. They also showed activation of AIM2 by 

both viruses in dermal fibroblasts, the first report of WNV activating a traditionally 

associated DNA sensor. siRNA knockdown of AIM2 and caspase-1 led to decreased 

secretion of IL-1‍ from infected cells. In contrast to their findings regarding CHIKV, which 

will be discussed later, caspase-1 inhibition did not affect replication of WNV. This suggests 

the inflammasome is not directly involved in the pathogenesis or immunological clearance 

of WNV [244].  
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1.2.2.3.1.2 Coronaviridae  
SARS-CoV-2, the causative agent of COVID-19, has been associated with substantial 

inflammation and over-activation of the immune system in severe cases [99,101,102,299]. 

In contrast to SARS-CoV, SARS-CoV-2 NS proteins 1 and 13 were found to suppress 

activation of the NLRP3 inflammasome [300]. However, the SARS-CoV-2 N protein induced 

hyperinflammation via the NLRP3 inflammasome, with the implication that overactivation 

may contribute to the pathology associated with severe COVID-19 [301]. This finding was 

confirmed by the inhibition of NLRP3 by MCC950, which resulted in lower levels of 

inflammatory cytokine release, and the use of NLRP3 knockout mice infected with SARS-

CoV2, which displayed less severe disease [102]. Besides viral proteins, single-stranded RNA 

derived from SARS-CoV and SARS-CoV-2 was reported to trigger TLR-8, leading to secretion 

of IL-1‍ in absence of pyroptosis. Campbell et al. showed that activation of IL-1‍ was 

dependent on caspase-1, caspase-8, NLRP3, and K+ efflux, describing this as a nonclassical 

inflammasome pathway [302]. Even more recently, it was demonstrated that the 

inflammasome pathway in monocytes is activated upon abortive infection with SARSCoV-2 

which was suggested to drive the severe inflammatory pathology associated with severe 

cases of COVID-19 [100]. 

 

1.2.2.3.1.3 Picornaviridae  
Similarly, Enterovirus A71 (EV-A71), the causative agent of hand-foot-and-mouth disease, 

has been shown to activate both RNA- and DNA-associated inflammasomes. A 2017 paper 

reported that AIM2 was activated in both cell-culture infected cells and in the CNS of fatal 

cases of EV-A71 encephalomyelitis [248]. Unsurprisingly, considering the present 
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discussion, a previous report had already indicated activation of the NLRP3 inflammasome 

upon infection with EV71 [199]. Although at odds with reported research on Zika, both 

EV71 findings were associated with decreased viral replication, indicating inflammasome 

activation plays a role in protection against severe EV71 infection.  

 

1.2.2.3.1.4 Togaviridae  
Mayaro virus (MAYV) is a positive-sense, single-stranded RNA virus that circulates in South 

America and is transmitted to humans via mosquitos [303]. Like many other emerging viral 

pathogens, many aspects of MAYV remain understudied, including the human immune 

response. A study by de Castro-Jorge et al. established a model of MAYV infection in 

macrophages and mice. Using these models, they showed that inflammasome pathway 

components (NLRP3, ASC, AIM2, and caspase-1) are induced upon infection of bone 

marrow-derived macrophages. Using NLRP3 knockout mice, they showed that NLRP3, but 

not AIM2, was required for secretion of IL-1‍. Confirming the role of inflammasome 

activation, the authors reported increased levels of caspase-1-p20, IL-1‍, and IL-18 in 

serum of individuals infected with MAYV in comparison to that of healthy controls [192].  

 

CHIKV is spread by mosquitos and can cause severe muscle aches, joint pain, headache, 

fever, and rash [304]. As mentioned above, Ekchariyawat et al. showed that both CHIKV 

and WNV activate inflammasomes, accompanied by maturation of both caspase-1 and IL-

1‍, and that AIM2 was involved in this process. To analyze the effect of inflammasome 

activation on viral replication, they used silencing to inhibit caspase-1, which had no effect 

on WNV, but did show improved replication of CHIKV in dermal fibroblasts. This suggests 
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the pro-inflammatory microenvironment of the skin is helpful in mitigating disease and 

important for virus control, at least in the context of CHIKV infection [244]. In another 

study by Chen et al., it was shown that CHIKV infection activated the NLRP3 inflammasome 

in both humans and mice. PBMCs from infected individuals displayed elevated NLRP3, 

caspase-1, and IL-18 mRNA expression. Using a mouse model, they showed that NLRP3 

infection was associated with high levels of inflammatory symptoms. Using MCC950 

(NLRP3 inhibitor), they observed decreased inflammation, abrogated osteoclastogenic 

bone loss, and myositis associated with infection. However, there was no effect on viral 

replication. Mice treated with MCC950 also showed decreased levels of IL-6, chemokine 

ligand 2, and TNF in joint tissue [249]. Together, these findings suggest inflammasome 

activation by CHIKV is involved in the inflammatory disease state associated with infection.  

 

1.2.2.3.1.5 Orthomyxoviridae  
Influenza-induced pyroptosis may be the most well studied of all forms of virus-induced 

inflammasome activation and pyroptosis. Although outside the scope of this review, it is 

important to consider that the role of NLRP3 inflammasome activation by influenza is 

highly debated within the field. Some groups report it as a mechanism of pathogenesis 

[103,108,124,253] while others report it as necessary for an effective adaptive immune 

response to clear influenza infection [111,184,196,250]. Besides NLRP3, influenza has also 

been shown to activate RIG-I (which promotes replication) [184] and AIM2. Activation of 

these inflammasomes is associated with worse prognosis in infected mice without 

influencing viral load [114]. Recently, it was shown that IFI16 is activated directly by 

influenza RNA, causing an enhancement of RIG-I transcription and activation, potentially 
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leading to restriction of influenza infection [251]. It has been proposed that influenza 

proteins M2 [85] and PB1-F2 [196] can activate NLRP3, alter ion balance, and extensively 

affect cell homeostasis. These changes can result in release of oxidized DNA which, in turn, 

can activate AIM2, demonstrating influenza indirectly activates this DNA-associated sensor 

[110]. Another group showed that DNA in the microenvironment of the lung during 

influenza infection can trigger AIM2, adding to the research suggesting pyroptosis and 

inflammasome activation is a circular process [112]. Recently, influenza has been shown to 

activate NLRC4 which regulates influenza-specific T cells [105]. Influenza viruses H5N1 and 

H3N2 with accessory protein PB1-F2 have also been shown to limit NLRP3-NEK7 complex 

formation and subsequent pyroptosis. Mutant viruses lacking PB1-F2 induced higher levels 

of cleaved-caspase-1, cleavage of GSDM-D, and release of lactate dehydrogenase (LDH) and 

IL-1‍. PB1-F2 was shown to limit transition of NLRP3 from its closed confirmation into its 

active state [104]. On the opposite side is the research that has shown that the NS1 protein 

of influenza can inhibit the NLRP3 inflammasome [250]. The extensive body of literature 

that focuses on inflammasome activation by influenza viruses is invaluable and will 

certainly guide future work on inflammasome activation by other viruses.  

 

1.2.2.3.1.6 Retroviridae  
HIV causes disease by depleting CD4+ T cells, rendering the host incapable of fighting off 

other opportunistic infections. Early studies suggested CD4+ T cells died by apoptosis 

[164](reviewed in [305]). However, in 2014 it was shown that the uninfected T cells that die 

are actually abortively infected with HIV and die via pyroptosis in a caspase-1-dependent 

manner, accompanied by IL-1‍ secretion [256]. Around the same time, the same research 
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group published their findings that IFI16, another traditionally DNA-associated sensor, was 

required for the pyroptotic death of CD4+ T cells. They suggested that the IFI16 

inflammasome is likely a driver in the development of AIDS [258]. Further research 

confirmed these findings, showing that individuals with HIV had more CD4+ T cells that 

were ASC+ than healthy controls [255]. Since then, HIV has also been shown to activate 

NLRP3 in the context of CD4+ T cell loss [259] as well as HIV-induced neuropathy [257]. 

Given the replication cycle of this virus, including its use of DNA intermediates, it is not 

surprising that HIV activates sensors typically associated with both RNA and DNA viruses. At 

the present time, we are unaware of any publications that show activation of the AIM2 

inflammasome during HIV infection. 

 

1.2.2.4 Other Inflammasomes 
This review illustrates that two main inflammasome sensors have been well studied in the 

context of viral infection: NLRP3 and AIM2 (summarized in Table 1.1). Other 

inflammasomes that have been identified as being activated by various viruses include, but 

are not limited to, IFI16, NLRC4, NLRP1, NLRP9b, and NLRP12. Research aimed at 

understanding the activation and/or inhibition of these other inflammasomes is generally 

limited to only a couple of studies for each sensor, meaning the extent to which these 

inflammasomes are activated by infection with various viruses remains unclear. Below are 

a few examples of viral activation of other inflammasomes. This is by no means an 

exhaustive list but does highlight the need for more research into viral induction of 

inflammasome sensors other than NLRP3 and AIM2. The 3C protease of enteroviruses 

(such as rhinoviruses that cause the common cold) has been shown to activate NLRP1 in  
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Table 1.1 [RNA] Viruses, separated by family, with inflammasome sensors activated and 

references associated with each one. 

Family Virus 
Inflammasome 
Sensor(s) 
Activated 

Against 
Dichotomy? 

Reference(s) 

Flaviviridae 

HCV NLRP3 no 
Negash et al., 2013, 
2019; Kofahi et al., 2016; 
Wallace et al., 2022 

JEV NLRP3 no 
Kaushik et al., 2012; 
Swaroop et al., 2018; 
Redant et al., 2020  

Dengue 

NLRP3 no 

Hottz et al., 2013; Wu et 
al., 2015; Cheung et al., 
2018; Khan et al., 2019; 
Lien et al., 2021 

CSFV NLRP3 no Fan et al., 2018 

Zika NLRP1, NLRP3, 
AIM2 

yes de Sousa et al., 2018   

WNV 
RIG-I, NLRP1, 
NLRP3, AIM2 

yes 

Wang et al., 2010; Ramos 
et al., 2012; Kumar et al., 
2013; Ekchariyawat et 
al., 2015 

Pneumoviridae  
RSV 

NLRP3 no 
Segovia et al., 2012; 
Triantafilou et al., 2013 

Phenuiviridae  RVFV NLRP3 no Ermler et al., 2014 

Filoviridae Ebola NLRP3 no Halfmann et al., 2018 

Coronaviridae 

SARS-
CoV 

NLRP3 no 

Chen et al., 2019; Siu et 
al., 2019; Shi et al., 2019; 
Zheng et al., 2020; 
Diagne et al., 2020 

SARS-
CoV-2 

NLRP3, AIM2, 
NLRP6 

yes 

Sefik et al., 2022; Doitsh 
et al., 2014; Kim et al., 
2021; Pan et al., 2021; 
Campbell et al., 2021; 
Diagne et al., 2020 

MHV NLRP3 no [134] 

Rhabdoviridae  
Rabies 

NLRP3 no 
Lawrence et al., 2013; 
Kip et al., 2017; Koraka 
et al., 2019 
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Hantaviridae  Hantaan  NLRP3 no Ye et al., 2015 

Paramyxoviridae  

Measles NLRP3 no Komune et al., 2011 

SeV NLRP3 no Komatsu et al., 2018 

NDV 
NLRP3 no 

Wang et al., 2016; Gao et 
al., 2020 

Picornaviridae 
EV71 

NLRP3, AIM2 yes 
Wang et al., 2015; 
Yogarajah et al., 2017  

Togaviridae 

Mayaro 
NLRP3, AIM2 yes 

de Castro-Jorge et al., 
2019 

CHIKV 
AIM2, NLRP3 yes 

Ekchariyawat et al., 
2015; Chen et al., 2017 

Orthomyxoviridae  

IAV 

NLRP3, RIG-I, 
IFI16, AIM2 

yes 

Ichinohe et al., 2010; 
McAuley et al., 2013; 
Cheung et al., 2020; Niu 
et al., 2019; Zhang et al., 
2017; Schattgen et al., 
2016; Hornick et al., 
2019; Cillóniz et al., 
2009; Ren et al., 2017; 
Cheong et al., 2015; Pang 
et al., 2013; Jiang et al., 
2021; Moriyama et al., 
2020; Boal-Carvalho et 
al., 2020; Shen et al., 
2021 

Retroviridae 

HIV 

NLRP3, IFI16 yes 

Doitsh et al., 2014; 
Monroe et al., 2014; 
Ahmad et al., 2018; 
Zhang et al., 2021; He et 
al., 2020 
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human airway epithelial cells [306]. Robinson et al. were able to show that the 3C protease 

directly cleaves NLRP1 which leads to inflammasome formation and IL-18 secretion, 

suggesting NLRP1 may play a role in the pathogenesis of viral infections of the respiratory 

tract [306]. The NLRC4 inflammasome has been shown to play diverse roles during both 

rotavirus and influenza virus infections. NLRC4 activation during rotavirus infection leads to 

the release of IL-18 and IL-22. IL-22 release induced a state of gene expression in intestinal 

epithelial cells that was protective against rotavirus infection, while IL-18 aided in the 

elimination of rotavirus-infected cells [307]. A study of immune responses to influenza virus 

showed that NLRC4 activation in dendritic cells was necessary for virus-specific CD4+ T cell 

responses. Using a mouse model, the authors showed that NLRC4 knockout mice had 

decreased survival rates and increased viral titers accompanied by normal CD8+ T cell  

responses and severely impaired CD4+ T cell responses [105]. A paper from late 2021 

identified activation of the NLRP6 inflammasome during various viral infections, including 

SARS-CoV-2, rotavirus, and MHV. The authors report that NLRP6 is activated in the lungs of 

pneumonia patients with severe COVID-19 as well as in hepatocytes of mice in response to 

MHV infection. Interestingly, they determined the activation of NLRP6 is dependent on 

dsRNA, suggesting coronavirus replication intermediates may trigger this inflammasome 

[254]. In a 2018 study by Zhu et al., the authors showed that NLRP9b restricts rotavirus 

replication in intestinal epithelial cells which subsequently leads to the maturation of IL-18 

and GSDM-D-mediated pyroptosis of infected cells. Depletion of NLRP9b or other 

downstream components of the inflammasome pathways in mice caused more severe  
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disease and enhanced susceptibility to rotavirus infection. The authors also determined 

that NLRP9b recognizes dsRNA with the help of RNA helicase Dhx9 [261]. NLRP12, 

conversely to NLRC4, has been shown to play a role in detrimental immune cell recruitment 

during IAV infection. Using NLRP12 knockout mice infected with IAV, Hornick et al. showed 

that there was reduced vascular permeability and fewer pulmonary neutrophils compared 

to wild type mice. These findings suggest NLRP12 plays a role in the pathogenesis of IAV 

infection, possibly by mediating adverse neutrophil recruitment to the respiratory tract 

[308]. Many other inflammasome sensors have been described but the role, if any, they 

play during viral infection remains to be determined. 

 

1.2.2.5 Addressing the Dichotomy: What Perpetuates this Dichotomy? 
By reviewing current research, it has become clear that many viruses activate multiple 

inflammasomes. Of particular interest is the fact that, in every case that a virus is reported 

to have activated an inflammasome that does not align with the generally accepted dogma, 

the particular virus has also been shown to activate the sensor that does correspond with 

the associated dogma. What can we conclude? Here we speculate that it is likely that 

many, if not all, viruses activate multiple inflammasomes, but there is little conclusive 

evidence because the activation of multiple inflammasomes by the same virus has rarely 

been addressed in the existing literature. As scientists, we tend to begin experiments with 

a hypothesis that is usually influenced by previous experience, literature, dogma, etc. We 

propose here that this implicit bias may explain why few traditionally RNA-associated 

sensors have been reported as being activated by DNA viruses, and vice versa, few papers 

in the literature report that RNA viruses can activate traditionally DNA-associated sensors.  
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Biosafety constraints are likely one major barrier to studying inflammasome activation by 

some viruses. Rightly so, most research performed under CL3 or CL4 conditions focuses on 

vaccines and/or antivirals, leaving little time for classic basic science research driven by 

curiosity. It seems likely that many CL3 and CL4 viruses would induce multiple 

inflammasomes as most of these viruses are associated with substantial inflammation. 

Simple searches for inflammasome-related terms and viruses such as Crimean-Congo 

hemorrhagic fever, Nipah, Marburg, Lassa fever virus, mpox, or various other hemorrhagic 

arenaviruses reveal no scientific publications. There is an obvious gap in our understanding 

of CL4 agents and their abilities to inhibit or activate inflammasomes despite the potential 

of such research to aid in treatment development and/or clinical management of these 

viral infections. There seems to exist a general bias in the scientific literature that RNA 

viruses activate NLRP3 while DNA viruses activate AIM2 or IFI16. Here, we highlight existing 

evidence that many viruses do not fit this dogma and encourage the scientific community 

to follow up on and expand our knowledge regarding the activation of multiple 

inflammasome sensors by a single virus. We propose that more time and effort be invested 

in furthering our understanding of virus-induced inflammasome activation, breaking down 

the existing false dichotomy in the process. Another consideration that requires the 

attention of inflammasome researchers is the expanded publication of negative results as 

these data could aid significantly in our understanding of whether the promiscuity of 

inflammasome activation is indeed widespread or more constrained to specific conditions.  

It is clear that activation of the NLRP3 inflammasome by RNA viruses and activation of the 

AIM2 inflammasome by DNA viruses has been fairly well-studied. However, research on 
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activation of inflammasomes by their oppositely-associated viruses is lacking. Virus-induced 

pyroptosis literature continues to grow, but significant gaps remain apparent, including the 

exact trigger of NLRP3. Additionally, many inflammasomes have been identified, but the 

role they play during viral infection requires further study. We, as scientists, should take a 

ōǊƻŀŘŜǊ ǾƛŜǿ ǿƘŜƴ ƭƻƻƪƛƴƎ ŦƻǊ άŎƭŀǎǎƛŎέ wb!- or DNA-associated sensors within a 

respective system which should include the practice of publishing any relevant negative 

results. With some extra time and effort, we should have a well-rounded picture of the 

promiscuity of inflammasome activation, including the role of inflammasomes in the 

pathogenesis of viral infections. 

 

1.2.3 Necroptosis 
Necroptosis, like pyroptosis, is also an inflammatory form of cell death but the pathway 

via which it is initiated is very different from pyroptosis and, unlike apoptosis, is 

generally independent of mitochondrial involvement [309,310]. Necroptosis is generally 

triggered by interactions with a death receptor on the surface of the cell in a mechanism 

similar to the extrinsic pathway of apoptosis induction although it can also be triggered 

via pathogen recognition receptors such as TLR3, TLR4, or Z-DNA binding protein 1 [311ς

313]. However, following death-receptor interactions, RIPK1 activates RIPK3. Activation 

of RIPK3 then triggers phosphorylation of mixed lineage kinase domain like 

pseudokinase (MLKL or pMLKL, once phosphorylated) [314,315]. Oligomers of pMLKL 

are formed and translocate to the cell membrane and trigger pore formation in the cell 

membrane, eventually leading to cell lysis and release of intracellular contents. 

Necroptosis is extensively reviewed by Galuzzi et al. [141]. Unlike pyroptosis, there are 
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no necroptosis-associated cytokines, at least none that have been identified to date. 

Without commercially available positive controls for necroptosis induction, necroptosis 

must be confirmed using a necroptosis inhibitor such as Necrostatin-1 which inhibits 

RIPK1, making studies of necroptosis more difficult [316].  

 

Similarly to pyroptosis, necroptosis has also been described as a double-edged sword in 

that some amount of inflammatory cell death may be needed and necessary for an 

effective immune response, but that an overabundance of necroptosis-associated 

inflammation may result in disease. Viruses that have been shown to induce necroptosis 

include, but are not limited to, IAV [317ς320], HIV [321], HSV-1 [322], RSV [323ς325], 

NDV [326], Zika [327], hepatitis E virus [328], African Swine Fever Virus [329], 

Coxsackievirus A6 [330], and rotavirus [331], many of which are associated with 

substantial inflammation leading to disease states [332]. Targeting necroptosis-

associated inflammation may also serve as a viable drug target, as compounds such as 

necrostatin-1 that have already been used routinely in clinics are known to inhibit 

necroptosis [316,333].  

 

All three types of cell death are reviewed in Fig1.2. 
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Figure 1.2 Summary of the three forms of PCD discussed in this thesis using IAV as the example 

of the trigger of these forms of PCD. [Left to Right] Pyroptosis, apoptosis, and necroptosis. 

Created using BioRender.com.  

 

RIPK3 
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1.3 HCV-induced Cell Death 

 1.3.1 HCV-induced Apoptosis  
There is a large volume of literature detailing apoptosis induction by HCV using both in 

vitro techniques as well as studies involving samples from people living with HCV. 

Despite the large volume of literature, definitive conclusions regarding the role of 

apoptosis during HCV are elusive, given the variety of types of studies performed. These 

studies include analysis of samples from patients [334,335], single protein expression 

systems [336ς341], infectious cell culture models [342ς345], various 

immunocompromised mouse models [346ς348], and the replicon system [349,350].    

 

Apoptosis has been reported in the livers of individuals living with HCV through 

histological analyses as well as looking for the activation of apoptosis-associated 

caspase-3 and -7 [334,351]. More recent work from our own lab showed that apoptosis 

occurs in both HCV-infected cells as well as bystander cells co-cultured with HCV-  

infected cells. Apoptosis of bystander cells was shown to be contact-dependent, unlike 

bystander pyroptosis, which was shown to be contact-independent [155].  

 

As is the case with other forms of cell death, there is much interest in determining 

which viral protein triggers a given form of cell death. The role of HCV core protein in 

HCV-induced apoptosis has been studied extensively, although inconclusively. HCV core 

protein has been shown to cause ER stress, resulting in downstream activation of 

apoptosis [337] while other reports have shown that HCV interacts directly with pro-

survival proteins, thereby inhibiting their function and allowing apoptosis induction to 
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occur [338]. In contrast, other groups have reported that HCV core is able to down-

regulate pro-apoptotic proteins such as caspases, cytochrome C, and p53, to inhibit 

apoptosis induction [352]. Reports of research on other viral proteins of HCV and their 

role(s) in HCV-induced apoptosis, similarly to what has been reported for HCV core 

protein, lack overall conclusions, various groups reporting varied outcomes. The 

envelope proteins E1/E2 have been suggested to trigger apoptosis. The idea that E1/E2 

might be involved in apoptosis induction is logical as the envelope proteins are one of 

the main immunogens from HCV and the viral protein that cells interact with first during 

infection. Other reports have suggested that some of the non-structural proteins may 

be involved in the induction of HCV-induced apoptosis although these proteins in this 

context have been less well studied and, therefore, we are unable to draw conclusions 

from the data to date [353ς356].  

 

As the mouse models available for HCV research involve immunocompromised mice, 

making the model inappropriate for immune-related studies, we will not be reviewing 

the literature on apoptosis during HCV infection in these models in this thesis.  

 

Despite the uncertainty regarding the exact role that apoptosis plays during infection 

with HCV, there is sufficient evidence to show that it does play some role during 

infection and, therefore, necessitates further study.  

 

1.3.2 HCV-induced Pyroptosis 
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The following section, focused on HCV-induced pyroptosis, was previously published as a 

ǊŜǾƛŜǿ ƛƴ ±ƛǊŀƭ LƳƳǳƴƻƭƻƎȅΣ ŜƴǘƛǘƭŜŘ άLƴŦƭŀƳƳŀǘƻǊȅ /ƻƴǎŜǉǳŜƴŎŜǎΥ IŜǇŀǘƛǘƛǎ / ±ƛǊǳǎ-

ƛƴŘǳŎŜŘ LƴŦƭŀƳƳŀǎƻƳŜ !ŎǘƛǾŀǘƛƻƴ ŀƴŘ tȅǊƻǇǘƻǎƛǎέ ƛƴ April 2024. Reference [357] in this 

thesis. 

 

Wallace HL#, Russell RS#. 2024. Inflammatory Consequences: Hepatitis C Virus-Induced 

Inflammasome Activation and Pyroptosis. Viral Immunology 37:126ς138. 

# Co-corresponding authors 

HLW wrote the original draft. HLW and RSR were both involved with conceptualization, 
review, and editing. RSR supervised and obtained funding. All authors have read and 
agreed to the published version of the article. 

 

1.3.2.0 Abstract 
Hepatitis C virus (HCV), despite the availability of effective direct-acting antivirals (DAAs) that 

clear the virus from >95% of individuals treated, continues to cause significant health care 

burden due to disease progression that can lead to fibrosis, cirrhosis, and/or hepatocellular 

carcinoma. The fact that some people who are treated with DAAs still go on to develop 

worsening liver disease warrants further study into the immunopathogenesis of HCV. Many 

viral infections, including HCV, have been associated with activation of the inflammasome/ 

pyroptosis pathway. This inflammatory cell death pathway ultimately results in cell lysis and 

release of inflammatory cytokines, IL-18 and IL-1‍. This review will report on studies that 

investigated HCV and inflammasome activation/pyroptosis. This includes clinical in vivo data 

showing elevated pyroptosis-associated cytokines in the blood of individuals living with HCV, 

studies of genetic associations of pyroptosis-related genes and development of liver disease, 



 75 

and in vitro studies aimed at understanding the mechanism of pyroptosis induced by HCV. 

Finally, we discuss major gaps in understanding and outstanding questions that remain in the 

field of HCV-induced pyroptosis. 

 

1.3.2.1 Introduction 

1.3.2.1.1 Hepatitis C virus 
Chronic hepatitis C virus (HCV) infection is associated with the development of liver 

fibrosis, cirrhosis, and hepatocellular carcinoma with ~58 million individuals currently 

infected worldwide [1]. Hepatitis C virus is a small, enveloped, icosahedral, single-

stranded RNA virus in the hepacivirus genus of the family Flaviviridae [16]. If left 

untreated, ~80% of individuals who are infected will develop chronic infection along 

with increased risk of liver disease, including cirrhosis and hepatocellular carcinoma 

[35]. Hepatitis C virus is, in some respects, a scientific success story as it is currently the 

only chronic viral infection that can be completely cured using direct acting antivirals 

(DAAs; [35]). Due to the success of DAAs, the WHO has launched an ambitious goal of 

HCV elimination by 2030 [35]. While theoretically possible to treat every infected 

individual, success is dependent on the ability to locate and treat every individual living 

with HCV, including those who are currently unaware of their infection status. The goal 

of elimination is challenged by three factors. (1) The scientific community has been 

unable to produce an HCV vaccine offering effective protection against infection 

(approaches and difficulties in developing an HCV vaccine are discussed in [358]). (2) 

Individuals who are infected and subsequently treated with DAAs or those who 

spontaneously clear the virus have no detectable immune memory response, resulting 
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in the possibility of repeat infections [40,44]. (3) Some individuals who achieve 

sustained virological response continue to develop worsening liver disease despite virus 

elimination [7ς10]. With these considerations in mind, understanding how HCV causes 

disease, how the immune system responds to this virus, and the role of infection-

induced immune system dysfunction, are vital if 2030 elimination targets are to be met.  

 

1.3.2.1.2 Inflammasome activation and pyroptosis 
Pyroptosis is an inflammatory form of programmed cell death that has implications for 

the innate immune responses to stimuli such as viruses as well as contributing to the 

pathogenesis associated with many infectious diseases [192,194,205,239,276,359ς361]. 

The pyroptosis pathway can be triggered by numerous stimuli, including some yet to be 

identified. Known and described triggers of the pyroptosis pathway include, but are not 

limited to, viral RNA [216ς218], cytoplasmic mitochondrial DNA (mtDNA) [212,213], 

reactive oxygen species (ROS) [214,215], viral proteins [108,208,223ς226], ion 

concentration changes [227,228], cell swelling [231], and ATP [221,222]. The classic 

pathway begins when a receptor, such as NLRP3 (nucleotide oligomerization domain, 

leucine-rich repeat protein 3; ), AIM2 (absent in melanoma 2), NLRC5, or IFI16, among 

others, is triggered, leading to the recruitment and oligomerization of ASC (apoptosis-

associated speck-like protein containing a CARD [caspase recruitment domain]). Pro-

caspase-1 is then recruited and undergoes self-proteolysis whereby caspase-1 is cleaved 

into its active form. The inflammasome (the effector protein complex for the pyroptosis 

pathway) contains the receptor, ASC (if the receptor does not contain its own CARD 

domain), and effector molecule, caspase-1. The inflammasome then cleaves gasdermin-
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D (GSDM-D) into the C- and N-terminus. The N-terminus subsequently localizes to the 

plasma membrane and forms pores. This pore formation will ultimately lead to cell lysis 

following overwhelming pore numbers when compared to the ability of membrane 

repair complexes to fix these pores [362ς365].  The inflammasome complex also 

mediates cleavage of pro-IL-1‍ and pro-IL-18 into their mature forms, which are 

subsequently released from cells, utilizing GSDM-D pores for their escape [366ς369]. 

The pyroptosis pathway is extensively reviewed in [141] and HCV-induced pyroptosis is 

summarized in Fig1.3.  

 

tȅǊƻǇǘƻǎƛǎ Ƙŀǎ ōŜŜƴ ŘǳōōŜŘ ŀ άŘƻǳōƭŜŘ-ŜŘƎŜŘ ǎǿƻǊŘέ ŀǎ ƛǘ ƛǎ ǘƘƻǳƎƘǘ ǘƻ ŎƻƴǘǊƛōǳǘŜ ǘƻ 

innate immune responses by acting as an alarm system to recruit other immune cells 

and contribute to an effective adaptive immune response [106,111,370,371]. However, 

this can also be detrimental to the host, as the pyroptosis pathway can become over-

activated, leading to uncontrollable inflammation. The over-activation of the 

inflammasome is thought to contribute to the pathogenesis of many viral infections, 

including, but not limited to, influenza A virus [103,108,114,122,123,125,253], SARS-

CoV-2 [99,101,301], HIV [255,256] and, as discussed in detail below, HCV. 

 

It is important to note that most publications regarding HCV-induced inflammasome 

activation/pyroptosis pay particular interest to the NLRP3 inflammasome. There seems 

to be a bias in the field, suggesting that RNA viruses only activate NLRP3 despite 

extensƛǾŜ ǊŜǇƻǊǘǎ ƻŦ ƻǘƘŜǊ wb! ǾƛǊǳǎŜǎ ŀƭǎƻ ŀŎǘƛǾŀǘƛƴƎ ǘǊŀŘƛǘƛƻƴŀƭƭȅ ά5b!-ŀǎǎƻŎƛŀǘŜŘέ  
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Figure 1.3 Summary of HCV-induced pyroptosis. HCV activates NLRP3 (and/or another yet-

unidentified sensor), which subsequently oligomerizes with ASC. Caspase-1 is then recruited as 

the executioner caspase. This protein complex is dubbed the inflammasome. Caspase-1 within 

this complex then cleaves GSDM-D into its pore-inducing form, which migrates to the cell 

membrane to create pores. Caspase-1 also cleaves pro-IL-1‍ and pro-IL-18 into their mature 

forms for subsequent release from cells through GSDM-D pores. This figure was created using 

BioRender.com and was adapted from Wallace and Russell, 2022 [181]. 
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sensors (extensively reviewed by Wallace and Russell [181]). Investigation into whether 

HCV can activate multiple inflammasomes, including those traditionally associated with 

DNA sensors, is lacking. To fully understand the effect of HCV activation of 

inflammasomes and pyroptosis, investigation of other sensors must be expanded.  

 

For many years, it was unclear whether inflammasome activation always lead to 

pyroptosis [372]. However, more recent studies have shown that this varies 

substantially and that not only does inflammasome activation not always lead to lytic 

cell death [365], but that there are alternative pathways and crosstalk between various 

cell death pathways that can lead to inflammasome activation [31,172,174,373ς375], 

and that IL-1‍ can be secreted without GSDM-D pore formation and cell lysis [376]. 

Therefore, this review will consider publications documenting both inflammasome 

activation as well as pyroptosis induction by hepatitis C virus [377].  

 

1.3.2.1.3 Is there a role for the inflammasome in HCV-induced disease even after cure?  
Pathogenesis of HCV has been well studied, but has never been completely understood. 

Although DAA treatment results in curative rates above 90% [35], and is associated with 

decreased serum levels of many inflammatory markers, such as CXCL10, RIG-I, STAT1, 

and IRF7, levels of IL-1‍ and IL-18 in serum, even after cure, remain elevated [3]. Some 

work from the post-DAA introduction era has documented 10% of individuals with 

ongoing increased levels of alanine transaminase (ALT) while another 25% have ALT 

ƭŜǾŜƭǎ ŀōƻǾŜ ǘƘŜ άƘŜŀƭǘƘȅ ǊŀƴƎŜέ [10]. A 2021 study detailed the importance of ongoing 
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follow-up with individuals who have achieved SVR, since hepatocellular carcinoma (HCC) 

was the most widely-reported complication, including among individuals who had 

achieved SVR [8]. Another 2021 study supports the idea that there is ongoing 

inflammation, even following achievement of SVR. Montaldo et al. isolated extracellular 

vesicles (EVs) from healthy controls and from individuals with HCV before and after 

achieving SVR. Upon exposure of cells in culture to EVs from individuals with HCV (even 

following SVR), analysis showed markers of fibrosis (both mRNA and protein), indicating 

that pro-fibrotic signals persist even after cure [9]. Given accumulating evidence that 

some individuals who undergo curative therapy still develop worsening liver disease in 

the absence of productive infection [7ς10], additional research is needed to understand 

HCV-induced inflammation and pyroptosis.  

 

1.3.2.2 What do we know about HCV-induced inflammasome activation/pyroptosis? 

1.3.2.2.1 Evidence for Pyroptosis in vivo  
Many early studies of HCV-induced inflammasome activation/pyroptosis did not set out 

to consider this pathway but noticed elevated levels of what are known now to be 

pyroptosis-associated inflammatory cytokines. The earliest known report (2002), was 

published when the link between IL-1‍/IL-18 and inflammasome activation/pyroptosis 

was still being teased out and long before development and implementation of curative 

DAAs. This early publication compared serum levels of a variety of inflammatory 

cytokines in individuals living with HCV who were either undergoing hemodialysis or 

were not. While the authors did not report many stark differences in cytokine levels, 

they did note that individuals undergoing hemodialysis had significantly lower serum 
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levels of IL-1‍ compared to counterparts who were not regularly undergoing 

hemodialysis. The authors suggested that hemodialysis may aid in elimination of 

inflammatory triggers from the blood of individuals living with HCV [268] (Fig1.4).  

 

A 2006 study noted elevated levels of plasma IL-6 and IL-18 in individuals living with 

either HCV or HBV when compared to healthy control groups. This work also indicated 

that IL-18 was positively correlated with serum ALT activity and serum aspartate 

transaminase (AST) activity, both of which are associated with liver damage. The authors 

of this study proposed that IL-6 and/or IL-18 may have important roles as markers of 

inflammation and hepatic injury, particularly during the course of HCV infection [5].  

 

Several years later, elevated levels of the another inflammasome-associated cytokine, 

IL-18, in plasma, were documented. In a 2011 longitudinal study, the authors tested 

plasma from individuals living with HCV (with known date of virus acquisition) for 

changes over time in levels of inflammatory markers, including IL-1‍, IL-6, IL-8, IL-12, IL-

18, IFN-‎, TNF-‌, and ALT. Interestingly, the only significant changes detected were in 

the levels of IL-18, which increased in each individual with initial detection of HCV RNA. 

For spontaneous clearers (individuals who cleared the virus without curative drug 

therapy), IL-18 plasma levels decreased to pre-infection baseline following infection 

resolution. In contrast, individuals who developed persistent HCV infections were found 

to have decreased plasma IL-18 following the acute phase of infection but levels 
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Figure 1.4 Summary of published findings on HCV-induced pyroptosis/inflammasome activation 

triggers and the one published way of inhibiting this process. This figure should serve as a visual 

representation of the summary of in vitro findings included in Table 1.3. This figure was created 

using BioRender.com and adapted from Wallace and Russell, 2022 [181]. 
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remained above baseline pre-infection levels and did not correlate with HCV RNA or ALT 

levels. These findings suggest IL-18 may play a role in the modulation of the innate 

immune response to persistent infection [4]. 

 

More recently, particularly following the finding that pyroptosis of CD4+ T cells is 

involved in the pathogenesis of HIV infection [255,256], publications once again focused 

on pyroptosis-associated cytokines. A 2016 study by Veenhuis et al. documented 

systemic elevation of IL-18 in individuals living with HIV/HCV co-infection versus 

individuals living with monoinfection of HIV or HCV. In individuals living with HIV, IL-18 

serum levels correlated with detectable HIV viremia and were inversely correlated with 

CD4+ T cell counts [6].  

 

1.3.2.2.2 Genetic Associations of HCV and Inflammasome-related Genes 
Following early findings of elevated levels of IL-1‍ and IL-18 in serum of individuals 

living with HCV, there was interest in determining whether any genetic polymorphisms 

were associated with these genes and whether that could influence the response to HCV 

and the potential for viral clearance. Previous studies had suggested that IL-18 plays a 

role in viral clearance and fibrosis development, and identified polymorphisms at -607 

and -137 of the IL-18 promoter sequence that were associated with susceptibility to 

HBV infection [378,379]. So, Manohar et al. investigated the role of these SNPs in HCV 

infection. More than 200 individuals living with HCV as well as 350 healthy controls were 

enrolled in this study. The authors found no significant difference with regards to the 

frequency of the -607 and -137 alleles between those living with HCV versus healthy 
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controls. However, when individuals living with HCV were divided into groups based on 

mild or severe liver disease, there were significantly more individuals in the mild disease 

group with the -607 A/A allele than in the group with severe liver disease. Therefore, 

the authors suggested that the -607 allele may have a protective effect as it was 

associated with more mild disease [380].  

 

In 2019, a group from Egypt was interested in understanding the potential associations 

of nine SNPs in four inflammasome-related genes (nlrp3, card8, IL-1‍, and IL-18) with 

susceptibility to HCV infection as well as outcomes for individuals treated with 

interferon. This study included 201 individuals with chronic HCV and 95 healthy controls. 

Genotyping was performed and the CC genotype of NLRP3-re1539019 was found to be 

correlated with decreased risk of developing chronic HCV. The same association was 

found for the CA genotype of the A allele of NLRP3-rs35829419, as well as the GG 

genotype of the G allele of IL-18-rs1946518. Interestingly, the AA genotype of IL-1‍-

rs1143629 was found significantly more frequently in individuals living with HCV than in 

healthy controls. The frequencies of the AA genotype of NLRP3-rs1539019, CC genotype 

and C allele of NLRP3-rs35829419, and the TT genotype and T allele of CARD8-

rs2043211 were all found more frequently in individuals who did not respond to 

treatment with interferon. Important to note, SNPs in the genes encoding IL-1‍ and IL-

18 did not show any significant correlation with response to treatment with interferon. 

Together, the authors suggested that there are genetic variants associated with both 

susceptibility to HCV infection as well as response to interferon treatment [381]. 
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Following up on these earlier studies, a 2021 study in Brazil showed polymorphisms in 

inflammasome-associated genes in 151 individuals living with HCV (subdivided into mild 

or advanced fibrosis) and compared them with 206 healthy controls. The genes 

encoding IL-1‍, IL-18, NLRP3, CARD8, CTSB, and AIM2 were genotyped for all 

individuals. Among the healthy controls, the NLRP3-rs10754558 C/C genotype was 

associated with higher serum IL-1‍ compared to the G/G genotype. A similar pattern 

was observed in individuals living with HCV. This suggests that changes to genes coding 

for proteins upstream of pro-IL-1‍ processing may have effects on serum levels. This is 

supported by the fact that serum IL-1‍ from individuals living with HCV was higher than 

that from healthy controls. The authors also performed some gene-gene interaction 

studies, which revealed that individuals who were heterozygotes for both CARD8-

rs2009373 and IL-1‍-rs16944, heterozygotes for CTSB-rs1692816 and AIM2-rs1103577, 

or heterozygotes for IL18-rs187238 and NLRP3-rs10754558 were less likely to develop 

chronic HCV. This again supports the idea that inflammasome-related genes have 

impacts on outcomes and infection with HCV [382].  

A summary of the genetic associations of HCV and inflammasome-related genes can be 

found in Table 1.2.  

 

1.3.2.2.3 Mechanistic Studies in vitro 
By 2013, inflammation and associated increases of blood IL-1‍ and IL-18 had been well 

documented in individuals living with HCV, but the mechanism, other than some genetic 

associations, had not been discerned.  
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Table 1.2 Summary of genetic associations of HCV and inflammasome-related genes. 
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One of the early studies (2013) that attempted to determine the mechanism by which 

HCV causes inflammation pointed out that, the mechanism of hepatic inflammation was 

unknown, and that the mechanism by which HCV triggers this inflammation were 

unknown at that time. Attempting to understand these mechanisms and knowing that 

macrophages had been studied extensively in terms of their ability to undergo 

pyroptosis and secrete IL-1‍ and IL-18, the authors searched for evidence that hepatic 

macrophages play a role in HCV-associated inflammation. The data suggested 

macrophages taken from both PBMCs as well as liver-resident Kupffer cells produced IL-

1‍ following HCV exposure. They investigated this further using THP-1 cells where they 

were able to document a rapid, although transient, increase in caspase-1 activation, 

which subsequently led to secretion of IL-1‍Ȣ Although HCV can enter macrophages by 

CD81-independent phagocyte-mediated uptake, productive HCV infection has not been 

documented in macrophages, suggesting virion production is not necessary to trigger 

the pyroptosis pathway in these cells. To follow up, the authors showed that HCV RNA 

can trigger TLR7-mediated signalling, which leads to an increase in IL-1‍ mRNA levels. 

Taken together, the authors concluded that IL-1‍ production and secretion may 

contribute to HCV-associated hepatitis [265]. Another study was also published in 2013 

with similar findings. The authors also exposed THP-1 cells, macrophages from PBMCs, 

or Kupffer cells to cell culture-derived HCV, which led to increased activation of caspase-

1 in a NF-‖B-dependent manner. Because some literature has suggested that 

viralproteins with viroporin function can trigger the inflammasome pathway 

[85,223,279,289,383], the authors investigated whether RNA coding for HCV p7 could 
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trigger pyroptosis. They documented exposure of macrophages to RNA encoding p7 

was, indeed, sufficient to trigger IL-1‍ secretion. The authors concluded, similarly to 

Negash et al., that circulatory and/or resident macrophages may be involved with HCV-

induced liver inflammation [384]. 

 

HCV had been shown previously to trigger a type I IFN response in hepatocytes via TLR3 

activation. Chattergoon et al. were interested in the differences in inflammatory 

pathway induction in response to HCV in various cell types. They demonstrated that 

HCV can activate the inflammasome, but not type I IFN responses, in monocytes and 

macrophages. They further determined that this was infection- and TLR3-independent, 

but was dependent on endosomal TLR7 activation. This was an interesting finding, as 

TLR7 sensing of HCV in monocytes does not lead to downstream IFN production. 

Together, the authors reported infection-independent mechanisms of inflammation 

with TLR utilization that was cell type-dependent and suggested this could play a role in 

the chronic inflammation associated with HCV [385].  

 

In contrast to some earlier studies discussed above, a 2014 publication by Chen et al. did 

not confirm that HCV exposure alone was sufficient to trigger inflammasome activation 

in THP-1 cells. However, if THP-1 cells were transfected with HCV viral RNA, there was a 

clear dose-dependent increase in the secretion of IL-1‍Ȣ It was also noted that HCV RNA 

transfection resulted in ASC oligomerization and cleavage of pro-caspase-1 into its 
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active form. Initiation of the inflammasome pathway was also determined to be 

dependent on the production of ROS, but was independent of RIG-I signalling [217].  

 

Prior to 2014, work had already been completed that indicated chronic HCV infection 

leads to decreased IFN-‎ production by natural killer (NK) cells. In a 2014 publication, 

Serti et al. aimed to further understand the mechanism by which this occurs. The 

authors used PBMCs from individuals living with HCV or healthy controls, and NK cells 

were isolated or eliminated. The cells were then co-cultured with Huh7 cells that were 

left untreated or were expressing an HCV subgenomic replicon prior to examining 

antiviral activity, cytotoxicity, and cytokine production. NK cells displayed greater 

amounts of IFN-‎ when PBMCs were co-cultured with Huh7 cells expressing the replicon 

than when co-cultured with untreated Huh7 cells. Interestingly, NK cell production of 

IFN-‎ was reduced when NK cells were isolated from PBMCs and then the NK fraction 

was co-cultured with Huh7 cells. The same result of decreased IFN-‎ production by NK 

cells was shown when PBMCs were depleted of monocytes, leaving all other immune 

cells, and then co-cultured with Huh7 cells. This decrease in IFN-‎ was not seen when all 

PBMCs were co-cultured with Huh7 cells, suggesting that monocytes play an important 

role in IFN-‎ production by NK cells in this context. The authors noted that knockdown 

of the inflammasome pathway, or IL-18 neutralization, both had the same effect as 

depleting monocytes, suggesting that the pyroptosis pathway in monocytes is necessary 

for stimulating antiviral effects of NK cells during HCV infection. Since individuals living 

with HCV are known to have decreased monocyte function, this could explain why NK 
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cell antiviral activity is also attenuated during infection with HCV [386]. Although the 

authors did not aim to study the effects of inflammasome activation/pyroptosis, a 2013 

study by Holder et al., also showed NK cell dysfunction when NK cells were co-cultured 

with HCV-infected Huh-7.5 cells, further supporting the idea that HCV can negatively 

affect NK cell function [387]. 

 

Early literature relating to the pyroptosis pathway focused mostly on its occurrence in 

immune cells, with general consensus that other cell types did not undergo this process 

[107,184,221,388ς391]. Our lab first identified pyroptosis of Huh-7.5 cells infected with 

HCV (JFH-1T) in 2016. Kofahi et al. identified not only pyroptosis and apoptosis of 

ƛƴŦŜŎǘŜŘ ŎŜƭƭǎΣ ōǳǘ ŀƭǎƻ ǇȅǊƻǇǘƻǎƛǎ ŀƴŘ ŀǇƻǇǘƻǎƛǎ ƻŦ ǳƴƛƴŦŜŎǘŜŘ άōȅǎǘŀƴŘŜǊέ ŎŜƭƭǎΦ ¢Ƙƛǎ 

was the first report of bystander pyroptosis induced by HCV in vitro and is thought to 

potentially contribute to the pathogenesis associated with chronic infection [155].  

 

Many viruses encode for viroporins which have been suggested to induce activation of 

the inflammasome in response to changes in ion concentrations within the cell 

[85,223,225,279,289,383]. The exact function of the HCV p7 is not fully understood but 

one of its proposed functions is to act as a viroporin, as mentioned above. To study this, 

the authors of a 2017 study recorded that IL-1‍ secretion differed between HCV 

genotypes despite TNF secretion remaining consistent across the various genotypes. The 

authors pointed out that it had already been reported that HCV infection can activate 

the NLRP3 inflammasome, but the mechanism had yet to be confirmed. The authors 
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proposed that p7, as a viroporin, was the trigger of inflammasome activation. The full 

function of p7 has never been elucidated as generating an antibody against it has been 

problematic and adding an FLAG tag to either the C- or N-termini leads to different 

cellular localization of p7 [392](reviewed in [393]). The data showed that when pH 

decreased, the activity of p7 increased. Overall, the authors concluded that their data 

matched that of others who had proposed that viroporins trigger the activation of 

inflammasomes. There are some inherent limitations to this study as HEK293T cells 

were used, which differ substantially from hepatocytes [394].  

 

After Negash et al. (2013) previously published their findings of NLRP3 inflammasome 

activation triggered by HCV in hepatic macrophages, they published a follow-up study to 

better understand this cascade of events [266]. Here, the authors identified HCV core 

protein as a viroporin that can trigger inflammasome activation. It was determined that 

macrophages exposed to either HCV or soluble core protein alone was both necessary 

and sufficient to trigger IL-1‍ production. To further understand the mechanism behind 

this process, the authors investigated the role of each of the structural proteins and p7. 

They observed that either p7 or HCV core was able to trigger activation of the 

inflammasome and that this process was dependent on calcium mobilization. Overall, 

this adds to our understanding of innate immune responses to HCV [266].  

 

It is well established that cells infected with HCV display substantial rearrangement of 

organelles [395ς399]. The authors of a recent paper were interested to learn whether 
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the pyroptosis pathway was involved, specifically with regards to Golgi fragmentation. 

At homeostasis, it was determined that ASC resides at the Golgi with Golgi-resident 

protein immunity-related GTPase M (IRGM). Following HCV infection, ASC disassociated 

from the IRGM and the Golgi and, instead, associated with HCV-triggered pyroptosis 

sensor NLRP3. Inhibition of NLRP3 via siRNA knock-down, led to decreased Golgi 

fragmentation, while ASC inhibition, also by siRNA knock-down, was associated with 

changes to Golgi structure in both control and infected cells, accompanied by decreased 

IRGM localized within the Golgi. Together, these results suggest a role of ASC upstream 

of the pyroptosis pathway where it may regulate IRGM and control of the Golgi. To 

determine whether this phenomenon is HCV-specific, the authors repeated experiments 

using either related Zika virus or the common NLRP3-specific positive control, LPS with 

nigericin stimulation. Results obtained when LPS/nigericin was used were similar to 

those acquired when cells were infected with HCV. Interestingly, the results were not 

similar when cells were infected with Zika virus. Overall, these findings suggest 

additional functions of inflammasome components during cell organelle restructuring, 

at least within the context of specific stimuli [267]. Other research on Zika virus-induced 

cell death has demonstrated activation of both NLRP3 and AIM2 in the brains of fatal 

cases of Zika virus-induced microcephaly [205]. Perhaps the results reported by Daussey 

et al. (2021) are a finding specific to NLRP3, which could account for their negative 

results with Zika virus. These observations could also be a cell type-dependent 

phenomenon, since a hepatoma cell line was used for the HCV experiments while a 

macrophage cell line was used for the Zika experiments. While both hepatoma-like and 
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macrophage-like cell lines have been reported to undergo inflammasome 

activation/pyroptosis in the context of viral infections, it is unclear whether the details 

regarding this pathway are exactly the same in both cell types for a given virus or family 

of viruses [31,155,265,266].   

 

Previous literature has documented activation of NLRP3 by HCV in hepatocytes. 

Ramachandran et al., in their 2021 paper discuss that, in hepatocytes, NLRP3 

inflammasome activation is regulated by post-translational modifications and is 

specifically modified by lysine-63 ubiquitination chains, as well as the fact that NLRP3 is 

specifically deubiquitinated during HCV infection. Chemical or siRNA 

inhibition/knockdown of deubiquitinases blocked inflammasome assembly and 

activation, which was accompanied by decreased IL-1‍ maturation, reduced HCV 

protein expression, and lower levels of HCV virion release from cells. Together, these 

findings suggest that NLRP3 inflammasome activation is necessary for the HCV life cycle, 

as well as suggest that deubiquitinases are one of the main regulators of the 

inflammasome during HCV infection [400].  

 

An ongoing theme in the virus-induced pyroptosis literature is the attempt and desire to 

determine which viral proteins specifically trigger pyroptosis. As viral glycoproteins are 

often a major antigen during infection, a 2021 study compared the glycoproteins from 

several different viruses to evaluate their ability to trigger inflammasome activation in 

THP-1 cells. Like many of the other viral glycoproteins tested (SARS-CoV-1/2 and HCMV), 
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the HCV glycoproteins (E1/E2) triggered the NLRP3 inflammasome, indicated by ASC 

oligomerization, GSDM-D cleavage, and IL-1‍ secretion. This result was confirmed by 

using CRISPR-Cas9 knockout of NLRP3 and GSDM-D which abrogated the above result, 

confirming their findings [401].  

 

The most recent work from our own lab focused on crosstalk between apoptosis and 

pyroptosis, but here we will discuss the findings related to inflammasomes and 

pyroptosis. We found that NLRP3 inhibition by CRISPR-Cas9 knock-down did not 

completely eliminate caspase-1 activation, suggesting that multiple inflammasomes may 

be involved in HCV-induced pyroptosis. We also found that when GSDM-D was knocked 

out, there was a shift towards apoptosis, suggesting substantial crosstalk between these 

two cell death pathways. We also showed for the first time, to our knowledge, the 

simultaneous activation of both the apoptosis and pyroptosis pathways within the same 

HCV-infected cell. Additionally, we also showed, similarly to the findings by 

Ramachandran et al. (2021), that inhibition of the pyroptosis pathway by CRISPR-Cas9 

knock-down of NLRP3 or GSDM-D led to both a decrease in extracellular titre (or virion 

release) as well as a switch in the ratio of intra- to extracellular titre. Traditionally, 

extracellular titre is ~1 log higher than intracellular, but in the knock-down cells, the 

intracellular titre was significantly higher, suggesting HCV utilizes cell death pathways as 

a mechanism of pathogenesis [31], further supporting earlier findings by Ramachandran 

et al. (2021).  
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A summary of the main findings from mechanistic studies of HCV-induced 

inflammasome activation/pyroptosis in vitro can be found in Table 1.3 and a visual 

summary can be found in Fig1.3. 

 

1.3.2.3 What are some of the main unknowns? 
There is still much to be learned in the field of HCV-induced pyroptosis, including both 

basic and applied science studies. In our opinion, the main questions remaining can be 

grouped together into three main categories.  

 

i) Mechanistically, which part of HCV or its life cycle triggers pyroptosis? 

There is some evidence, as mentioned above, that p7, core, and E1/E2 contribute to 

HCV-induced pyroptosis, but the data is not conclusive at the present time and warrants 

further research.  

 

ii) What impact does inflammasome activation have on post-cure liver disease? We 

know that there are signs of ongoing-liver inflammation post HCV cure, but the extent 

to which this inflammation is driven by the inflammasome pathway remains unknown.  

 

iii) Inflammasome-component inhibitors have been approved by the FDA for treatment 

of other inflammatory conditions, generally those associated with genetic conditions 

that result in over-activation of the inflammasome pathway. Do those inhibitors have 

any effect on clearance/further development of liver disease? Currently, this question 

remains unanswered. Drugs already approved by the FDA include anti-IL-1‍ blocking  
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Table 1.3 Summary of in vitro findings related to the trigger and general understanding of HCV-

induced pyroptosis, separated by study. 
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treatments (ex Canakinumab), IL-1Ra agents (IL-1 antagonist; ex Anakinra and Rilonacept), as 

well as disulfiram, which blocks GSDM-D pore formation [402]. There are also a number of 

drugs currently in clinical trials that work against some part of the inflammasome pathway, 

including several that inhibit NLRP3. However, extensive testing of these drugs with regards 

their effect on clearance of viral infection or decreasing virus-induced inflammation has not yet 

been performed on a wide scale. Patients with severe coronavirus disease 2019 (COVID-19) are 

known to have increased levels of inflammatory cytokines in their blood [99ς101,299,403] and 

SARS-CoV-2 infection activates the inflammasome in abortively-infected human monocytes 

[100]. One IL-1 antagonist (Anakinra) was given emergency use authorization in 2022 for the 

treatment of hospitalized COVID-19 patients who required supplemental oxygen or who were 

likely to develop respiratory failure [404], but these results have not yet been published. 

Optimistically, this will set a precedent for these compounds to be tested in clinical trials for 

other viral infections associated with substantial inflammation, including HCV. 

 

1.3.2.4 Conclusions 
It is apparent that our knowledge of HCV-induced inflammasome activation/pyroptosis 

has expanded greatly in the last 20 years. We have learned that individuals living with 

HCV have increased levels of pyroptosis-associated inflammatory cytokines, IL-18 and IL-

1‍, in their serum [4ς6,268], including in individuals who have reached viral cure. On a 

genetic level, we now know that many inflammasome-related genes are correlated with 

various outcomes of infection with HCV. Research has shown various SNPs in 

inflammasome-related genes to be associated with numerous outcomes to HCV 

infection: SNPs within the gene coding for IL-18 have been associated with more mild 
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liver disease, SNPs in the genes coding for NLRP3 and IL-18 have been associated with 

decreased risk of developing chronic HCV, SNPs in the gene encoding IL-1‍ are found 

more frequently in individuals living with HCV, and some SNPs are more frequently 

found in individuals who did not respond to HCV treatment [380ς382]. From a 

mechanistic, or in vitro perspective, while acknowledging the significant developments 

and discoveries, we have also learned that there remain many unanswered questions. 

Some of the earliest work suggested that inflammasome activation in 

monocytes/macrophages by HCV was triggered by HCV exposure or HCV RNA exposure, 

and that this may contribute to liver inflammation [217,265,384]. We learned that 

inflammasome activation in monocytes is necessary for NK cell activation during HCV 

infection [386]. Work from our own lab has showed activation of both pyroptosis and 

apoptosis in both infected cells and uninfected bystander cells, and that pyroptosis is, at 

least in part, dependent on NLRP3 [31,155]. Our work, and that of Ramachandran et al., 

also showed that inflammasome activation is necessary for the HCV viral life cycle, 

including progeny virus release [31,400]. More recent work has shown that p7, core 

protein, and envelope proteins E1/E2 can act as viroporins and may be involved in initial 

stimulation of the inflammasome pathway.   

 

Overall, the HCV-induced inflammasome activation/pyroptosis field is in its infancy. 

Significant progress has been accomplished but more work remains to determine the 

effect that this pathway has on HCV infection, clearance, and ongoing liver inflammation 

and disease after curative therapy with DAAs.  
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1.3.3 HCV-induced necroptosis 
There have been no published reports of necroptosis induction by HCV in vivo or in vitro. 

Indeed, our own unpublished data from the lab (by Lingyan Wang) does not suggest any 

activation of the necroptosis pathway induced by HCV in vitro. There is one single 

publication that reported apoptosis inhibition by necrostatin-1 which is interesting, 

given the fact that necrostatin-1 is generally thought of as an inhibitor of necroptosis via 

inhibition of RIPK1 [405]. This suggests possible crosstalk between the apoptosis and 

necroptosis pathways in the context of HCV infection which could be an interesting area 

of follow-up should the research from our own publication on crosstalk between the 

apoptosis and pyroptosis pathways (detailed in Chapter 2; Wallace et al., 2022 [31]) be 

pursued further.  

 

1.4 Influenza (IAV)-induced Cell Death 

 1.4.1 IAV-induced Apoptosis 
 

Similarly to what has been determined relating to HCV, there is no consensus in the 

literature regarding whether IAV-induced apoptosis is a mechanism of pathogenesis or a 

mechanism used as an anti-viral response by the immune system, despite an extensive 

body of literature that investigates IAV-induced apoptosis and decades of debate by 

scholars in the field.  
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Identification of apoptosis induction by influenza viruses has been well established, with 

some of the earliest reports dating back to the early 1990s [406,407]. IAV-induced 

apoptosis has been established in a variety of cell types including, but not limited to, 

lymphocytes [408,409], neutrophils [410], endothelial cells [411], and various airway 

epithelial cells [412ς415].  

 

Other work has attempted to determine which viral protein of IAV plays a role in 

apoptosis induction which has also resulted in a variety of different findings. The NP 

[413], NS1 [415ς417], NA [418], and PB1-F2 [419,420] of IAVs have all been implicated 

in apoptosis induction while contrasting results have also been reported, showing that 

NS1 actually inhibits apoptosis [421].  

 

More recent work has identified PAN-optosis induction by IAV, confirming activation not 

only of apoptosis but also of simultaneous activation of the pyroptosis and necroptosis 

pathways [422]. Despite this, the role of apoptosis in IAV infection in vivo and the extent 

to which this contributes to disease associated with severe IAV infections remains to be 

fully elucidated.  

 

1.4.2 IAV-induced Pyroptosis 
 

IAV-induced pyroptosis was included in section 1.2.2.3.1.5 of this thesis which 

corresponds to the section on Orthomyxoviridae from the review entitled: Promiscuous 

Inflammasomes: The False Dichotomy of RNA/DNA Virus-induced Inflammasome 
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Activation and Pyroptosis which was published in Viruses in 2022. Since IAV-induced 

pyroptosis was previously covered above, this section will be limited to a few additional 

background findings that were not previously included.  

 

As with many viruses that induce cell death, there is interest in this field to determine 

which viral protein triggers pyroptosis. To date, different groups have suggested 

involvement of three different viral proteins in IAV-induced pyroptosis. The M2 ion 

channel [85,86] and replication complex component PB1-F2 [196] have been both 

implicated in initiation of pyroptosis while NS1 has been reported to inhibit NLRP3 and 

subsequent pyroptosis [250].  

 

Also noted above in the IAV section, much of the work on the pathogenesis of IAVs has 

been done using IAV isolates known as PR8 or pandemic Ψлф. This is particularly true of 

studies of IAV-induced pyroptosis. Much of what is known is due to the use of PR8 

[85,86,104,106,108ς114,308], Pandemic 2009 [110,114,116,118], or HPAIs that have 

caused significant numbers of human infections (ex. H5N1) [122,125]. Meanwhile, 

almost nothing is known about pyroptosis induction by other IAVs that have not been 

associated with human disease. While there has been much work done relating to PR8 

and Pandemic Ψ09-induced pyroptosis in isolation, whether these findings are 

representative of and generalizable to other subtypes and isolates of IAVs remains 

unknown.  
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1.4.3 Influenza-induced Necroptosis 
Although there has been extensive research on IAV-induced apoptosis and pyroptosis, 

and significant evidence that overwhelming inflammatory responses drive the 

pathogenesis associated with IAV infection, there has been less research conducted on 

IAV-induced necroptosis. However, studies to date are thorough and well executed, 

allowing for overall conclusions to be made regarding how IAV triggers necroptosis and 

how the necroptosis pathway could be targeted for drug development to prevent 

severe disease in response to IAV infection. The major limitation of most of these 

studies is, as above, the use of limited numbers of IAV isolates and the uncertainty 

regarding whether these viruses truly represent IAV infections in vivo or whether they 

are broadly representative of all IAVs.  

 

Over the last decade, it has become apparent that induction of necroptosis occurs in 

response to IAV infection, particularly in respiratory epithelial cells [319,423ς428]. IAV-

RNA is sensed by Z-form nucleic acid binding protein 1 (ZBP1) which then activates 

RIPK3, subsequently leading to the phosphorylation of MLKL to induce pore formation in 

the cell membrane independently of RIPK1 [319,423,427]. Interestingly, viral clearance 

seems to occur independently of IAV-induced necroptosis which may be due to the fact 

that RIPK3 can also trigger simultaneous activation of the apoptosis pathway, likely 

aiding in virus clearance [423]. Importantly, the kinase activity of RIPK3 is necessary for 

necroptosis induction but not for apoptosis, making RIPK3 an attractive drug target for 

ǘǊŜŀǘƛƴƎ L!± ǿƘƛƭŜ ƳŀƛƴǘŀƛƴƛƴƎ ǘƘŜ ƛƳƳǳƴŜ ǎȅǎǘŜƳΩǎ ŀōƛƭƛǘȅ ǘƻ ǇŜǊŦƻǊƳ ŀƴǘƛǾƛǊŀƭ 

functions through the apoptosis pathway [425]. Treating IAV infections with a RIPK3 
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inhibitor was recently described for both in vitro and mouse models, using both lab-

adapted IAVs as well as pandemic strains, with great success, showing decreased 

mortality and lung pathology without impeding the immune system or delaying viral 

clearance [428]. It will be incredibly interesting to see if and how clinical trials occur 

using the RIPK3 inhibitor described by Gautam et al. for prevention of severe disease in 

response to IAV infection [428]. 

 

1.5 Research Objectives 
It has been well established that programmed cell death plays a role in virus infection, but 

whether that role is as a mechanism of pathogenesis or an innate immune response to limit 

viral infections, remains to be determined. The overarching theme of the research presented in 

this thesis is to investigate the role and mechanisms of induction of various forms of 

programmed cell death induced by RNA viruses, HCV, and various IAVs, specifically apoptosis, 

pyroptosis, and necroptosis.  

 

The project that is presented in Chapter 2 of this thesis aimed to characterize HCV-induced 

apoptosis and pyroptosis and the crosstalk between these pathways during HCV infection in 

vitro. We hypothesized that inhibition of one form of cell death would have no impact on other 

forms of cell death and that inhibition of pyroptosis would lead to decreased virus production. 

We were not expecting to find the extent of crosstalk between cell death pathways that we 

uncovered in this study. 
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The data presented in Chapter 3 aimed to characterize bystander pyroptosis induced by HCV 

and to determine the step of the HCV lifecycle involved in triggering HCV-induced pyroptosis in 

both hepatocytes (Huh-7.5) and various immune cells (Ramos, Jurkat, and THP-1). We 

hypothesized that viral RNA alone would be sufficient to induce pyroptosis. Surprisingly, that 

was only true of S29 cells, and not Huh-7.5 cells. We also hypothesized that multiple immune 

cell types would be susceptible to bystander pyroptosis but found that the only immune cells 

that were significantly impacted by bystander pyroptosis were THP-1 cells.  

 

For the last part of this work, presented in Chapter 4, we aimed to determine whether different 

subtypes of influenza from various avian and swine hosts induced differential cell death in both 

canine kidney (MDCK) and lung epithelial (A549) cells. We hypothesized that the two avian 

viruses would display either different forms of cell death or different levels of cell death 

induction. We hypothesized that the viruses would all induce pyroptosis but thought that the 

extent of it might vary between different viruses. We were not initially expecting to find 

activation of multiple types of cell death.    

 

The work in this thesis aimed to aid in the understanding of pathogenesis, the role of PCD, and 

the mechanisms by which PCD is induced by RNA virus infections. Overall, we had hypothesized 

that pyroptosis induction would be involved in the pathogenesis of both HCV and IAV 

infections.   
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Chapter 2: Crosstalk Between Pyroptosis and Apoptosis in 
Hepatitis C Virus-induced Cell Death 
 
This chapter was previously published in Frontiers in Immunology in February, 2022 with myself 
and Lingyan Wang as co-first authors. Included as reference (31) in this thesis.   

 
Wallace HL* , Wang L* , Gardner CL, Corkum CP, Grant MD, Hirasawa K, Russell RS#. 2022. 
Crosstalk Between Pyroptosis and Apoptosis in Hepatitis C Virus-induced Cell Death. Front 
Immunol 13:788138. 
 
*Equal Contributions.  
# Corresponding author 
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Chapter 2: Crosstalk Between Pyroptosis and Apoptosis in 

Hepatitis C Virus-induced Cell Death 
 

2.0 Abstract 
Extensive inflammation in the liver is known to contribute to the pathogenesis of hepatitis C 

virus (HCV) infection. Apoptosis has, for a long time, been known to act as a mechanism of 

hepatocyte death, but our previous research also identified inflammasome-mediated 

pyroptosis in infected and uninfected bystander cells as an additional mechanism of HCV-

induced cytopathicity. The purpose of this study was to investigate the mechanism of HCV-

induced cell death and to determine the timing and relative contributions of apoptosis and 

pyroptosis during HCV infection. In a model employing a cell culture-adapted strain of JFH-1 

HCV and Huh-7.5 hepatocyte-like cells, we found that pyroptosis occurred earlier than did 

apoptosis during infection. CRISPR knockout of NLRP3 resulted in decreased caspase-1 

activation, but not complete elimination, indicating multiple sensors are likely involved in HCV-

induced pyroptosis. Knockout of gasdermin-D resulted in increased activation of apoptosis-

related caspase-3, suggesting potential crosstalk between the two cell death pathways. An 

unexpected decrease in activated caspase-1 levels was observed when caspase-3 was knocked 

out, implying that caspase-3 may have a role in the initiation of pyroptosis, at least in the 

context of HCV infection. Lower viral titres in culture fluids and increased ratios of intracellular 

to extracellular levels of infectious virus were observed in knockout versus wild-type Huh7.5 

cells, suggesting that HCV may induce programmed cell death in order to enhance virus release 

from infected cells. These results contribute to the understanding of HCV pathogenesis and add 
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to the increasing volume of literature suggesting various programmed cell death pathways are 

not mutually exclusive. 

 

2.1 Introduction 
Multiple forms of programmed cell death (PCD) have been demonstrated in the context 

of virus infection and it is generally believed that viruses utilize these mechanisms to induce 

disease [108,157,253,256]. However, some reports detail how PCD is employed as a host 

response to contain the virus (reviewed in [185]). Both apoptosis and pyroptosis have been 

implicated in both contexts.  

Apoptosis is a non-inflammatory form of cell death that is mediated by executioner 

caspase-3 and can be initiated via one of two pathways. The intrinsic pathway begins 

intracellularly in response to changes in the intracellular environment, including, but not limited 

to, mitochondrial or DNA damage, endoplasmic reticulum stress, or reactive oxygen species, 

resulting in formation of the apoptosome. In contrast, the extrinsic pathway depends on 

initiation by ligand-binding of a death receptor on the cell surface, leading to cleavage of 

caspase-8. Both pathways ultimately result in activation of executioner caspase-3 which leads 

to cell shrinkage, condensation of chromatin, nuclear fragmentation, and formation of 

apoptotic bodies that are cleared by circulating macrophages (both pathways extensively 

reviewed in reference [141]). Apoptosis has been described as immunologically silent while still 

having a role in pathogenesis induced by some viruses [160,429].  

Pyroptosis is mediated by an inflammasome, a protein complex consisting of a sensor, 

such as NLRP3 (nucleotide oligomerisation domain, leucine-rich repeat, pyrin-domain 

containing protein 3; [190]) or AIM2 (absent in melanoma 2), an adaptor (ASC; apoptosis-
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associated speck-like protein containing a CARD [caspase recruitment domain]), and caspase-1 

as the effector enzyme [430]. Once assembled into an inflammasome, activated caspase-1 

cleaves gasdermin-D (GSDM-D) into its mature, pore-inducing form, which ultimately facilitates 

cell swelling and subsequent cell lysis [431]. Pyroptosis, in contrast to apoptosis, is considered 

to be proinflammatory and immunogenic [141]. Classically, pyroptosis was thought to function 

only as an innate immunity mechanism (reviewed in reference [432]), although recent findings 

suggest pyroptosis may also play a role in viral pathogenesis [85,108,433].  

Despite availability of highly effective curative drug therapies for treating HCV infection, 

as many as 71 million people worldwide remain chronically infected, with many of these people 

unaware of their infected status [35]. Some infected individuals who undergo direct-acting 

antiviral (DAA) therapy still develop worsening liver disease, including hepatocellular 

carcinoma, despite prior elimination of the virus [434,435]. Plasma levels of many inflammatory 

cytokines decrease following DAA treatment, with notable exceptions being pyroptosis-

associated interleukin-18 (IL-18) and interleukin-1‍ (IL-1‍; [3]). It is important to understand 

how this virus induces liver disease as the burden of HCV on healthcare is predicted to increase 

in the coming decade [436].  

It is well established that non-inflammatory, caspase-3-mediated apoptosis occurs in the 

context of HCV infection both in vitro [156,342] and in vivo [351,437], and that this form of cell 

death contributes to liver pathology associated with chronic HCV infection [351].Our group has 

previously demonstrated that hepatocyte-like Huh-7.5 cells undergo both apoptosis and 

pyroptosis when infected with cell culture-adapted HCV (HCVcc). We demonstrated 

involvement of the NLRP3 inflammasome as indicated by a decrease in pyroptotic cell death 
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induced by HCV when infection occurred in the presence of an NLRP3 inhibitor (MCC950; 

[155]). To follow up on these findings, the current study aimed to identify the relative timing of 

these forms of programmed cell death during HCV infection (determining if pyroptosis and 

apoptosis occur sequentially or concurrently), to confirm the involvement of pyroptosis-

associated proteins NLRP3 and GSDM-D and apoptosis-associated caspase-3, and to determine 

whether programmed cell death has a role in viral spread during HCV infection in vitro. 

 

2.2 Materials and Methods 

2.2.1 Cell Culture 
Huh-7.5 cells (gift from Apath, LLC) were maintained at 37°C with 5% CO2 in complete medium 

ό/aύ ŎƻƴǘŀƛƴƛƴƎ 5ǳƭōŜŎŎƻΩǎ aƻŘƛŦƛŜŘ 9ŀƎƭŜ aŜŘƛǳƳ ό5a9aΤ ǿƛǘƘ ƘƛƎƘ ƎƭǳŎƻǎŜ ώпΦр Ǝκ[ϐ ŀƴŘ 

pyruvate; ThermoFisher Scientific, 11995073), supplemented with 10% fetal bovine serum (FBS; 

heat-inactivated, ThermoFisher Scientific, 10438034) and 1% penicillin/streptomycin (Millipore 

Sigma, P4333-100ML). 

 

2.2.2 Virus Stocks 
A cell culture-adapted strain of HCV, known as JFH1T [57,438], was used for this study. To 

generate virus stocks, 1x106 Huh-7.5 cells were seeded in 10-cm culture dishes. Approximately 

24 h later, cells were inoculated at a multiplicity of infection (MOI) of 1 and incubated for 3 h, 

after which inoculum was replaced with fresh CM. Culture fluids were harvested three days 

post-infection (p.i.) and virus titre was determined using a limiting dilution focus-forming assay 

described below. 
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2.2.3 CRISPR-Cas9-Mediated Genome Editing  
{ƛƴƎƭŜ ƎǳƛŘŜ wb! όǎƎwb!ύ ǎŜǉǳŜƴŎŜǎ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ƪƴƻŎƪ ƻǳǘ b[wtо όb[wtоψC рΩ-

GCGAAGCAGCACTCATGCGAG-оΩΣ b[wtоψw рΩ-CTCGCATGAGTGCTGCTTCGC-оΩύΣ D{5a-D (GSDM-

5ψC рΩ-GCAGCGAGTACACATTCATTG-оΩΣ D{5a5ψw рΩ-CAATGAATGTGTGTACTCGCTGC-оΩύΣ ƻǊ 

caspase-3 (CASP-оψCψрΩ-GTGAGTTTTCAGTGTTCTCCA-оΩΣ/!{tоψwψрΩ - 

TGGAGAACACTGAAAACTCAC-оΩ ύΦ hƭƛƎƻƴǳŎƭŜƻǘƛŘŜ ǇŀƛǊǎ ǿŜǊŜ ŀƴƴŜŀƭŜŘ ŀƴŘ ƭƛƎŀǘŜŘ ƛƴǘƻ ǘƘŜ .ōǎL 

site of a psPCas9-2A-GFP backbone using a rapid DNA ligation kit (Roche, 11635379001). 

Plasmids were transformed into Escherichia coli (DH5a competent E. coli; ThermoFisher 

Scientific, 18258012) and cultures were incubated overnight at 37°C in LB medium, 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ млл ˃ƎκƳ[ ŀƳǇƛŎƛƭƭƛƴΦ tƭŀǎƳƛŘǎ ǿŜǊŜ ƛǎƻƭŀǘŜŘ ŀƴŘ ǘǊŀƴǎŦŜŎǘŜŘ ƛƴǘƻ IǳƘ-7.5 

cells using Lipofectamine 3000 (Thermo Fisher, L3000075). Transfected cells were selected by 

fluorescence-activated cell sorting based on GFP expression. Cells were seeded by limiting 

dilution and knockout clones were expanded. 

 

2.2.4 Immunofluorescence Microscopy  
Cells were seeded at a density of 1x105 cells per well in 2-well chamber slides (Fisher Scientific, 

12-565-16). The following day, cells were infected with HCV at an MOI = 1 or left uninfected. 

Cells were left for one, two, three, or four days following infection for time course experiments 

or left for three or four days for non-time course experiments. Caspase-1 was visualised using a 

FAM-FLICA caspase-1 inhibitor kit (ImmunoChemistry Technologies, product number 98), 

referred to as a caspase-1 probe [219,439ς442]. On the designated day, CM was removed from 

cells and replaced with 30X FAM-FLICA caspase-1 probe in CM. Probe was incubated with cells 

ŦƻǊ пр Ƴƛƴ ŀǘ отϲ/Φ CƻƭƭƻǿƛƴƎ ƛƴŎǳōŀǘƛƻƴΣ ŀƴ ŀŘŘƛǘƛƻƴŀƭ плл ˃[ ƻŦ /a ǿŀǎ ŀŘŘŜŘ ŀƴŘ ŎŜƭƭǎ ǿŜǊŜ 
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ƛƴŎǳōŀǘŜŘ ŦƻǊ ƻƴŜ ŀŘŘƛǘƛƻƴŀƭ ƘƻǳǊΦ /ǳƭǘǳǊŜ ŦƭǳƛŘǎ ǿŜǊŜ ǊŜƳƻǾŜŘΣ ǊŜǇƭŀŎŜŘ ǿƛǘƘ ŀ ŦǊŜǎƘ нлл ˃[ ƻŦ 

CM, and the cells incubated for 5 min. Cells were then washed in their respective wells with 300 

˃[ ƻŦ ŀǇƻǇǘƻǎƛǎ ǿŀǎƘ ōǳŦŦŜǊ όLƳƳǳƴƻ/ƘŜƳƛǎǘǊȅ ¢ŜŎƘƴƻƭƻƎƛŜǎΣ ǇǊƻŘuct number 98) for 20 min 

at room temperature in the dark. Following washing, cells were fixed and permeabilized by 

ǘǊŜŀǘƛƴƎ ŜŀŎƘ ǿŜƭƭ ǿƛǘƘ нлл ˃[ ƻŦ млл҈ ŀŎŜǘƻƴŜ ŦƻǊ пр ǎŜŎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΦ !ŦǘŜǊ ŦƛȄŀǘƛƻƴΣ 

slides were washed for 1 min in phosphate-buffered saline (PBS; pH = 7.4). The same fixation 

protocol was used for all staining, independent of caspase-1 probe use. If the probe was not 

used, cells were fixed prior to staining. HCV core protein and cleaved caspase-3 were detected 

using anti-HCV core (1:200 dilution in 5% bovine serum albumin [BSA] in PBS; Anogen, product 

MO-I40015B) and anti-caspase-3 antibodies (1:200 dilution in 5% BSA in PBS; BD Biosciences, 

559565), respectively. When the anti-HCV core antibody was used alone, slides were incubated 

for 20 min at room temperature. If the anti-caspase-3 antibody was used either alone or in 

conjunction with the anti-HCV core antibody, slides were incubated overnight at 4°C. Following 

incubation with primary antibodies, slides were rinsed in PBS for 5 min prior to a 20-min 

incubation with secondary antibodies. For regular flourescence microscopy, when either the 

anti-HCV core or the anti-caspase-3 antibodies were used with the caspase-1 probe, goat anti-

mouse or goat anti-rabbit Alexa Fluor® 594 (Invitrogen, A-11020 or A-11037), respectively, was 

used as the secondary antibody. If the anti-HCV core antibody was used without the caspase-1 

probe, a goat anti-mouse Alexa Fluor® 488 (Invitrogen, A-11029) secondary antibody was used. 

For confocal microscopy, when both the anti-caspase-3 and anti-HCV core antibodies were used 

together, goat anti-mouse Alexa Fluor® 647 (Invitrogen, A32728) was used for HCV core and 

goat anti-rabbit Alexa Fluor® 594 (Invitrogen, A-11037) was used for caspase-3. For cells stained 
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with specific antibodies for cleaved GSDM-D (Asp275, Cell Signaling Technology, 36425S, used 

at 1:100 dilution) and HCV core (same as above), cells were incubated with the primary 

antibodies in 5% BSA in PBS overnight at 4°C. The next day, cells were stained with goat anti-

rabbit Alexa Fluor® 488 (Thermofisher, A11008) and a goat anti-mouse Alexa Fluor® 594 

(Invitrogen, A-11020) antibodies to detect cleaved GSDM-D and HCV core protein, respectively. 

For cells stained for cleaved poly (ADP-ribose) polymerase (PARP; Asp214, Cell Signaling 

Technology, D64E10, used at 1:100 dilution) and caspase-3 (same as above), cells were also 

incubated overnight under the same conditions. The next day, cells were stained using goat 

anti-rabbit Alexa Fluor® 488 (Thermofisher, A11008) and goat anti-mouse Alexa Fluor® 594 

(Invitrogen, A-11020) secondary antibodies to visualize cleaved PARP and caspase-3, 

respectively. All secondary antibodies were used at 1:100 dilution in PBS. An additional 5min 

wash in PBS was performed following secondary antibody staining for all conditions. Slides were 

mounted using Vectashield Hard Set mounting medium containing DAPI (Vecta Shield Mounting 

Media, Vector Laboratories, MJS BioLynx Inc., VECTH1400 or Vecta Shield Vibrance Mounting 

Media, VECTH180010). Slides were viewed using either a Zeiss Axio Imager.M2 

immunofluorescence microscope or an Olympus Fluoview FV1000 laser scanning microscope or 

a Zeiss LSM 900 with Airyscan microscope. 

 

2.2.5 Western Blotting  
Cells were seeded at a density of 1x106 in 10-cm culture dishes. On the following day, cells were 

infected at an MOI = 1 or 0.1, or left uninfected. Cells were then incubated for the desired 

period of time (one, two, three, or four days p.i.). On the designated day, cells were lysed with 

RIPA buffer containing protease inhibitors and mixed with loading buffer. Culture fluids were 
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collected and concentrated by centrifugation using Millipore filters (Millipore, Amicon Ultra4 

centrifugal filter units, Ultracelς10K, UFC801096). Prepared samples were heated at 100°C in a 

heating block for 5 min. Proteins were separated by SDS-PAGE and transferred to nitrocellulose 

membranes (Amersham/Cytiva, 10600065). Membranes were blocked with 5% skimmed milk 

powder in TBST (1X TBS with 0.05% Tween-20) for 1 h at room temperature with agitation. 

Membranes were then incubated with antibodies recognising pro-caspase-3 (Santa Cruz, 

sc7272), cleaved caspase-3 (Cell Signaling Technology, 9664), pro-caspase1 (Santa Cruz, 

sc56036), cleaved caspase-1 (AdipoGen, AG-20B0048), HCV core protein (Anogen, MO-I40015B 

or C7-50, Thermofisher, MA1-080), GSDM-D (Santa Cruz, sc81868), cleaved PARP (Asp214, Cell 

Signaling Technology, D64E10), or GAPDH (Abcam, ab8245) overnight at 4°C at a 1:1000 

dilution in TBST. On the following day, membranes were washed in TBST. HRP-conjugated anti-

mouse (Santa Cruz, sc516102) or anti-rabbit (Santa Cruz, sc2357) secondary antibodies were 

incubated with the membranes at room temperature at a 1:5000 dilution in TBST for 1 h. Signal 

was detected using ECL Western blotting substrates (Clarity Western ECL substrate, Bio-Rad, 

170-5060; Amersham ECL select substrate GE Healthcare, RPN2235). All Western blot figures, 

with the exception of Figure 1F, were prepared from images obtained using ImageQuant LAS 

4000 (GE Healthcare). The images in Figure 1F were obtained using Bio-Rad ChemiDoc Imaging 

System and processed using Image Lab (version 6.1.0, BioRad Laboratories, Inc.). 

 

2.2.6 Flow Cytometry  
Cells were seeded at a density of 1.5x105 in 6-well plates. The following day, cells were infected 

with HCV at an MOI = 1 or left uninfected. For a positive control, the day prior to staining, cells 

ǿŜǊŜ ǘǊŜŀǘŜŘ ǿƛǘƘ ƭƛǇƻǇƻƭȅǎŀŎŎƘŀǊƛŘŜ ŦǊƻƳ 9Φ Ŏƻƭƛ лмнтΥ.у ǳǎŜŘ ŀǘ р ˃ƎκƳ[ ό[t{Τ in vitro LPS, 
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Millipore-Sigma, L5024-млaDύ ŦƻǊ о ƘΣ ŦƻƭƭƻǿŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ bƛƎŜǊƛŎƛƴ ǳǎŜŘ ŀǘ мстΦр ˃a 

(sodium salt, InvivoGen, tlrl-nig) and cultured overnight. At day four p.i., cell culture fluids were 

collected and cells trypsinised. Cells and culture fluids were centrifuged together at 400 x g for 

р ƳƛƴΦ {ǳǇŜǊƴŀǘŀƴǘ ǿŀǎ ŘƛǎŎŀǊŘŜŘ ŀƴŘ ŎŜƭƭ ǇŜƭƭŜǘǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ нлл ˃[ ƻŦ ол· ŎŀǎǇŀǎŜ-1 

probe in CM (same FAM-FLICA caspase-1 inhibitor kit as above) and incubated for 45 min at 

37°C. Following incubation, an additioƴŀƭ плл ˃[ ƻŦ /a ǿŀǎ ŀŘŘŜŘ ŀƴŘ ŎŜƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŦƻǊ 

one additional hour. Cells were then centrifuged at 400 x g for 5 min and supernatants 

ŘƛǎŎŀǊŘŜŘΦ /Ŝƭƭ ǇŜƭƭŜǘǎ ǿŜǊŜ ǘƘŜƴ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ олл ˃[ ƻŦ ŀǇƻǇǘƻǎƛǎ ǿŀǎƘ ōǳŦŦŜǊ ŀƴŘ ŎŜƭƭǎ ǿŜǊŜ 

fixed by adding 6л ˃[ ƻŦ ŦƛȄŀǘƛǾŜ ŦǊƻƳ ǘƘŜ ŎŀǎǇŀǎŜ-1 probe kit (ImmunoChemistry Technologies, 

product number 98). The cells were then incubated at room temperature in the dark for 20 

min. Following incubation, cells were centrifuged as above and supernatant was discarded. 

/Ŝƭƭǎ ǿŜǊŜ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ рлл ˃[ t.{ ŀƴŘ ǎǘƻǊŜŘ ŀǘ пϲ/ ǳƴǘƛƭ ŀƴŀƭȅǎƛǎΦ /Ŝƭƭǎ ǿŜǊŜ Ǌǳƴ ƻƴ ŀ 

CytoFLEX flow cytometer (Beckman Coulter) and FAM-FLICA fluorescence was detected using 

the 525/40 detector on the 488 nm laser. Flow cytometry experiments performed on knockout 

cell lines were carried out concurrently and presented in different figures for analysis purposes. 

The percentage of cells that were positive for cleaved caspase-1 in both the infected and 

uninfected wild-type Huh-7.5 cells were used for comparison purposes in each of the figures 

that includes flow cytometry data from the knockout cells. Analysis of flow cytometry data was 

done using Kaluza software (version 2.1.1; Beckman Coulter). Gating strategy and analysis 

protocol are detailed below. 
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2.2.7 Virus Titre  
Extracellular virus titre was determined by performing a 10-fold serial dilution of the virus 

stock, followed by infection in triplicate of Huh-7.5 cells in 8-well chamber slides that had been 

plated at a density of 5x104 cells per well on the previous day. After infection, cells were 

incubated for two days and then fixed using acetone. Slides were stained for HCV core protein 

(Anogen, MO-I40015B) using the same dilutions as above and incubated at room temperature 

for 20 min. This was followed by incubation with goat anti-mouse Alexa Fluor® 488, as 

described above. Slides were mounted with Vectashield containing DAPI. Virus titre was 

determined based on the number of foci present in the highest positive dilution and titre was 

then expressed as focus-forming units per millilitre (FFU/mL). To measure intracellular 

infectious titre, both control and infected cells were harvested following a three-day infection 

at MOI = 0.1, pelleted by centrifugation for 5 min at 400 × g and resuspended in 1 mL of CM. 

The re-suspended cells were then lysed by three cycles of freeze/thaw (3 min freeze, dry ice/ 

methanol bath; 3 min thaw, 37°C water bath) and pelleted by centrifugation for 10 min at 1500 

× g. Virus titres were determined as described above based on clarified supernatants. 

 

2.2.8 Flow Cytometry Analysis  
Controls employed to guide the analysis of flow cytometry data included unstained cells for 

each condition, LPS/Nigericin as a pyroptosis positive control, and heat shocked cells (65°C for 6 

min, sufficient to kill the majority of cells) as a positive control for cell death. Uninfected, 

unstained wild-type Huh-7.5 cells acted as the negative control. Wild-type Huh-7.5 cells were 

always analyzed in parallel when performing this assay on knockout cells and comparisons were 

all made by comparing wild-type to knockout cells. The overall cell population was gated on the 
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forward vs. side-scatter plot using an inclusive gate as Huh-7.5 cells are heterogeneous and 

would be expected to vary in size even in the absence of HCV infection. Gates for 

subpopulations of cells were generated on forward vs. side-scatter plots using heat shock 

controls and uninfected cell controls and applied to LPS/ Nigericin-treated controls. Two 

populations of cells were observed in our LPS/Nigericin treated control and these corresponded 

with the heat shocked cell population and the uninfected cell population. One population of 

cells was smaller (shifted down and to the left on the forward vs. side-scatter plot) and 

corresponded with the dead, heat-shocked cell sample. There was also a population of larger 

cells that had the same range of forward vs. side-scatter as the uninfected Huh-7.5 cells. As 

LPS/Nigericin stimulation is an established pyroptosis positive control, this two-population 

gating strategy guided further analysis of HCV-infected cell samples. Within the HCV-infected 

cell samples, there were the same two distinct cell populations observed in the LPS/Nigericin-

treated control. The majority of the caspase-м ǇƻǎƛǘƛǾŜ ŎŜƭƭǎ ǿŜǊŜ ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ άǎƳŀƭƭέ 

population. However, it is important to note that not all the caspase-1 positive cells were in this 

population, and percent caspase-1 positivity and mean fluorescence intensity varied between 

conditions. In order to have sufficient numbers of caspase-1 positive cells that were 

representative of the whole sample, we recorded 10,000 events in ǘƘŜ άǎƳŀƭƭέ ǇƻǇǳƭŀǘƛƻƴ 

meaning at least 10,000 events were collected for each condition. As dying cells take up the 

caspase-1 probe non-specifically, the heat shock population was used to set the caspase-1 

fluorescence positivity threshold. Uninfected, unstained Huh-7.5 cells were used to gate out 

background fluorescence. These two gates were applied to the LPS/Nigericin-treated sample to 

ensure the gates were representative of caspase-1 positivity. The same gates were applied to 
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all conditions for analysis. For clarification purposes, images of the gating strategy are also 

included in the supplementary materials (FigS2.1). 

 

2.2.9 Statistical Analyses  
Statistical analyses for flow cytometry data were performed using the Analysis ToolPak in 

Microsoft Excel (2016). One-way ANOVA was used to compare conditions. Where p-values of < 

0.05 were considered statistically significant. All flow cytometry statistical analysis was 

evaluated using at least three independent experiments. Statistical analyses for viral titre data 

were performed using SPSS statistics 27. One-way ANOVA with Bonferroni multiple comparison 

test was used to compare between multiple groups. p-values < 0.05 were considered 

statistically significant. 

 

2.3 Results 

2.3.1 HCV Infection Induces Both Pyroptosis and Apoptosis, With Pyroptosis Preceding 
Apoptosis.  
Our previous research suggested that both apoptosis and pyroptosis were induced during HCV 

infection in vitro [155]. To confirm this result and to elucidate the relative timing by which 

apoptosis and pyroptosis occur during HCV infection, infected (MOI=1) and uninfected cells, 

and culture fluids were compared for the presence of cleaved caspase-1, indicative of 

pyroptosis, and cleaved caspase-3, indicative of apoptosis, using Western blot analysis. This was 

accomplished by performing time-course experiments to compare cleaved caspase-1 and -3 

expression over time. We first established that HCV core protein levels increased with 

subsequent days p.i. (Fig2.1A) which was confirmed using fluorescent microscopy (Fig2.1C). 

Cleaved caspase-1 peaked at day two p.i. and remained consistent at day three p.i. in culture  
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Figure 2.1 Activation of pyroptosis- and apoptosis-associated proteins during HCV infection. 

Huh-7.5 cells were infected with HCV at MOI = 1 or left uninfected. (A) At 1, 2, and 3 days p.i., 

cells and culture fluids were harvested for Western Blot analysis. Membranes were probed for 

pro-caspase-1, cleaved-caspase-1, procaspase-3, cleaved-caspase-3, HCV core protein, and 

GAPDH. * indicates samples from cell culture fluids rather than cell lysates. (B) At 3 days p.i., 
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cells were stained for cleaved caspase-1 (green) using a specific probe, then fixed using 

acetone. Cells were subsequently stained using antibodies specific for cleaved caspase-3 (red). 

Scale bar, 100 mm (C) At 1, 2, and 3 days p.i., cells were stained for cleaved caspase-1 using the 

same specific probe (green) then fixed using acetone. Cells were subsequently stained using an 

antibody specific for HCV core protein (red). (B, C) Nuclei were stained with DAPI (blue) and 

analysis was performed using fluorescent microscopy. Scale bar, 100 mm (D) At day 4 p.i., cells 

were stained for cleaved caspase-1 using a specific probe and fixed using fixative from the 

caspase-1 probe kit. Cells were run on a CytoFLEX flow cytometer and data were analyzed using 

Kaluza analysis software. Data are presented as the percent of total cells that were positive for 

caspase-1. ****p < 0.0001. (E) At 3 days p.i., cells were fixed using acetone and stained for 

cleaved GSDM-D (green) and HCV core protein (red) using specific antibodies. Scale bar, 100 

mm (F) At 1, 2, and 3 days p.i., cells were harvested for Western Blot analysis. Membranes were 

probed for cleaved PARP, HCV core protein, and GAPDH. (G) At 3 days p.i., cells were fixed using 

acetone and stained for cleaved PARP (green) and cleaved caspase-3 (red) using specific 

antibodies. Scale bar, 100 ‘m (AςG) Data are representative of three independent experiments. 
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fluids taken from HCV-infected cell cultures (Fig2.1A). This coincided with an expected decrease 

of caspase-1 (full-length) levels in HCV-infected cells at days two and three p.i. (Fig2.1A). Levels 

of cleaved caspase-1 were also shown to increase with increasing time p.i. in cells that 

remained adherent (Fig2.1C). Apoptosis was initiated on day three p.i., indicated by a decrease 

in the level of caspase-3 in HCV-infected cells at days two and three p.i., while cleaved caspase-

3 increased at day three p.i. (Fig2.1A). Decreased expression of both caspase-1 and -3 coincided 

with an increase in their active, cleaved forms. These results were confirmed by fluorescence 

microscopy, using an antibody specific for cleaved caspase-3 and a probe specific for cleaved 

caspase-1, demonstrating increased caspase-1 and -3 activation in HCV-infected cells at three 

days p.i. when compared to uninfected controls (Fig2.1B). Using flow cytometry to quantify the 

percentage of caspase-1-positive cells, we confirmed a significant difference in the percentage 

of caspase-1-positive cells between uninfected Huh-7.5 cells (~18%) and both HCV-infected 

(~50%) and LPS/Nigericin-treated (~45%) Huh-7.5 cells (Fig2.1D, S2.2). To validate the use of 

caspase-1 and -3 as markers of pyroptosis and apoptosis, respectively, we also verified caspase-

1 cleavage of downstream GSDM-D and caspase-3 cleavage of PARP. Cleavage of GSDMD was 

detected using an antibody specific for cleaved GSDM-D, which was observed at a greater level 

in infected cells than uninfected controls (Fig2.1E). We attempted to show this by Western blot 

analysis but we were unsuccessful with our current antibody. In accordance with our results 

showing the activation of caspase-3, cleaved PARP was undetectable by Western blotting, even 

with extended exposure, until day 3 p.i. (Fig2.1F). This was also confirmed using fluorescence 

microscopywith an antibody specific for cleaved PARP which showed increased PARP cleavage 

in HCV-infected cells when compared to uninfected controls (Fig2.1G). Overall, these results 
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confirm involvement of both apoptosis and pyroptosis during HCV infection and suggest that 

pyroptosis precedes apoptosis during infection progression. 

 

2.3.2 NLRP3 Is One of the Sensors Involved in HCV-Induced Pyroptosis.  
Our previous work suggested that HCV-induced pyroptosis is mediated by the NLRP3 

inflammasome since cell death was reduced when cells were treated with NLRP3 inhibitor, 

MCC950 [155]. To further corroborate the involvement of NLRP3 in HCV-mediated pyroptosis, 

the CRISPR-Cas9 system was used to knock out NLRP3 in Huh-7.5 cells (FigS2.3). Both wild-type 

Huh-7.5 and NLRP3 knockout (KO) cells were infected with HCV and Western blot analysis was 

performed on cells and cell culture fluids at one, two, and three days p.i. We observed 

decreased levels of caspase-1 on days two and three p.i. in infected NLRP3 KO cells compared 

to wild-type control cells. However, knockout of NLRP3 did not eliminate caspase-1 activation 

entirely (Fig2.2A). Detection of cleaved caspase-1 in cell culture fluids was delayed until day 

three p.i. in culture fluids from NLRP3 KO cells compared to wild-type controls. Similar results 

were confirmed by fluorescence microscopy, with the infected NLRP3 KO cells displaying 

diminished caspase-1 activation compared to wildtype Huh-7.5 cells at day three p.i. (Fig2.2B, 

S2.4A). Diminished cleaved caspase-1 expression was even more prominent when the Western 

blotting was performed on samples from an infection performed at an MOI = 0.1, likely due to 

the fact that activation of caspases is dependent on the extent of virus replication (Fig2.2C). 

Western blot analysis and fluorescence microscopy revealed similar levels of cleaved caspase-3 

at day three p.i. in both Huh-7.5 and NLRP3 KO cell lines when an MOI = 1  
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Figure 2.2 Caspase-1 and -3 activation in Huh-7.5 cells and Huh-7.5 NLRP3 KO cells. (A, B) Huh-

7.5 cells or Huh-7.5 NLRP3 KO cells were infected with HCV at MOI = 1 or left uninfected. (A) At 

1, 2, and 3 days p.i., cells and culture fluids were harvested for Western Blot analysis. 

Membranes were probed for pro-caspase-1, cleaved-caspase-1, pro-caspase-3, cleaved-

caspase-3, and GAPDH. * indicates samples from cell culture fluids rather than cell lysates. (B) 

At 3 days p.i., cells were stained for cleaved caspase-1 (green) using a specific probe then fixed 

using acetone. Cells were subsequently stained using an antibody specific for cleaved caspase-3 
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(red). Nuclei were stained with DAPI (blue) for analysis by fluorescence microscopy. Scale bar, 

100 mm (C) Huh-7.5 cells or Huh-7.5 NLRP3 KO cells were infected with HCV at MOI = 0.1 or left 

uninfected. At 1, 2, 3, and 4 days p.i., cells and culture fluids were harvested for Western Blot 

analysis. Membranes were probed for pro-caspase-1, cleaved-caspase-1, pro-caspase-3, 

cleaved-caspase-3, HCV core protein, and GAPDH. * indicates samples from cell culture fluids 

rather than cell lysates. (D) At day 4 p.i., cells were stained for cleaved caspase-1 using a 

specific probe and fixed using fixative from the caspase-1 probe kit. Cells were run on a 

CytoFLEX flow cytometer and data were analyzed using Kaluza analysis software. Data from 

NLRP3 KO cells are compared here to data from wild-type cells found in Fig2.1D. Data are 

presented as the percent of total cells positive for caspase-1. p = n.s. (E) At 3 and 4 days p.i., 

cells were stained for cleaved caspase-1 (green) using a specific probe, then fixed using 

acetone. Cells were subsequently stained using an antibody specific for HCV core protein (red). 

Nuclei were stained with DAPI (blue) for analysis by fluorescence microscopy. Scale bar, 100 ‘m 

(AςE) Data are representative of three independent experiments. 

 
  



 125 

was used (Fig2.2A, B) but, when an MOI = 0.1 was used, NLRP3 KO cells showed a reduction in 

levels of cleaved caspase-3 compared with wild-type cells at four days p.i. (Fig2.2C). The 

difference in caspase-1 activation between Huh-7.5 cells and NLRP3 KO cells was clear at day 

three p.i. using Western Blot analysis and fluorescence microscopy. However, using flow 

cytometry, we showed no significant difference in the percentage of caspase-1 positive cells 

between HCV-infected Huh-7.5 and NLRP3 KO cells at day four p.i. (Fig2.2D, S2.4B). When 

fluorescence microscopy was performed on cells four days p.i., there was also no detectable 

difference in caspase-1 activation between Huh-7.5 cells and NLRP3 KO cells (Fig2.2E). Taken 

together, these results confirm involvement of NLRP3 in HCV-induced pyroptosis. The fact that 

caspase-1 activation was not completely eliminated at day three p.i. and was detected at 

similar levels to that of wild-type Huh-7.5 cells on day four p.i., indicates that other sensors 

upstream of caspase-1 may also be involved in HCV-induced pyroptosis or the NLRP3 KO was 

incomplete. 

 

2.3.3 Apoptosis Increases in the Absence of Pyroptosis.  
GSDM-D is a common component of the pyroptosis pathway across all sensors and is 

responsible for the final pore formation step leading to cell lysis [364,369,372,443]. Early in our 

investigation, we raised the question as to what the outcome would be if one form of cell death 

was inhibited. Would the inhibition of pyroptosis cause cells to switch towards a different form 

of cell death, potentially indicating crosstalk between the two pathways 

[176,179,422,444,445]? To investigate the role of GSDM-D in HCV-induced pyroptosis and to 

investigate the likelihood of crosstalk between the pyroptotic and apoptotic pathways, CRISPR-  



 126 

 
Figure 2.3 Analysis of caspase-1 and -3 levels in the absence of GSDM-D. Huh-7.5 cells or Huh-

7.5 GSDM-D KO cells were infected with HCV at MOI = 1 or left uninfected. (A) At 1, 2, and 3 

days p.i., cells and culture fluids were harvested for Western Blot analysis. Membranes were 

probed for GSDM-D, pro-caspase-3, cleaved-caspase-3, and GAPDH. (B) At 3 days p.i., cells were 

stained using a specific probe for cleaved caspase-1 (green), then fixed using acetone. Cells 

were subsequently stained using an antibody specific for cleaved caspase-3 (red). Nuclei were 
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stained with DAPI (blue) for observation by fluorescence microscopy. Scale bar, 100 ‘m (C) At 

day 4 p.i., cells were stained for cleaved caspase-1 using a specific probe and fixed using fixative 

from the caspase-1 probe kit. Cells were run on a CytoFLEX flow cytometer and data were 

analyzed using Kaluza analysis software. Data from GSDM-D KO cells are compared here to data 

from wild-type cells found in Fig2.1D. Data are presented as the percentage of total cells 

positive for caspase-1. p = n.s. (AςC) Data are representative of three independent 

experiments. 
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Cas9 was utilised to generate Huh-7.5 cells lacking GSDM-D (Fig2.3A). Wild-type and GSDM-D 

KO cells were infected with HCV at an MOI = 1 (Fig2.3A). Cells and culture fluids were harvested 

from infected and uninfected conditions at one, two, and three days p.i.. Western blot analysis 

of GSDM-D KO cell lysates revealed that levels of both caspase-3 and cleaved caspase-3, 

indicative of apoptosis, increased at three days p.i. when compared to wild-type cells (Fig2.3A). 

While the same increase of cleaved caspase-3 was not found when fluorescence microscopy 

was performed, there was a change in the caspase-3 staining morphology with more diffuse 

staining patterns (Fig2.3B, S2.5A). These results suggest a change of cell death patterns induced 

by infection with HCV when GSDM-D has been knocked out whereby inhibition of one cell 

death pathway stimulated another. Results using fluorescence microscopy at three days p.i. and 

flow cytometry at four days p.i. both revealed non-significant differences in cleaved caspase-1 

activation and percentage of cleaved caspase-1-positive cells, respectively (Fig2.3B, C, S2.5B). 

We did notice a slight, but non-significant, decrease in the levels of cleaved caspase-1 in the 

GSDM-D KO cells when compared to wild-type Huh-7.5 cells. Lack of change in levels of cleaved 

caspase-1 is to be expected as caspase-1 is found upstream of GSDM-D in the pyroptosis 

pathway. Taken together, these results indicate that, in the context of HCV infection, there is 

crosstalk between pyroptotic and apoptotic pathways, with a shift from the pyroptotic to the 

apoptotic pathway in the event of pyroptosis inhibition. 

 

2.3.4 Pyroptosis Is Reduced in the Absence of Caspase-3-Mediated Apoptosis.  
More research regarding the phenomenon of crosstalk between cell death pathways has been 

reported in the literature in recent years [176,179,206,444ς447]. We investigated potential 

crosstalk between the apoptotic and pyroptotic pathways and examined whether pyroptosis 
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increased if apoptosis was inhibited in the context of HCV infection. To do this, caspase-3 KO 

cells were generated using a CRISPR-Cas9 approach (Fig2.4A). These cells were infected with 

HCV or left uninfected and levels of caspase-1 and -3 were compared to wild-type Huh-7.5 cells 

using Western blot analysis. Surprisingly, the level of cleaved caspase-1 in cell culture fluids was 

decreased in the HCV-infected KO cells compared to wild-type cells at both two and three days 

p.i. (Fig2.4A). This reduction in the level of cleaved caspase-1 in the infected caspase-3 KO cells 

was also shown by fluorescence microscopy and indicates a reduction in the activation of the 

pyroptotic pathway (Fig2.4B, S2.6A). Pro-caspase-1 levels in the caspase-3 KO cells remained at 

a level consistent with that of uninfected wild-type cells (Fig2.4A). Reduction of the percentage 

of caspase-1 positive cells in the HCV-infected caspase-3 KO cell population (~25%) compared 

to wild-type HCV-infected Huh-7.5 cells (~50%) was confirmed and shown to be significant using 

flow cytometry at day four p.i. (Fig2.4C, S2.6B). Reduced activation of pyroptosis-associated 

cleaved caspase-1 in the absence of caspase-3 may indicate caspase-3 is upstream of caspase-1 

and further supports the existence of crosstalk between the apoptotic and pyroptotic 

pathways. 

2.3.5 Apoptosis and Pyroptosis Are Not Mutually Exclusive Within a Single Cell.  
Throughout our study, a question emerged: could the pyroptotic and apoptotic pathways be 

activated simultaneously or are they mutually exclusive? By performing confocal microscopy on 

HCV-infected Huh-7.5 cells, we were able to capture images of rare single cells that were 

positive for active forms of both caspase-1 and caspase-3 (Fig2.5; orange-yellow colour in the 

merged images). This indicates that multiple cell death pathways can be activated concurrently 

within the same cell. The first time this was observed is documented in Fig2.5A. To confirm the 

finding of cells positive for both caspase-1 and -3, we subsequently performed further 
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Figure 2.4 Comparison of caspase levels when apoptosis is inhibited. Huh7.5 cells or Huh-7.5 

caspase-3 KO cells were infected with HCV at MOI = 1 or left uninfected. (A) At 1, 2, and 3 days 

p.i., cells and culture fluids were harvested for Western Blot analysis. Membranes were probed 

for pro-caspase-1, cleavedcaspase-1, pro-caspase-3, cleaved-caspase-3, and GAPDH. * indicates 
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samples from cell culture fluids rather than cell lysates. (B) At 3 days p.i., cells were stained 

using a probe specific for cleaved caspase-1 (green), then fixed using acetone. Cells were 

subsequently stained using a specific antibody for cleaved caspase-3 (red). Nuclei were stained 

with DAPI (blue) and analysis was by fluorescence microscopy. Scale bar, 100 ‘m (C) At day 4 

p.i., cells were stained for cleaved caspase-1 using a specific probe and fixed using fixative from 

the caspase-1 probe kit. Cells were run on a CytoFLEX flow cytometer and data were analyzed 

using Kaluza analysis software and presented as the percent of total cells positive for caspase-1. 

Data from caspase-3 KO cells are compared here to data from wild-type cells found in Fig2.1D. 

**p < 0.005. (AςC) Data are representative of three independent experiments. 
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Figure 2.5 Single cells undergoing apoptosis and pyroptosis simultaneously. Huh-7.5 cells were 

infected with HCV at MOI = 1. At 3 days p.i., cells were stained for cleaved caspase-1 (green) 

Figure 5 
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