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Abstract

Similar to human disease, inhalation of small particle aerosols of HSN1 highly
pathogenic avian influenza virus by cynomologus macaques leads to fulminant pneumonia,
acute respiratory disease syndrome (ARDS), and fatality. Although aspects of the viral
pathogenesis are understood, many of the finer mechanisms of H5N1 disease progression
remain unclear. The severity of disease and associated mortality rate highlight the necessity to
better understand this public health threat and potential bioweapon. During H5N1 infection,
interferon-a and proinflammatory cytokines and chemokines markedly increase in expression
within lung epithelial tissue and distal airways. This profound inflammation is characteristic of
the pro-inflammatory cell death pathway known as pyroptosis. Yet, the role of pyroptosis and its
initiator, caspase-1, in H5N1 influenza pathogenesis is unknown. Using immunofluorescent
microscopy in situ, | identified active caspase-1, active IL-183, and neutrophil extracellular traps
(NETSs) in association with influenza A nucleoprotein. | hypothesized that after HSN1 aerosol
inoculation lung epithelial cells undergo caspase-1 dependent pyroptosis, leading to recruitment
signaling of neutrophils to the site of infection and the production of NETs as secondary host
immune response. NETosis, or the presentation of neutrophil extracellular traps from living or
suicidal neutrophils, complicates the fulminant pneumonia present during H5N1 influenza
disease progression. By trapping fluid and viral particles within the lung, it is likely that NETs

prevent clearance of fluid buildup and viral particles within the highly inflamed lung tissue. |



further identified and characterized apoptosis-associated speck like proteins (ASC) containing a
caspase recruitment domain (CARD) within lung epithelial cells that generate IL-1B. | found that
the expression of caspase-1 correlated with NET expression and disease severity after aerosol
challenge. These data suggest that caspase-1 driven inflammation of lung tissues, including
pyroptotic cell death, contribute to disease severity in H5SN1 influenza. What's more, in terms of
public health significance; these findings help clarify cellular mechanisms associated with H5SN1
disease progression furthering the understanding of H5N1 disease and could support research
into the identification of novel therapeutics, such as using caspase-1 inhibitors to control

inflammation and prevent severe disease progression in infected subjects.
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1.0 Introduction

1.1 H5N1 Highly Pathogenic Avian Influenza

Like seasonal influenza A, H5N1 highly pathogenic avian influenza is a member of the
Orthomyxoviridae family whose virus genome are composed of 8 discrete negative sense RNA
strand segments [1, 2]. These segments encode: MS1 (m1) and MS2 (m2), interferon
antagonist NS1, export protein NEP, hemagglutinin protein HA, neuraminidase protein NA,
polymerase protein PA, polymerase proteins PB1, PB2, and PB; and PB1-F2, which is thought
to induce apoptosis [1, 2]. The virion itself contains two surface glycoproteins hemagglutinin,
which binds and internalizes the virion to cells, and neuraminidase, which facilitates the release
of new virions from infected cells [1, 2]. Influenza subtyping is denoted by hemagglutinin and
neuraminidase antigenicity. For instance, the H5 subtype denotes the hemagglutinin of H5N1

highly pathogenic avian influenza [2].

Unlike seasonal flu H5N1 influenza is normally circulated in wild or domestic populations
of land fowl or waterfowl. Avian influenza virus preferentially binds to galactose linked to sialic
acid via a-2,3 linkages in waterfowl or domestic birds. Human influenza strains and other
mammal influenza strains typically attach to galactose linked to sialic acid via a-2,6 linkages [1,
3-5]. In human or other mammals that can be infected with H5N1 influenza, sialic acid bound to
galactose via a-2,3 linkages are commonly found in the lower respiratory tract and not the upper

respiratory tract; this may account for why H5N1 influenza does not readily transmit from person



to person. Typically, avian influenza is asymptomatic in avian hosts; however influenza of the
H5 or H7 subtype are found to be either high or low pathogenicity and can in high pathogenicity

cases lead to fatality in domestic or wild birds [1, 2].

1.2 Human Infection

The first identified human cases of H5N1 influenza occurred in May of 1997, with the
infection of a 3-year-old Chinese boy as the putative index case [6, 7]. The 3-year-old initially
presented with high-grade fever, dry cough, and sore throat; however, his symptoms worsened
over a period of four days, until on May 16" of 1997 he was admitted to another hospital with
leukopenia, respiratory distress, and hypoxemia suggestive of acute respiratory disease
syndrome (ARDS) which proved fatal [6]. In November and December of the same year, 5 more
patients succumbed to the disease after coming in direct contact with infected domestic fowl [6,

7].

From 1997 onwards, the disease seemingly went dormant until its reemergence in 2003,
when two more individuals contracted the disease in Hong Kong [8]. Since its reemergence in
2003, greater than 850 cases worldwide have been reported, with a case fatality ratio near 50%

or greater [5, 6].

In human infection, the H5N1 virus infects human alveolar epithelial cells, causing cell
death, and a loss of alveolar epithelial barrier function [1, 2, 6]. This causes a viral pneumonia
seen in all human cases, leading to cyanosis, hypoxemia, and pulmonary edema, characteristic
of ARDS [2, 6]. In fatal cases, this can induce respiratory failure and multiple organ failure in the

host [2, 6]. The etiology of this cell death and increased inflammation in the lung is not known.



1.3 Animal Models

H5N1 influenza can infect large a number of mammalian species other than humans
including cats, dogs, mice, rats, ferrets, and non-human primates [9]. H5N1 influenza virus
infects primarily type 2 pneumocytes, alveolar macrophages, and non-ciliated cuboidal epithelial
cells in terminal bronchioles located within the lower respiratory tract of humans and other
mammals [2, 4, 7]. In addition, a previous study has documented influenza a virus infection at
the soft palate at the roof of the mouth [10]. However, the presentation of disease differs
between various animal models, favoring certain models for scrutiny of hallmarks of disease

progression such as fulminant pneumonia presentation over others.

1.4 Pathogenesis of H5N1 Influenza in Cynomologus Macaques

Our group has shown that cynomologus macaques with H5N1 influenza via aerosol route
present characteristic hallmarks of disease similar to those found in human disease [9, 11].
Following a short incubation period, of 1-2 days, infection rapidly progresses to severe
pneumonia due to loss of the alveolar epithelial barrier [4, 9, 11]. This is followed by ARDS and
finally death due to respiratory failure. ARDS brought on by a primary viral pneumonia is
principally characterized by cyanosis, hypoxemia, pulmonary edema, and an increasing rate of
respiratory failure, which in cases of highly pathogenic avian influenza leads to a multiple organ
failure of the host [9, 11, 12]. In stark contrast to experiments using aerosolized virus, previous
studies that utilize intra-tracheal or intra-nasal inoculation via liquid suspension produced low

mortality in cynomologus macaques [13-19]. In studies that use intra-tracheal inoculation, most



animals survive initial challenge and do not present normal disease symptology. The reason for
these clinical differences is that liquid suspensions of H5N1 influenza fail to reach their target
cells in the alveoli, and instead are cleared by the mucociliary apparatus of the upper respiratory
track. Unlike liquid suspension studies however, the previous study by our group showed
symptology similar to human disease after introduction of the virus by aerosolized droplets
rather than by mucosal introduction [11]. Aerosolized droplets of HSN1 influenza displayed
disease pathogenesis similar to human disease and lead to high mortality rate in all
cynomologus macaques. This new model presents a powerful tool to study mechanisms of

disease pathogenesis.

1.5 Study of Disease Mechanism

Although some mechanisms of H5N1 influenza pathogenesis are understood,
mechanisms on a cellular level surrounding H5N1 influenza disease remain unclear. Emerging
evidence suggests that a major factor in disease severity emerges not directly from
complications from viral infection, but from the subsequent innate host response. The innate
immune response to H5N1 influenza infection consists of a dramatic increase in pro-
inflammatory cytokine and chemokine levels within the host’s infected tissue as well as
systemically. A “cytokine storm”, or disproportionate release of inflammatory cytokines and
chemokines within the host as a response to infection, has been suggested as a causative
factor of the ARDS that is characteristic of human disease [20, 21]. Increased plasma levels of
pro-inflammatory cytokines, including IL-138, MCP-1, IL-6, IL-8 and TNF-a in both human cases
and cynomologus macaques infected by aerosol support the hypothesis of a central role played

by the “cytokine storm” in disease progression, but what drives this response is unclear [11].



1.6 The Inflammasome

With the high expression of pro-inflammatory cytokines during H5N1 influenza infection,
cells infected with virus generate a multiprotein complex called an inflammasome. The
inflammasome forms after innate immune response recognition of a pathogen by pathogen
associated molecular patterns (PAMPs), or danger associated molecular patterns (DAMPs), in
cases of invading microbial pathogens or endogenous cell stress respectively [22-26]. Pattern
recognition receptors (PRR), such as toll-like receptors (TLRs), NOD-like receptors, Rig-like
helicases, or C-type lectin receptors, are cell receptors that identify PAMPs or DAMPs in a cell’s
environment [22, 23, 25, 26]. Endogenous cell stresses or invading pathogens recognized
through pattern associated recognition receptors (PRR) generate inflammasome formation
producing inflammation at the sites of recognition. Stimuli like invading pathogens can cause
absent in melanoma (AIM)-like receptors, such as AIM2 or NLRs to form oligomers leading to
cleavage of pro-caspase-1 and activation of the caspase-1 scaffold [23, 25]. Once started, the
caspase-1 scaffold, including active caspase-1, cleaves of pro-inflammatory IL-1 family
cytokines, such as IL-1B and IL-18, and this leads to cell death by pyroptosis, a form of pro-
inflammatory regulated cell death [24, 25, 27]. The potential caspase-1 mediated inflammatory
cell death in H5N1 disease pathogenesis has not yet been explored. To understand this process
we need to first define the different inflammasomes and cell death pathways. There are various

types of inflammasomes as discussed below.

1.6.1 NLRP3 Inflammasome

Compared to other inflammasome oligomers, cryopyrin or NLRP3 has the widest array

of reactivity to stimuli, which may be attributable to downstream events from initial recognition of



danger signals that activate NLRP3 rather than individual agonists [22, 23]. Most cell types that
induce an NLRP3 inflammasome require priming of NLRP3, which includes lipopolysaccharide
(LPS) binding to TLR4 for example. Once primed, the receptor can respond to stimuli, and
inflammasome assembly begins. Such receptive stimuli include pore-forming toxins, nucleic
acids; fungal, bacterial, or viral pathogens; excess of internal ATP, crystalline substances, and
hyaluronan, a scaffold protein used in a variety of cell types [22, 23, 28, 29]. Cell mechanisms
that induce NLRP3 activation include potassium efflux, generation of mitochondrial reactive
oxygen species, translocation of NLRP3 to the mitochondria, release of mitochondrial DNA, and
the release of cathepsins to the cytosol after lysosomal destabilization. However, all these
mechanisms do not apply to the variety of agonists for NLRP3; the precise mechanisms after
activation remain under study [23, 26]. After activation, inflammasome assembly can occur, but
not without ubiquitination of apoptosis associated speck like proteins (ASC) containing a
caspase recruitment domain (CARD). Inflammasome assembly begins with the NLRP3
nucleotide oligomerization binding domain, facilitating NLRP3 Pyrin containing domains to serve
as a scaffold allowing pyrin-pyrin interactions with ASC. This causes the formation of filaments
of ASC allowing pro-caspase to bind via c-terminal CARD interactions, causing an

autoproteolytic maturation of pro-caspase-1 to its active forms [22, 23, 30].

1.6.2 NLRC4 Inflammasome

Unlike NLRP3, NLRC4 has a narrow range of stimuli that cause its activation. NLRC4 is
activated through bacterial type Il secretory systems. Once activated NLRC4 complexes with
NLR family apoptosis inhibitory protein (NAIP), forming the NAIP-NLRC4 inflammasome [22].
For oligomerization autoinhibition of NLRC4 must be relieved; however currently it is not

understood how this occurs [22, 23]. Once oligomerized, the NAIP-NLRC4 inflammasome



interacts with ASC to form filaments of ASC, like the NLRP3 Inflammasome. It is important to
note that although the NLRC4 inflammasome does contain a CARD domain, the inflammasome
requires ASC to be maximally efficient [23], as without ASC autoproteolytic maturation of pro-

caspase-1 cannot occur.

1.6.3 AIM2 Inflammasome

The AIM2 inflammasome directly interacts with cytosolic double stranded DNA stimuli
due to the HIN (hematopoietic expression, interferon-inducible nature, and nuclear localization)-
200 domain [22, 26]. The AIM2 inflammasome autoinhibits itself in its inactive state, due to
interaction between the two domains within the inflammasome, but can relieve the inhibition
once the sugar phosphate backbone of DNA from an invading pathogen is presented [22, 26].
Once bound, the DNA displaces pyrin domain (PYD) interactions, allowing the PYD to then
recruit ASC to the oligomer. The AIM2 inflammasome is not sequence specific, but accepts
nonspecific sequences of dsDNA longer than 80 base pairs [22]. Once free, the PYD interacts

through PYD-PYD homotypic binding with ASC, causing the formation of ASC filaments.

1.6.4 The ASC Pyroptosome

In addition to the formation of the inflammasome oligomer, ASC also can independently
act as a supramolecular assembly to induce caspase-1 dependent pro-inflammatory cell death,
or pyroptosis, within cells. The ASC pyroptosome is a supramolecular assembly of 1-2 ym in
diameter that can form in response to pro-inflammatory stimuli independently [26, 30-32].
Primary formation of the ASC supramolecular assembly was found to be because of potassium
depletion, causing the formation of an oligomer made of ASC dimers [31]. The dimers and the

7



oligomer itself form due to homotypic interaction between PYD domains in ASC molecules,
however once formed the supramolecular assembly has supposed enhanced intermolecular
attraction, leading to the formation of the ASC pyroptosome in the cytoplasm [30, 31]. The ASC
pyroptosome then cleaves endogenous pro-caspase 1 generating the active form caspase-1,
leading to caspase-1 dependent pyroptosis of the cell and rupture of the cellular membrane [31,

32].

1.7 Cell Death

Cell death and the variation of cell death pathways that can occur within a host’s tissue
is an important distinction when considering disease pathogenesis. Broadly, cell death can fall
into two major categories: accidental cell death (ACD) and regulated cell death (RCD). ACD is a
catastrophic instantaneous and non-regulated demise of one or multiple cell due to exposure
from severe physical, chemical, or mechanical force, usually because of harm to the organism
or host [33]. RCD is, as termed, associated with regulation and organism homeostasis,
focusing on the health of the organism or colony, rather than the individual cell [33]. More
specifically, RCD falls into several cell death pathways including more common cell death
pathways: intrinsic apoptosis, extrinsic apoptosis, pyroptosis, necroptosis, and mitochondrial
permeability transition (MPT)-driven necrosis. RCD also falls into less common cell death
pathways such as ferroptosis, parthanatos, entotic cell death, lysosomal-dependent cell death,
autophagy-dependent cell death, mitotic catastrophe, NETotic Cell death or NETosis, and
immunologic cell death [33]. It is important to note, that although some RCD are less common
than others they still can occur if given the correct conditions to do so. All RCD cell death
pathways are summarized (Table 1), however for this thesis, only the major cell death pathways

will be extensively discussed. NETotic cell death or NETosis is extensively covered in its own



section in this introduction, as it can occur suicidally, where the neutrophil dies, or vitally, where

the neutrophil returns to some normal processes.

Table 1. Regulated Cell Death Pathways

Cell death Pathway

Imtrinsic Apoptosis

.

=  Anoikis

Extrinsic Apoptosis

Pyroptosis

MPT-driven Necrosis

Necroptosis

Ferroptosis

Parthanatos

Entotic Cell Death

Lysosomal-
dependent Cell Death

Autophagy-
Dependent Cell Death
Autosis

Immunologic Cell
Death

Miotic Catastrosphe*

Initiated By

BAK and BAX, mitochondrial outer membrane
permeabilization (MOMP), caspase-T and
caspase-3

Loss of integrin dependent attachment to the extra
cellular matrix, caspase-3

Death receptor ligand kinding, Dependence
receptor ligand levels falling below threshold

LPS pattern recognition from gram (-) bacteria,
DAMPS and microbe-associated molecular

patterns

Severe oxidative stress, Ca® ion overload

Death receptors (ex. FASTNFR1), Sequential
activation RIPK3 and MLKL, MLEL cligomers

Severe lip peroxidation, reactive oxygen species,
iron deficiency

Hyper activation of poly (ADP-ribose) polymerase
1 (PARP1), severafprolonged akylating DNA
damage, oxidative stress, hypoxia, hypoglycemia,
inflammatory cues, reactive nitrogen species (ex.
Mitrogen oxide)

Detachment of epithelial cellz from extra cellular
mafrix, loss of integrin signaling, actomyosin chain
formation

Permeabilization of lyscsomal membrane within
cytosol
Autophagic machinery

FPlasma membrane sodium+/potassium+ ATPase
{ex. Cardiac glycosides)

Viral infection, Chemotherapeutics, Radiation
Therapy, Hypericin-based photodynamic therapy

Regulated oncosuppressive machinery, Inability to
complete mitosis, extensive DNA damage, mitotic
machinery problems, failure mitotic checkpoints

Summary of regulated cell death pathway definitions [33].

Hallmarks of Pathway
BAK BAX, Cytochrome C, APAF1, pro-
caspase-9, SMAC

Specific Type of Intrinzic Apoptosis, Associated
as oncosuppresive cell death, caspase-3,
MOMP

Death-inducing signaling complex (DISC),
Caspase-8 oligomerixzation, Type 1 and Type
2 death receptor cell death pathways,
Caspase-3, Caspase-7, Caspase-9 effector
caspase cascade

Chromatin condensation, cellular swelling,
plasma membrane permeabilization, Caspase-
1, Caspase-3, Caspase-5, Caspase-4, murine
Caspase-11

Permeability transition pore complex (PTPC),
cyclophilin D (CYPD), osmotic breakdown of
the inner and outer mitochondrial membranes
RIPK3,RIPK1, MLEL, necrosome, PS
exposure, ADAM protzin family members

Reduced glutathione dependent enzyme
gluthatione periodiase 4 (GPX4), ferroptosia-
inducing agents (ex. Erastin), ferroptosis-
inhibiting agents (ex. Ferrostatins).

PARP1, apoptosis inducing factor mitochondria
associated factor 1 (AIF), macrophage
migration inhibitory factor (MIF)

Engulfing of viable cells via non-phagocytic
homotypic or heterotypic cells, adhesion
proteinzg cadherin 1 (E-cadherin, catenin alpha
1 (CTHNNA), actomyosin-dependent cell-in-cell
intemalization, lysosomes

Proteclytic enzymes of cathepsin family,
MOMP, executioner caspases

Autophagic machinery, growth arrest,
ecdysone

Autophagic machinery

DAMPs, activate adaptive immune response in
immunosuppressive hosts

Multinucleation, macronucleation,
micronucleation, Caspase-2

*Does not always result in RCD, sometimes
cellular senescence. Forms that do lead to
RCD most often lead to intrinzic apoptosis



1.7.1 Intrinsic Apoptosis

Intrinsic apoptosis occurs through a series of initiator and effector caspases, including
interactions with cellular components such as BCL2 pro-apoptotic and anti-apoptotic family
proteins. Initiator caspases include caspase 2, 8, and 9, and are associated with the initial outer
mitochondrial membrane permeabilization [25, 34]. Effector or executioner caspases: caspase
3, 6, and 7 are known for the cellular fragmentation and characteristic nuclear and cytoplasmic

condensation seen in both intrinsic and extrinsic apoptosis [25, 33].

After recognition through DAMPs, b cell lymphoma 2 (BCL2) associated pro-apoptotic
and anti-apoptotic family proteins initiate intrinsic apoptosis. BCL2 associated X protein (BAX)
and BCL2 antagonist/killer 1 (BAK) begin initiation by pooling on the surface of the outer
mitochondrial membrane [35]. BAX is normally found cycling between the cytosol and
mitochondrial membrane, while BAK is normally found within the lipid bilayer of the
mitochondrial membrane [36, 37]. Once DAMPs are recognized, BCL2 homology 3 (BH3)-only
activator proteins can indirectly or directly activate pooling of BAX and BAK to the surface of the
mitochondria [33, 36, 37]. Pooling of BAX and BAK causes dimer-dimer oligomerization of BAX
forming ring like or arc like oligomer pores, causing mitochondrial outer membrane
permeabilization [33, 38-40]. Anti-apoptotic members of the BCL2 family can regulate the
interaction of apoptotic BCL2 factors through direct binding, however a BH3-only sensitizer,
such as hara-kiri (HRK), BCL2 interacting protein, can cause outer membrane permeabilization

without BAX or BAK [33, 38].

Once the outer mitochondrial membrane has been permeabilized, pro-apoptotic factors
cytochrome c and secondary mitochondrial activator of caspases (SMAC) are released from the

mitochondrial intermembrane space [33, 34, 41, 42]. Cytochrome C binds to apoptotic peptidase
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activating factor 1 and pro-caspase 9 to form the apoptosome, which autocatalytically matures
caspase 9 through CARDs [41, 42]. Caspase 9 once matured, activates caspase 7 and caspase
3, the two of which ultimately induce cellular demise [43-45]. Caspase 7 and caspase 3 cause
DNA fragmentation, phosphatidylserine exposure and apoptotic bodies characteristic of the

apoptotic cell death pathway [43-45].

One of the most important regulation proteins in intrinsic apoptosis is X-linked inhibitor of
apoptosis (XIAP) of the inhibitor of apoptosis family (IAP). Cytosolic SMAC is necessary to
prevent inhibition of apoptosis through IAPs by direct interaction. To directly interact with IAPs
SMAC must undergo a proteolytic maturation allowing for the IAP binding domain to become
available to prevent XIAP [33, 46, 47]. Without this interaction XIAP can directly block the
caspase cascade associated with cellular demise by physically blocking caspase 9 from forming
the necessary dimers, leading to inhibition of the apoptozole and subsequent inhibition of
cleavage of caspases 7 and 3 [46, 47]. XIAP is the only member of the IAP family to directly
prevent the caspase cascade, while other IAPs drive up