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Abstract

Programmed cell deat(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 earanceis unclear Apoptosis is generally thought of as a Aaflammatory form

of PCD while pyroptosis and necroptosis are considered inflammatory. Apoptosis, mediated by
caspases, results in chromatin condensation and de#bbing. Pyroptosis, mediated by

caspasel and gasdermiD, 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 slkethwn largescale virus outbreaks over the last

century including HIV, Ebola, Influenza A viruses (IAVs), andC@M2SRNA viruses are of
particular interest due to their high mutation rates and association withi@ased likelihood of
pandemics. Hepatitis C virus (HCV) and IAVs aréypes ofRNA viruses with substantial

public health implications. HCV is a bldoarne virus that, if left untreated, will lead to chronic
infection in ~80% of individuals. Despitgrativedrug treatmentfor 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 lasinturyand are constantly a concern for public health

agencies. While seasonal human IAVs have been studied extensively in the context of cell



death, IAVs from nothuman hosts, such as birds and swihave not been studied in this

context despite their pandemic potential.

Thegoal of theresearch fotthis thesiswasa betterunderstanding of pathogenesis, the role of
PCD, and the mechanisms by which PCD is induced by RNA virus infE€ttaptsr 1

introduces these topicChapter Zocuses on our investigation apoptosis and pyroptosis
induction by HCV. We found significambsstalk between the apoptosis and pyroptosis
pathways during HCivfectionand showed that PCD was necessary for efficient virus
propagation. Chapter 8aces ourinvestigation othe trigger of HC\hduced pyroptosisn
hepatocytes finding that fully infectious virus production was necessary to trigger pyroptosis in
HCVinfected Huh7.5 cells. We alsattempted to identify mechanisms by which bystander
pyroptosis could be occurrirgndinvestigated the role of immune cells in bystander

pyroptosis finding that THRL cells are susceptible to bystander pyroptosis induced by. HCV
Chapter4 outlines ourinvestigation ofPCD induced by two IAVs of aviangin and two of
swine-origin. We found that the tw avian viruses preferentially induced different forms of PCD
and that one of these viruses was unexpectedly able to infect human lungutelésthe other
abortively infected the lung cell§he two swine viruses both induced all three forms of PCD

albeitto different extents.

Given the importance of RNA viruses to public health and the substantial numbsease
outbreaks caused biyhem, understanding how these viruses cause disease is an important

academicand globally relevanpursuit. The cleareunderstandingof the mechanisms of cell



death contributingto viral pathogenesis or innate immune clearapresented heranay aid in
drug development and help prioritizesearch orvirusesmost likely tocause future outbreaks.
Overall, thework presented irthis thesisadds to the growing body eésearchthat aims to

understand the role of PC@uringvirus infectian.



General Summary

Just as witlentire organisms, individual cells dig a variety oimeansthat are referredto as

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

both the individual cell as well as the whole organism. One thing that can traggeor more

types of PCDs viral infectionSuchinfectionsare 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 inflaminatof the liver and infection is associated with sustained
inflammation. IAVO | dza S &St az2ylf OlFlasSa 2F daGKS Ff dz o0 dzi
when an IAV from a nehuman host infects humans. We aimedfurther understand how

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

in disease developmentinderstanding exactljow viruses cause disease is one of the biggest

concerngn the fieldof virologyresearchas understanding how disease occurs may provide a

target for how to prevent it.
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Chapter 1. Overallintroduction

1.1 RNA Viruses of Interest
1.1.1Hepatitis C Virus

1.1.1.1The State of Hepatitis C Virus Today
There are currently an estimated 58 milliordividualsliving with HCV worldwiderhich

marks a significant decrease from the 2@stimate of 185 milliorj1,2]. If left

untreated, HCV will become a chronic infection in ~80% of those infectechathdut
treatment, can lead to liver fibrosis, cirrhosis, &ndhepatocellular carcinoma (HCC).
These liver conditions are associateih significant inflammatiopand elevated levels

of inflammatory cytokinesre foundin the serum of individuals living with H{3£6].
Despite the availability of curative drug therapies, some individuals continue to show
evidence of ongoing inflammatigmaintenance of elevated levels of specific
inflammatory cytokinesas well as continued development of liver disease despite
complete viral clearanci,7¢10]. Therefore, despitduge steps forward in our

understanding of HCV, further study is still warranted.

1.1.1.2ldentification
Hepatitis not caused by hepatitis A virus or hepatitis B \(iHBV)wvas being identified

as early as 1974 and referred to as mdnonB hepatitig11,12] At the time, liver
inflammation had been documented in individuals living with hemophilia who had
received blood transfusiorf4¢3]. The new virus causing these cases was identified for

the first time in 1989 and named hepatitsvirus (HC\J14,15]
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1.1.13 Classification
Eventually the more recent hepatitis virus was determined to be a novel flavivirus and

wasthe first member listed in the inaugurakepaciviruggenus[16]. Other flaviviruses

with human relevance include, but are not limited to, Dengue virus, Zika virus, yellow
fever virus, Japanese encephalitis virus, andhbicine encephalitivirus Many animal
pathogens are also flaviruses. Most other viruses in the flavivirus family are vector
bornealthoughHCYV 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 thepacivirugenus for many years

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

rodent hapacivirughat has been explored as a possible rodent model of HZ\. 8]

1.1.14 Virology
HCV is a singigtranded, positivesense RNA virus with icosahedral symmetry. HCV

virions are circulaand~ 3060 nm in diametef19¢22]. The genome of HCV is 9.6 Kb in

f SYy3dK IyR AyOfdzRSa || onnn FYAy2 | OAR 2LISY
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importance as it serves as the internal ribosomal entry @RES), allowing cellular

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

the viral genomdreviewed in[23]).

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

claudinl, and occludin, while interacting with cell surface glycosaminoglycans
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(reviewed in24]). HCV is then internalized via clathdependent endocytosis where

low pH leads to fusion of the membranes of the virus and endosome, leading to release
of the viralcorewith an uncoating othe core proteinsand then leading to release of

the viral genome into the cytoplasf25]. 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 proteidw¢, E1/E2, the major capsid

protein and transmembrane envelope proteins, respectively) and severstiantural
proteins (p7, NS2, NS3, NS4a, NS4b, NS5a, and NS5b). HCV core protein makes up the
majority of the viral nucleocapsid which interacts with gemo 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 Ri&pendent RNA polymerase (RdRp) which synthesizes

the complementary negative strand of the viral genome, the strand subsequenthgactin

20



as a template for the synthesis of genomic RNA to be assembled into new progeny
virions Detailsregarding the HCV genome and lifecycle are extensively reviewed in

Moradpour & Penin, 2013 and Tellinghuissral., 2007[27,28]

HCV assembly is still not well understood and occurs very guibkhefore,

intermediate steps of assembly have been difficult to identify. Viral assembly cannot
occur without the nucleocapsidC\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 membir\¢
assembly and releassreviewedby Lindenbach, 201f29]. While new HCV virions were
traditionally thought toexit cells via secretory pathwayspre recent work from our

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

cell death mechanism81].

1.1.15 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 yesiise
Global Northtransmission has been mainly via intravenous or inhalation drug3&e
There is a small amount of vertical transmission from pregnant person to[8Bjldnd

there may be a small amount of sexual transmission if blood is exchdgfth the
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Global South, the routes of transmission are the same but also inaiéeleion via

contaminated blood transfusions use of unsterilized medical equipmdBt]. 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/cirhosis[36¢39]. A small proportion of individuals are able to clear HCV but the
YSOKIYyAaY o0& gKAOK (GKA&A 200dzNB | yR gKeé az2y
capable othis, while others are not, is unclept0]. If left untreated, chronic HCV will

continue to worsen, with 580% of chronically infected individuals developing fibrosis,

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

liver transplant37].

1.1.16 Therapeutics/Vaccines
Thankfully, in 2016, direeicting antivirals (DAAs) were introduced as standard

treatment, demonstrating a cure rate >90% for individuals infected with [4C\42]
These DAAs are generally well tolerated, espeaaltgpared to treatment with
interferon, the standard of care prior to introduction of DAAS8]. The DAA regimens
generally include a combination of a protease inhibitor, an NS5a inhibitor, and a
polymerase inhibitof42]. To date, HCV is the only known chronialinfectionthat 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-irdected[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 easter @entral Asia, North Africa, and the
Middle Easf{l1]. Traditionally, Egypt hascordedthe 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 decptig. Worldwide, there are still
millions of individuals who are untreated, many unaware they have been infected and
lacking access to treatments even if tHeyowtheir infection statuslt is estimated that

in Canadanein 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 d{Fedé

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 HJ¥0,44] 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 chimmzeee which has been banned for

use in research since 2b1ollowing a slow phase oulue to ethical concerns and

financial cos{48¢50]. 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 dise&ssuch as fibrosis, cirrhosis, or H6Q. 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 immunosugsed or immunodeficient,
rendering any studies related to the immunology of HCV challenging to interpret

(reviewed in[52]).

1.1.17 in vitroStudy Systems
HCV is a highly variable virus with several genotypes thajesgraphically 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 th¢db]. 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 cgB] and is the only known patient isolate to

grow in cell culture without adaptive mutations or cell modificati¢d8]. This isolate is
assumed to be highly virulent since it was first isolated from a case of fulminant
hepatitisand may not reapitulateHCMn viva JFH#is a celculture adapted version of
JFH1 which grows at particularly high titfg]. Huh7 cells and their subclones such as
Huh-7.5 cellsare hepatomaderived cellsaand, therefore, havemodified biology

including deficiencies in innate immune signalli5§,59] Despite these limitations, JFH
and Huh7 cells allowed HCV to be grawnwitrofor the first time and have been

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

virology[27,60]

1.1.2Influenza A Virus

1.1.2.1The State of Influenza A Today
Human influenza A viruses (IAVs) are responsiblarf@verage of 700,000 deaths every

year due to virusnduced respiratory failure or cardiac complicatigft]. Human IAVs
circulate the globe in somewhat predictable patterns that are used to make decisions
NBEIFNRAY3I @I O0OAYyS O2YLRaAlA2[@263]IMestdther 2 F
IAVs are maintained in wild bird populations, specifically dugliés,seabirdsand
shorebirdg64¢67]. 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 huf6&8gs0]. Unlike

seasonahumanlAVs 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 pattefinerefore,
networks have been established to monitor IAVs in migratory livasugh routine
surveillanceMany countries have programs similardo/ I y | R l-a@ancy A y (i S NJ
adzNIBSAT fFyOS LINRINI Y T EFNAkhGugh ogly thoysdbfypeS y T | A
of IAVS HIN1 and H3NZ2urrently circulate through human populatisrhumans can be
infected with some aviarand swineorigin IAVsThisis concerning from a public health
perspective as some of these awangin IAVs have been associated with substantial
morbidity and mortality with case fatality rates of ~5(Q%2]. The 1918 flu pandemic is
perhaps the most weknown examplen whichan IAV of aviaorigin spilled over into
naive human populations, resulting in more than 50 million deatitleading to a
significant decrease in life expectar[@g]. One particular aviaorigin IAV, H5N1 (clade
2.3.4.4b) has beernresponsible for the deaths of hundreds of millions of wild bsuhse

its introduction into North America (in Newfoundland) in late 2Q24]. Since the
spillover of these aviarand swineorigin IAVs to humans & ever-presentthreat 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 ofdttaomyxoviridadamily of segmented,

negative sense, singlranded RNA viruseBAV virionsare covered by aostderived
envelope andareabout80-120nmin diameterin their spherical tate and 300nm in
their filamentous statg75]. IAVs are pleiomorphim vivobut become mostly spherical

when grownin vitro [76]. IAVscontaineightgene segmentencoding for at least ten
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viral proteirs with some viruses encoding additional accessory proteins. The standard
proteins are PB1, PB2, RRB1, PB2, and PA together form the RdRp complex),
hemagglutinin KIA), nuclear protein NP, neuraminidaseNA), matrix M)1, M2, NS1

and NS2The more recently discovered accessory proteins produced by some IAVs
include PAX, PBIF2, PBAN40, PAN155, PAN182, M42, and NSWVithin the 1AV

virions, the eight viral RNA segments are loosely enclosed in the nucleocapsid which is
made of multiple NB Virionsthemselvesare mostlycomposedof M1 proteins and also
contain the proteins of the polymerase compjlewith glycoproteins on the virion

surface[67].

IAVclassification i®ased on their HA and NA surface proteiglycoproteins) To date,
19 different HAs have beendentified ard 11 NAs[77,78] HA is the main determinant of
virusinfectivity and virus subtype (along with NAlew HA subtypes must differ by at
least 30% in amino acid sequence identity and must not show cross reactivity with
another already identified HA'he HA and NA subtypef a given IAV are the largest
determinants of host range and infectivit§7]. Importantly, onlyH1, H2, H3, H5, H6,

H7, H9, and H1Giruseshave previously caused human infectididg].

While primary classification is determined by HA and NA subtype, classifichtoran
origin IAV<an also be done by determining the pathogenicity gheenvirus in poultry.
Highly pathogenic avian influenzauses(HPAYS kill nearly 100% of poultry infected

while low pathogenic avian influenz&ruses(LPAV9 viruses do not kilnostinfected
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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 furimhile LPAI viruses

contain two or fewer basic residues within the cleavage [3i8e81].

1.1.2.3Virology
For most subtypes of IAVS, entry into host cells ibwiding of HA on the surface of the

virion with sialic acidsthe major receptor for IAVs, on the surface of the @it
associated H17 and H18 viruses as well as H19 viruses use major histocompatibility
complex (MHC) class Il for viral enfi®2,83] HA is encoded by RNA segment 4 and is
the major antigen associatealith IAV infection and is the primary determinant of virus
tropism since it also contains the receptor binding sitellowing attachment, virions

are internalized viaeceptormediated endocytosis anicropinocytosis. Fusion occurs in
the presence of low pH in the late endosome (the exact pH requiaegingslightly
between IAV straingndis followed by uncoating, allowing transport of the IAV
genome to the nucleuddA is involved indth receptor binding and fusion of the viral
membrane with that of the cellular membrane in the endoson#e/ entry is extensively

reviewedby Sempere Borau and Steifg4].

Following uncoating, the viral RNA, NP, and polymerase complex translocate to the
nucleusof the infected cellUnlike HCV and most other RNA viruses, viral transcription
and replication of IAVs occurs in the nucleus of infected.caiésscription and
replication of the viral genome accomplishedy a polymerase congx consisting of

PB1, PB2, and PA. PB2 is encoded by RNA segmuedislinvolved in transcription
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elongation of viral MRNA, elongation of the template stand, and viral RNA synthesis. PA
is encoded by RNA segmehaind 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 celts begin transcription of the viral genome into positive

sense RNA that will act as mRtdAencode for viral proteins and as the temgador

synthesis of new viral genomgs7].

At early stages of infectiopyotein synthesis primarily producé# and NS1 and
translation of host MRNAs is blocké¢P 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 segmetalthoughneither are incorporated into viriondespite

both havnga role in virus replication. NS1 is found primarily in the nucleus of iedlect
cells is thought to be involved in combatting immune responsewl has been

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

primarily in the cytoplasm of infected ce[&7].

The accumulation of NP in infected cells is thought to contribute to triggering the switch
from mRNA synthesis to viral RNA synthdd$eanly 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 aHANA.
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The RNA segment encoding HA has a higher rate of mutations compared to that of the
rest of the IAV segmentmnd, on average, there is about one base substitution in HA per

newly formed virion.

Following productionHA and NAaretranslocated to the cell membrangherefull-
length HA is cleaved into two subunits gH##d HA). Known as the headjA is
involved in receptor bindingnd ishighly variable with few conserved sités contrast,
HA (stalk region) isnuchmore stable and highly conserved among IANV®NP is
highly phosphorylatediollowing translationbut the pattern is highly dependent on the
host Despite this, NP is one of the major targets of CD8ells, likely because of the

abundance of this protein within infected ce]&7].

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 envelopt can be found in both the nucleus and
cytoplasm of infected cells, although it has no known enzymatic funcéindstdoes

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 surfa¢@7]. 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 encapsidatethe nucleocapsid which is associated witie viral RNAThis

then leads tdouddingtowardsthe cell membrandg67].

NA cleaves newly formed virions away from theface of the cell andherefore,
facilitates virus spread and propagatid®A is encoded by RNA segment 6, and like HA
is found on the surface of virions and is a determinant of virus subtypes also highly
mutated as it is found on the virion surface atfierefore, is susceptible to increased

selective pressure from the host immune systf&§¥|.

Most of the accessory proteins of IAVs are generated via splicing or frame shifts or
truncating the coding region of the gene.&Ashuts down host translation and

suppresses host immune responses so that virngds deletedPAXdisplayincreased
pathogenicity, likely because overwhelming immune responses are no longer being
supressed. The exact function of PIB40 is unclear although loss of this protein seems

to impair viral replication. It is currently unknown whether natural isolaitEBAV
carry/express PAN155 and PAN182 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 butwith M42 still display significant disease during infection. A newly
found mutation of NS1 allows a novel splice site,dhdrefore, a new transcript and

protein to be producegdnamed 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 ley Hao

al.[87].

1.1.24 Determinants oHost Range
As discussed above, |A8® maintained in populations of migratory wild birolist can

infect a wide range of species including, but not limited to, water fowl, poultry, swine,
humans, marine mammals (seals, whales,)etrats, horses, ferrefeand mink.While

host range is largely determined by viral factors such as HA and NA subtype, the virus
receptor present on cellas well as body temperatur@so affects hostange As

discussed above, ost IAVs utilize sialic acid as their receptor, with H17, H18, and H19
viruses utilizig MHC class Il as their recepf6v,83] Within the viruses that utilize

sialic acids, there is a general association-@f3-sialic acids with aviaarigin IAVsand

| -2,6-sialic acid with humanorigin IAV488].

In birds] -2,3-sialic acids are foundn endothelial and epithelial cells of the intestinal
and respiratory tracf89]. In humans, -2,6-sialic acigd are generally expressed in the
upper respiratory tract while -2,3-sialic acids are expressed in the lower respiratory
tract and the eyd88]. This is one of the reasons it is thougigease is more severe
when humans are infected with aviamigin IAVs as infection is likely in the lower
respiratory tract, leading to the development of pneumof{88,90] Swine express both
| -2,3sialic acidand| -2,6-sialic acid, making swine the perfect host to be infected

with both avianr and humanorigin 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 researchehsterestingly, since the inecaion of HSN1 into
North America in late 2021, host range hiasreased to includa widervariety of birds

and mammals More recently wide-spreadH5Nlinfections ofdairy cattle have been
reported in the USA91¢93], andin a notyet peer reviewed studyhas been shown to
infect mammary tissue afairy cattle, whichexpress both -2,3- and| -2,6-sialic acis,
associated wittavian and human influenza receptors, respectiy84j, 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. Iapoaitry birds, IAV has
traditionally been thought to present as a gastrointestinal infection, although more
recent studies have reported respiratory or neurological infections. In poultry|dHi24
present as severe respiratory infections with severe and profound neurological deficits

[95].

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

acid and the Gl tract of birds is abodi® C. In contrastthe humanupperrespiratory

tract islined with cells that express-2,6-sialic acid receptors and is about3C. These
differences must be overcome by IAVs for a virus from one host to effectively infect the
other. This is wherawinebecome importanintermediates Swineupperrespiratory

tracts contain both sialic acigpes and are about 3T, makingthem 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 neweceptor type[96].

1.1.2.5Pandemidotential
Influenza viruses arBNA viruses that lack any proofreading ability, making teeen

more susceptible to mutationsf the genome Mutationsof IAVscan be classifieds
antigenic drift (ADdr antigenic shift (AS). Afefers tothe normal mutations associated
with a virus that does not have proofreading ability coupled with an RoRfs have

one of the highest rates of mutations in the RNA virus world. It is estimated that there is
one mutationfor everynew viral genome that is synthesizf¥]. Most of these

mutations are either silent in nature or result in defective viruses, émerefore, do not
become established. However, some of these mutations will provide benefits to the new
virus and will be maintained in the populatiohS or reassortmentis a more extreme

form of mutation whereby a single cell that is infected watheasttwo 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 virusr it could be half of the RNA segmems. dscussed above,

swine express both-2,3-sialic acidaind| -2,6-sialic acid, allowing them to be infected
with both avian and humanorigin 1AVs. This is particularly important in the context of
reassortment ADexplainsthe normal seasonal variation seen with influenza and is
consideredvhendeciding theseasonal vaccine strains each year.l#8ever, is nearly
impossible to predicandis one of the reasons that IAVs have so much pandemic

potential, asthese viruses could show up as entirely new @su® the human

34



population This could mean a complete lackpoévious immunityjncluding from the
seasonal flu vaccingeand could change transmissibility or host range for the virus in

guestion.Antigenic drift and antigenic shift are reviewed by Kinal. [98].

Human influenza viruse8l1N1 and H3N@ruses circulate in seasonal patterns.

However, many IAVs of avian origin have caused human infe@mh®iany ofthose

are associated with disastrous and deadly outcomes. For example, infections with H5SN1
have been documented since 1999 with a reported fatality rate of nearly S0%e
November 2021, millions of birds have died of H5N1 infections in an unprecedented
avian pandemic that has negativetypactedthe 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 abilty to effectively infect human cells remains a great concern to govetmsadth

bodies such as the CDC and WHO.

1.1.2.6 Pathogenesia Humans
The root cause of influenzaduced 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 infeetsomss

been shown for many other acute viral infections such as SARR [99¢102]

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

IAVtinduced disease. In terms of understanding human infectipagjcularlyrelating
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to IAVtinduced cell deathmuch of this work has been done usimgp H1N1 isolats,
PR8(A/Puerto Rico/8/34(H1N}]85,86,108114]and Pandemic 2008.10,114;120].
PR8was originally isolated from a person but has since become extremely mouse
adapted with high mortality rates in mick.was traditionally thought that mice were
not susceptible to IAVhfection without adaptation but this has beeuestioned
recentlyas mice have been infected witkbN1viruses isolated from cattlg21]. The
fact that PR8 infects mice readily with severe disease phenoiypésatesit is unlikely
to be very comparable to human infectiomsdditionally,somework has been done on
normal human seasonal IAVs as well as avian viruses that have caused substantial
disease or large outbreaks in humane.(H5N1, H7N9, 1918 H1N[B0,122;128] but
almost no workhas been reported regardinfgumanimmune responses to other avian
influenzaviruses 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 VaccineBTherapeutics
The first bivalentnfluenza vaccingas licenced for public use in 1945 auth vaccines

have been used and updatesgasonally sincthen [63,129] They are made to protect
against variants of IAV that are predicted to be circulating during the following flu
seasonHowever this is an imperfect system as IAVs mutate quickly, and changes to the
viruses are difficult to predicThe 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 problemsluding thefact that it is not

recommendedor those with egg allergies to ceive the vaccine as well as a known
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difficulty with culture of humarderived H3N2 viruses in egdmsading to changes in the
virusesand making the vaccine less effective at protecting against H3N2 vifi86%
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 notlastong,
accounting for the need faseasonal IAV vaccingsbe givenannually 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 antigéa universal IAV vaccine bsince it

is highly conserved in 1AVs, this area is not a metigenic sitg131]. Researchand
developmentof a possible universal flu vaccineiggoing by many groupmnd progress

has been reviewed elsewhef[£32¢134] Following the success of mMRNA vaccines to
protect against severe COVID, there is renewed interest in developing a universal
influenza vaccinen anmRNA platformRecently, Moderna announced positive results
from a phase3 clinical trial of @ mRNAvaccine to protect against both COVIB and

influenza when compared to vaccines against either infection separdi@by.

Several therapeutics have been developed for the treatment of severe 1AV infections
but, like other antivirals for acute infections, the drugs must be given soon after
infectionandbefore development of symptoms induced by an overwhelming immune
responseTherapeutics 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 viriofiex. Oseltamivir known as Tamifl@nother target
successfully used for IAV antiviral development is against the enzyme involved in cap
snatching which normally prevents viral RNA degradation by the hosDeslpite
guestionable efficacy of these druffs36], they are still included on the list of WHO
essential medicationgl37], particularly with the ever present threat of an #fsluced

IAV pandemic.

1.1.2.8in vitroStudy Systems
The gold standard for culturinigfluenza virusess to grow the viruses iambryonated

chicken egg§l38]. This process is still used for growing IAVs for seasonal influenza
vaccinesFor cell culture, the gold standard is culture in MaBiarby Canine Kidney
(MDCK) cellMDCK cells were first cultured fronteportedlyhealthy female cocker
spaniel[139,140] However further analysef these cell§ound thatthey contain extra
chromosomeg140]> & dz33SadAy3d GKS AyAUGAlIf aKSIfOoKeé
perfectly healthy Another thing to note is that these are from a degile most
influenza isolatesome from avian, swin@r human samples. Other cells can be
infected with various influenzas, such as A549 human epithelial lung &®hetimes
however,avian viruses require additional adaptation to greuccessfullyn these cells.
A549s are a much mogghysiologicallyelevant cell line but are not a perfeit vitro
model as not all virusereadily infect these cell&enerally, even if viruses can infect

these cells, the titres of virygroducedare reduced compared to MDCKSs.
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1.2Cell Death

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

considered to be noinflammatory[141]. Apoptosis is characterized by DNA
fragmentation, chromatin condensation, and extreme changes to cell morphology,

including membrane blebbing and production of apoptotic bodliek].

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 thmait pathway

is triggered by intracellular stress, including mitochondrial strEgensive overall

review of the apoptosis pathways can be foundx review by Galluzet 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 egisteine
domain that interacts with a death ligand and death domain within the cytoplasm which
initiates further downstream signallid43,144] Initiation of this pathway leads to
recruitment of adaptor proteins like Fassociated death domain protein (FADD) or
tumor necrosis factor receptor typealssociated death domain protein (TRADD). These
proteins recruit precaspase8 and precaspaselO0which are subsequently cleaved into

their active formsvia autoproteolytic cleavagd 45,146] Depending on the cell type,
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activation of caspas8 and/or-10 may be sufficient to trigger the rest of the apoptosis
pathway (including activation of executioner caspases, caspa$e and-7) while

additional activation by the mitochondrial pathway may be required to trigger
executioner caspases in other celfsadditional activation is required, caspa&avill

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

additional activation of the pathwajl41].

The intrinsic apoptosis pathway can be initiated bsadety of cellular stressors such as
radiation, hypoxia, viral infections, ROS production, or loss of growth fagenewed
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 factdr(APAFR.) which will oligomerize to

form a potein complex known as the apoptosome. The apoptosome will then activate
caspased which, in turn, activates the executioner caspadése formation and

function of the apoptosomés reviewedby Riedlet al. [149].

The executioner caspases all play a role in the final stages of apoptosis induction.
Caspase carries out the majority of functions while casp#&sand-7 arenot essential
[141]; therefore, activation of caspas®is generally considered a good indicator of
apoptosis activation. Caspa8ecleaves and thereby inactivates poly Alilidse
polymerase (PARP) that, under normal circumstances, is involved with DNA1&04ir

Caspas®8 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

subsequentlydading to breakdown of the nucle(&51].

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 getiigy
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[141,152;154].

Virusinduced 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 cefype-, virus isolate and timeframe-dependent.
Viruses that have been shown to induce or inhibit apoptosis include, but are not limited
to, HC[31,155,156] Ebola Viru§l57,158] Dengue Virugl59162], vaccinia virus

[163], HIV[164], SARE0V[165], SARE0V2 [166], La Cross Virj67], measleg168],

and 1AV[169,170]

Traditionally, apoptosis was thought to be norlammatory. 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 caspa®enediated cleavage of GSBE) leading to a
pyroptosislike death and lysis of the apoptotic bodids1¢173]. 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 os]#1,171,172,174180].

1.2.2Pyroptosigfocused on virusinduced pyroptosis)

The section focused on pyroptosis was previously published as a review inixiruses
September 202Referencgl81]in this thesisSections from the review that focused on
DNA viruses were omitted frothe main introduction of this thesis due to lack of relevance

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

Wallace HLRussell RS 2022. Promiscuous Inflammasomes: The False Dichotomy of
RNA/DNA Virutnduced Inflammasome Activation and Pyroptosis. Viruses 14:2113.

" Corresponding Author

HLW wrote the original draft. HLW and RSR were both involvedcaitbeptualization,

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 weltkknown 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-1. and 11-:18. This pathway can be triggered by various
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sensors, including, but not limited to, NLRP3, AIM2, IFI16l,Ri& 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 ofindused 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 viras@isate 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 easch 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 primarilyresearch performed on human viruses but also include details regarding

animal viruses whenever possible

1.2.2.1 Introduction

1.2.2.1.1Inflammasome 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 caspaseén macrophages infected witbhigella flexneri

[182]0 ¢ KS G SNY)Y & LJ NER LIi-2-aediated call deatRvéad dgdséd$or O & LI
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

caspae-1l, making it distinct from caspaskemediated apoptosi$l83]. Early understanding

of virusinduced 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 infectidth®6,107,184(and reviewed ij185]). More
recently, the role of the inflammasome during viral infection wagvaluated, driving
speculation that pyroptosis could be the leading factor behind deadly inflammatory
responses associated with highly pathogenic viral infections, including pacdansing

SAR&0V2 (severe acute respiratory syndrome coronavirugLRp,186;188).

Pyroptosis is an inflammatory form of programmed cell death mediated by a protein
complex, dubbed the inflammasonj&89], which contains a receptor such as NLRP3
(nucleotide oligomerization domain, leuchnieh repeat (NLR), pyrddomain 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 (revid®&f),in

an adaptor protein, which is often ASC (apopt@sisociated speekke protein containing

a CARD (caspase recruitment domain)), unless the sensor contains its own CARD, and
effector enzyme, caspask Pyroptosis ultimately leads to pore formation bysdarminD
(GSDMD) in the cell membrane, causing cell swelling and subsequent lysis. This is
accompanied by maturation and ensuing release of inflammatory cytokines IL I -8R L [
(extensively reviewed if141]; Figl.1). Pyroptosis has been implicated in inflammatory
pathogenesis induced byruses[31,85,103,108,192195]as well as being shown to

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

[111,196;199] 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.

1.2.2.1.2VirusInduced 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 studiesizeevin

[200,201) while a simple search for other viruses and pyroptosiated terms yield no
peerreviewed 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 virdaduced 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
inflammasomd202] 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 RNARP3 and DNAIM2/IFI16 dichotomy is

inconsistent114,192,199,204208].
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1.2.2.1.4The Many Faces of the NLRP3 Inflammasome
Both AIM2 and IFI16 contain an HIN (hematopoietic expression, interfadutible

nature, and nuclear localization) domain that can directly bind to desbiended DNA,
leading to logical early conclusions about their activafitD,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 (R@34,215] viral RNA216¢218], inflammasome
complexes released from other celsl9,220] ATH221,222] specific viral proteins
[108,208,228226], changes in ion concentrations such as potassium di22ix,228]

binding of/interaction with NEK[229,230] or even changes in cell volurjf#81]. 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 regarctivation by

viruses, there are hints throughout the literature of more promiscuous activity than was
described in early reporf202,203] There is a growing body of research suggesting that
some viruses, including, but not limited to, herpes simplex vir(t4Slv1) [207,232,235],
human bocavirus 1 (HBoV[P06,236] HBV[237¢240], human adenovirus 5 (Ad5)
[204,24X243], Zika viru$205], West Nile virus (WN\244¢247], enterovirus A71 (EX71)
[199,248] Mayaro virus (MAYY)92], chikungunya virus (CHIK®Z%4,249] influenza A

virus (IAV]85,103;105,108,11Q112,114,124,184,196,25253], SARE0V2 [100,254]

and human immunodeficiency virus (H[2$5¢259], activate multiple inflammasomes,

particularly when one sensor is blocked or inhibited.
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1.2.2.1.5NLRP3 Is Triggered by WHAT?
In the minds of the authors, thenemain 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 |y 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 triggr 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 limite to, cardiomyocytef?14], hepatocyteg31,155] intestinal
epithelia[260,261] neurong262,263] airway epithelial cellR06], and tubular epithelial

cells of the kidney264]. 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.

1.2.2.2Viruses That Fit the Dogma
1.2.2.2.1RNA Viruses That Activate NLRP3

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

inflammasome and subsequently induces pyropt§3is155,265,266]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[80}. Dausst al. showed

that the Golgi fragmentation associated with HCV infection is induced by the NLRP3
inflammasomg267]. Interestingly, these authors found the same effect for cells treated
with nigericin but not when cells were infected with related flavivirus, Zika J26i8].
Noteworthy is the finding that levels of pyroptosissociated cytokinel$-18 and ILl] are
increased in serum of individuals infected with HCV, even after curative th{8ap268]

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
caspasel activation upon HCV infection. This result suggests other inflammasoaebe

involved but have not yet been identifigd1].

Other flaviviruses have also been shown to activatBRB, including Japanese Encephalitis

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

both in vitroandin viva This effect was dependent on viral replication, but the role played
by the NLRP3 inflammasome in pathogenesis/viral clearance remains u@86arA more
recent study by Swaroogt al. revealed that knockdown of heat shock protein 60 resulted
in decreased Hlf production, which led to increased survival of JEécted miceg270],
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-ll. . 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 hyg¥dtjsWe

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

trigger of caspasé and subsequent release ofIL during symptomatic Dengue infections
was unknown despite occurring during human infection. The auttensonstrated that
Dengueinfected inflammatory macrophages produced high levels-a8lland IL1 ,
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 infecti@72]. Around the same time, it was
shown that Denguénduced NLRP3 inflammasome activation increased platetstiated
endothelium permeability and this was followed by increased expressionlbf it vitro

and in patient serum. The authors also showed that platelet sheddinglbf IL

microparticles were correlated with increased vascular permealjditg]. Cheunget al.
showed Dengue vird2 infection of primary macrophages triggered activation of casygase
which subsequently induced activation of caspasand secretion of HIf without the

need for full inflammasome formation. Their data suggested that caspaseipstream of
caspasel and regulates inflammatory cytokine release in macrophages infected with

Dengue2 [274]. More recent research on Dengueduced inflammasome activation has

50



focused on determining what viral protein triggers NLRP3.eRah showed that the

dengue virus M protein could trigger the NLRP3 inflammasome along with secretion of IL
I 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 infea8snciated
vascular leakagl 94]. Khanret al.determined that the E protein domain Il (E 11,
immunodominant epitope) induced a piioflammatory signature that included secretion

of Il and TNF in THPL cells via the NfFB pathway. The release otIL was observed

in conjunction with increased ROS production and K+ efflux. Then they showedlthe IL
production induced by E 11l was mediated by NLRP3 and ca%past suggested this was
responsible for Denguiduced pathogenesi®75]. Further research by Liest al. showed

E 1ll, 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 infe¢8@6]. Injection of E Il caused
abnormalities in the endothelium. Injection of E Il followed by injection ofBetigue

NS1 antibodies caused more extensive vascular damage, liver dysfunction, and
hemorrhage. When the same series of injections was giverL®R8 knockout mice,

disease was reduced compared to that of wiyge mice. The authors concluded that the
NLRP3 inflammasome contributes to disease and may also be a therapeutic target for

treating Dengue Hemorrhagic Fe\2i6].
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A 2018 study by Fast al. aimed toinvestigate 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 dsl(PBMCSs) infected with CSFV triggered the production of
pro-IL-1 , its activation and maturation dependent on NLRP3 and caspaskey were

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

NLRP3 activation playgale in the immune response to CSFV in swine monodg2i4.

1.2.2.2.1.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 [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.Fhenuiviridae
Another RNA virus that has been shown to fit the RNARP3 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 lgagttections

on trade, mostly in east and southern Afri{@80]. There is a single papg81]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 fisthdied 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.Filoviridae
Infection with Ebola causes substantial inflammation and immune dysregul282q286],

so it seems likely that Ebola would trigger inflammasome activation. Using a CLkeirus
particle system, Ebola was demonstrated to do just that, activating the NLRP3
inflammasome and inducing secretion of pyropteasssociated cytokines in differeated
U-937 and THR cellg[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 Ad€ect Agent and CL4 constrain288].

1.2.2.2.1.%Coronaviridae
It has been documented that coronaviruses also activate their degssaciated NLRP3

inflammasome. Several studies on SARY, prior to the emergence of SAB®/2 and

the onset of the COVHDO (coronavirus disease 2019) pandemic, demonstrated that the
viroporin 3a (ORF3#§223,226] as well as the E protein, could trigger NLZBY]. SARS

CoV ORF8Db 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]

53



1.2.2.2.1.Rhabdoviridae
Lawrenceet al. showed that rabies virus, a singiganded, negativesense RNA virus, upon

infection of bone marrowderived dendritic cells (BMDCSs), resulted in production oflpro

' which was cleaved into its mature form and released from cells using the NLRP3
inflammasome pathway. They also demonstrated that production ofipdd was

dependent on viral replication and that-1L.receptordeficient mice were more seriously

impacted by rabies infection, resulting in increased viral pathogerjRe®]. Kipet al.

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

response to protect the host from the virus. Mice deficient in casgadesplayed

increased disease severity when infected with an attenuated rabies strain (ERetygcki
Abelseth)[293], indicating the inflammasome is necessary for overcoming viral

pathogenesis. Interestingly, mice deficient iffiLand Ikmy RA aLJX F @ SR G KS G @& L
adyLli2zvyaé Faaz2 oAl GSR [283, suggediirfg Sesk inflarGmamey 0 SR & G|
cytokines do not contribute to the pathogenesis associated with rabies virus infection. By

contrast, in 2019, it was reported that mice treated with a casgh#ghibitor displayed

prolonged survival upon infection with ras[193].

1.2.2.2.1. Hantaviridae
The only known report of inflammasome activation by Hantaan virus, a negainse RNA

virus in thehantaviridaefamily, found activation of the NLRP3 inflammasome along with
secretion of ILIl upon infection of THR cells. The authors also linked ROS, but not ATP,

release as a requirement for-I. production. They speculated that the NLRP3
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inflammasome is responsible for increased levels-df Iin individuals suffering from

hemorrhagic fever with renal syndrome induced by various hantavif284.

1.2.2.2.1.8aramyxoviridae
Several viruses from thgaramyxoviridadamily of negativesense, singlstranded RNA

viruses, are also known to activate and/or inhibit the NLRP3 inflammasome. Measles virus
induces the NLRP3 inflammasome, resulting in secretionrf.IBy infecting cells with a
mutant measles virus lacking the V protein, Komenal.were able to show higher levels

of IL-1] secretion compared to cells infected with witghe virus. Using THP cells stably
expressing the V protein of measles, they were able to oworthis protein inhibits the
secretion of ILI} via inhibition of the NLRP3 inflammasome pathJy2§85]. We are aware

of only a single paper that describes the interaction of Sendai virus (SeV) with the
inflammasome pathway. Using THRells infected with a V gene knockout virus, Komatsu
et al. showed that there was greater secretion offiLthan when those cells were infected
with wild-type virus. NLRP@eficient cells failed to generate such an increase-iti liwhen
infected with the V gene knockout virus. They also found that the V protein inhibited
formation of the inflammasome by blocking ASC atigazation. 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-I. [296]. Wanget al. found that human macrophagée

THR1 cells infected with Newcastle disease virus (NDV) indue#d $kcretion via

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

cells. Knockdown or chemical inhibition of inflammasome components showed increased
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cell survival upon NDV infection as well as increased replicE®f]. Further investigation
of NDV by Gaset al., from the perspective of understanding severe pathology in poultry
infections, showed that Hlf antibody treatment decreased body temperature and
mortality following infection of chickens. They also showed that inhibition of NLRP3 or
caspasel significantly reduced Il expression and that NDV RNA alone was sufficient to
induce ILT expression. These findings suggest that treatments targeting inflammasome

pathway components may decrease disease associatgdpoultry infection[218].

1.2.23 Viruses That Do NOT Fit the Dichotomy
1.2.2.3.1RNA Viruses That Activate Traditional DNA Sensors

1.2.2.3.1.Flaviviridae
We have already discussed several flaviviruses that fit the /NP3 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 systeatabf f

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
flavivirusnegative control$205]. It is unknown at this time whether inflammasome

activation is involved in GuillaiBarré syndrome, another known complication of Zika

infection.

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

{GFrGSaqQ / SYyadSNaA F2NI5AaSLasS /2yiNRt FyR t NB¢

25,849 documented to have neuroinvasive dise@88]. Interestingly, before WNV was
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shown to activate the traditional NLRIRINA virus sensor, it was shown to activate the-RIG
| inflammasome, which had antiviral effects in conjunction with casf@séJsing 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 | IFN response
compared to that of wildype mice. Primary neurons and embryonlardiblasts from mice
were infected with WNV and showed that caspdsepositively mediated theype | IFN
response through its regulation of TRIM25 (E3 ubiquitin ligase) which subsequently
mediates the ubiquitination of RK§247]. To further understand the role of the
inflammasome in the central nervous system (CNS) during WNYV infection, Raalos

used a mouse model to help elucidate the role effILsince it had been shown to be
elevated in plasma of infected individuals. The authors showed that hdktilicreases in
infected animals with both HIf and NLRP3 acting as restriction factors to control viral
infection in the CNS. Mouse models that were lacking tkerkceptor or components of

the inflammasome pathway wenmmore susceptible to WNVhduced 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. Theld show that cortical neurons secretellL in response to WNV
andthatIkll ¢ a@ySNHAT Saé¢ SAGK GellS L LCb G2 &dzLILING
authors concluded that the NLRP3 inflammasome pathway is critical in the control of WNV
infectionin the CNS and that-ll. can aid in restriction of viral replication of WNV in
neurons[246]. Due to the inflammatory nature of WNV and its association with

encephalitis, Kumaet 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 necessa+¥ for IL
production, caspasé activation, and for an effective host response to generate immunity
to WNV. AS@eficient mice showed increased susceptibility to WNV, accompanied by

decreased survival which was associated with increased viral replication in paiiphe

CNS tissug45]. The authors report that ASC knockout mice displayed decreased levels of

inflammatory cytokines in serugccompanied by an interesting finding of reduced{IFN
FYR L3a Ay &aSNHzYd | 26SOSNE oNIAya 2F ! {/
AYTFELEYYLGA2YyZé Ay Of dzREW IANITCISAThisitciRasé i @S &
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 tmutating inflammasomelependent

immune responses and that its activatiennecessary for clearance of WKMD5].

Ekchariyawaet 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 secretiorljof IL

and maturation of caspase 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 caspeddo decreasd

secretion of ILI] from infected cells. In contrast to their findings regarding CHIKV, which
will be discussed later, caspagenhibition did not affect replication of WNV. This suggests
the inflammasome is not directly involved in the pathogenesis or immunological ctearan

of WNV[244].
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1.2.2.3.1.Xoronaviridae
SARE0V2, the causative agent of COVIB, has been associated with substantial

inflammation and ovegctivation of the immune system in severe cag@%101,102,299]

In contrast to SARGoV, SARS0oVV2 NS proteins 1 and 13 were found to suppress
activation of the NLRP3 inflammasof3®0]. However, the SARS0V2 N protein induced
hyperinflammation via the NLRP3 inflammasome, with the implication that overactivation
may contribute to the pathology associated with severe C@[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 dis¢a88]. Besides viral proteins, singdéranded RNA
derived from SARSo0V and SARS0\Y2 was reported to trigger TER leading to secretion

of IL-1] in absence of pyroptosis. Campbetlal. showed that activation of {If was
dependent on caspasg, caspasé, NLRP3, and K+ efflux, describing this as a nonclassical
inflammasome pathwajB02]. Even more recently, it was demonstrated that the
inflammasome pathway in monocytes is activated upon abortive infection with SARSCoV
which was suggested to drive the severe inflammatory pathology associated with severe

cases of COVAO[100].

1.2.2.3.1.Ficornaviridae
Similarly, Enterovirus A71 (\71), the causative agent of haffiobt-and-mouth disease,

has been shown to activate both RN#hd DNAassociated inflammasomes. A 2017 paper
reported that AIM2 was activated in both celllture infected cells and in théNS of fatal

cases of BMA71 encephalomyeliti248]. Unsurprisingly, considering the present
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discussion, a previous report had already indicated activation of the NLRP3 inflammasome
upon infection with EV7[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.

1.2.2.3.1.4Togaviridae
Mayaro virus (MAYV) is a positisense, singkstranded RNA virus that circulates in South

America and is transmitted to humans via mosqui@33]. Like many other emerging viral
pathogens, many aspects of MAYV remain understudied, including the human immune
response. A study by de Castlorgeet al. established a model of MAYYV infection in
macrophages and mice. Using these models, they showed that inflammasome pathway
components (NLRP3, ASC, AIM2, and caspeare induced upon infection of bone
marrow-derived macrophages. Using NLRP3 knockout riieg,showed that NLRP3, but
not AIM2, was required for secretion oflL. Confirming the role ahflammasome
activation, the authors reported increased levels of casgap@0, 11 , and IE18 in

serum of individuals infected with MAYYV in comparison to that of healthy corj®8.

CHIKYV is spread by mosquitos and can cause severe muscle aches, joint pain, headache,
fever, and rasi304]. As mentioned above, Ekchariyavedtal. showed that both CHIKV

and WN\Vactivate inflammasomes, accompanied by maturation of both casfieesd IL

I , and that AIM2 was involved in this process. To analyze the effect of inflammasome
activation on viral replication, they used silencing to inhibit casgasehich had no effect

on WNV, but did show improved replication of CHIKV in dermal fibroblastssiitgests
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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 infeci#i4]. In another

study by Chert al., it was shown that CHIKV infection activated the NLRP3 inflammasome
in both humans and mice. PBMCs from infected individuals displayed elevated NLRP3,
caspasel, and IE18 mRNA expression. Using a mouse model, they showed that NLRP3
infection was associad 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 effeqtal
replication. Mice treated with MCC950 also showed decreased levelsptHemokine

ligand 2, and TNF in joint tiss[#49]. Together, these findings suggest inflammasome

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

1.2.2.3.1.50rthomyxoviridae
Influenzainduced pyroptosis may be the most well studied of all forms of vimdaced

inflammasome activation and pyroptosis. Although outside the scope of this review, it is
important to consider that the role of NLRP3 inflammasome activation by influsnza
highly debated within the field. Some groups report it as a mechanism of pathogenesis
[103,108,124,253vhile others report it as necessary for an effective adaptive immune
response to clear influenza infecti¢hll,184,196,250]Besides NLRP3, influenza has also
been shown to activate RIgwhich promotes replicatiof)l84]and AIM2. Activation of
these inflammasomes is associated with worse prognosis in infected mice without
influencing viral loadil14]. Recently, it was shown that IFI16 is activated directly by

influenza RNA, causing an enhancement ofIRi@scription and activation, potentially
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leading to restriction of influenza infectid@51]. It has been proposed that influenza

proteins M2[85] and PB1F2[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-B¥éaciated 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 procgs$2]. Recently, influenza has been shown to
activate NLRC4 which regulates influesspacific T cellgL05]. Influenza viruses H5N1 and
H3N2 with accessory protein P2 have also been shown to limit NLRNEK7 complex
formation and subsequent pyroptosis. Mutant viruses lacking-PBhduced higher levels

of cleavedcaspasel, cleavage of GSDM, and releasef lactate dehydrogenase (LDH) and
IL-T . PB1F2 was shown to limit transition of NLRP3 from its closed confirmation into its
active statg104]. On the opposite side is the research that has shown that the NS1 protein
of influenza can inhibit the NLRP3 inflammasdg&0]. 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.Retroviridae
HIV causes disease by depleting CDdells, rendering the host incapable of fighting off

other opportunistic infections. Early studies suggested*dDeklls 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 caspaspendent

manner, accompanied by-I. secretion[256]. Around the same time, the same research
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group published their findings that IFI16, another traditionally Edd8ociated sensor, was
required for the pyroptotic death of CD7 cells. They suggested that the IFI16

inflammasome is likely a driver in the development of AEBB]. Further research

confirmed these findings, showing that individuals with HIV had more Tbdlls that

were ASCthan healthy control$255]. Since then, HIV has also been shown to activate

NLRP3 in the context of CDRcell los$259] as well as HMNhduced neuropathy257].

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 atitw of the AIM2

inflammasome during HIV infection.

1.2.2.40ther Inflammasomes
This review illustrates that two main inflammasome sensors have been well studied in the

context of viral infection: NLRP3 and AIM2 (summarizédalie 11). 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 inflammasonsageinerally

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 11 [RNA]Viruses, separated by family, with inflammasome senaotiwvated and

references associated with each one.

Inflammasome
Family Virus Sensor(s)
Activated

Against
Dichotomy?

Reference(s)

Negastet al., 2013,
HCV NLRP3 no 2019; Kofahet al., 2016;
Wallaceet al.,, 2022

Kaushilet al., 2012;

JEV NLRP3 no Swaroopet al., 2018;
Redantet al., 2020
Dengue Hottzet al., 2013; Wet
al., 2015; Cheungt al.,
Flaviviridae NLRP3 no 2018:; Kharet al., 2019;
Lienet al., 2021
CSFV NLRP3 no Fanet al., 2018
Zika NLRP1, NLRP3,
AIM2 yes de Sousat al., 2018
WNV Wanget al., 2010; Ramo:
RIGI, NLRP1, s et al, 2012; Kumaet al.,
NLRP3, AM2 Y 2013; Ekchariyawat
al., 2015
- RSV Segovieet al., 2012;
AMEUTETIEE AR no Triantafilouet al., 2013
Phenuiviridae RVFV NLRP3 no Ermleret al., 2014
Filoviridae Ebola NLRP3 no Halfmannet al., 2018
SARS Chenet al., 2019; Siet
CoV NLRP3 o al., 2019; Shet al., 2019;

Zhenget al., 2020;
Diagneet al., 2020

Coronaviridae SARS Sefiket al., 2022; Doitsh
Co\:2 et al, 2014; Kinet al,,
NERES, Al es 2021; Paret al., 2021;
NLRP6 y ' . '

Campbelkt al., 2021;
Diagneet al., 2020

MHV NLRP3 no [134]
Rabies Lawrenceet al., 2013;
Rhabdoviridae NLRP3 no Kipet al., 2017; Koraka
et al, 2019
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Hantaviridae

Paramyxoviridae

Picornaviridae

Togaviridae

Orthomyxoviridae

Retroviridae

Hantaan NLRP3
Measles NLRP3
SeV NLRP3
NDV

NLRP3
EV7L  NLRP3, AIM2
Mayaro | rp3. AIM2
CHIKV' AIM2, NLRP3
IAV

NLRP3. RIG

IFI16, AIM2
HIV

NLRP3. IFI16

no
no
no

no

yes

yes

yes

yes

yes

Yeet al,, 2015
Komuneet al., 2011
Komatsuet al., 2018
Wanget al., 2016; Gaet
al., 2020

Wanget al., 2015;
Yogarajatet al.,, 2017
de CastreJorgeet al,
2019

Ekchariyawaget al.,
2015; Cheret al., 2017
Ichinoheet al., 2010;
McAuleyet al., 2013;
Cheungget al.,, 2020; Niu
et al,, 2019; Zhangt al.,
2017; Schattgeset al.,
2016; Horniclet al.,
2019; Cilloniet al.,
2009;Ren et al 2017;
Cheonget al.,, 2015; Panc
et al., 2013; Jiangt al.,
2021; Moriyameet al.,
2020; BoalCarvalheet
al., 2020; Sheet al.,
2021

Doitshet al., 2014;
Monroeet al.,, 2014;
Ahmadet al., 2018;
Zhanget al., 2021; Heet
al., 2020
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human airway epithelial cel[806]. Robinsoret al. were able to show that the 3C protease
directly cleaves NLRP1 which leads to inflammasome formation gi®idécretion,

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 H18 and IE22. 11-:22 release induced a state of gene expression iesiimal
epithelial cells that was protective against rotavirus infection, whi&8llaided in the
elimination of rotavirusnfected cell§307]. A study of immune responses to influenza virus
showed that NLRC4 activation in dendritic cells was necessary foispieagic CD4T cell
responses. Using a mouse model, the authors showed that NLRC4 knockout mice had
decreased survival rates and increased viral titers accompanied by normal CBI8
responses and severely impaired CD4ell responsegd 05]. A paper from late 2021

identified activation of the NLRP6 inflammasome during various viral infections, including
SARE0V2, rotavirus, and MHV. The authors report that NLRP6 is activated in the lungs of
pneumonia patients with severe COVID as well a in hepatocytes of mice in response to
MHYV 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 Zhat al., the authors showed that NLRP9b restricts rotavirus
replication in intestinal epithelial cells which subsequently leads to the maturationid IL
and GSDMD>-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 helicas¢ZBhkINLRP12,

conversely to NLRC4, has been shown to play a role in detrimental immune cell recruitment
during IAV infection. Using NLRP12 knockout mice infected with 1AV, Heraickhowed

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 thepmatory tract

[308]. Many other inflammasome sensors have been described but the role, if any, they

play during viral infection remains to be determined.

1.2.25 Addressing the Dichotomy: WHetrpetuates 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 thdes 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 actte 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 thats usually influenced by previous experience, literature, dogma, etc. We
propose here that this implicit bias may explain why few traditionally &s&dciated

sensors have been reported as being activated by DNA viruses, and vice versa, few papers

in the Iterature report that RNA viruses can activate traditionally Ed$8ociated 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 scienearasdriven 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 inflammasorsated terms and viruses such as Crim&amgo
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 inflammasodespite 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 AtNM216. 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 propbaerore time and effort be invested

in furthering our understanding of virdiaduced inflammasome activation, breaking down
the existing false dichotomy in the process. Another consideration that requires the
attention of inflammasome researchers is thegpanded 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-stetlied. However, research on
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activation of inflammasomes by their oppositeégsociated viruses is lacking. Vimduced
pyroptosis literature continues to grow, but significant gaps remain apparent, including the
exact trigger of NLRP3. Additionally, many inflammasomes have bestifiets but the

role they play during viral infection requires further study. We, as scientists, should take a
ONRI RSN GAS6 6 KSY ¢ RNAAsyodatetl feNsorgvithinad 8 A O¢  wb !
respective system which should include the practice of publghmy relevant negative

results. With some extra time and effort, we should have a-+wmlhded picture of the

promiscuity of inflammasome activation, including the role of inflammasomes in the

pathogenesis of viral infections.

1.2.3Necroptosis
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 involvemdB809,310] 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 TOR&4, or-DNA binding protein [311¢

313]. However, following deatheceptor interactions, RIPK1 activates RIPK3. Activation
of RIPK3 then triggers phosphorylation of mixed lineage kinase domain like
pseudokinase (MLKL or pMLKL, once phosphoryl§sdd)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 Galeral. [141]. Unlike pyroptosis, there are
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no necroptosisassociated 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 Necrostathich inhibis

RIPK1, making studies of necroptosis more diffi@16].

Similarly to pyroptosis, necroptosis has also been described as a deddpel sword in
that some amount of inflammatory cell death may be needed and necessary for an
effective immune response, but that averabundancef necroptosisassociated
inflammation mayresult in diseaseViruses that have been shown itduce necroptosis
include, but are not limited to, IAM17¢320], HIV[321], HSVL1 [322], RS{323¢325],
NDV[326], Zika[327], hepatitis E virug328], African Swine Fever Vir{&29],
Coxsackievirus AB30], and rotavirug331], many of whichare associated with
substantial inflammation leading to disease sta@32]. Targetingnecroptosis
associated inflammation may also serve as a viable drug target, as compmueidas
necrostatinl that have already been used routinely in clinics are known to inhibit

necroptosig316,333]

All three types of cell death are reviewedRigl.2
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1.3 HC\Nnduced Cell Death

1.3.1 HC\ihduced Apoptosis
There is a large volume of literature detailing apoptosis induction by HCV usinmboth

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 pati€d34,335] single protein expression
systemq336¢341], infectious cell culture mode[842¢345], various

immunocompromised mouse mod€346¢348], and the replicon systeli349,350]

Apoptosis has been reported in the livers of individuals living with HCV through
histological analyses as well as looking for the activation of apopassisciated
caspase3 and-7 [334,351] More recent work from our own lab showed that apoptosis
occurs in both HGinfected cells as well as bystander cellscatiured with HCV

infected cells. Apoptosis of bystander cells was shown to be cedgmtndent, unlike

bystander pyroptosis, which was shown to be coniacependent[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 deafhe role of HCV core protein in
HCVinduced apoptosis has been studied extensively, although inconcludi@W.core
protein has been shown to cause ER stress, resulting in downstream activation of
apoptosig337]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 preapoptotic proteins such as caspases, cytochrome C, and p53, to inhibit
apoptosis inductior352]. Reports of researcbn other viral proteins of HCV and their
role(s) in HCN¥hduced 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 tgéngpoptosis. 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 repats have suggested that some of the nsimuctural proteins may

be involved in the induction of H&kduced apoptosis although these proteins in this
context have been less well studied atiterefore, we are unable to draw conclusions

from the data to datg353¢356].

As the mouse models available for HCV research involve immunocompromised mice,
making the model inappropriate for immurrelated 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 dpkesy somerole during

infection and therefore, necessitates further study.

1.3.2HCVinducedPyroptosis
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The followingsection, focused on H&Muced pyroptosis, was previously published as a
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thesis.

Wallace Ht, Russell RS2024.Inflammatory Consequences: Hepatitis C \Vinduced
Inflammasome Activation and Pyroptosis. Viral Inmunology 3128.
#Cocorrespondingauthors

HLW wrote the original draft. HLW and R&#Re 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 daretihg antivirals (DAAS) that
clear the virus fron»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 resultslityses and
release of inflammatory cytokines-118 and ILT . This review will report on studies that
investigated HCV and inflammasome activation/pyroptosis. This includes dlimwabdata
showing elevated pyroptosi&@ssociated cytokines in the blood of individuals living with HCV,

studies of genetic associations of pyroptesetated genes and development of liver disease,
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andin vitrostudies 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 HCMnduced pyroptosis.

1.3.2.1 Introduction

1.3.2.1.1Hepatitis 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 worldwid€e[1]. Hepatitis C virus is a small, enveloped, icosahedral, single
stranded RNA virus in tHeepaciviruggenus of the familylaviviridag16]. 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 20335]. 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 eliminationis challenged by three factor€l) 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 dideu$388)). (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 infectiod0,44] (3) Some individuals who achieve

sustained virological response continue to develop worsening liver disease despite virus
elimination[7¢10]. 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.

1.3.2.1.2nflammasome 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 dise§k@2,194,205,239,276,3§361].

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 RNA216¢218], cytoplasmic mitochondrial DNA (mtDN212,213]

reactive oxygen species (RQ®EL4,215] viral proteing108,208,228226], ion

concentration changeR27,228] cell swelling231], and ATF221,222] The classic
pathway begins when a receptor, such as NLRP3 (nucleotide oligomerization domain,
leucinerich repeat protein 3), AIM2 (absent in melanoma 2), NLRCS5, or IFI16, among
others, is triggered, leading to the recruitment and oligomerization of ASC (apoptosis
associated speckke protein containing a CARD [caspase recruitment domain]). Pro
caspasel is then recruited andndergoes sefproteolysis whereby caspaskeis 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 molece) caspaséd. The inflammasome then cleaves gasdermin
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D (GSDMD) into the €and Nterminus. The Nerminus 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
repaircomplexes to fix these porg362¢365]. The inflammasome complex also
mediates cleavage of p#h-1f and prolL-18 into their mature forms, which are
subsequently released from cells, utilizing GSDIdores for their escap@66¢369].

The pyroptosis pathway is extensively reviewefil#l]and HCMnduced pyroptosis is
summarized irFigl3.

t NP LII2aAra KFa oSSR SRIzoaosSRRNR ¢ a-R2 dkoldf SARA G K 2 d
innate immune responses by acting as an alarm system to recruit other immune cells
and contribute to an effective adaptive immune respoips@6,111,370,371]However,

this can also be detrimental to the host, as the pyroptosis pathway can become over
activated, leading to uncontrollable inflammation. The caetivation of the

inflammasome is thought to contribute to the pathogenesis of many viral infections,
including, but not limited to, influenza A vir{i§03,108,114,122,123,125,25383ARS

CoV2[99,101,301] HIV[255,256]and, as discussed in detail below, HCV.

It is important to note that most publications regarding Hi@®uced 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

extend S NBLIR2NIIa 2F 20KSNJ wb! GOANHZASOAFGSERE | (
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Figurel.3 Summary of HGWnduced pyroptosis. HCV activates NLRP3 (and/or another yet
unidentified sensor), whicBubsequently oligomerizes with ASC. Casydasethen recruited as
the executioner caspase. This protein complex is dubbed the inflammasome. Gaspibkim
this complex then cleaves GSEMnto its poreinducing form, which migrates to the cell
membraneto create pores. Caspadealso cleaves prti-1 and proll-18 into their mature
forms for subsequent release from cells through GSDpbres. This figure was created using

BioRender.com and was adapted from Wallace and Rug2622[181].
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sensors (extensively reviewed Wallace and Russ¢ll81]). Investigation into whether
HCV can activate multiple inflammasomes, including those traditionally associated with
DNA sensaors, is lacking. To fully understand the effect of HCV activation of

inflammasomes and pyroptosis, investigation of other sensarstrbe 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 activafgin172,174,378§375],

and that ILY can be secreted without GSDM pore formation and cell lysj376].
Therefore, this review will consider publications documenting both inflammasome

activation as well as pyroptosis induction by hepatitis C \{BUdg].

1.3.2.1.3 Is there a role for the inflammasome in {ifduced 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 §88) and is associated with
decreased serum levels of many inflammatory markers, such as CXCLLGRG1,

and IRF7, levels of-1IL and 11-:18 in serum, even after cure, remain elevaf{8fl Some
work from the postDAA introduction era has documented 10% of individuals with
ongoing increased levels of alanine transaminase (ALT) while another 25% have ALT

f SOSta | 020S ([HSA2XK Sthdy dethiied tielimpaténée of ongoing
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follow-up with individuals who have achieved SVR, since hepatocellular carcinoma (HCC)
was the most widelyeported complication, including among individuals who had

achieved SV[8]. Another 2021 study supports the idea that there is ongoing

inflammation, even following achievement of SVR. Montadtlal. 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 (bothArdRi protein), indicating

that pro-fibrotic signals persist even after cU®. Given accumulating evidence that

some individuals who undergo curative therapy still develop worsening liver disease in
the absence of productive infectidi@¢10], additional research is needed to understand

HCWVinduced inflammation and pyroptosis.

1.3.2.2 What do we know about H®duced inflammasome activation/pyroptosis?

1.3.2.2.1Evidence for Pyroptosis vivo
Many early studies of HA@Wduced inflammasome activation/pyroptosis did not set out

to consider this pathway but noticed elevated levels of what are known now to be
pyroptosisassociated inflammatory cytokines. The earliest known report (2002), was
published when the link between iIf /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 inindividuals 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 thatindividuals undergoing hemodialysis had significantly lower serum
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levels of ILI] 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 H238] (FiglL.4).

A 2006 study noted elevated levels of plasmé Hnd IE18 in individuals living with

either HCV oHBV when compared to healthy control groups. This work also indicated
that 1L.-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 1& and/or 11-18 may have important roles as markers of

inflammation and hepatic injury, particularly during the course of HCV infef&jon

Several years later, elevated levels of the another inflammasasseciated 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, includindj ILIL-6, IL-8, 11-:12, Il
18, IFN , TNF , and ALT. Interestingly, the only significant changes detected were in
the levels of 18, which increased in each individual with initial detestof HCV RNA.
For spontaneous clearers (individuals who cleared the virus without curative drug
therapy), IE18 plasma levels decreased to preection baseline following infection
resolution. In contrast, individuals who developed persistent HCV iofectivere found

to have decreased plasma1B following the acute phase of infection but levels
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Figurel.4 Summary of published findings on H&duced pyroptosis/inflammasome activation
triggers and the one published way of inhibiting this process. This figure should serve as a visual
representation of the summary af vitrofindings included ifablel.3. Thisfigure was created

using BioRender.com and adapted from Wallace and Ru262R[181].
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remained above baseline piiafection levels and did not correlate with HCV RNA or ALT
levels. These findings suggestiB.may play a role in the modulation of the innate

immune response to persistent infectig].

More recently, particularly following the finding that pyroptosis of CD4ells is
involved in the pathogenesis of HIV infecti@5,256] publications once again focused
on pyroptosisassociated cytokines. A 2016 study by Veenbua. documented
systemic elevation of 418 in individuals living with HIV/HCV-icdection versus
individuals living with monoinfection of HIV or HCV. In individuals living with HI¥, IL
serum levels correlated with detectable HIV viremia and were invers®related with

CD4T cell count$6].

1.3.2.2.2Genetic Associations of HCV and Inflammasaiated Genes
Following early findings of elevated levels offlLand 11-: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. Previousdies had suggested that-18 plays a

role in viral clearance and fibrosis development, and identified polymorphisr@&at
and-137 of the IE18 promoter sequence that were associated with suscejitttib

HBV infectiorf378,379] So, Manohaet 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 dleles 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 diseaserédfore,

the authors suggested that th€07 allele may have a protective effect as it was

associated with more mild diseafz80].

In 2019, a group from Egypt was interested in understanding the potential associations
of nine SNPs in four inflammasomeated genesr{irp3, cardg IL-1 , andIL-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 Nr&EE39019 was found toed
correlated with decreased risk of developing chronic HCV. The same association was
found for the CA genotype of the A allele of NLREZEH829419, as well as the GG
genotype of the G allele of-I18-rs1946518. Interestingly, the AA genotypédloff -
rs1143629 was found significantly more frequently in individuals living with HCV than in
healthy controls. The frequencies of the AA genotype of NuBFE89019, CC genotype
and C allele of NLR#835829419, and the TT genotype and T allele of CARD8
rs2043211 were all found more frequently in individuals who did not respond to
treatment with intefferon. Important to note, SNPs in the genes encodirtj 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 treatfi®&i].
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Following up on these earlier studies, a 2021 study in Brazil showed polymorphisms in
inflammasomeassociated genes in 151 individuals living with HCV (subdivided into mild
or advanced fibrosis) and compared them with 206 healthy controls. The genes
encodng 1T , I.-18, NLRP3, CARDS, CTSB, and AIM2 were genotyped for all
individuals. Among the healthy controls, the NLR&D754558 C/C genotype was
associated with higher serum-1. compared to the G/G genotypé similar pattern

was observed in individals living with HCV. This suggests that changes to genes coding
for proteins upstream of prél-I' processing may have effects on serum levels. This is
supported by the fact that seruh-If from individuals living with HCV was higher than
that from healthy controls. The authors also performed some gg&e interaction

studies, which revealed that individuals who were heterozygotes for both CARDS8
rs2009373 and HIf -rs16944, heterozygotes for CF&R 692816 and AIMEs1103577,

or heterozygotes for IL18187238 and NLRR810754558 were less likely to develop
chronic HCV. This again supports the idea that inflammasefaéed genes have

impacts on outcomes and infection with H{382].

A summary of the genetic associations of HCV and inflammaselaited genes can be

found inTable 12.

1.3.2.2.3Mlechanistic Studies in vitro
By 2013, inflammation and associated increases of blodd &nd I1:18 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 1.2Summary of genetic associations of HCV and inflammasetated genes.

Gene Associated

(Encoded Protein)

Protective or
Detrimental?

Associated Allele

Findings

IL18 (IL-18) Protective -607 A/A Less likely to develop severe Manohar et al., 2009
liver disease
nirp3 (NLRP3) Protective CC genotype of NLRP3-re1539019 Decreased risk of developing Estfanous et al., 2019
chronic HCV
nirp3 (NLRP3) Protective CA genotype of the A allele of Decreased risk of developing Estfanous et al., 2019
NLRP3-rs35829419 chronic HCV
IL18 (IL-18) Protective GG genotype of the G allele of IL- Decreased risk of developing Estfanous et al., 2019
18-rs1946518 chronic HCV
IL1B (IL-1B) Detrimental AA genotype of IL-13-rs1143629 Increased likelihood of Estfanous et al., 2019
developing HCV
nlrp3 (NLRP3) Detrimental AA genotype of NLRP3-rs1539019 Less likely to respond to IFN Estfanous et al., 2019
treatment
nlrp3 (NLRP3) Detrimental CC genotype and C allele of NLRP3- | Less likely to respond to IFN Estfanous et al., 2019
rs35829419 treatment
card8 (CARDS) Detrimental TT genotype and T allele of CARD8- | Less likely to respond to IFN Estfanous et al., 2019
rs2043211 treatment
nlrp3 (NLRP3) Unclear, likely NLRP3-rs10754558 C/C genotype Increased levels of serum IL-1f | Toro et al., 2021
detrimental
card8; IL1B Protective heterozygotes for both CARDS8- Less likely to develop chronic Toro et al., 2021
(CARDS; IL-1B) rs2009373 and IL-1f3-rs16944 HCV
ctsb; AIM2 Protective heterozygotes for CTSB-rs1692816 | Less likely to develop chronic Toro et al., 2021
(Cathepsin B; and AIM2-rs1103577 HCV
AlM2
IL18; nirp3 (IL-18; | Protective heterozygotes for IL18-rs187238 Less likely to develop chronic Toro et al., 2021
NLRP3) and NLRP3-rs10754558 HCV
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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 hat time. Attempting to understand these mechanisms and knowing that
macrophages had been studied extensively in terms of their ability to undergo
pyroptosis and secretedll and 11:18, the authors searched for evidence that hepatic
macrophages play a in HCVassociated inflammation. The data suggested
macrophages taken from both PBMCs as well astesident Kupffer cells producdt-

I following HCV exposure. They investigated this further usingIleé#fls where they
were able to document a rapid, although transient, increase in caspasxtivation,

which subsequently led to secretion kbfl] 8Although HCV can enter macrophages by
CD8tindependent phagocytenediated 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 rigger TLRMmediated signalling, which leads to an increasi-iti mRNA levels.
Taken together, the authors concluded tHatl] production and secretion may
contribute to HCWassociated hepatiti265]. Another study was also published in 2013
with similar findings. The authors also exposed -IHRells, macrophages from PBMCs,
or Kupffer cells to cell culturderived HCV, which led to increased activatiocadpase

1 in a NHI B-dependent manner. Because some literature has suggested that
viralproteins with viroporin function can trigger the inflammasome pathway

[85,223,279,289,3831he 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-ll. secretion. The authors concluded, similarly to
Negastet al., that circulatory and/or resident macrophages may be involved with-HCV

induced liver inflammatiofi384].

HCV had been shown previously to trigger a type | IFN response in hepatocytes via TLR3
activation. Chattergooet 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 | IFN responses, in monocytes and
macrophages. They further determinelat this was infectionand TLR&dependent,

but was dependent on endosomal TLR7 activation. This was an interesting finding, as
TLR7 sensg of HCV in monocytes does not lead to downstream IFN production.
Together, the authors reported infectieindependent mechanisms of inflammation

with TLR utilization that was cell tyjaeependent and suggested this could play a role in

the chronic inflammation associated with HJQ@85].

In contrast to some earlier studies discussed above, a 2014 publication byeChledid

not confirm that HCV exposure alone was sufficient to trigger inflammasome activation
in THPL cells. However, if THPcells were transfected with HCV viral RNA, there was a
clear dosedependent increase in the secretion ofliL8t was also noted that HCV RNA

transfection resulted in ASC oligomerization and cleavage ef@spasel 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 oflRighallind217].

Prior to 2014, work had already been completed that indicated chronic HCV infection
leads to decreased IHNproduction by natural killer (NK) cells. In a 2014 publication,
Sertiet 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 thenatdtured 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 IFMl when PBMCs were etultured with Huh7 cells expressing the replicon
than when cecultured with untreated Huh7 cells. Interestingly, NK cell production of
IFNy was reduced when NK cells were isolated from PBMCs and then the NK fraction
was cecultured with Huh7 cells. The same result of decreased Ipiduction by NK

cells was shown when PBMCs were depleted of monocytes, leaving all other immune
cells, aml then cocultured with Huh7 cells. This decrease in{lFMas not seen when all
PBMCs were coultured with Huh7 cells, suggesting that monocytes play an important
role in IFN production by NK cells in this conteXhe authors noted that knockdown

of the inflammasome pathway, or-IL8 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 durinGWinfection. 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 H836]. Although the
authors did not aim to study the effects of inflammasome activation/pyroptosis, a 2013
study by Holdeket al., also showed NK cell dysfunction when NK cells weiltored

with HCVinfected HuR7.5 cells, further supporting the idea that HCV can negatively

affect NK cell functiof387].

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
[107,184,221,388391]. Our lab first identified pyroptosis of Huh5 cells infected with

HCV (JFdh) in 2016. Kofahet al. identified not only pyroptosis and apoptosis of
AYTSOGSR OSffasx odzi taz2 LERBNRLIG2aAa | yR

was the first report of bystander pyroptosis induced by H©CWtroand is thought to

potentially contribute to the pathogenesis associated with chronic infedtl&b].

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
[85,223,225,279,289,383The 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 thatliL 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 g&ket 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 therQ\-termini leads to differen

cellular localization of p[892](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 limitationshs tstudy as HEK293T cells

were used, which differ substantially from hepatocy{d84].

After Negaslet al. (2013) previously published their findings of NLRP3 inflammasome
activation triggered by HCV in hepatic macrophages, they published a {atistudy to
better understand this cascade of evei266]. 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 Hlf 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 poess was depelent on calcium mobilization. Overall,

this adds to our understanding of innate immune responses to [268].

It is well established that cells infected with HCV display substantial rearrangement of

organelled395¢399]. 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 withrésildgnt

protein immunityrelated GTPase M (IRGM). Following HCV infection, ASC disassociated
from the IRGM and the Golgi and, instead, associated with-tH@yéred pyroptosis

sensor NLRP3. Inhibition of NLRP3 via siRNA klovek, led to decreased Golgi
fragmentation, while ASC inhibition, also by siRNA kiglmekn, was associated with
changes tdsolgi 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
determinewhether this phenomenon is H&pecific, the authors repeated experiments
using either related Zika virus or the common NLBRZific positive control, LPS with
nigericin stimulation. Results obtained when LPS/nigericin was used were similar to
those acagiired 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 wihin the context of specific stimyR67]. Other research on Zika virireduced

cell death has demonstrated activation of both NLRP3 and AIM2 in the brains of fatal
cases of Zika virdaduced microcephalf205]. 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 celtggpendent

phenomenon, since a hepatoma cell line was used for the HCV experiments while a

macrophage celine was used for the Zika experiments. While both hepatdik@and
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macrophagdike 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 viruseg[31,155,265,266]

Previous literature has documented activation of NLRP3 by HCV in hepatocytes.
Ramachandraet al., in their 2021 paper discuss that, in hepatocytes, NLRP3
inflammasome activation is regulated by pasinslational modifications and is

specifically modified by lysin@3 ubiquitination chains, as well as the fact that NLRP3 is
specifically deubiquitin@d during HCV infection. Chemical or sSiRNA

inhibition/knockdown of deubiquitinases blocked inflammasome assembly and

activation, which was accompanied by dessed IEl] 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 oftlaé regulators of the

inflammasome during HCV infectip400].

An ongoing theme in the virdaduced 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 glycom®feom
several different viruses to evaluate their ability to trigger inflammasome activation in

THR1 cells. Like many of the other viral glycoproteins tested (S2R&/2 and HCMV),
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the HCV glycoproteins (E1/E2) triggered the NLRP3 inflammasome, indicated by ASC
oligomerization, GSDMND cleavage, and-l. secretion. This result was confirmed by
using CRISPRas9 knockout of NLRP3 and GIDMhich abrogated the above result,

confirming their finding$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 CRIS&#$® knocklown did not

completely eliminag caspasé activation, suggesting that multiple inflammasomes may
be involved in HGihduced pyroptosis. We also found that when GSDMas knocked

out, there was a shift towards apoptosis, suggesting substantial crosstalk between these
two cell death patways. We also showed for the first time, to our knowledge, the
simultaneous activation of both the apoptosis and pyroptosis pathways within the same
HCVinfected cell. Additionally, we also showed, similarly to the findings by
Ramachandraet al. (2021) that inhibition of the pyroptosis pathway by CRISRR9
knockdown of NLRP3 or GSBEMIed to both a decrease in extracellular titre (or virion
release) as well as a switch in the ratio of intaextracellular titre. Traditionally,
extracellular titreis ~1 log higher than intracellular, but in the knaldwn cells, the
intracellular titre was significantly higher, suggesting HCV utilizes cell death pathways as
a mechanism of pathogenegi&l], further supporting earlier findings byamachandran

et al. (2021)
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A summary of the main findings from mechanistic studies of-lHGMed
inflammasome activation/pyroptosis vitrocan be found imablel.3and a visual

summary can be found iRidL.3.

1.3.2.3 What are some of the main unknowns?
There is still much to be learned in the field of H@dUced 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
HCVinduced pyroptosis, but the data is not conclusive at the present time and warrants

further research.

i) What impact does inflammasome activation have on gnse liver disease? We
know that there are signs of ongosliger inflammation post HCV cure, but the extent

to which this inflammation is driven by the inflammasome pathway remains unknown.

iii) Inflammasomecomponent inhibitors have been approved by the FDA for treatment
of other inflammatory conditions, generally those associated with genetic conditions
that result in overactivation of the inflammasome pathway. Do those inhibitors have
anyeffect on clearance/further development of liver disease? Currently, this question

remains unanswered. Drugs already approved by the FDA includd-dhtiblocking
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Table 13 Summary ofn vitrofindings related to the trigger and general understanding of HCV

induced pyroptosis, separated by study.
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Pyroptosis Trigger

Virion Uptake (non-
productive infection)

Cell Type
THP-1 (Monocyte-like)

Overall Finding

THP-1 cells took up HCV in a CD81-
independent manner leading to
increased casp-1 and IL-1f3

Study
Negash et al., 2013

HCV RNA (exposure) THP-1 Viral RNA alone sufficient to trigger | Negash et al., 2013
IL-18
HCV RNA encoding viral p7 | THP-1 IL-153 secretion upon exposure to Shrivastava et al.,

RNA encoding p7

2013

TLR7 activation

Primary Monocytes and
Macrophages

Inflammasome activation dependent
on TLR7 by an infection and TLR3-
independent mechanism

Chattergoon et al.,
2014

HCV RNA (transfection)

THP-1

Transfection of HCV RNA was
sufficient to induce oligomerization
of ASC, activation of casp-1, and
secretion of IL-1f8

Chen et al., 2014

N/A

Huh7/PBMCs

Less IFN-gamma from NK cells when
monocytes were depleted or IL-18
was inhibited, suggesting
inflammasome activation is
necessary for NK cell function

Serti et al., 2014

HCV Infection/ Unknown
Soluble Factor (Bystander
Cells)

Huh-7.5/529

Pyroptosis occurs in infected cells
and uninfected bystander cells,
which is cell contact-independent

Kofahi et al., 2016

HCV p7 (viroporin)

HEK293T

Lower pH led to increased p7
activity which led to increased IL-1f3
secretion

Farag et al., 2017

HCV p7 or Core (viroporin),
dependent on calcium

THP-1

Either p7 or core were sufficient to
trigger inflammasome activation but
depended on calcium mobilization

Negash et al., 2019

HCV Infection

Huh?7

ASC dissociates from the Golgi upon
infection with HCV and instead
associated with HCV-triggered
NLRP3

Daussy et al., 2021

Deubiquitination of NLRP3

Huh-7.5

Inhibition of deubiquitination of
NLRP3 during HCV infection led to
decreased IL-1 secretion and
decreased release of virions from
cells

Ramachandran et
al., 2021

HCV glycoproteins (E1/E2)

THP-1

E1/E2 triggered inflammasome
activation, indicated by ASC
oligomerization, GSDM-D cleavage,
and IL-1f secretion

Eisfeld et al., 2021

N/A

Huh-7.5

HCV utilizes both apoptosis and
pyroptosis pathways to aid in virion
release from cells

Wallace et al., 2022
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treatments (ex Canakinumab);1Ra agents (1L antagonist; ex Anakinra and Rilonacept), as
well as disulfiram, which blocks GSIMore formatiof402]. 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, extensistng of these drugs with regards
their effect on clearance of viral infection or decreasing vineticed inflammation has not yet
been performed on a wide scale. Patients with severe coronavirus disease 2019 (D&
known to have increased lewedf inflammatory cytokines in their blog€9¢101,299,403hnd
SAREC0VL2 infection activates the inflammasome in abortiv@hfected human monocytes
[100]. One IL1 antagonist (Anakinra) was given emergency use authorization in 2022 for the
treatment of hospitalized COVAD® patients who required supplemental oxygen or who were
likely to develop respiratory failur@04], but these results have not yet beenblished.
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 H@hduced inflammasome activation/pyroptosis

has expanded greatly in the last 20 years. We have learned that individuals living with
HCV have increased levels of pyropt@ssociated inflammatory cytokines;1B andIL-

I, in their serum[4¢6,268] including in individuals who have reached viral cure. On a
genetic level, we now know that many inflammascneéated genes are correlated with
various outcomes of infection with HCV. Research has shown various SNPs in
inflammasomerelated genes to be assiated with numerous outcomes to HCV

infection: SNPs within the gene coding felBhave been associated with more mild
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liver disease, SNPs in the genes coding for NLRP3-a8dhHve been associated with
decreased risk of developing chronic HCV, SNPs in the gene encefiingré_found

more frequently in individuals living with HCV, and some SNPs are more frequently
found in individuals who did not respond to HCV treatm@®0¢382]. From a

mechanistic, oin 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 triggargdHCV exposure or HCV RNA exposure,
and that this may contribute to liver inflammatig@17,265,384] 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 NLRP3,155] Our work, and that of Ramachandranal.,

also showed that inflammasome activation is necessary for the HCV viral life cycle,
including progeny virus relea$@l,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 HGYhduced 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 DAASs.
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1.3.3 HC\Ihduced necroptosis
There have been no published reports of necroptosis induction byiH@Voor in vitro.

Indeed, our own unpublished dateom the lab(by Lingyan Wang) does not suggest any
activation of the necroptosis pathway induced by HEVitro. There is one single
publication that reported apoptosis inhibition by necrostafirwhich is interesting

given the fact that necrostatii is generally thought of as an inhibitor of necroptosis via
inhibition of RIPK]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 pyroptosigathways (detailed inChapter 2 Wallaceet al., 2022[31]) be

pursued further

1.4 Influenza(lAV)inducedCell Death
1.4.11AVtinduced Apoptosis

Similarly towhat has been determined relating t&éCV, therés noconsensusn the
literature regarding whether IAlhduced apoptosis is a mechanism of pathogenesis or a
mechanism usedsan anti-viral responsdy the immunesystem despitean extensive
body of literature that investigates IAMduced apoptosis andecades ofiebateby

scholardgn 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 1990%,407] IA\induced

apoposis has been establishéd a variety of cell typemcluding, but not limited to,
lymphocyteg408,409] neutrophils[410], endothelial cell$411], andvarious airway

epithelial cell§412¢415]

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[415¢417], NA[418], and PBF2[419,420]of IAVs have all been implicated
in apoptosis induction while contrasting results have also been reppstealving that

NS1 actually inhibits apoptog#21].

More recent work has identified PAdptosis induction by IA\confirmingactivation not
only of apoptosis but also of simultaneous activation of the pyroptosis and necroptosis
pathways[422]. Despite this, e role of apoptosis in IAV infectiam vivoand the extent
to which this contributes to disease associated with severe IAV infeagonains to be

fully elucidated.

1.42 1A\tinducedPyroptosis

IA\tinduced pyroptosis was includedsection 1.2.2.3.1.®f this thesis which
corresponds to the section c@rthomyxoviridadrom the review entitledPromiscuous

Inflammasomes: The False Dichotomy of RNA/DNA-Vidused Inflammasome
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Activation and Pyroptosiwhich was published iirusesn 2022. Since |1AMduced
pyroptosis was previously covered above, this section will be limited to a few additional

background findings that were ngteviously included

As with many viruses that induce cell death, there is interestisfigld to determine

which viral protein triggers pyroptosis. To date, different groups have suggested
involvement ofthree different viral proteinsn IAVtinduced pyroptosis. Th#l2 ion
channel[85,86]and replication complex componeRB1F2[196] have been both
implicated in initiation of pyroptosis while NS1 has been reported to inhibit NLRP3 and

subsequent pyroptosig50].

Also noted above in the IAV section, much of the work on the pathogenesis of IAVs has
been done usingAV isolates known @R8 or pandemi®’ n Tis is particularly true of
studies of IAMNduced pyroptosis. Much of what is known is due to the use of PR8
[85,86,104,106,108114,308] Pandemic 200Q110,114,116,118Jor HPAIs that have
caused significant numbers of human infections (ex. H3ND),125] Meanwhile,

almost nothing is known abouytyroptosis induction byther 1AVs that have not been
associated with human diseas&/hilethere has been much work done relatingR&®8

and Pandemi&®@%-induced pyroptosis in isolatiomhether these findings are
representative of andjeneralizable to other subtypes and isolates of IAVs remains

unknown.



1.4.3InfluenzainducedNecroptosis
Althoughthere has beerextensive research on IAWduced apoptosis and pyroptosis

and significant evidence that overwhelming inflammatory responses drive the
pathogenesis associated with IAV infection, theas been less research conducted on
IAVinduced necroptosis. However, studiesdate 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 iresponse 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 infectiongvoor 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 ¢8ll9,423,428]. IA\-

RNA is sensed [&form nucleic acid binding protein 1 (ZBR)ich then activates

RIPK3, subsequently leading to the phosphorylation of MLKL to induce pore formation in
the cell membraneéndependently of RIPKB19,423,427]Interestingly, viral clearance

seems to occur independently of IAWluced necroptosisvhich may be due to the fact

that RIPK3 can also trigger simultaneous activation of the apoptosis pathway, likely

aiding in virus clearandd23]. Importantly, the kinase activity of RIPK3 is necessary for
necroptosis induction but not for apoptosis, making RIPK3 an attractive drug target for
GNBFGAY3I L! 2 gKAES YFAYGFEAYAYy3 GKS AYYdzyS

functions through the apoptas pathway425]. Treating IAV infections with a RIPK3
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inhibitor was recently described for both vitroand mouse modelsising both lab
adapted IAVs as well as pandemic strawmigh great successhowing decreased
mortality and lung pathologyvithout impeding the immune system or delaying viral
clearancd428]. It will be incredibly interesting to seeahdhow clinical trials occur
using the RIPK3 inhibitor described by Gautdral. for prevention of severe disease in

response to IAV infectiof28].

1.5 ResearclObjectives
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 determinetihe overarching theme of the research presented in
this thesis is to investigate the role and mechanishmductionof various forms of
programmed cell deatinduced by RNA viruses, HCV, and various, igpésifically apoptosis,

pyroptosis, and necroptosis

The project that is presenteid Chapter2 of thisthesisaimed to characterizéiCVinduced
apoptosis and pyroptosis and the crosstalk between these pathways during HCV iniiection
vitro. We hypothesized thanhibition 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 presenteth Chapter3 aimed to characterize bystander pyroptosis induced by HCV
andto determine the step of the HCV lifecycle involved in triggering-iH@Y%ed pyroptosisn
both hepatocytes (HuW7.5) and various immune cells (Ramos, Jurkat, andI)Wie
hypothesized that viral RNA alone would be sufficient to induce pyroptosis. Surprisingly, that
was only true of S29 cells, and not Hid cells. We also hypothesized that multiple immune
cell types would be susceptible to bystander pyroptdsisfound that the only immune cells

that were significantly impacted by bystander pyroptosis were-THEIls.

For the laspart of this work presentedin Chapter 4,we aimed to determine whether different
subtypes of influenza from varioawian and swinéosts induced differential cell death in both
canine kidney (MDCK) and lung epithglf49) 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 itmight varybetween different virusesWe were not initially expecting to find

activation of multiple types of cetleath.

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 infeéweasal| we had hypothesized
that pyroptosis induction would be involved in the pathogenesis of both HCV and 1AV

infections.
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Chapter 2:Crosstalk Between Pyroptosis and Apoptosis in
Hepatitis C Virusnduced Cell Death
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Chapter 2Crosstalk Between Pyroptosis and Apoptosis in
Hepatitis C Virugduced Cell Death

2.0 Abstract
Extensive inflammation in the liver is known to contribute to the pathogenedigpétitis 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 inflammasoraediated

pyroptosis in infected and uninfected bystander cells as an additmeahanism of HGV
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 lecodture-adapted strain of JFH

HCV and Hufi.5 hepatocytdike cells, we found that pyroptosis occurred earlier than did
apoptosis during infection. CRISPR knockout of NLRP3 resulted in decreasedtaspase
activation, but not complete elimination, indicating miple sensors are likely involved in HCV
induced pyroptosis. Knockout of gasderaliresulted in increased activation of apoptesis
related caspas@®, suggesting potential crosstalk between the two cell death pathways. An
unexpected decrease in acated caspasé levels was observed when casp&seas knocked
out, implying that caspas8 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 intracellul
to extracellular levels of infectious virus were observed in knockout versusypgdHuh7.5

cells, suggesting that HCV may induce programmed cell death in order to enhance virus release

from infected cells. These results contribute to the understagddihHCV pathogenesis and add



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
diseasq108,157,253,256]However, some reports detail how PCD is employed as a host
response to contain the viryseviewed in[185]). Both apoptosis and pyroptosis have been
implicated in both contexts.

Apoptosis is a neinflammatory form of cell death that is mediated by executioner
caspase3 and can be initiated via one of two pathways. The intrinsic pathway begins
intracellularly in response to changes in the intracellular environment, includingydidimited
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 ligandbinding of a death receptor on the cell sack, leading to cleavage of
caspaseB. Both pathways ultimately result in activation of executioner casfsastich leads
to cell shrinkage, condensation of chromatin, nuclear fragmentation, and formation of
apoptotic bodies that are cleared by circulatimgcrophagegboth pathways extensively
reviewed in referenc§l41]). Apoptosis has been described as immunologically silent while still
having a role in pathogenesis induced by some vir{s88,429]

Pyroptosis is mediated by an inflammasome, a prot@mplex consisting of a sensor,
such as NLRRBucleotide oligomerisation domain, leuckneh repeat, pyrindomain

containing protein 3[190]) or AIM2 (absent in melanoma 2), an adaptor (ASC; apoptosis
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associated speckke protein containing a CARD [caspase recruitment domain]), and caspase
as the effector enzympt30]. Once assembled into an inflammasome, activated caspase
cleaves gasdermib (GSDMD) into its mature, porénducing form, which ultimately facilitates
cell swelling and subsequent cell yfgi81]. Pyroptosis, in contrast to apoptosis, is considered
to be proinflammatory and immunogenjt41]. Classically, pyroptosis was thought to function
only as an innate immunity mechanigneviewed in referenc¢432]), although recent findings
suggest pyroptosis may also play a role in viral pathoge{&5j$08,433]

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 statu85]. Some infected individuals who undergo directing
antiviral (DAA) therapy still develop worsening liver disease, including hepatocellular
carcinoma, despite prior elimination of the vir[434,435] Plasma levels of many inflammatory
cytokines decrease following DAA treatment, with notable exceptions being pyroptosis
associated interleukii8 (11-18) and interleukirl] (IL-1f ;[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 decadpt36].

It is well established that neimflammatory, caspas8-mediated apoptosis occurs in the
context of HCV infection botim vitro[156,342]andin vivo[351,437] and that this form of cell
death contributes to liver pathology associated with chronic HCV infef3@t].Ourgrouphas
previously demonstrated that hepatocytie Huh7.5 cells undergo both apoptosis and
pyroptosis when infected with cell cultwadapted HCV (HCVcc). We demonstrated

involvement of the NLRP3 inflammasome as indicated by a decrease in pyroptotic cell death



induced by HCV when infection occurred in the presence of an NLRP3 in(M@6950;

[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 involvenoéplyroptosis

associated proteins NLRP3 and GSDBkhd apoptosigmssociated caspasg and to determine

whether programmed cell death has a role in viral spread during HCV infé@ctino.

2.2 Materials and Methods

2.2.1 Cell Culture
Huh7.5 cells (gift from Apath, LLC) were maintained at 37°C with 5% €C@mplete medium

6/ a0 O2yiGlrAyAy3d 5dZ 05002Q4 az2RAFASR 91 3ftS aSR
pyruvate; ThermoFisher Scientific, 11995073), supplemented with 10% fetal bovine serum (FBS;
heatinactivated, ThermoFisher Scientific, 10438034) and 1% penicillin/streptomycin (Millipore

Sigma, P433300ML).

2.2.2 Virus Stocks
A cell cultureadapted strain of HCV, known as JFJ3%,438] was used for this study. To

generate virus stocks, 1x4Bluh-7.5 cells were seeded in 40n 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 fdousing assay

described below.
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2.2.3CRISRRas9Mediated Genome Editing
{Ay3ftS 3IdzZARS wb! o0adwb! 0 &4SljdsSSyoSa -gSNBE RS&aA3

GCGAAGCAGCACTCATGAERAG b [ WTGSPRATGAQIGCTGCToCHE > -DGShM

5 |y GGQAQGCGAGTACACATTCATEAGE D{ 5@ARATGAATBSTGTGTACTCGETBE X 2 NJ
caspase3 (CASP | C-BPAAGTTTTCAGTGTTCHORA / ! { t o ywyp Q
TGGAGAACACTGAAAACTCAC 0 @ hf A32y dzOft S2G4ARS LI ANB 6SNB
site of a psPCasPA-GFP backbone using a rapid DNA ligation kit (Roche, 11635379001).

Plasmids were transformed into Escherecholi (DH5a competent E. coli; ThermoFisher

Scientific, 18258012) and cultures were incubated overnight at 37°C in LB medium,

addzLILX SYSYGSR 6AGK mnn >3akY[ FYLAOAftAY® tfl &y
cells using Lipofectamine 3000 (Theriisher, L3000075). Transfected cells were selected by
fluorescenceactivated cell sorting based on GFP expression. Cells were seeded by limiting

dilution and knockout clones were expanded.

2.2.4lImmunofluorescence Microscopy
Cells were seeded at a density of 1x&6lls per well in 2vell 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 notime course experiments. Caspakavas visualised using a
FAMFLICA caspadgeinhibitor kit (ImmunoChemistry Technologies, product number 98),
referred to as a caspaskprobe[219,433%442]. On the designated day, CM was removed from
cells and replaced with 30X FARNLICA caspaseprobe in CM. Probe was incubated with cells

F2NInp YAY G otvc/ ® C2ff2gAy3a AyOdzml GA2YI |y
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AyOdzo | SR F2NJ 2yS | RRAGAZ2Y I K2dzNX / dzf G dzNB Tt
CM, and the cells incubated for 5 min. Cells were then washed in their respective wells with 300
>[ 2F FLRLIWG2aA& ¢ &K 0 dzF FS Nudhuvbedag)dor 205 A a 0 NEB
at room temperature in the dark. Following washing, cells were fixedoagnsheabilizedoy
GNBFGAY3a SIFEOK ¢St 6AGK wnn > 2F wmnmxE: F0Shz2y
slides were washed for 1 min in phosphdteffered saline (PBS; pH = 7.4). The same fixation
protocol was used for all staining, independent of casphgeobe use. If the probe was not

used, cells were fixed prior to staining. HCV core protein and cleaved céspase detected

using antdHCV corg1:200 dilution in 5% bovine serum albumin [BSA] in PBS; Anogen, product
MO-140015B) and anttaspase3 antibodies (1:200 dilution in 5% BSA in PBS; BD Biosciences,
559565), respectively. When the aitiCV core antibody was used alone, slides were incabate

for 20 min at room temperature. If the artaspase3 antibody was used either alone or in

conjunction with the antHCV core antibody, slides were incubated overnight at 4°C. Following
incubation with primary antibodies, slides were rinsed in PBS foinSorior to a 26min

incubation with secondary antibodies. For regular flourescence microscopy, when either the
anti-HCV core or the antiaspase3 antibodies were used with the caspak@robe, goat anti

mouse or goat antfabbit Alexa Fluor® 594 (Inwgen, A11020 or A11037), respectively, was

used as the secondary antibody. If the aACV core antibody was used without the caspase

probe, a goat antmouse Alexa Fluor® 488 (Invitrogerl #029) secondary antibody was used.

For confocal microscopwhen both the anticaspase3 and antiHCV core antibodies were used
together, goat antimouse Alexa Fluor® 647 (Invitrogen, A32728) was used for HCV core and

goat antirabbit Alexa Fluor® 594 (Invitrogenr12037) was used for caspaleFor cells stained



with specific antibodies for cleaved GSIDMAsp275, 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 we wsttirgoat anti

rabbit Alexa Fluor® 488 (Thermofisher, A11008) and a goairantse Alexa Fluor® 594

(Invitrogen, A11020) antibodies to detect cleaved GSIDMind HCV core protein, respectively.

For cells stained for cleaved poly (Afilidse) polymeraséPARP; Asp214, Cell Signaling
Technology, D64E10, used at 1:100 dilution) and caspdsame as above), cells were also
incubated overnight under the same conditions. The next day, cells were stained using goat
anti-rabbit Alexa Fluor® 488 (Thermofish&t,1008) and goat antnouse Alexa Fluor® 594
(Invitrogen, A11020) secondary antibodies to visualize cleaved PARP and c&spase

respectively. All secondary antibodies were used at 1:100 dilution in PBS. An additional 5min
wash in PBS was performed follioyy 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, VECTE8B0010). 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.

2.2.5Western Blotting
Cells were seeded at a density of 1Xit010-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 bffer 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, UltracellOK, UFC801096). Prepared samples were heated at 100°C in a
heating block for 5 min. Proteins were separated by-BBGE andansferred to nitrocellulose
membranes (Amersham/Cytiva, 10600065). Membranes were blocked with 5% skimmed milk
powder in TBST (1X TBS with 0.05% Tv2&grior 1 h at room temperature with agitation.
Membranes were then incubated with antibodies recogrgsomo-caspase3 (Santa Cruz,

sc7272), cleaved caspal€Cell Signaling Technology, 9664) -gaispasel (Santa Cruz,

sc56036), cleaved caspatdAdipoGen, AG0B0048), HCV core protein (Anogen,M0015B

or C#50, Thermofisher, MAD80), GSDMD (Santa Ciz, 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 TBSGomjijated anti
mouse (Santa Cruz, sc516102) or-aabbit (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 substiigea],Bio
170:5060; AmershankCL 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 usiRgd@hemiDoc Imaging

Sysem and processed using Image Lab (version 6.1.0, BioRad Laboratories, Inc.).

2.2.6Flow Cytometry
Cells were seeded at a density of 1.5%ih06-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

gSNBE GNBFGSR gA0GK fAaLRLIRIfeal OOKI NRWSLPENRY 9O
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Millipore-Sigma, L5021 na D0 FT2NJ o KX F2f{ft286SR 08 | RRAGAZY
(sodium salt, InvivoGen, Hrlig) and cultured overnight. At day four p.i., cell culture fluids were

collected and cells trypsinised. Cells and culture fluids wen&iéeged together at 400 x g for

P YAY® {dzZLISNYy I Glyd o6& RA&AOFNRSR FyR OS8ff LISt
probe in CM (same FAMLICA caspaseinhibitor kit as above) and incubated for 45 min at

37°C. Following incubation, an addifi¢ f nnann >[ 2F /a ¢6la I RRSR | YR

one additional hour. Cells were then centrifuged at 400 x g for 5 min and supernatants

P

AalOlF NRSR® / Sttt LISttSia oSNBE (KSy NBAdzaLISYyRSR
fixed by adding8 >[ 2 F TAEI i A1@Sbe kKitNEwiunaCKednistfy ITectriblaiés,

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.

/| Stta 6SNB NBAaAdzZALISYRSR Ay pnan >[ t.{ FYR &ai2N
CytoFLEX flow cytometer (Beckman Coulter) and-FAMA fluorescence was detected using

the 525/40 detector on the 488 nm laser. Flow cytometry experiments perforomekihockout

cell lines were carried out concurrently and presented in different figures for analysis purposes.

The percentage of cells that were positive for cleaved caspasdoth the infected and

uninfected wildtype Huh7.5 cells were used for compson 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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2.2.7Virus Titre
Extracellular virus titre was determined by performing afdd serial dilution of the virus

stock, followed by infection in triplicate of Huh5 cells in &ell chamber slides that had been
plated at a density of 5x*@ells 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, M@40015B) using the same dilutions as above and incubated at room temperature
for 20 mn. This was followed by incubatievith goat antimouse 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 focdermingunits per millilitre (FFU/mL). To measure intracellular

infectious titre, both control and infected cells were harvested following a titt@g infection

at MOI = 0.1, pelleted by centrifugation for 5 min at 400 x g and resuspended in 1 mL of CM.
The resugpended 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

x g.Virustitres were determined as described above based on clarified supernatants.

2.2.8Flow 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 cohfor cell death. Uninfected,

unstained wildtype Huhk7.5 cells acted as the negative control. \Atiige Huh7.5 cells were

always analyzed in parallel when performing this assay on knockout cells and comparisons were

all made by comparing witype to knockout cells. The overall cell population was gated on the
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forward vs. sidescatter plot using an inclusive gate as Huh 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.-sickgter plots using het shock

controls and uninfected cell controls and applied to LPS/ Nigetrieated 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 peljpulation. One population of

cells was smaller (shifted down and to the left on the forward vs.-saddter plot) and

corresponded with the dead, heahocked cell sample. There was also a population of larger
cells that had the same range of forward s&lescatter as the uninfected Hdh.5 cells. As
LPS/Nigericin stimulation is an established pyroptosis positive control, thipdyolation

gating strategy guided further analysis of H@Mcted cell samples. Within the H@fected

cell samples, therevere the same two distinct cell populations observed in the LPS/Nigericin
treated control. The majority of the caspase LJ2 8 A G A @S OStfta ogSNB €201
population. However, it is important to note that not all the caspdgeositive cellsvere in this
population, and percent caspadepositivity and mean fluorescence intensity varied between
conditions. In order to have sufficient numbers of caspagmsitive cells that were

representative of the whole sample, we recorded 10,000 evenis §0S & a Y f € ¢ LJ2 LJdzE |
meaning at least 10,000 events were collected for each condition. As dying cells take up the
caspasel probe nonspecifically, the heat shock population was used to set the caspase
fluorescence positivity threshold. Uninfected, taised Huh7.5 cells were used to gate out
background fluorescence. These two gates were applied to the LPS/Nigezatied sample to

ensure the gates were representative of caspageositivity. The same gates were applied to



all conditions for analysis. For clarification purposes, images of the gating strategy are also

included in the supplementary materiaBig2.1).

2.2.9Statistical Analyses
Statistical analyses for flow cytometry data were performed using the Analysis ToolPak in

Microsoft Excel (2016). Oneay ANOVA was used to compare conditions. Whevalpes 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.-@ag ANOVA with Bonferroni multiple comparison
test was used to compare between multiple groupsigues < 0.05 were considered

statistically significant.

2.3Results
2.3.1HCV Infection Induces Both Pyroptosis and Apoptosis, With Pyroptosis Preceding

gﬂ?rgfes\;?ous research suggested that both apoptosis and pyroptosis were induced during HCV
infectionin 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 caspaselicative of

pyroptosis, and cleaved caspa8gindicative of apoptosis, using Western blot analysis. This was
accomplished by performing timeourse experiments to compare cleaved caspasad-3
expression over time. We first established that HCV core protein levels sscteeth

subsequent days p.iFi{@.1A) which was confirmed using fluorescent microscdpg.1Q.

Cleaved caspask peaked at day two p.i. and remained consistent at day three p.i. in culture
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Figure2.1 Activation of pyroptosisand apoptosisassociated proteins during HCV infection.

Huh7.5 cells were infected with HCV at MOI = 1 or left uninfect@ylAt 1, 2, and 3 days p.i.,
cells and culture fluids were harvested for Western Blot analysis. Membranes were probed for
pro-caspasel, cleaveecaspasel, procaspas8, cleavedcaspase3, HCV core protein, and

GAPDH. * indicates samples from cell cultuwed8 rather than cell lysate@B) At 3 days p.i.,



cells were stained for cleaved caspdséyreen) using a specific probe, then fixed using

acetone. Cells were subsequently stained using antibodies specific for cleaved eagpade

Scale bar, 100 migC)At 1, 2, and 3 days p.i., cells were stained for cleaved cadpasmg the

same specific probe (green) then fixed using acetone. Cells were subsequently stained using an
antibody specific for HCV core protein (red, CNuclei were stained with DAPI (blue) and
analysis was performed using fluoreatenicroscopy. Scale bar, 100 n{B) At day 4 p.i., cells

were stained for cleaved caspasaising a specific probe and fixed using fixative from the
caspasel probe kit. Cells were run on a CytoFLEX flow cytometer and data were analyzed using
Kaluza analysis software. Data are presentethagercent of total cells that were positive for
caspasel. ***p < 0.0001.(E)At 3 days p.i., cells were fixed using acetone and stained for
cleaved GSDND (green) and HCV core protein (red) using specific antibdéieade 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 GABDAL 3 days p.i., cells were fixed using
acetone and stained for cleaved PARP (green) and cleaved cé&sfrash using specific

antibodies. Scale bar, 100n (AcG)Data are representative of three independent experiments.
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fluids taken from HGinfected cell culturesKig2.1A. This coincided with an expected decrease
of caspasel (fulHlength) levels in HGMfected cells at days two and three pkig2.1A. Levels

of cleaved caspask were also shown to increase with increasing time p.i. in cells that
remained adheren{Fig2.1(. Apoptosis was initiated on day three p.i., indicated by a decrease
in the level of caspas® in HCMnfected cells at days two and three p.i., while cleaved caspase
3 increased at day three p.Fig2.1A. Decreased expression of both caspasand-3 coincided
with an increase in their active, cleaved forms. These results were confirmed by fluorescence
microscopy, using an antibody specific for cleaved caspas®l a probe specific for cleaved
caspasel, demonstrating increased caspas@and-3 activation in HCGihfected cells at three

days p.i. when compared to uninfected contrdisg2.1B. Usinglow cytometry to quantify the
percentage of caspaskpositive cells, we confirmed a significantfeience in the percentage

of caspasel-positive cells between uninfected Huh5 cells (~18%) and both H@X¥ected

(~50%) and LPS/Nigerigireated (~45%) Huf7.5 cellsFig2.1D, S2)2 To validate the use of
caspasel and-3 as markers of pyroptosis and apoptosis, respectively, we also verified caspase
1 cleavage of downstream GSEHMand caspas@ cleavage of PARP. Cleavage of GSDMD was
detected using an antibody specific f[deaved GSDND, which was observed at a greater level
in infected cells than unfected 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 cleaved PARP was undetectable by Western blotting, even
with extendedexposure, until day 3 p.iF{g2.1F. This was also confirmed using fluorescence
microscopyvith an antibody specific for cleaved PARP which showed increased PARP cleavage

in HCVWinfected cells when compared to uninfected contrdtg®.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 infectjgmogression.

2.3.2NLRP3 Is One of the Sensors Involved inlititi¢ed Pyroptosis
Our previous work suggested that H{dduced pyroptosis is mediated by the NLRP3

inflammasome since cell death was reduced when cells were treated with NLRP3 inhibitor,
MCC95(Q155]. To further corroborate the involvement of NLRP3 in H@&diated pyroptosis,

the CRISRRas9 system was used to knock out NLRP3 ir7Hubells FigR.3). Both wildtype
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 caspasen days two and three p.i. infected NLRP3 KO cells compared

to wild-type control cells. However, knockout of NLRP3 did not eétei caspasd. activation
entirely FigR2.2A). Detection of cleaved caspaden cell culture fluids was delayed until day

three p.i. in culture fluids from NLRP3 KO cells compared tetypkl controls. Similar results

were confirmed by fluorescence microscopy, with the infected NLRP3 KO cdbyidigp
diminished caspasg activation compared to wildtype Huh5 cells at day three p.iFi2.2B,

.4A). Diminished cleaved caspasexpression was even more prominent when the Western
blotting was performedn 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 replic&igh20.

Western blot analysis and fluorescence microscopy revealed similar levels of cleaved @Gspase

at day three p.i. in both Hufi.5 and NLRP3 KO cell lines when an MOI = 1
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Figure2.2 Caspasé. and-3 activation in Huk/.5 cells and Hufi.5 NLRP3 KO ce(l8, B)Huh
7.5 cells or HHY.5 NLRP3 KO cells were infected with HCV at MOI = 1 or left uninfektéd.
1, 2, and 3 days p.i., cells and culture fluids were harvested for Western Blot analysis.
Membranes were probed for proaspasel, cleaveecaspasel, pro-caspase, cleaved
caspase3, and GAPDH. * indicates samples from cell culture fluids ratheradlatysates(B)

At 3 days p.j.cells were stained for cleaved caspdsggreen) using a specific probe then fixed

using acetone. Cells were subsequently stained using an antibody specific for cleaved-8aspase
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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 HWY.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 praspasel, cleavedcaspasel, pro-caspases,
cleavedcaspased, HCV core protein, and GAPDH. * indicates samples from cell culture fluids
rather than cell lysategD) At day 4 p.i.cells were stained for cleaved caspdsasing a

specific probe and fixed using fixative from the casphgeobe kit. Cells were run on a

CytoFLEX flow cytometer and data were analyzed using Kaluza analysis software. Data from
NLRP3 KO cells are compahexle to data from wiletype cells found ifrig2.1D. Data are

presented as the percent of total cells positive for casphse = n.s(E)At 3 and 4 days p.i.,

cells were stained for cleaved caspdséyreen) using a specific probe, then fixed using

acetore. 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 ban, 100

(AcE)Data are representative of three independent experiments.
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was usedKig2.2A, B but, when an MOI = 0.1 was used, NLRP3 KO cells showed a reduction in
levels of cleaved caspaSecompared with wiletype cells at four days p.iFi2.2Q. The

difference in caspasg activation between HW7.5 cells and NLRP3 KO cells tlaar 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 caspasesitive cells
between HC\infected HuR7.5 and NLRP3 KO cells at @ay p.i. Fig2.2D, S2.4BWhen
fluorescence microscopy was performed on cells four days p.i., there was also no detectable
difference in caspase# activation between Hu7.5 cells and NLRP3 KO cdligZ.2E Taken
together, these results confirm involvement of NLRP3 in-k@¥ced pyroptosis. The fact that
caspasel activation was not completely eliminated at day three p.i. and was detected at
similar levels to that of wildype Huh7.5 cells on day four p.i., indicates that other sensors
upstream of capasel may also be involved in HMduced pyroptosis or the NLRP3 KO was

incomplete.

2.3.3Apoptosis Increases in the Absence of Pyroptosis
GSDMD is a common component of the pyroptosis pathway across all sensors and is

responsible for the final pore formation step leading to cell Ij&#g},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 crosstdiktween the two pathways

[176,179,422,444,448]To investigate the role of GSEIMin HCMhduced pyroptosis and to

investigate the likelihood of crosstalk between the pyroptotic and apoptotic pathways, GRISPR
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Figure 2.3Analysis of caspaskand-3 levels in the absence of GSEIMHuR7.5 cells or Huh

7.5 GSDM KO cells were infected with HCV at MOI = 1 or left uninfe¢tgdit 1, 2, and 3

days p.i., cells and culture fluids were harvested for Western Blot analysis. Membranes were
probed for GSDMD, precaspases, cleavedcaspase3, and GAPDHB)At 3 days p.i., cells were
stained using a specific probe for cleaved casdaggreen), then fixed using acetone. Cells

were subsequently stained using an antibagbecific for cleaved caspa8gred). Nuclei were
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stained with DAPI (blue) for observation by fluorescence microscopy. Scale bam1GQAt

day 4 p.i., cells were stained for cleaved casghssing a specific probe and fixed using fixative
from the caspaséd probe kit. Cells were run on a CytoFLEX flow cytometer and data were
analyzed using Kaluza analysis software. Data from GBI ckis are compared here to data
from wild-type cells found irrig2.1D. Data are presented as the percentage of total cells
positive for caspasé. p = n.s(A¢C)Dataare representative of three independent

experiments.



Cas9 was utilised to generate Hulb cells lacking GSDDMI Fig2.3A. Wildtype and GSDND

KO cellsvere infected with HCV at an MOI =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 GSDMD KO cell lysates revealed that levels of both casfemed cleaved caspase

indicative of apoptosis, increased at three days p.i. when compared tetypiecells Fig2.3A.

While the same increase of cleaved caspaseas not found when fluorescenceicroscopy

was performed, there was a change in the caspas#aining morphology with more diffuse
staining patternsKig2.3B, 2.5A). These results suggest a change of cell death patterns induced
by infection with HCV when GSEMhas 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 nangnificant differences in cleaved caspdse
activation and percentage of cleaved caspagmositive cells, respectivel¥i2.3B, C, 35B).

We did notice a slight, but nesignificant, decrease in the levels ofaved caspasé in the

GSDMD KO cells when compared to wtigpe Huh7.5 cells. Lack of change in levels of cleaved
caspasel is to be expected as caspakés found upstream of GSDMin the pyroptosis

pathway. Taken together, these results indicate thatthe 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.

2.3.4Pyroptosis Is Reduced in the Absence of Caspiteiated Apoptosis
More research regarding the phenomenon of crosstalk between cell death pathways has been

reported in the literature in recent yeafd76,179,206,44d447]. 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, céas&se
cells were generated using a CRIERIR9 approach~{g2.4A. These cells were infected with
HCV or left uninfected and levels of caspasand-3 were compared to wildype Huh7.5 cells
using Western blot analysis. Surprisingly, the level of cleaved cagpaseell culture fluids was
decreased in the HGfected KO cells compared to witglpe cells at both two and three days
p.i. Fig2.4A. This reduction inhe level of cleaved caspadean the infected caspasg KO cells
was also shown by fluorescence microscopy and indicates a reduction in the activation of the
pyroptotic pathway Fig2.4B, S2.6AProcaspasel levels in the caspas2KO cells remained at
a level consistent with that of uninfected witglpe cells Fig2.4A. Reduction of the percentage
of caspasel positive cells in the H@kfected caspas& KO cell population (~25%) compared
to wild-type HCMnfected Huh7.5 cells (~50%) was confirmed andwh to be significant using
flow cytometry at day four p.iHig2.4C, S2.§BReduced activation of pyroptosassociated
cleaved caspast in the absence of caspa8amay indicate caspasgis upstream of caspase
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 mutuadlyclusive? By performing confocal microscopy on
HCVinfected HuR7.5 cells, we were able to capture images of rare single cells that were
positive for active forms of both caspaseand caspas8 (Fig2.5 orangeyellow 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 documentégii5A To confirm the

finding of cells positive for both caspasend-3, we subsequently performed further
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Figure 2.4Comparison of caspase levels when apoptosis is inhibited. Huh7.5 cells-Gt3Huh
caspase3 KO cells were infected with HCV at MOI = 1 or left uninfe¢fdit 1, 2, and 3 days
p.i., cells and culture fluids were harvested for Western Blot analysis. Membranes were probed

for pro-caspasel, cleavedcaspask, pro-caspases, cleaveecaspase3, and GAPDH. * indicates
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samples from cell culture fluids rather than cell lysat@& At 3 days p.i., cells were stained

using a probe specific for cleaved caspadqgreen), then fixed using acetone. Cells were
subsequently stained using a specific antibody for cleaved caspésel). Nuclei were stained

with DAPI (blue) and analysis wasfluorescence microscopy. Scale bar, 160(C)At day 4

p.i., cells were stained for cleaved caspasasing a specific probe and fixed using fixative from
the caspasél probe kit. Cells we run on a CytoFLEX flow cytometer and data were analyzed
using Kaluza analysis software and presented as the percent of total cells positive for €aspase
Data from caspas8 KO cells are compared here to data from vi§ige cells found irFigR.1D.

**p < 0.005.(AcC)Data are representative of three independent experiments.
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Figure 2.55ingle cells undergoing apoptosis and pyroptosis simultaneously7 Butells were

infected with HCV at MOI = 1. At 3 days p.i., cells were stained for cleaved cagjasen)



































































































































































































































































































































































































































































































