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Chapter I. Introduction

1. General remarks of influenza A virus

1-1 Influenza A virus genome and viral proteins

Influenza A virus (IAV) is a member of the family Orthomyxoviridae. The
genome of IAV consists of a set of eight-segmented ssRNAs of negative polarity, and
is complexed with the viral RNA polymerase and nucleoprotein (NP) in virion (Fig.
1). The RNA polymerase is composed of three subunits, PB1, PB2, and PA encoded
in three largest RNA segments. NP is an RNA binding protein encoded by the RNA
segment 5. Infection of IAV occurs via interaction between its surface glycoprotein,
hemagglutinin (HA) and sialic acids on the surface of host cell membrane. HA is a
type 1 transmembrane protein encoded by the RNA segment 4. The other
glycoprotein, neuraminidase (NA) is a type II transmembrane protein encoded by the
RNA segment 6. It has been widely accepted that HA and NA are essential for virus
entry and budding process, respectively (1, 2). Matrix protein 1 (M1) encoded by the
RNA segment 7 is the most abundant structural protein in virions (3). The RNA
segment 7 also encodes for M2 via alternative splicing and M2 functions as an ion
channel. The RNA segment 8 codes for nonstructural protein 1 (NS1) and NS2, the
latter of which is generated through splicing of NS1 mRNA. NSI is a multi-
functional RNA binding protein and an important regulator of host immune responses
and apoptotic cell death. NS2 mediates the nuclear export of virion RNAs by acting
as an adaptor between viral ribonucleoprotein complexes and the nuclear export
machinery of the cell. The infecting RNP is transported into nucleus, where

transcription and replication of IAV occurs, followed by progeny RNP production.



Progeny RNP is then exported from nucleus to cytoplasm where virus assembly takes

place.

1-2 TAYV pathogenesis and history of IAV pandemics

IAV can infect diverse host species including pigs, birds, and humans. Human
infection by TAV initiates in the respiratory tract and the virus induces inflammatory
responses as a result of respiratory epithelial cell death (4, 5). The pro-inflammatory
response from respiratory epithelial cells triggers migration of immune cells including
macrophages and neutrophils to remove infectious agents. These migrated immune
cells contribute to further inflammation (Fig. 2).

Through human history, IAV caused epidemics and severe pandemics at
several times. In 1918, Spanish IAV, which killed 40-50 million people, is the first of
the two pandemics involving HIN1 IAV (the second being the 2009 influenza
pandemic) (6). Furthermore, in 1957-1958 and 2009, two IAV pandemics spread in
southern China killed about 4 million people (7), and also a recent outbreak of human
infections with a new avian IAV (H7N9), which caused 132 patients, including 37

deaths in 2013 (8).

1-3 Significance of IAV research

Seasonal IAV infections in humans cause annual epidemics, leading to
millions of human infections worldwide and having significant health and economic
burdens; IAV pandemics can also have devastating effects globally, resulting in
millions of deaths. Within one year, this virus spread to all the world and caused >

18,000 confirmed deaths (9). Thus, IAV research plays an important role for



protection of public health as well as economic developments globally. Also it would

be important to develop new vaccines and anti-influenza drugs.



2. General remarks of inflammation

2-1 Overview of the inflammatory response

Inflammation is an adaptive response that is triggered by noxious stimuli,
infection, and tissue injury. The acute inflammatory response triggered by infection
or tissue injury stimulates to recruit plasma and leukocytes to the site of infection or
injury. The initial infection is recognized by Toll-like receptors (TLRs) and NOD-
like receptors (NLRs), leading to the production of a variety of inflammatory
mediators, including chemokines, cytokines, vasoactive amines, eicosanoids and
products of proteolytic cascades (10). The main immediate effect of these mediators
is to elicit an inflammatory exudate locally so that plasma proteins and leukocytes
gain access to the blood vessels through the postcapillary venules. The activated
endothelium of the blood vessels allows selective extravasation of neutrophils while
preventing the exit of erythrocytes. When neutrophils reach the afflicted tissue site,
the neutrophils become activated either by direct contact with pathogens or through
the actions of cytokines secreted by tissue-resident cells. The neutrophils attempt to
kill the invading pathogens by releasing the toxic contents of their granules, which
include reactive oxygen species (ROS) and reactive nitrogen species, proteinase 3,
cathepsin G and elastase (11). These potent effectors do not discriminate between
microbial and host targets, so collateral damage to host tissues is unavoidable (12).

A successful acute inflammatory response results in the elimination of the
infectious agents followed by a resolution and repair phases, which is mediated by
tissue-resident and recruited macrophages (13). The switch in lipid mediators from
pro-inflammatory prostaglandins to lipoxins, which are anti-inflammatory, is crucial

for the transition from inflammation to resolution. Lipoxins inhibit the recruitment of



neutrophils, but promote the recruitment of monocytes, which remove dead cells and
initiate tissue remodeling (13). If the acute inflammatory response fails to eliminate
pathogens, the neutrophil infiltrate is replaced with macrophages and a chronic
inflammatory state ensues with the formation of granulomas and tertiary lymphoid

tissues (14).

2-2 Inducers of inflammation
Exogenous inducers can be classified into two groups: microbial and non-
microbial. Pathogen-associated molecular patterns (PAMPs) are a major microbial
inducers carried by all microorganisms (15). PAMPs are recognized by pathogen
recognition receptors (PRRs) including TLRs and NLRs. Non-microbial exogenous
inducers of inflammation include allergens, irritants, foreign bodies and toxic
compounds (16).
Endogenous inducers of inflammation are signals produced by stressed,
damaged tissues. One common theme in detecting acute tissue injury is the sensing of
the desequestration of cells or molecules that are normally kept separate in intact cells

and tissues (16).

2-3 Mediators of inflammation

Inducers trigger inflammatory processes through the release of inflammatory
mediators, cytokines and chemokines. The cytokines including (tumor-necrosis
factor-a. (TNF-a) and interleukin-1 (IL-1)) have autocrine and paracrine effects
leading to the local activation of macrophages and neutrophils, but when these
cytokines are released in large amounts, they can exert endocrine effects, such as

induction of platelet activation, fever, fatigue, and anorexia (17). The main function



of chemokines is to recruit additional immune cells to the site of infection. These
immune cells include neutrophils, which exert a role in the phagocytosis and killing of
pathogens (18, 19).

In the bloodstream, activated monocytes and neutrophils release cytokines, which
stimulate the release of prostaglandins, molecules that mediate the signs and
symptoms of illness (somnolence, fatigue, and fever) by acting on the hypothalamus
(20). An important aspect of mediators of inflammation in the circulation is the
activation of the complement system, which mediates microbial opsonization and

killing, and generates inflammatory peptides such as C3a and C5a (21).

2-4 Effects of inflammation

Although the most obvious effect of inflammatory mediators is to induce the
formation of an exudate, many inflammatory mediators also have effects on
maintenance of tissue homeostasis (22). These functions of inflammatory mediators
reflect a more general role for inflammation in the control of tissue homeostasis and

in adaptation to noxious conditions.



3. Purpose and summary of this study

Respiratory epithelium functions as a sensor of infectious agents to initiate
inflammatory responses along with cell death. However, the exact cell death
mechanism responsible for inflammatory responses to IAV infection is still unclear. I
found that IAV infection induced apoptosis or pyroptosis in both normal and
precancerous human bronchial epithelial cells. Pyroptosis is a caspase-1-dependent
inflammatory cell death controlled by inflammasomes, multiprotein complexes
consisting of caspase-1, apoptosis-associated speck like protein containing a CARD
(ASC), and cytoplasmic PRRs such as NLR family proteins. NLR family PYD-
containing 3 (NLRP3) has been extensively characterized in monocytes and
macrophages against TAV infection. However, the exact mechanism of
inflammasome activation in respiratory epithelial cells, especially a sensor molecule
for IAV infection, is largely unknown. To identify a novel respiratory epithelium-
specific inflammasome receptor, I performed a high-content shRNA library screening
and a proteomic analysis of ASC interacting proteins upon IAV infection. Using
these two screening systems, I identified a human myxovirus resistance gene 1 (MxA)
as a novel inflammasome receptor in respiratory epithelial cells that specifically forms
inflammasome complexes with ASC and caspase-1 to promote proteolytic activation
of IL-1P and IL-18. My study highlights the significance of epithelial inflammatory
response mediated by MxA inflammasome, and human Mx-transgenic mice can be a
valuable animal model for human respiratory epithelium to demonstrate inflammatory

response upon virus infection.



4. Abbreviations

AAH atypical adenomatous hyperplasia

ASC apoptosis-associated speck like protein containing a CARD
ADV adenovirus

AIM2 absent in melanoma 2

BAL bronchoalveolar lavage

CARD caspase recruitment domain

DAMPs damage-associated molecular patterns
GBPs guanylate-binding proteins

HA hemagglutinin

hMx-Tg human MxA transgenic

IAV influenza A virus

IFI16 interferon gamma inducible protein 16
IFN interferon

IL-1 interleukin-1

ISGs interferon-stimulated genes

Ml matrix protein 1

MxA myxovirus resistance gene 1

MOI multiplicity of infection

NA neuraminidase

NHBE primary normal human bronchial epithelial cells
NLR NOD-like receptor

NLRC4 NLR family CARD domain containing 4
NLRP3 NLR family PYD-containing 3



NP

NS1

PA

PAMPs

PB1

PB2

PBMC

PRRs

PYD

RIP1

ROS

SeV

TLRs

TNF-a

vRNP

nucleoprotein

nonstructural protein 1

polymerase acidic protein
pathogen-associated molecular patterns
polymerase basic protein 1

polymerase basic protein 2

primary human peripheral blood mononuclear cells
pathogen recognition receptors

pyrin domain

receptor interacting protein 1

reactive oxygen species

sendai virus
toll-like receptors

tumor-necrosis factor-a

viral ribonucleoprotein



Chapter II. Influenza A virus infection triggers pyroptosis
and apoptosis of respiratory epithelial cells through type I

IFN signaling pathway in a mutually exclusive manner

1. Introduction

1-1 Programmed cell death pathways

Various pathogens cause mainly three programmed cell death pathways,
apoptosis, necroptosis, and pyroptosis (23-25). Apoptosis is a caspase-3-dependent
cell death, and apoptotic cells are rapidly phagocytized and cleared without
inflammatory responses (26). Necroptosis is a receptor interacting protein 1 (RIP1)
and RIP3 kinases complex-dependent but caspase-independent inflammatory cell
death by releasing damage-associated molecular patterns (DAMPs) (27). Pyroptosis
is a caspase-1-dependent inflammatory cell death controlled by inflammasomes,
multiprotein complexes consisting of caspase-1, ASC, and PRRs such as NLR family
proteins. The formation of inflammasomes induced by virus infection is mainly
observed in immune cells and results in the extracellular release of pro-inflammatory

cytokines, such as IL-1f and IL-18 (28, 29) (Fig. 3).

1-2 Significant impacts of respiratory epithelial cells against IAV infection
The epithelial surface of lungs are in direct contact with the environment and
are involved in physical segregation of hosts from a vast array of antigens, pollutions,

and infectious agents. The respiratory epithelial cells also function as a sensor of
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infectious agents to initiate inflammatory responses along with cell death by infection
(30).

IAV stimulates inflammatory responses as a result of respiratory epithelial cell
death (4, 5). The pro-inflammatory response from respiratory epithelial cells triggers
recruitment of leukocytes including macrophages and neutrophils to remove
infectious agents. These migrated immune cells contribute to excessive inflammation.
Thus, the inflammatory response mechanism of the respiratory epithelium is crucial
for understanding the pathogenesis of IAV. However, it has been reported that
apoptosis is a major cell death pathway triggered by IAV infection in cultured
epithelial cells isolated from malignant tumors (31-33). Therefore, the exact cell
death mechanism responsible for inflammatory responses, which may determine the

pathogenesis of AV, is still unclear.

1-3 Cross talk of cell death pathways

Emerging evidence has shown the crosstalk of programmed cell death
pathways (26), but the molecular mechanism to determine one of the cell death
pathways remains poorly understood. Necroptosis is induced by several stimuli,
which can also trigger apoptosis, in the presence of caspase inhibitors. Because,
caspase-8 activated by apoptotic stimuli suppresses necroptosis by cleaving substrates
such as RIP1 and RIP3 kinases (34, 35). Although endogenous inhibitors of caspase-
8 to induce necroptosis are not understood, virally encoded caspase inhibitors are
well-known examples to promote necroptosis (27). Therefore, necroptosis could be
evolved as a host backup system to trigger cell death in virus-infected cells. It is well-
known that mitochondria release several pro-apoptotic proteins including cytochrome

C, through mitochondrial dysfunction. Dysfunctional mitochondria also activate
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inflammasome assembly through mitochondrial ROS (36), released mitochondrial
DNA (37, 38), and cardiolipin (39), but the exact role of mitochondria in pyroptosis
activation remains controversial (40). It is reported that MAVS, which is an adapter
molecule to transduce interferon (IFN) signaling pathway triggered by a viral RNA
sensor RIG-I, interacts with NLRP3 and stimulates inflammasome formation (41, 42).
Although it is reported that RIG-I activates inflammasome through a type I IFN-
positive feedback loop in respiratory epithelial cells (43), type I IFN has been shown
to negatively regulate the inflammasome formation in macrophages (44). Thus,
despite considerable progress in understanding each cell death pathway, it remains
controversial how viruses induce each cell death possibly due to the differences of

stimuli and cell types used.
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2. Materials and methods

2-1 Reagents

Mouse monoclonal antibody against ASC (Millipore), B-Actin (SIGMA),
caspase-1 (R&D systems), GSDMDCI1 (Santa Cruz Biotechnology), and rabbit
polyclonal antibodies against cleaved caspase-3 (Cell Signaling Technology), pro-
caspase-3 (Cell Signaling Technology), STAT1 o/f (Santa Cruz Biotechnology),
phospho-(Tyr701) STAT1 (Cell Signaling Technology) were purchased. Z-DEVD-
FMK (R&D systems), VX-765 (Chemietek), GSK-872 (Millipore), Z-VAD-FMK
(Enzo Life Science), camptothecin (Calbiochem), IFN-B (Toray), ruxolitinib (Cayman)

were purchased.

2-2 Cell culture and viruses

PL16B and PL16T cells were grown in MCDB153HAA with 0.5 ng/ml
epidermal growth factor, 5 wg/ml insulin, 72 ng/ml hydrocortisone, 10 ug/ml
transferrin, 20 ng/ml sodium selenium, and 2% fetal bovine serum (45). PC9, H1650,
HCCB827 cells were grown in Roswell Park Memorial Institute medium (RPMI) 1640
with 10% fetal bovine serum. H1975 cells were grown in RPMI 1640 containing high
glucose with 10% fetal bovine serum. NHBE cells were purchased and the cells were
grown in B-ALI™ Growth Medium (Lonza). A549 cells were grown in Dulbecco’s
modified essential medium (DMEM) containing 10% fetal bovine serum. Influenza
virus A/Puerto Rico/8/34 strain and human adenovirus type 5 (HAdVS5) were prepared
as previously described (46). R38A/K41A and Y89F mutant viruses (A/Puerto

Rico/8/34 genetic backbone) were constructed as previously described (47, 48). del
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NS1 virus was a generous gift from Dr. Adolfo Garcia-Sastre (Icahn School of

Medicine at Mount Sinai).

2-3 Trypan blue dye exclusion assay

After pre-treatment of cells with each cell death inhibitor for 1 h, the cells
were infected with TAV at a multiplicity of infection (MOI) of 10. At the indicated
time points, both adherent and floating cells were collected and resuspended in 0.02%
trypan blue (SIGMA) in phosphate-buffered saline (PBS). The number of dead and

living cells was counted using hemocytometer.

2-4 DNA fragmentation assay

PLI16T cells (5 x 10° cells) seeded in 96-well optical bottom plate (Thermo) and the
cells were infected with TAV at a MOI of 10. At the indicated time points, the cells
were stained with Hoechst 33342 and the number of DNA fragmented cells was

quantified by ArrayScan™ high-content systems (Thermo).

2-5 Indirect immunofluorescence assays

Cells were fixed with 3% paraformaldehyde (PFA) for 10 min and
permeabilized with 0.5% Triton X-100 in PBS containing 0.2% bovine serum
albumin (BSA) for 3 min. After incubation in PBS containing 1% skim milk for 1 h,
the cells were incubated with primary antibodies for 1 h. After a washing with PBS
containing 0.1% Tween 20 and 0.2% BSA, the cells were incubated with either Alexa
Fluor 488- or 568-conjugated secondary antibodies, respectively (Invitrogen) for 30
min. Images were acquired by confocal laser scanning microscopy (LSM700; Carl

Zeiss) using x 63 Apochromat objective.
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2-6 Quantitative real-time PCR

Total RNA was isolated from PL16T cells by the acid guanidinium phenol
chloroform method. c¢DNA was prepared from purified RNA (1 ug) by using
ReverTraAce (Toyobo) with oligo (dT)yp primer. Real-time PCR was carried out
using SYBR Green Realtime PCR Master Mix-Plus (Roche) in the Thermal Cycler

Dice Real-Time PCR system (TaKaRa).

Primer sequences

Bcl-xL Forward 5'-GCCACTTACCTGAATGACCAC-3'
Bcl-xL Reverse 5'-TGCTGCATTGTTCCCATAGA-3’
IFN-B Forward 5-TGCCTCAAGGACAGGATGAAC-3'
IFN- Reverse 5-GCGTCCTCCTTCTGGAACTG-3'

18S rIRNA Forward ~ 5-AACGGCTACCACATCCAAGG-3'

18S rRNA Reverse 5'-GGGAGTGGGTAATTTGCGC-3'

2-7 Cytokine measurements
Cytokines were measured by ELISA with human IL-18 (R&D system)

according to the manufacturers’ instruction.

2-8 Statistical analysis

Statistical significance was tested using a two-tailed Student’s t-test. n/s, not

significant. ***P <(0.001, **P <0.01.
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3. Results

3-1 Precancerous respiratory epithelial cells induce pyroptotic cell death in
response to infection

To determine whether respiratory epithelial cell lines are susceptible to the cell
death induced by IAV infection, I carried out trypan blue dye exclusion assays at 24 h
post infection with different types of human malignant tumor respiratory epithelial
cells (A549, PC9, H1975, H1650, and HCC827), human atypical adenomatous
hyperplasia (AAH) respiratory epithelial cells (PL16T), human non-neoplastic
respiratory epithelial cells (PL16B), and primary normal human bronchial epithelial
cells (NHBE). Cell death in all malignant tumor cell lines was rarely induced by IAV
infection, whereas the number of dead cells in PL16T, PL16B, and NHBE cells was
30 to 40% of total cells at 24 h post infection, respectively (Fig. 4). PL16T is an
immortalized cell line, established from a precancerous region of lung
adenocarcinoma patient (45). It has been reported that PL16T cells do not have any
tumorigenic activity and there is no mutations or abnormal expressions of
oncogenesis-related genes such as p53, Akt, and EGFR (49). To determine what
kinds of cell death pathways are activated by IAV infection, I treated infected PL16T,
NHBE, and A549 cells with each type of cell death inhibitor; Z-DEVD-FMK
(caspase-3 inhibitor, Fig. 5A, C, E, and G), VX-765 (caspase-1 inhibitor, Fig. 5B, D,
F, and H), and GSK-872 (RIP3 inhibitor, Fig. 51, J, and K). In infected PL16T cells,
the number of dead cells either stained with trypan blue dye (Fig. SA) or having
fragmented DNA (Fig. 5C) was reduced by the addition of the caspase-3 inhibitor at
12 and 24 h post infection, but not after 36 h post infection. In contrast, the caspase-1

inhibitor repressed the cell death even at 36 h post infection in infected PL16T cells
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(Fig. 5B and D). These results suggest that apoptosis is induced in infected PL16T
cells at early phases of infection, but the cell death pathway is shifted to pyroptosis at
late phases of infection. Similar cell death results were obtained with infected NHBE
cells (Fig. 5E and F). Furthermore, the number of dead cells in infected A549 cells
decreased by the caspase-3 inhibitor in both early and late phases of infection, but not
by the caspase-1 inhibitor (Fig. 5G and H). Thus, it is likely that IAV infection
triggers both apoptotic and pyroptotic cell deaths in precancerous or normal human
respiratory epithelial cells, but only apoptotic cell death in malignant tumor cells.
GSK-872 did not inhibit cell death by IAV infection in PL16T cells, NHBE cells, and
A549 cells (Fig. 51, J, and K). These results indicate that necroptosis merely occurs in
response to IAV infection in cultured cells I used. Note that the expression level of
viral protein NP in PL16T cells was similar to that in A549 cells, indicating that the

virus infectivity was comparable between A549 cells and PL16T cells (Fig. 5L).

3-2 TAV infection induces inflammasome assembly and IL-1f secretion in
human respiratory epithelial cells

Upon inflammasome formation, ASC is assembled into a micrometer-sized
perinuclear structure called an ASC speck to recruit procaspase-1 for its proteolytic
self-activation. Then, the activated caspase-1 cleaves several substrates such as
gasdermin D for pyroptosis induction, and also activates the secretion of
inflammatory cytokines, IL-1f and IL-18, by digestion of their immature forms (50).
Inflammasomes have been extensively characterized in monocytes and macrophages
but not respiratory epithelial cells, although the epithelial cells may play an important
role in early host immune response to infection. To confirm whether apoptosis and

pyroptosis are induced in PL16T cells by AV infection, I examined the proteolytic
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activation of caspase-3 (Fig. 6A), caspase-1 (Fig. 6B), and gasdermin D (Fig. 6C)
respectively. The cell lysates prepared from infected cells at 24 (Fig. 6A) and 48 h
post infection (Fig. 6B and C) were subjected to western blotting analyses with anti-
procaspase-3, anti-cleaved caspase-3, anti-caspase-1, and anti-gasdermin D antibodies.
Camptothecin (CPT), a potent inhibitor of DNA topoisomerase-I, was used as a
positive control for apoptosis induction (Fig. 6A, lane 3). Caspase-3, caspase-1, and
gasdermin D were cleaved in IAV-infected PL16T cells (Fig. 6A, lane 7; B, lane 6; C,
lane 2), but not when caspase-3 and caspase-1 inhibitors were added (Fig. 6A, lanes
4—6; B, lanes 3—5; C, lane 3).

To examine whether inflammasomes are formed, I carried out indirect
immunofluorescence assays with anti-ASC antibody in PL16T, NHBE, and A549
cells. At 48 h post infection, ASC specks were observed in approximately 30% of
total PL16T and NHBE cells, but not in A549 cells (Fig. 7A). I next examined IL-1f
secretion from PL16T, NHBE, and A549 cells in response to IAV infection by
enzyme-linked immunosorbent assays (ELISA). At 72 h post infection,

approximately 50 pg/ml of IL-1f was secreted from infected PL16T and NHBE cells,

however, I could not detect IL-1f secretion from infected A549 cells (Fig. 7B).

3-3 Apoptosis and pyroptosis are independently induced by IAV infection in
respiratory epithelial cells

Next, I examined the number of apoptotic and pyroptotic cells by indirect
immunofluorescence assays with anti-cleaved caspase-3 and anti-ASC antibodies to
distinguish each cell death pathway. About 35% of infected cells was stained with
anti-cleaved caspase-3 antibody at 24 h post infection, and the signals were reduced at

36 h post infection along with the apoptotic cell fragmentation (Fig. 8A). In contrast,
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the number of ASC speck-positive cells was peaked at 48 h post infection (Fig. 8B).
Further, both activated caspase-3- and ASC speck-positive cells were hardly observed
(Fig. 8C and D), suggesting that apoptosis and pyroptosis are independently induced

by IAV infection in PL16T cells.

3-4 Type I IFN-mediated JAK-STAT signaling pathway promotes the switch
from apoptosis to pyroptosis by inhibiting apoptosis possibly through the
induced expression of Bcl-xL anti-apoptotic gene

The viral nonstructural protein 1 (NS1) is a multi-functional RNA binding
protein, and is known to be an important regulator of host immune responses and
apoptotic cell death. NSI inhibits dsSRNA-mediated PKR activation and IFN-§3
production through its RNA binding activity (51). Also, NSI prevents IFN-f3
production by inhibiting the activation of RIG-I through the interaction with TRIM25
(52). NSI activates PI3K signaling by binding to the p85f regulatory subunit of PI3K
(47). This results in the activation of Akt kinase, and the activated Akt protein
phosphorylates proapoptotic Bcl-2 family proteins to inhibit apoptosis. I next
examined the number of apoptotic and pyroptotic cells triggered by IAV NS1 mutants
listed below: R38A/K41A mutant which is deficient in dSRNA-binding activity and in
IFN antagonism (51); Y89F mutant which is deficient in PI3K/Akt activation for the
inhibition of proapoptotic proteins (47); and del NS1 mutant which contains a deletion
of NSI gene (53) (Fig. 9). 1 found that R38A/K41A mutation increased the
inflammasome formation, but not the cleavage of procaspase-3, more than 5 times
compared to WT at 24 h post infection (Fig. 9), suggesting that enhanced type I IFN
production increases pyroptotic cell death upon IAV infection. In contrast, Y89F

mutation increased apoptosis, but not pyroptosis, possibly due to the inability to
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inhibit proapoptotic Bcl-2 family proteins including BAD (Fig. 9). I also found that
del NS1 virus infection stimulated pyroptosis, but not apoptosis, consistent to
R38A/K41A mutant virus. This suggests that type I IFN signaling pathway may
antagonize proapoptotic Bel-2 family proteins for the mutually exclusive activation of
apoptosis and pyroptosis. Note that /FN-8 gene was transcribed in wild-type IAV-
infected PL16T cells at 48 h post infection, although the response was not quick
possibly due to the inhibition by NS1 (Fig. 10A). The Bcl-2 family proapoptotic BH3
only protein BAD interacts with Bel-xL anti-apoptotic protein to release apoptogenic
factors such as cytochrome c¢ from mitochondria to induce apoptosis. Akt kinase
phosphorylates BAD, which is retained in the cytoplasm through the interaction with
14-3-3 proteins to prevent heterodimerization with Bcl-xL at the mitochondrial
membrane (54, 55). It has been known that the expression level of Bcl-xL, but not
Bcl-2, is regulated through STATS, Ets, Rel/NF-kB, and AP-1 transcription factors in
response to survival signaling pathways (56), although the effect of AV infection on
Bcel-xL expression is still unclear. To address this, I examined the amount of Bc/-xL
mRNA in infected PL16T cells in the absence or presence of 1 ug/ml ruxolitinib, a
potent inhibitor of JAK-STAT signaling pathway, which is a downstream of type I
IFN receptor. The level of Bcl-xL mRNA was increased about three times by 1AV
infection in PL16T cells, and this increase was significantly repressed by ruxolitinib
treatment (Fig. 10B). Therefore, it is possible that the induced expression of Bel-xL
by JAK-STAT pathway antagonizes proapoptotic Bcl-2 family proteins to inhibit the

apoptotic cell death in infected PL16T cells.

3-5 Type I IFN signaling pathway triggers pyroptosis but represses apoptosis in

a mutually exclusive manner
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To elucidate whether type I IFN production is involved in the mutually
exclusive activation of apoptosis and pyroptosis in TAV-infected PL16T cells, I
examined the phosphorylation level of STAT1, which is a downstream transcription
factor of type I IFN receptor. The phosphorylation level of STATI increased at 36 h
post infection concomitant with pyroptosis activation (Fig. 11A and 8B). Further, I
treated infected PL16T and NHBE cells with 1 ug/ml ruxolitinib and performed the
indirect immunofluorescence assays using anti-ASC and anti-cleaved caspase-3
antibodies (Fig. 11B and C). By the addition of ruxolitinib, the number of ASC
speck-positive cells decreased to approximately 30% of that in the absence of
ruxolitinib (Fig. 11B). In contrast, the number of cleaved caspase-3-positive cells was
increased more than 3 times by ruxolitinib treatment at 48 h post infection (Fig. 11C).
Next, to examine the effect of type I IFN on the pyroptosis induction, infected cells
were treated with 1,000 IU/ml IFN-f at 6 h post infection, at which viral proteins are
fully expressed while apoptosis is not activated (Fig. SA and L). At 24 h post
infection, I carried out the indirect immunofluorescence assays using anti-ASC and
anti-cleaved caspase-3 antibodies (Fig. 12A and B). Approximately 10% of PL16T
cells showed ASC specks at 24 h post infection in the absence of IFN-f3, and the
number of ASC speck-positive cells increased to more than 50% by IFN-f treatment
(Fig. 12A). In contrast, the number of cleaved caspase-3-positive cells was reduced in
infected PL16T cells in the presence of IFN-f (Fig. 12B). I could not detect cells
with ASC speck and cleaved caspase-3 (Fig. 12C). These findings suggest that type I
IFN signaling pathway is responsible for switching cell death pathway from apoptosis
to pyroptosis in infected respiratory epithelial cells. Note that there were no

detectable ASC speck-positive A549 cells even in the presence of IFN-f (Fig. 12D),
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suggesting that type I IFN production is not sufficient to induce pyroptosis in

malignant tumor cells in response to IAV infection.
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4. Discussion

Respiratory epithelium functions as a sensor of infectious agents to initiate
inflammatory responses along with cell death. However, the exact cell death
mechanism responsible for inflammatory responses to IAV infection is still unclear.
In this study, IAV infection induced apoptosis and pyroptosis in normal or
precancerous human bronchial epithelial cells, but it did not induce pyroptosis in
malignant tumor respiratory epithelial cells (Fig. 4, 5, and 7). It has been reported
that along with the establishment of malignancy in the tumor microenvironment,
genetic mutations and epigenetic modifications are induced leading to abnormal
expression of genes related to cell death and cell survival such as p53 and Akt (57,
58). Tissue homeostasis could be disorganized during carcinogenesis and could lead
to inflammatory responses to recruit immune cells at the tumor microenvironment to
eliminate the tumor cells (59). Thus, only immunosilent tumor variants would
develop into malignant tumor cells, suggesting that signaling pathways to trigger
pyroptosis may be declined along with the tumor development, thereby allowing cells
to escape from cancer immunosurveillance.

My studies also highlight that necroptosis merely occurs in response to IAV
infection in cultured cells I used. However, it has been reported that necroptosis is
triggered by IAV infection in a mouse model (60) and immortalized murine cells
including lung epithelial cells and embryonic fibroblast cells (61). Thus, it is possible
that necroptosis is stimulated by IAV infection in a species- and/or cell type-
dependent manner as previously reported in other virus infection such as herpes
simplex virus (62), human cytomegalovirus (63), and human immunodeficiency virus

(64).
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I demonstrated that apoptosis is induced at early phases of infection, but the
cell death pathway is shifted to pyroptosis at late phases of infection under the
regulation of type I IFN signaling to promote pro-inflammatory cytokines production
(Fig. 13). The cytokines may trigger recruitment of macrophages and dendritic cells
to eliminate infectious agents including apoptotic and pyroptotic cells. Although a
part of infected cells could escape from apoptosis possibly by anti-apoptotic viral
protein NS1, it is possible that type I IFN inhibits the virus spread through pyroptotic
cell death to eliminate infected cells at late phases of infection. Further, the epithelial
surfaces of respiratory tissues are exposed to the external environment including
commensal microorganisms. It is possible that type I IFN signaling may guarantee

the inflammatory response specific for pathogenic infectious agents.

24



Chapter III. Inflammasome by MxA restricts influenza A

virus infection in respiratory epithelial cells

1. Introduction

1-1 Inflammasome receptor in respiratory epithelial cells is unknown

NLRP3 inflammasome, which consists of inflammasome receptor NLRP3,
adaptor protein ASC, and caspase-1, is crucial for IAV pathogenesis through
proinflammatory cytokine secretion from macrophages (29, 65-67). However, the
exact mechanism of inflammasome activation in respiratory epithelial cells, especially
a sensor molecule for IAV infection, is largely unknown.

Inflammasome receptors including NLRP3, absent in melanoma 2 (AIM2),
and interferon gamma inducible protein 16 (IFI16) have been extensively
characterized in monocytes and macrophages against viral infection (29, 68, 69).
NLR family CARD domain containing 4 (NLRC4) and NLRP9b are specifically
expressed in intestinal epithelial cells and recognizes infectious agents and forms
inflammasome complexes (70, 71). Although RIG-I activates inflammasome through
a type I IFN-positive feedback loop in respiratory epithelial cells (43), induction of
pro-inflammatory cytokines as an inflammasome receptor has not been proved in

respiratory epithelium in vivo (Fig. 14).

1-2 MxA exhibits the antiviral activity against a variety of viruses by an

unknown mechanism
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Mx family proteins are the intracellular restriction factor against a variety of
viruses including TAV. Mx expression is controlled by type I/IIl IFNs (72-74).
Although Mx genes are evolutionarily conserved in almost all vertebrates and
responsible for the antiviral response (72, 74), the subcellular localization of Mx
protein contributes to its antiviral specificity (75). For instance, nuclear Mx proteins
(e.g., mouse Mx1) protect against viruses that replicate in the nucleus (76-78),
whereas human MxA protein is cytoplasmic and has a broad antiviral spectrum (79-
81).

Human MxA is a dynamine-like large GTPase and consists of N-terminal
GTPase domain, central middle domain, and C-terminal GTPase effector domain (75)
(Fig. 15). GTPase domain is connected to an elongated stalk that consists of a four-
helix bundle comprising the middle domain and GTPase effector domain. The
connection between the GTPase domain and the stalk consists of a bundle signaling
element (BSE) (82). The BSE is thought to transmit a signal from the GTPase
effector domain to the GTPase domain, and transfers structural changes induced by
GTP binding and hydrolysis to the stalk (83). MxA assembles into dimer through
stalks and the dimers further oligomerize into extended multimers via additional
interfaces formed between the stalks and BSEs of neighboring molecules (84-86).
Although mutational analysis revealed that the antiviral activity of MxA depends on
GTP binding/hydrolysis, an intact BSE, and oligomerization via the stalk (85, 87-89),

detail molecular mechanism of MxA antiviral activity is unknown.
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2. Materials and methods

2-1 Reagents

Mouse monoclonal antibody against ASC (Millipore), B-Actin (SIGMA),
caspase-1 (R&D systems), NLRP3 (AdipoGen), FLAG (SIGMA), and rabbit
polyclonal antibodies against ASC (AdipoGen), IgG (Millipore) were purchased.
Rabbit monoclonal antibody against f-catenin (Abcam) was purchased. Mouse
monoclonal MxA antibody and rabbit polyclonal antibody against NP were prepared
as previously described, respectively (46, 90). Plasmids expressing full-length PB1
(pCAGGS-PB1), PB2 (pCAGGS-PB2), PA (pCAGGS-PA), and NP (pCAGGS-NP)
were prepared as previously described (91) and transfection was carried out by
electroporation (NEON™ Transfection System; Invitrogen) according to the
manufacturers’ protocol. For the construction of lentiviral plasmid expressing
NLRP3, cDNA was amplified from PCA7-NLRP3 (provided by Dr. Takeshi Ichinohe,
The University of Tokyo) with NLRP3 primers. LPS (InvivoGen), nigericin
(SIGMA), alum (InvivoGen), poly(dA:dT) (InvivoGen), flagellin (AdipoGen), poly

(I:C) (InvivoGen) were purchased.

Primer sequences
NLRP3 Forward 5'-GCCGCTAGCGCCGCCACCATGAAGATGGCAAGCACC-3’

NLRP3 Reverse  5-GCCGGATCCCTACCAAGAAGGCTCAAAGAC-3’

2-2 Cell culture and viruses

PLI16T cells were grown in MCDB153HAA with 0.5 ng/ml epidermal growth
factor, 5 ug/ml insulin, 72 ng/ml hydrocortisone, 10 ug/ml transferrin, 20 ng/ml
sodium selenium, and 2% fetal bovine serum (45). THP-1 cells were grown in

Roswell Park Memorial Institute medium (RPMI) 1640 with 10% fetal bovine serum.
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NHBE cells were purchased and the cells were grown in B-ALI"™ Growth Medium
(Lonza). PBMCs were isolated using Histopaque-1077 (Sigma) gradient
centrifugation from heparinized blood of healthy volunteers and were grown in RPMI
1640 with 10% fetal bovine serum, 10 ng/ml GM-CSF (Peprotech). HEK 293T cells
were grown in Dulbecco’s modified essential medium (DMEM) containing 10% fetal
bovine serum. Madin-Darby canine kidney (MDCK) cells were grown in minimal
essential medium (MEM) (Sigma) containing 10% fetal bovine serum. Influenza
virus A/Puerto Rico/8/34 strain and human adenovirus type 5 (HAdVS5) were prepared
as previously described (46, 92). Sendai virus was a generous gift from Dr. K.

Mizumoto (Kitasato University).

2-3 Mice

hMx-Tg, Nirp3™", Caspl/I1”~ mice on C57BL/6 background have been
reported previously (93-95). Nirp3™ and Caspl/I1”" mice were purchased from
The Jackson Laboratory. Caspl/I1”~ mice were crossed with hMx-Tg mice to
generate homozygous knockouts. All in vivo experiments were carried out according
to the Guideline for Proper Conduct of Animal Experiments, Science Council of
Japan. The protocols for experiments with mice were approved by Animal Care and

Use Committee, University of Tsukuba.

2-4 Indirect immunofluorescence assays

Cells were fixed with 3% paraformaldehyde (PFA) for 10 min and
permeabilized with 0.5% Triton X-100 in PBS containing 0.2% bovine serum
albumin (BSA) for 3 min. After incubation in PBS containing 1% skim milk for 1 h,

the cells were incubated with primary antibodies for 1 h. After a washing with PBS
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containing 0.1% Tween 20 and 0.2% BSA, the cells were incubated with either Alexa
Fluor 488- or 568-conjugated secondary antibodies, respectively (Invitrogen) for 30
min. Images were acquired by confocal laser scanning microscopy (LSM700; Carl

Zeiss) using x 63 Apochromat objective.

2-5 Quantitative real-time PCR

Total RNA was isolated from PL16T, THP-1, and NHBE cells by the acid
guanidinium phenol chloroform method. ¢cDNA was prepared from purified RNA (1
ug) by using ReverTraAce (Toyobo) with oligo (dT),y primer. Real-time PCR was
carried out using SYBR Green Realtime PCR Master Mix-Plus (Roche) in the

Thermal Cycler Dice Real-Time PCR system (TaKaRa).

Primer sequences

NLRP3 Forward 5-CCGTCGTCTTTGAGCCTTCT-3'
NLRP3 Reverse 5'-GATGGATCGCAGCTCTCTCC-3'
18S rRNA Forward 5'-AACGGCTACCACATCCAAGG-3'

18S rRNA Reverse  5-GGGAGTGGGTAATTTGCGC-3'

2-6 Lentivirus production

Lentiviral expression vector with packaging plasmids was co-transfected into
HEK 293T cells and collected the resulting supernatant at 72 h post transfection.
After 1 h incubation with 5 ug/ml polybrene at 4 °C, the virus was enriched by
centrifugation for at least 1 h at 18,600 x g and resuspended in cell medium. Titers
were determined by PL16T cells with serial dilutions of concentrated lentivirus. I
determined the GFP and RFP expression of the cells by ArrayScan'™ high-content

systems (Thermo); for a typical preparation, the titer was an approximate multiplicity
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of infection (MOI) of 2.5, which showed approximately over than 95% transduction

efficiency.

2-7 ASC specks measurement

For the construction of lentiviral plasmid expressing FLAG-GFP-ASC,
cDNA was amplified from PCA7-ASC (provided by Dr. Takeshi Ichinohe, The
University of Tokyo) with ASC primers. To establish either PL16T or THP-1 cell
lines constitutively expressing FLAG-GFP-ASC, the cells were transduced with
lentiviral FLAG-GFP-ASC and selected by growth in the presence of 1 ug/ml
puromycin (SIGMA) for 2 weeks and then puromycin-resistant cells were isolated.
Either FLAG-GFP-ASC PLI6T cells (5 x 10’ cells) or FLAG-GFP-ASC THP-1 cells
(5 x 10" cells) then seeded in 96-well optical bottom plate (Thermo) and GFP-ASC

specks were quantified by ArrayScan'™ high-content systems.

Primer sequences
ASC Forward 5'-GGCAGATCTATGGGGCGCGCGCGCGAC-3'

ASC Reverse 5'-GCCGAATTCTCAGCTCCGCTCCAGGTCCT-3’

2-8 High-content shRNA screening

The lentivirus-based shRNA library consists of 27,500 shRNA constructs
targeting for 5,043 human genes related to signaling transduction (DECIPHER,
Cellecta) was fractionated into more than 300 sub-libraries, and the shRNA lentivirus
prepared from each sub-library was transduced to PL16T cells expressing FLAG-
GFP-ASC at MOI=2.5 (approximately 95% of transduction efficiency). At 36 h post
IAV infection, the number of ASC speck-positive cells was quantified by
ArrayScan'™ high-content systems (n > 5,000 cells). The sub-libraries showing the

inhibition of inflammasome activation were pooled and further fractionated into
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smaller sub-libraries for next round screening. Empty shRNA plasmid, pRSI12, was

used as a negative control.

2-9 Immunoprecipitation

Cells were crosslinked with 0.5% formaldehyde for 10 min at room
temperature, and then lysed by sonication in a buffer containing 20 mM Tris-HCI (pH
7.4), 100 mM NacCl, 30 mM KCl, and 0.1% NP-40. After centrifugation at 15,000
rpm for 10 min, FLAG-GFP-ASC was immunoprecipitated with either anti-FLAG
M2 agarose beads (SIGMA), non-specific IgG agarose (SIGMA), or anti-ASC
antibody with protein A Sepharose. The immunoprecipitated proteins were eluted by

0.1 mM glycine (pH 3.0).

2-10 Mass spectrometry

Eluted proteins were reduced in 4 mM dithiothreitol (DTT) and 4 mM
NH4CO; for 60 min at 37°C, then alkylated with 9 mM iodoacetamide for 30 min at
37°C. Following digestion with trypsin for 16 h at 37°C, peptides were concentrated
using C18 Tips according to the manufacturer's protocol and then analyzed by LC-
MS/MS on a Q Exactive Hybrid Quadrupole-Orbitrap mass spectrometry system

(Thermo). Assignment of observed ions was analyzed with Mascot search software.

2-11 Gene silencing mediated by siRNA
The siRNAs against MxA and Nlrp3 genes were purchased from Life
Technologies. Cells were transfected with siRNA using Lipofectamine RNAi Max

(Life Technologies) according to the manufacturer’s protocol.

siRNA sequences
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MxA siRNA #1 Forward ~ 5-UGUGGGCAAUCAGCCUGCUGCCAUU-3’
MxA siRNA #1 Reverse 5'-AAUGUCAGCAGGCUGAUUGCCCACA-3’
NLRP3 siRNA #1 Forward 5'-ACCGCGGUGUACGUCUUCUUCCUUU-3’
NLRP3 siRNA #1 Reverse 5-AAAGGAAGAAGACGUACACCGCGGU-3’
NLRP3 siRNA #2 Forward 5-GGAUUGAAGUGAAAGCCAAAGCUAA-3’
NLRP3 siRNA #2 Reverse  5-UUAGCUUUGGCUUUCACUUCAAUCC-3'
NLRP3 siRNA #3 Forward 5-UCCACCAGAAUGGACCACAUGGUUU-3'

NLRP3 siRNA #3 Reverse 5-AAACCAUGUGGUCCAUUCUGGUGGA-3’

2-12 ASC oligomerization assay

Cells were lysed in PBS buffer containing 0.5% Triton X-100 and the cell
lysates were centrifuged at 7,000 x g for 15 min at 4 °C. Supernatants were
transferred to new tubes (Triton-X-soluble fractions). The Triton-X-100-insoluble
pellets were washed with PBS twice and then suspended in 200 ul PBS. The pellets
were then cross-linked at room temperature for 30 min by adding 2 mM
bis(sulfosuccinimidyl) suberate (BS3) (Thermo). These cross-linked pellets were spun
down at 7,000 x g for 15 min and dissolved directly in SDS sample buffer and

subjected to 12.5% SDS-PAGE for western blotting analysis.

2-13 SparQ cumate switch system

SparQ dual promoter lentivector and CymR repressor lentivector were
purchased from System Bioscience (SBI). To construct the plasmid expressing
siRNA-resistant MxA, cDNA was amplified using plasmids expressing pCHA-MxA
(96) as templates and N-terminal and C-terminal region of MxA primers sets. To
construct plasmids expressing siRNA-resistant MxA with mutation of T103A, K554E
to K557E (L4), M527D, and L617D, cDNA was amplified using above resultant

SparQ pCDH-MxA with T103A, L4, M527D, or L617D primer sets respectively. For
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the construction of plasmid expressing mouse Mx1, Mx/ fragment from pCHA-Mx1
(90) was digested with Eco RI (TOYOBO) and cloned into SparQ pCDH. To
establish PL16T cell line constitutively expressing CymR repressor and inducible
SparQ expression with the appropriate gene (identified above), the cells transduced
with lentiviral CymR repressor and selected by puromycin for 2 weeks. Puromycin-
resistant cells again transduced with lentiviral SparQ expression with appropriate gene
and selected by the puromycin for 2 weeks. At 6 h post IAV infection, 30 ug/ml 4-
isopropylbenzoic acid (cumate) (SIGMA) was added to stimulate target gene

expression.

Primer for siRNA-resistant MxA

N-terminal region of MxA Forward 5'-CCGGAATTCGCCGCCACCATGGTTGTTTCCGAAGTGG-3'
N-terminal region of MxA Reverse 5'-GATATCGGCTGGTTGGTTACCAACAGCCACTCTGGTTAT-3’
C-terminal region of MxA Forward 5'-GTTGGTAACCAACCAGCCGATATCGGGTATAAGATCAAG-3’
C-terminal region of MxA Reverse 5'-CGAGGATCCTTAACCGGGGAACTGGGC-3'

Primer for MXxA mutagenesis

T103A Forward 5'-CCCAGAGGCAGCGGGATCGTGGCCAGATGCCCGCTGGTG-3'

T103A Reverse 5'-TTTCAGCACCAGCGGGCATCTGGCCACGATCCCGCTGCC-3'

L4 Forward 5'-GAGAAGGAGCTGGAAGAAGAAGAGGAGGAGGAGTCCTGGGATTTTGGG-3'
L4 Reverse 5'-GAAAGCCCCAAAATCCCAGGACTCCTCCTCCTCTTCTTCTTCCAGCTC-3'
M527D Forward 5'-CTGATCCGCCTCCACTTCCAGGATGAACAGATTGTCTAC-3'

M527D Reverse 5'-CTGGCAGTAGACAATCTGTTCATCCTGGAAGTGGAGGCG-3'

L617D Forward 5'-CAGCAGCTTCAGAAGGCCATGGATCAGCTCCTGCAGGAC-3'

L617D Reverse 5'-GTCCTTGTCCTGCAGGAGCTGATCCATGGCCTTCTGAAG-3'

2-14 Cytokine measurements
Cytokines were measured by ELISA with either human IL-1f (R&D system),
human IL-18 (MBL), or mouse IL-1f (R&D system) according to the manufacturers’

instruction.
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2-15 Infection of mice
Eight-week-old mice were anesthetized by intraperitoneal injection of
pentobarbital sodium and then infected with IAV in 50 ul of PBS via intranasal

administration.

2-16 Bone marrow transplantation

Recipient mice were irradiated with 2 doses of 4.5Gy using MBR-1520R
irradiator (Hitachi). The next day, bone marrow was collected from donor mice.
Collected bone marrow cells were then washed with sterile PBS containing 1% fetal
bovine serum (FBS) and 5 x 10° bone marrow cells in sterile PBS were injected into
the tail vein of irradiated recipient mice. At 8 weeks post bone marrow

transplantation, the chimeric mice were infected with [AV.

2-17 Flow cytometry analysis

Cells were collected from bronchoalveolar lavage (BAL) and resuspended in
red blood cells (RBC) lysis buffer (154 mM NH4CIl, 10 mM KHCO;, and 0.1 mM
EDTA) for 5 min. After washing the cells with PBS containing 2% FBS, the cells
were stained with either anti CD45.2 (Biolegend), anti Mac-1 (CD11b) (Biolegend),
or anti IgG2a (Biolegend) antibodies for 30 min on ice. To confirm the transplanted
engraftment, the cells were collected from bone marrow of chimeric mice. After
washing the cells with PBS containing 2% FBS, the cells were fixed, permeabilized,
and incubated with APC-conjugated anti-mac-1 and anti-NLRP3 antibodies for 1 h.

After a washing, the cells were incubated with Alexa Fluor 488-conjugated secondary
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antibody (Invitrogen) for 30 min. Flow cytometric analysis was performed using a

Guava easyCyto flow cytometer (Merck Millipore).

2-18 Plaque assay

A confluent monolayer culture of MDCK cells in a 6-well tissue culture plates
was washed with serum-free MEM and then was infected with IAV. After virus
adsorption at 37°C for 1 h, the cells were washed with serum-free MEM and then
added with MEM containing 0.8% agarose, 0.2% BSA, 1 x vitamin (Gibco), and 1
ng/ml TPCK-treated trypsin (Sigma). After incubation at 37°C for 3 days, cells were

fixed with ethanol-acetic acid (1:1) solution and stained with 0.5% amide black 10B.

2-19 Histology and immunohistochemical staining

Mice were infected with 3,000 PFU of IAV. Four-um paraffin lung tissue
sections were stained with hematoxylin and eosin. The samples were observed using
BZ-X700 microscopy (KEYENCE). For immunohistochemical staining, the sections
were deparaffinized, and then antigen retrieval was performed in a citrate buffer (0.1
M citric acid and 0.1 M sodium citrate) at 121°C for 3 min. After incubation in PBS
containing 1% skim milk for 1 h, the tissue sections were incubated with mouse anti-
ASC and rabbit anti-B-catenin antibodies for 1 h. After a washing with PBS
containing 0.1% Tween 20 and 0.2% BSA, the tissue sections were incubated with
Alexa Fluor 488-conjugated anti-rabbit IgG and Alexa Fluor 568-conjugated anti-
mouse IgG antibodies for 30 min. Images were acquired by confocal laser scanning

microscopy (LSM700; Carl Zeiss) using x 63 Apochromat objective.

2-20 Statistical analysis
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Statistical significance was tested using a two-tailed Student’s t-test. n/s, not
significant. ***P < (0.001, **P < 0.01. Survival curves were analyzed using a log-
rank (Mantel-Cox) test. For the pairwise comparison with multiple testing, I

analyzed with two-way ANOVA statistical methods.
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3. Results

3-1 NLRP3 does not promote inflammasome assembly in respiratory epithelial
cells against IAV infection

NLRP3 is a major inflammasome receptor against IAV infection in dendritic
cells and macrophages (29, 65-67). Influenza viral protein M2 channel activity causes
the activation of the NLRP3 inflammasome by IAV and is sufficient to stimulate
inflammasome in macrophages and dendritic cells (97). To evaluate the requirement
for the NLRP3 in inflammasome in respiratory epithelial cells, I examined the amount
of human Nlrp3 mRNA in THP-1, PL16T, and NHBE cells induced by AV infection.
The Nirp3 mRNA was expressed in THP-1 cells, but it was not expressed both in
PL16T and NHBE cells (Fig. 16A). Further, ASC specks, a micrometer-sized ASC
assembly, were induced by NLPR3 in THP-1 cells, but not in PL16T cells (Fig. 16B
and C), suggesting that NLRP3 does not function as an inflammasome receptor in

respiratory epithelial cells against AV infection.

3-2 Identification of MxA as a novel inflammasome receptor in respiratory
epithelial cells upon IAYV infection

To identify a novel respiratory epithelium-specific inflammasome receptor, |
performed a high-content shRNA library screening and a proteomic analysis of ASC-
interacting proteins upon IAV infection. I firstly performed high-content genome-
wide shRNA screening (Fig. 17A) using constitutively expressing FLAG-GFP-ASC
PL16T that showed similar cell death phenotype with NHBE in viral infection (Fig. 5
and 7). The library consists of 27,500 shRNA expression constructs, targeting 5043

genes (five to six shRNA sequences per gene). Using Escherichia coli (E. coil)
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colony fractionation and plasmid miniprep, the library was fractionated into more than
300 sub-libraries, and the shRNA lentivirus prepared from each sub-library was
transduced to PL16T cells expressing FLAG-GFP-ASC at MOI=2.5 (approximately
95% of transduction efficiency) (Fig. 17B). At 36 h post IAV infection, ASC speck
was quantified by high-content microscopy. The sub-libraries showing the inhibition
of inflammasome activation were pooled and further fractionated into smaller sub-
libraries for next round screening. I finally identified 5 target genes including CTSLI,
MOGS, PTPN7, Sertad?2, and MxA that were markedly reduced GFP-ASC specks in
PLI16T cells against viral infection by these knockdown genes (Fig. 17C and D). By
contrast, 5 target genes had no effect on GFP-ASC specks reduction in infected THP-
1 cells (Fig. 17E).

The liquid chromatography—mass spectrometry (LC-MS) analysis was used to
observe the interacting proteins of ASC, universal inflammasome component. When
ASC specks were observed in approximately 45% upon [AV infection (Fig. 18A),
FLAG-GFP-ASC from PL16T and THP-1 cells was immunoprecipitated with anti-
FLAG agarose beads. Immunoprecipitated proteins were subjected to SDS-PAGE for
silver staining (Fig. 18B) and LC-MS (Fig. 18C). I identified 113 proteins including
MxA that were specifically binds to ASC in infected PL16T cells (Fig. 18C). MxA
was alone identified that was sufficient to promote the inflammasome formation and
interacted with ASC in infected respiratory epithelial cells. The interaction between
MxA and endogenous ASC was confirmed by immunoprecipitation using anti-ASC
antibody (Fig. 19A). Further, MxA co-localized with ASC specks in infected PL16T

cells at 36 h post infection (Fig. 19B).

3-3 MXxA is sufficient to stimulate inflammasome in respiratory epithelial cells
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MxA is a type I/III interferon-inducible protein and exhibits the antiviral
activity against a variety of viruses including AV by an unknown mechanism (79-81,
98, 99). To elucidate whether MxA is required for the inflammasome activation in
respiratory epithelial cells, I examined downstream signals of inflammasome
activation, cleaved form of caspase-1 and the secretion of IL-1f3 and IL-18.
Consistent with previous reports (65, 67), I found that secretion of IL-1 in primary
human peripheral blood mononuclear cells (PBMC)-derived macrophages and IL-18
in THP-1 cells induced by IAV infection was induced by NLRP3 (Fig. 20A and B).
By contrast, secretion of IL-1p in NHBE cells and IL-18 in PL16T cells induced by
IAV infection was regulated by MxA (Fig. 20C and D). Although caspase-1 was
cleaved in both TAV infected-respiratory epithelial cells and macrophages, MxA did
not regulate cleaved forms of caspase-1 in macrophages due to its no expression (Fig.
20E). I further tested whether MxA knockdown is rescued by exogenous expression
of NLRP3 in PL16T cells. Using lentiviral overexpression of NLRP3, which can
promote NLRP3 inflammasome in NLRP3 deficient cells (48), I found that the
reduction of IL-1p secretion by MxA knockdown was complemented by NLRP3
expression (Fig. 21 lanes 7 and 8). Taken together, these finding strongly suggest that
MxA is required for the inflammasome in respiratory epithelial cells against [AV

infection.

3-4 MXxA recognizes NP as a viral ligand to assembly inflammasome

To elucidate mechanism by which ligands can activate the MxA
inflammasome, I examined IL-1f secretion in lipopolysaccharide (LPS)-primed THP-
1 and PL16T cells in the presence of various stimuli to other inflammasome receptors;

nigericin and alum for NLRP3 inflammasome, poly(dA:dT) for AIM2 inflammasome,
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and flagellin for NLRC4 inflammasome. As previously reported (100, 101), IL-1p
secretion induced by IAV infection, nigericin, or alum were abolished in NLRP3
knockdown THP-1 cells, but IL-1f release in response to poly(dA:dT) and flagellin
was not affected in NLRP3 knockdown THP-1 cells (Fig. 22A). In contrast, the IL-
1P secretion was not observed upon various stimuli to other inflammasome receptors
in PL16T cells (Fig. 22B). In addition, IL-1p secretion was triggered by infection
with adenovirus (ADV; DNA virus) and sendai virus (SeV; RNA virus) in an MxA-
dependent manner in PL16T cells (Fig. 23).

It is previously reported that MxA interacts with viral ribonucleoprotein
complexes consisting of viral polymerases and nucleoprotein (NP) (90). To
determine a viral ligand recognized by MxA inflammasome, I next transfected NP
and viral polymerase subunits including PA, PB1, and PB2 with poly I:C, a potent
type I IFN inducer. ASC specks were observed in cells transfected with NP, but not
viral polymerases (Fig. 24). These findings strongly suggest that MxA functions as a
viral infection-specific pathogen sensor protein in respiratory epithelial cells and MxA

recognizes NP as a viral ligand to assembly inflammasome against IAV infection.

3-5 Oligomerization of MxA is required for the inflammasome formation

Upon inflammasome activation, ASC assembles into Triton X-100-insoluble
homo-oligomer, and the oligomerized ASC is required for caspase-1 activation. To
analyze the extent of ASC oligomerization, 0.5% Triton X-100-treated PL16T cells
were crosslinked with 2 mM bis(sulfosuccinimidyl) suberate and analyzed by western
blotting with anti-ASC antibody. Most ASC in the Triton-insoluble fraction was

highly oligomerized in infected control cells, but not in infected MxA knockdown
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cells (Fig. 25A). Corresponding to this, the proteolytic activation of caspase-1 was
not found in infected MxA knockdown cells (Fig. 25B).

MxA is a dynamine-like large GTPase and consists of N-terminal GTPase
domain, central middle domain, and C-terminal GTPase effector domain (75) (Fig.
15). MxA assembles into homo-oligomers through the interaction between central
middle domain and C-terminal GTPase effector domain (86). The L4 loop (533-561
a.a. position) of MxA 1is required to associate with ER-Golgi intermediate
compartments (87). To address the molecular mechanism, ASC oligomerization (Fig.
27A), ASC speck formation (Fig. 27B), and IL-1B secretion (Fig. 27C) were
examined with MxA knockdown PLI6T cells expressing siRNA-resistant MxA
mutants using lentiviral SparQ cumate switch system as following: GTP binding-
deficient mutant (T103A) (89); membrane binding-deficient mutant (K554E, K555E,
K556E, and K557E in L4 loop (L4)) (102); monomeric mutant (M527D) (85);
dimeric mutant (L617D) (85). Expression of siRNA-resistant wild-type (WT) MxA
allowed to rescue the reduction of MxA expression (Fig. 26, lane 8) and
inflammasome formation in infected MxA knockdown cells (Fig. 27A, lane 4; Fig.
27B, lane 4; Fig. 27C, lane 4). In contrast, the ASC speck formation partially
increased to 20-40% of that of WT expression by the expression of GTP binding-
deficient mutant and membrane binding-deficient mutant (Fig. 27B, lanes 5 and 6),
suggesting that the GTPase activity and the membrane binding activity are important
to fully activate the inflammasome formation. Of interest, the expression of
monomeric and dimeric MxA mutants resulted in the monomeric and dimeric ASC in
the Triton-insoluble fraction, respectively (Fig. 27A, lanes 7 and 8). This strongly
suggests that ASC assembles into the homo-oligomers dependent on the extent of

MxA oligomerization. Note that the expression of mouse Mx1 did not complement
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the reduced ASC specks and IL-1f secretion in infected MxA knockdown cells (Fig.
28A and B), suggesting that MxA inflammasome may be conserved among a part of

vertebrates expressing cytoplasmic Mx1/MxA protein.

3-6 Leukocytes in hMx-Tg mice migrate into the bronchioles to remove IAV at
the early phages of viral infection

Most inbred mouse strains carry an inactive Mx/ gene due to a large deletion
of exons or a nonsense mutation (103). I next examined in vivo function of MxA
inflammasome with a transgenic mouse carrying the entire human Mx locus except
MxB gene (hMx-Tg) (93). In this mouse line, MxA is induced by endogenous type
I/IIT TFNs. As reported previously (93), hMx-Tg mice were highly resistant to [AV
infection compared with non-transgenic (non-Tg) mice (Fig. 29A and B).
Macroscopically, the degree of hemorrhage and congestion in the lungs of hMx-Tg
mice was much weaker than those in non-Tg mice at day 5 and day 7 post-infection
(Fig. 30). The histological analysis of lung slices revealed that non-Tg mice did not
show obvious pathogenic changes at 3 days post infection, but did show severe
bronchiolitis reducing the alveolar air space, leukocyte infiltration, and desquamation
of the bronchiolar epithelium at day 5 post-infection (Fig. 31, upper panels). In
contrast, in hMx-Tg mice, a massive infiltration with neutrophils and mononuclear
inflammatory cells was observed in the bronchiolar regions at day 3 post-infection
(Fig. 31, lower panels), and the extent of bronchiolitis was dramatically reduced
compared with non-Tg mice at day 5 post-infection. To quantify the extent of
leukocyte infiltration, we further examined the number of leukocytes into
bronchoalveolar lavage (BAL) by FACS analysis using anti-CD45.2 antibody as a

leukocyte marker. As expected, the number of infiltrating leukocytes obtained from
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hMx-Tg mice was peaked at 3 days post infection, but that of non-Tg mice was at 7
days post infection (Fig. 32). These results suggest that human MxA in bronchiolar
epithelial cells may functions to recruit leukocyte and represses virus spread from the

bronchioles to distal alveolar regions.

3-7 Human MXxA is an inflammasome sensor in vivo against IAV infection

To assess whether antiviral activity of MxA in hMx-tg mice is dependent on
the inflammasome, I generated hMx-Tg x Caspl/11~"~ mice. Compared with non-Tg
mice, Mx-Tg mice exhibited about 3 times high level of IL-1p secretion and total
BAL leukocytes. Interestingly, IL-1f secretion and leukocytes recruitment induced
by TAV infection were diminished similarly in Caspl " or hMx-Tg x Caspl " mice
(Fig. 33A and B). In contrast, pulmonary viral titer in hMx-Tg mice was highly
decreased than that of non-tg mice, and the viral titer was increased similarly in
Caspl™™ or hMx-Tg x Caspl”’~ mice (Fig. 33C). Importantly, hMx-Tg mice were
survived against IAV infection, whereas Caspl/I1”" and hMx-Tg x Caspl/11~"~
mice lost weight and died day 8 or day 10, respectively (Fig. 33D and E), suggesting

that human MxA reveals inflammasome sensor in vivo against [AV infection.

3-8 MKXxA is required for the inflammasome activation in respiratory epithelial
cells in vivo

To investigate the relative contributions of the MxA inflammasome in
respiratory epithelium against IAV infection, I carried out bone marrow
transplantation from NIrp3~~ mice to hMx-Tg recipient mice to exclude the
inflammasome response in immune cells. The chimeric mice showed approximately

90% of engraftment of bone marrow (Fig. 34A and B), and the level of IL-1f
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secretion and total BAL leukocytes was comparable between chimeric and non-
chimeric mice (Fig. 34C and D).

The infected non-Tg recipient mice transplanted with Nlrp3™~ bone marrow
cells did not induce IL-1f secretion and leukocytes recruitment in BAL, suggesting
that IL-1p secretion and leukocytes recruitment were only stimulated from immune
cells in an NLRP3-dependent manner. In contrast, the IL-1f secretion and leukocytes
recruitment were still observed in hMx-Tg mice transplanted with Nlrp3~~ bone
marrow cells (Fig. 35A and B). Further, ASC specks were observed in bronchiolar
epithelial cells in hMx-Tg mice but not in non-Tg mice at 3 days post infection (Fig.
35C, arrowheads). These findings indicate that MxA is required for the

inflammasome activation in the respiratory epithelium upon IAV infection in vivo.
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4. Discussion

Using TAV infection as a model, I used high-content genome-wide shRNA
screening and proteomic analysis to identify the genes for inflammasome receptor and
identified MxA in respiratory epithelial cells. Although NLRP3 is a major
inflammasome sensor in macrophages (Fig. 20) (29, 65-67), MxXA in respiratory
epithelial cells selectively forms inflammasome complexes with the ASC and
caspase-1 to promote pro-inflammatory responses against AV infection (Fig. 19, 20,
25, and 36).

ASC and NLRP3 are the members of the pyrin domain (PYD) subfamily that
ASC contains a PYD and a caspase recruitment domain (CARD), and NLRP3 has a
PYD, a nucleotide-binding oligomerization domain, and a leucine-rich repeat domain
(Fig. 14). Upon recognition of danger signals, ASC and NLRP3 interact through their
PYD domains, and ASC and caspase-1 binding is mediated by a CARD-CARD
interaction. ASC then assembles into the homo-oligomers to form inflammasome.
(104) (Fig. 14). MxA carries GTPase domain, MD, and GED, which include neither
PYD nor CARD (75) (Fig. 15). Although either expression of monomeric or dimeric
MxA mutants resulted in monomeric or dimeric ASC, respectively (Fig. 27A), and
MxA-ASC interaction and co-localization were found in infected PL16T cells (Fig.
19), direct MxA-ASC interaction was not observed. It is still open questions of how
MxA binds with ASC to form the inflammasome upon the viral infection.

My studies also highlight that human MxA reveal the inflammasome sensor in
respiratory epithelium in vivo against IAV infection. Human MxA inflammasome in
bronchiolar epithelial cells stimulates IL-1f secretion that functions to recruit

leukocyte in bronchioles to eliminate IAV at the early phases of viral infection. A
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failure to induce MxA inflammasome in respiratory epithelial cells likely explains

how this innate host response is undermined and contributes to IAV pathogenesis.
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Chapter IV. Conclusion and perspectives

1. Conclusion

The respiratory epithelium is exposed to the external environment and
functions as a sensor of infectious agents to initiate inflammatory response. IAV is an
important human respiratory pathogen that infects millions of people worldwide in
seasonal epidemics. NLRP3 inflammasome, which consists of inflammasome
receptor NLRP3, adaptor protein ASC, and caspase-1, is crucial for IAV pathogenesis
through proinflammatory cytokine secretion from macrophages. However, the exact
mechanism of inflammasome activation in respiratory epithelial cells, especially a
sensor molecule for IAV infection, is largely unknown.

My studies revealed that MxA functions as a novel inflammasome receptor in
respiratory epithelial cells upon IAV infection. MxA recognizes NP viral protein as a
pathogen-associated ligand, and oligomerization of MxA is required for the
inflammasome formation in respiratory epithelial cells but not macrophages. The
expression of human MxA in vivo activated the inflammasome formation in
bronchiolar epithelial cells and protected mice from [AV infection by repressing virus
spread from the bronchioles to distal alveolar regions. My study highlights the
significance of epithelial inflammatory response mediated by MxA inflammasome,
and human Mx-transgenic mice can be a valuable animal model for human respiratory

epithelium to demonstrate inflammatory response upon virus infection.
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2. Perspectives

The past decade has brought a great expansion in our understanding of innate
sensing and responses to IAV infection. In particular, several studies reveal the
importance of inflammasome in innate defenses against viral infection (65-67).
Furthermore, we now begin to learn about the underlying mechanisms of MxA
dependent inflammasome activation in respiratory epithelial cells against AV
infection. Although some progress has been made in this regard, additional studies of
MxA inflammasome are required and many questions remain to be answered. How
and why the MxA inflammasome is required to mediate protection against IAV
infection? Is there crosstalk with other PRRs? What are other viral triggers
responsible for MxA inflammasome activation? Addressing these and other questions
regarding IAV recognition through MxA and potentially other inflammasome
complexes should provide evidences to making more effective vaccines and

therapeutics against impending IAV pandemics.
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Figure 1 Structure of influenza A virus

(A) Structure of influenza A virus (IAV). TAV contains eight-segmented and single-
and negative-stranded RNAs (VRNA) as its genome. Each segment is encapsidated
by NP and associated with the RNA polymerase to form viral ribonucleoprotein
(VRNP) complex. The vRNP complex (PB1, PB2, PA, and NP) is a basic unit for

both transcription and replication. (B) Structure of viral genome.
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Figure 2 Influenza A virus pathogenesis.
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IAV induces inflammatory responses as a result of respiratory epithelial cell death.

The pro-inflammatory cytokines from respiratory epithelial cells trigger recruitment

of leukocytes including macrophages and neutrophils to remove infectious agents.

These migrated leukocytes contribute to excessive inflammation, which leads to

pneumonia.
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Figure 3 Overviews of programmed cell death pathways.

Apoptosis, immunologically silent cell death, is triggered by the extrinsic pathway
and the intrinsic pathway that selectively cleave caspase-3 to produce morphological
features associated with apoptosis such as DNA fragmentation. Necroptosis, caspase-
independent inflammatory cell death, is controlled by RIP1 and RIP3 kinases complex
that stimulates DAMPs as a danger signal to neighbor cells. Pyroptosis is a caspase-
I-dependent inflammatory cell death controlled by inflammasomes, multiprotein
complexes consisting of caspase-1, ASC, and PRRs such as NOD-like receptors
(NLRs) family proteins. Inflammasome induces proteolytic cleavage of pro-caspase-

1 that cleaves its substrates, [L-1f3 and IL-18 for the inflammation.
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Figure 4 Cell death in malignant tumor cell lines was rarely induced by IAV
infection.

Number of dead cells by IAV infection in human malignant respiratory epithelial cells
(A549, PC9, H1975, H1650, HCC827), human atypical adenomatous hyperplasia
(AAH) respiratory epithelial cells (PL16T), human non-neoplastic respiratory
epithelial cells (PL16B), and primary normal human bronchial epithelial cells (NHBE)
were determined by trypan blue dye exclusion assays. The data represent averages

with standard deviations from three independent experiments (n > 100). ***P < (.001

by Student’s t test.
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Figure 5 TAV infection induces pyroptotic cell death in precancerous respiratory
epithelial cells.

(A to K) PL16T cells (A, B, C, D, and I), NHBE cells (E, F, and J), and A549 cells (G,
H, and K) were infected with IAV at MOI of 10 in the presence of 10 uM Z-DEVD-
FMK (A, C, E, and G; Z-DEVD), 20 uM VX-765 (B, D, F, and H; VX), and 3 uM
GSK-872 (1, J, and K; GSK). The number of dead cells was measured by trypan blue
dye exclusion assays and the number of DNA fragmented cells stained with Hoechst
33342 was quantified by ArrayScan'" high-content systems. The data represent
averages with standard deviations from three independent experiments (n > 100). **P
< 0.01 by two-way ANOVA. n/s, not significant. (L) At 3, 5, 8 h post infection,
infected A549 (lanes 1-4) and PL16T cells (lanes 5-8) were lysed, and the lysates
were analyzed by SDS-PAGE followed by western blotting assays using anti-NP and

anti--actin antibodies.
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Figure 6 Apoptosis and pyroptosis are induced in PL16T cells by IAV infection

(A) Infected PL16T cells were incubated with either 10 uM Z-DEVD-FMK, 20 uM
VX-765, or 20 uM Z-VAD-FMK for 24 h and then the cell lysates were subjected to
western blot analysis with anti-procaspase-3 and anti-cleaved caspase-3 antibodies.
As a positive control, cells were treated with 10 uM camptothecin (CPT) to activate
caspase-3. P-actin was detected as a loading control. (B) Infected PL16T cells were
incubated with either 10 uM Z-DEVD-FMK, 20 uM VX-765, or 20 uM Z-VAD-
FMK for 48 h and then the cell lysates were subjected to western blot analysis using
anti-caspase-1 antibody. [3-actin was detected as a loading control. (C) Infected
PLI16T cells were incubated with 20 uM VX-765 for 48 h and then cell lysates were
subjected to western blot analysis using GSDMD antibody. p-actin was detected as a

loading control.
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Figure 7 TAYV infection induces inflammasome assembly and IL-1f secretion in
human respiratory epithelial cells.

(A) At 48 h post infection, uninfected and infected PL16T, NHBE, and A549 cells
were subjected to indirect immunofluorescence assays using anti-ASC antibody and
percent of ASC speck-positive cells were quantified. The data represent averages
with standard deviations from three independent experiments (n > 100). (B) PL16T,
NHBE, and A549 cells were infected with IAV at MOI of 10. At 72 h post infection,
cell-free supernatants were collected and the concentration of IL-1f was quantified by
ELISA. The data represent averages with standard deviations from three independent
experiments. **P < 0.01, ***P < (0.001 by Student’s t test. N.D., not detected. n/s,

not significant.
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Figure 8 Apoptosis and pyroptosis are independently induced in PL16T cells
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(A to D) At 12, 24, 36, 48, 60, and 84 h post infection, uninfected and infected PL16T
cells were subjected to indirect immunofluorescence assays with anti-ASC (green)
and anti-cleaved caspase-3 (red) antibodies. The average number of cleaved caspase-
3-positive (A) and ASC speck-positive (B) cells and standard deviations obtained
from three independent experiments are shown (n > 100). The representative result at
24 h post infection is shown in (C). Arrowheads indicate ASC inflammasome. Scale
bar, 10 um. The percentage of cleaved caspase-3-positive (red), ASC speck-positive
(blue), and cleaved caspase-3/ASC speck-positive cells (green) are counted at 24 and

48 h post infection (D). **P < 0.01 by two-way ANOVA.
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Figure 9 Apoptotic and pyroptotic cell death of respiratory epithelial cells
induced by NS1 mutant viruses.

PL16T cells were infected with either wild-type (WT), R38A/K41A, Y89F, or del
NS1 virus. At 24 and 48 h post infection, the cells were subjected to indirect
immunofluorescence assays with anti-ASC and anti-cleaved caspase-3 antibodies.
The average number of cleaved caspase-3-positive and ASC speck-positive cells and
standard deviations obtained from three independent experiments are shown (n > 100).

**#P <0.01 by Student’s t test.
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Figure 10 Induced expression of Bcl-xL. by JAK-STAT pathway antagonizes
proapoptotic Bcl-2 family proteins to inhibit the apoptotic cell death in infected
PL16T cells.
(A) PL16T cells were infected with wild-type IAV. At 24 and 48 h post infection,
cells were collected and the total RNAs were subjected to reverse transcription
followed by real-time PCR with primers specific for /FN-f mRNA. The mean value
and standard deviations obtained from three independent experiments are shown. (B)
PLI16T cells were infected with wild-type IAV in the absence or presence of 1 ug/ml
ruxolitinib. At 24 and 48 h post infection, total RNAs were purified and were
subjected to reverse transcription followed by real-time PCR with primers specific for
Bcl-xL mRNA. The mean value and standard deviations obtained from three

independent experiments are shown. **P <0.01, ***P <0.001 by Student’s t test.
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Figure 11 Type I IFN triggers pyroptosis but not apoptosis in a mutually
exclusive manner.

(A) At 0, 6, 12, 24, 36, 48, and 60 h post infection, infected PL16T cells were lysed,
and the cell lysates were subjected to western blot analysis using anti-phospho-
STATI1 (Tyr701) and STAT1. P-actin was detected as a loading control. (B and C)
PL16T and NHBE cells were infected with IAV at MOI of 10 in the absence or
presence of 1 ug/ml Ruxolitinib. At 24 and 48 h post infection, PL16T and NHBE
cells were subjected to indirect immunofluorescence assays using anti-cleaved
caspase-3 and anti-ASC antibodies. Percent of cleaved caspase-3-positive cells (B)
and ASC speck-positive cells (C) were quantified. The data represent averages with

standard deviations from three independent experiments (n > 100).
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Figure 12 Type I IFN signaling pathway is responsible for switching cell death
pathway from apoptosis to pyroptosis in infected respiratory epithelial cells.

(A to C) At 6 h post infection, infected PL16T cells were incubated with or without
1,000 TU/ml IFN-B. At 24 h post infection, cells were subjected to indirect
immunofluorescence assays using anti-ASC and anti-cleaved caspase-3 antibodies.
The average number of ASC speck-positive (A) and cleaved caspase-3-positive (B)
cells and standard deviations obtained from three independent experiments are shown
(n > 100). The percentage of ASC speck-positive (blue), cleaved caspase-3-positive
(red), and cleaved caspase-3/ASC speck-positive cells (green) are counted (C). (D)
At 6 h post infection, infected PL16T and A549 cells were incubated with or without
1,000 TU/ml IFN-B. At 24 h post infection, cells were subjected to indirect
immunofluorescence assays using anti-ASC antibody. The average number of ASC
speck-positive cells and standard deviations obtained from three independent
experiments are shown (n > 100). **P <0.01, ***P <0.001 by Student’s t test. N.D.,

not detected.
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Figure 13 Model: type I IFN signaling pathway triggers pyroptosis but not
apoptosis in the respiratory epithelial cells in a mutually exclusive manner.

Apoptosis is induced at early phases of infection, but the cell death pathway is shifted
to pyroptosis at late phases of infection under the regulation of type I IFN signaling to

promote pro-inflammatory cytokines production.
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Figure 14 Overviews of various inflammasome receptor induced by a variety of
stimuli.
Inflammasome assembly can be triggered by sensing of a variety of stimuli that are

associated with infection or cellular stress and culminates in the activation of caspase-

1. DC, dendritic cell.
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Figure 15 Domain structure of human MxA.

Human MxA consists of N-terminal GTPase domain, central middle domain, and C-
terminal GTPase effector domain. GTPase domain is connected to an elongated stalk
that consists of a four-helix bundle comprising the middle domain and GTPase
effector domain. The connection between the GTPase domain and the stalk consists

of a bundle signaling element (BSE).
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Figure 16 NLRP3 does not promote inflammasome assembly in respiratory
epithelial cells against IAYV infection.

(A) At 36 h post infection, total RNAs were purified from uninfected and infected
THP-1, PL16T, and NHBE cells, and subjected to real-time PCR with primers
specific for Nlrp3 mRNA. The mean value and standard deviations obtained from
three independent experiments are shown. N.D., not detected. (B and C) FLAG-
GFP-ASC-THP-1 (B) or FLAG-GFP-ASC PL16T (C) cells were transfected with
either non-targeting or NLRP3 targeting siRNA. At 48 h post transfection, the cells
were infected with TAV and measured ASC specks by ArrayScan'™ high-content
systems. #1, #2, #3 indicate different sequences of either NLRP3 siRNA. The
average number of ASC speck-positive cells and standard deviations obtained from

three independent experiments are shown (n > 100). ***P <0.001 by Student’s t test.
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Figure 17 High-content lentiviral shRNA screening.

(A) Overview of high-content lentiviral shRNA screening workflow. (B) The
representative result of lentiviral transduction efficiency of FLAG-GFP-ASC and RFP
shRNA in PL16T cells. (C to E) High-content lentiviral shRNA screening of ASC
specks induced by IAV infection (MOI = 10) using FLAG-GFP-ASC PL16T cells (C)
and the ASC specks quantification with shRNA targeting genes in FLAG-GFP-ASC
PL16T (D) and FLAG-GFP-ASC THP-1 cells (E). The data represent averages with
standard deviations from three independent experiments (n > 100). **P <0.01; ***P

< 0.001 by Student’s t test (versus control IAV infection).
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Figure 18 Proteomic approach of ASC interacting proteins.

(A and B) Representative fluorescence images of FLAG-GFP-ASC PL16T and
FLAG-GFP-ASC THP-1 cells at 36 h post infection (A) and the cell lysates were
subjected to immunoprecipitation with anti-FLAG antibodies-conjugated beads and
SDS-PAGE for silver staining (B). Arrowhead indicates FLAG-GFP-ASC. (C)
Venn diagram of mass spectrometry data analysis of ASC interacting proteins.

Numbers indicate numbers of the interacting partner of ASC.
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Figure 19 MXxA interacts with ASC in respiratory epithelial cells against IAV
infection.

(A) At 48 h post infection, PL16T cell lysates were immunoprecipitated with anti-
ASC antibody and subjected to western blot analysis with indicated antibodies. (B)
At 48 h post infection, PL16T cells were subjected to indirect immunofluorescence
assays with anti-ASC (green) and anti-MxA (red) antibodies. Arrowhead indicates
intracellular inflammasome localization of the endogenous ASC and MxA. Scale bar,

5 um. Results are representative of two independent experiments.
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Figure 20 MxA knockdown specifically abrogates IL-1p and IL-18 secretion in
respiratory epithelial cells to viral infection.

(A to D) At 48 h post transfection with either non-targeting, MxA, or NLRP3 siRNA,
PBMC-derived macrophages, THP-1, NHBE, or PL16T cells were infected with [AV
at MOI of 10. IL-1p secretion in PBMC-derived macrophages (A) and NHBE cells
(C), and IL-18 secretion in THP-1 (B) and PL16T cells (D) were measured by ELISA.
KD, knockdown. The data represent averages with standard deviations from three
independent experiments (n > 100). ***P < 0.001 by Student’s t test. (E) At 48 h
post infection, uninfected and infected cells were subjected to western blot analysis
with anti-MxA, anti-NLRP3, and anti-caspase-1 antibodies. P-actin was detected as a

loading control. Result is representative of two independent experiments.
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Figure 21 NLRP3 overexpression rescued IL-1f secretion after knockdown of

MXxA in respiratory epithelial cells.

Lentiviral empty or NLRP3 transduced PL16T cells were transfected with either non-
targeting or MxA siRNA and quantified IL-1f release at 72 h post infection. The data
represent averages with standard deviations from three independent experiments (n >

100). ***P <0.001 by Student’s t test.
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Figure 22 Various stimuli to other inflammasome receptors do not induce MxA
inflammasome in respiratory epithelial cells.

(A and B) IL-1p release was measured in 200 ng/ml LPS primed NLRP3 knockdown
THP-1 (A) or MxA knockdown PL16T cells (B) with [AV infection at MOI of 10, 5
ug/ml nigericin, 250 ug/ml alum, 3 pug/ml poly(dA:dT), or 500 ng/ml flagellin. Mock
represents the cells primed with 200 ng/ml LPS without further stimulation. The data
represent averages with standard deviations from three independent experiments (n >

100). ***P <(0.001 by Student’s t test.
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Figure 23  Infection of adenovirus and sendai virus stimulates MxA
inflammasome in respiratory epithelial cells.

After transfection with non-targeting or MxA siRNA, PL16T cells were infected with
IAV, ADV, or SeV at MOI of 10 and measured IL-1f secretion at 72 h post infection.
The data represent averages with standard deviations from three independent

experiments (n > 100). ***P <0.001 by Student’s t test.
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Figure 24 Viral protein NP functions as a ligand of MxA inflammasome in
respiratory epithelial cells.

At 24 h post transfection of empty, PA, PB1, PB2, and NP plasmid, poly I:C was
treated. ASC specks were quantified by ArrayScan'™ high-content systems. The data
represent averages with standard deviations from three independent experiments (n >

100). ***P <0.001 by Student’s t test.
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Figure 25 MxA knockdown diminishes ASC oligomerization and activation of
caspase-1 in respiratory epithelial cells against viral infection.

(A and B) After transfection with either non-target or MxA siRNA in PL16T cells,
ASC oligomerization assay was performed at 48 h post AV infection (A) or cell
lysates were subjected to western blot analysis with the indicated antibodies (B). TX,

Triton X-100. Results are representative of two independent experiments.
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Figure 26 Expression of siRNA-resistant MxA allowed to rescue the reduction of
MXxA expression

Using lentiviral SparQ cumate switch system, siRNA resistant MxA was expressed in
PLI16T cells. After transfection with either non-target or MxA siRNA, the cells were
infected with IAV infection and added cumate to MxA switch on at 6 h post infection.
At 36 h post infection, cell lysates subjected to western blot analysis with the

indicated antibodies. Results are representative of two independent experiments.
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Figure 27 Oligomerization of MxA is required for the inflammasome formation
in respiratory epithelial cells.

(A to C) siRNA-resistant MxA mutant including wild-type (WT), T103A, K554E to
KS557E (L4), M527D, or L617D was expressed in PL16T cells. After transfection
with either non-target or MxA siRNA, the cells were infected with IAV and ASC
oligomerization (A), ASC specks (B), and IL-1f release (C) were measured. Result is
representative of two independent experiments (A) and the data represent averages
with standard deviations from three independent experiments (n > 100) (B, C). ***P

< 0.001 by Student’s t test (versus lane 4).
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Figure 28 Nuclear localized mouse Mx1 is not responsible for inflammasome in
respiratory epithelial cells against IAV infection.

(A and B) Using lentiviral SparQ cumate switch system, mouse Mx1 was expressed in
PLI16T cells. After transfection with either non-target or MxA siRNA, the cells were
infected with IAV and ASC specks (A), and IL-1f release (B) were measured. n/s,
not significant. The data represent averages with standard deviations from three

independent experiments (n > 100). ***P < 0.001 by Student’s t test.
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Figure 29 hMx-tg mice confer high resistance to IAV infection.

(A and B) Non-tg and hMx-tg mice were infected intranasally with the indicated
doses of IAV. Weight loss (A) and survival (B) were monitored for 14 days (n =4 to
5 mice per group, n = 2 mice per naive group). The data represent averages with
standard deviations (A) and results are combined from two independent experiments
(A, B). ** p<0.01 (non-tg 10° PFU versus hMx-tg 10° PFU, non-tg 3 x 10° PFU

versus hMx-tg 3 x 10° PFU) by Log-rank (Mantel-Cox).
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Figure 30 The lung macroscopic lesions of hMx-Tg mice.
Non-Tg and hMx-Tg mice were infected with 3,000 PFU of IAV. At the indicated
days post infection (dpi), the lung gross appearance was monitored (n = 2 mice per

group at each day). Scale bar, 5 mm.
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Figure 31 Leukocytes in hMx-tg mice migrate into the bronchioles to remove
IAYV at the early phage of viral infection.

Non-tg and hMx-tg mice were infected intranasally with 3 x 10° PFU of IAV. At
indicated days post infection (dpi), the lung tissue sections were stained with
hematoxylin and eosin. Arrowheads indicate bronchioles. Result is representative of

two independent experiments.
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Figure 32 Robust total leukocyte recruitment in hMx-tg mice at early phases of
viral infection.

Non-tg and hMx-tg mice were infected intranasally with 3 x 10° PFU of IAV. At
indicated days post infection, BAL was collected by washing the trachea and lungs
twice by injecting a total of 2 ml PBS containing 0.1% BSA and measured CD45.2"
total BAL leukocytes by flow cytometry. n = 3 mice per group. The data represent
averages with standard deviations from two independent experiments (n > 100). **P

< 0.01 by Student’s t test.
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Figure 33 Caspl/11”~ x hMx-tg mice results in comparable susceptibility with
Caspl/117" mice against IAV infection.

(A and C) Indicated group of mice was infected intranasally with 3 x 10° PFU of
IAV. At 3 days post infection, BAL was collected and measured IL-1f release (A) or
CD45.2" total BAL leukocytes (B). At 5 days post infection, lung homogenate was
prepared in 2 ml PBS and tissue-free supernatant was subjected to plaque assay (C).
Each symbol represents one mouse. n =2 mice per naive group. n/s, not significant.
mean + s.e.m., ***P < 0.001 by Student’s t test. (D and E) Indicated group of mice
was infected intranasally with 10° PFU of IAV. Weight loss (D) and survival (E)
were monitored for 14 days (n = 6 mice per group, n = 2 mice per naive group). P =
0.1030 (Caspl/11”" versus Caspl/I1”~ x hMx-tg) by Log-rank (Mantel-Cox).

Results are combined from two independent experiments.
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Figure 34 Confirmation of engraftment of bone marrow transplantation.

(A and B) The indicated group of mice were infected intranasally with 3 x 10° PFU of
IAV. At 3 days post infection, the cells were collected from bone marrow.
Representative flow cytometric analysis of CD11b" (mac-1) and NLRP3" cells in
bone marrow (A). Numbers indicate the percentage of gated populations. Negative
indicates staining with control IgG antibodies. The percentage of CD11b" (mac-1)
and NLRP3" cells in bone marrow by flow cytometry (B). (C and D) The indicated

group of mice were infected intranasally with 3 X 10° PFU of IAV. At 3 days post

infection, BAL was collected and measured IL-1f release (C) or total BAL leukocytes
(D). Each symbol represents one mouse. n =2 mice per naive group. mean =+ s.e.m.,
*¥#%p < 0.001 by Student’s t test. Results are combined from two independent

experiments.
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Figure 35 MXxA is required for the inflammasome activation in respiratory
epithelial cells in vivo.

(A and B) The indicated group of mice were infected intranasally with 3 X 10> PFU

of [AV. At 3 days post infection, BAL was collected and measured IL-1f release (A)
or total BAL leukocytes (B). Each symbol represents one mouse. n = 2 mice per
naive group. n/s, not significant. mean + s.e.m., ***P < (0.001 by Student’s t test.
Results are combined from two independent experiments. (C) At 3 days post
infection, lung tissue sections were subjected to indirect immunofluorescence assays
with anti-B-catenin (green) and anti-ASC (red) antibodies. ASC specks in epithelial
cells (arrowheads) and in immune cells (arrow) are indicated. Br, bronchioles. Result

is representative of two independent experiments.
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Figure 36 Model: MxA selectively functions as an inflammasome sensor in
respiratory epithelial cells against influenza virus infection.
MxA in respiratory epithelial cells selectively forms inflammasome complexes with

the ASC and caspase-1 to promote IL-13 and IL-18 secretion against [AV infection.
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