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ABSTRACT Respiratory epithelial cell death by influenza virus infection is responsible
for the induction of inflammatory responses, but the exact cell death mechanism is not
understood. Here we showed that influenza virus infection induces apoptosis and pyrop-
tosis in normal or precancerous human bronchial epithelial cells. Apoptosis was induced
only in malignant tumor cells infected with influenza virus. In human precancerous re-
spiratory epithelial cells (PL16T), the number of apoptotic cells increased at early phases
of infection, but pyroptotic cells were observed at late phases of infection. These find-
ings suggest that apoptosis is induced at early phases of infection but the cell death
pathway is shifted to pyroptosis at late phases of infection. We also found that the type
| interferon (IFN)-mediated JAK-STAT signaling pathway promotes the switch from apop-
tosis to pyroptosis by inhibiting apoptosis possibly through the induced expression of
the Bcl-xL anti-apoptotic gene. Further, the inhibition of JAK-STAT signaling repressed
pyroptosis but enhanced apoptosis in infected PL16T cells. Collectively, we propose that
type | IFN signaling pathway triggers pyroptosis but not apoptosis in the respiratory epi-
thelial cells in a mutually exclusive manner to initiate proinflammatory responses against
influenza virus infection.

IMPORTANCE 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 by influenza virus infection is
still unclear. We showed that influenza virus infection induced apoptosis and pyrop-
tosis in normal or precancerous human bronchial epithelial cells. Apoptosis was in-
duced at early phases of infection, but the cell death pathway was shifted to pyrop-
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dependent cell death, and apoptotic cells are rapidly phagocytized and cleared without
inflammatory responses (4). Necroptosis is a receptor-interacting protein 1 (RIP1) and
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RIP3 kinase complex-dependent but caspase-independent inflammatory cell death that
operates by releasing damage-associated molecular patterns (DAMPs) (5). Pyroptosis is
a caspase-1-dependent inflammatory cell death controlled by inflammasomes, multi-
protein complexes consisting of caspase-1, apoptosis-associated speck-like protein
containing a caspase recruitment domain (ASC), and cytoplasmic pathogen recognition
receptors (PRRs) such as nucleotide-binding and oligomerization domain (NOD)-like
receptor family proteins. The formation of inflammasomes induced by virus infection is
observed mainly in immune cells and results in the extracellular release of proinflam-
matory cytokines, such as interleukin-18 (IL-1B) and IL-18 (6, 7). Influenza A virus (IAV)
induces inflammatory responses as a result of respiratory epithelial cell death (8, 9). The
proinflammatory response from respiratory epithelial cells triggers migration of im-
mune cells, including macrophages and neutrophils, to remove infectious agents. These
migrated immune cells contribute to excessive inflammation, which leads to pneumonia.
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 (10-12). Therefore, the exact cell death mechanism responsible for
inflammatory responses that may determine the pathogenesis of IAV is still unclear.

Emerging evidence has shown the cross talk of programmed cell death pathways
(4), but the molecular mechanism to determine one of the cell death pathways remains
poorly understood. Because caspase-8 activated by apoptotic stimuli suppresses
necroptosis by cleaving substrates such as RIP1 and RIP3 kinases (13, 14), necroptosis
is induced by the addition of caspase inhibitors in response to several stimuli. Although
endogenous inhibitors of caspase-8 to induce necroptosis are not understood, virally
encoded caspase inhibitors are well-known examples that promote necroptosis (5). It is
well known that several proapoptotic proteins, including cytochrome ¢, are released
from dysfunctional mitochondria. The dysfunctional mitochondria also activate inflam-
masome assembly through mitochondrial reactive oxygen species (ROS) (15), released
mitochondrial DNA (16, 17), and cardiolipin (18), but the exact role of mitochondria in
pyroptosis activation remains controversial (19). It is reported that mitochondrial
antiviral-signaling protein (MAVS), which is an adapter molecule to transduce the type
| interferon (IFN) signaling pathway triggered by a viral RNA sensor RIG-, interacts with
NOD-like receptor protein 3 (NLRP3) and stimulates inflammasome formation (20, 21).
Although it is reported that RIG-l activates inflalmmasome through a type | IFN
positive-feedback loop in respiratory epithelial cells (22), type | IFN has been shown to
negatively regulate the inflammasome formation in macrophages (23). Thus, despite
considerable progress in understanding each cell death pathway, it remains contro-
versial how viruses induce each cell death, possibly due to differences in the stimuli and
cell types used.

Here we showed that IAV infection induces apoptosis and pyroptosis but not
necroptosis in normal or precancerous human bronchial epithelial cells. In contrast, IAV
infection induced apoptosis in infected malignant tumor cells only. Apoptosis was
triggered at early phases of infection, while pyroptosis was induced at late phases of
infection in human precancerous respiratory epithelial (PL16T) cells. Importantly, apop-
tosis was inhibited by stimulation of type | IFN signaling pathway in PL16T cells,
possibly through the expression of the Bcl-xL anti-apoptotic gene. Further, the inhibi-
tion of the JAK-STAT pathway, which is downstream of type | IFN, repressed pyroptotic
cell death but enhanced apoptotic cell death in PL16T cells. Collectively, we propose
that type | IFN signaling pathway triggers pyroptosis but not apoptosis in the respira-
tory epithelial cells in a mutually exclusive manner to initiate proinflammatory re-
sponses against IAV infection.

RESULTS AND DISCUSSION

Precancerous respiratory epithelial cells induce pyroptotic cell death in re-
sponse to infection. To determine whether respiratory epithelial cell lines are suscep-

tible to the cell death induced by IAV infection, we carried out trypan blue dye
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exclusion assays at 24 h postinfection 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 nonneo-
plastic respiratory epithelial cells (PL16B), and primary normal human bronchial epi-
thelial cells (NHBE). The 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 lines was
30 to 40% of total cells at 24 h postinfection (Fig. 1A). PL16T is an immortalized cell line
that was established from a precancerous region of a lung adenocarcinoma patient
(24). It has been reported that PL16T cells do not have any tumorigenic activity and
there are no mutations or abnormal expressions of oncogenesis-related genes, such as
p53, Akt, and EGFR (25). To determine what kinds of cell death pathways are activated
by IAV infection, we treated infected PL16T, NHBE, and A549 cells with each type of cell
death inhibitor: Z-DEVD-FMK (caspase-3 inhibitor) (Fig. 1B, D, F, and H), VX-765
(caspase-1 inhibitor) (Fig. 1C, E, G, and ), and GSK-872 (RIP3 inhibitor) with Z-VAD-FMK
(pancaspase inhibitor) (Fig. 1J, K, and L). In infected PL16T cells, the number of dead
cells either stained with trypan blue dye (Fig. 1B) or having fragmented DNA (Fig. 1D)
was reduced by the addition of the caspase-3 inhibitor at 12 and 24 h postinfection, but
not after 36 h postinfection. In contrast, the caspase-1 inhibitor repressed cell death
even at 36 h postinfection in infected PL16T cells (Fig. 1C and E). 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 results were
obtained with infected NHBE cells (Fig. 1F and G). Furthermore, the number of dead
cells in infected A549 cells was decreased by the caspase-3 inhibitor in both early and
late phases of infection, but not by the caspase-1 inhibitor (Fig. 1H and I). Thus, it is
likely that IAV infection triggers both apoptotic and pyroptotic cell deaths in precan-
cerous 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. 1J, K, and L). These results indicate that necroptosis
merely occurs in response to IAV infection in the cultured cells that we used. However,
it has been reported that necroptosis is triggered by IAV infection in a mouse model
(26) and immortalized murine cells, including lung epithelial cells and embryonic
fibroblast cells (27). 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
infections such as herpes simplex virus (28), human cytomegalovirus (29), and human
immunodeficiency virus (30) infections. 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. 1M).

IAV infection induces inflammasome assembly and IL-1p secretion in human
respiratory epithelial cells. To confirm whether apoptosis and pyroptosis are induced
in PL16T cells by IAV infection, we examined the proteolytic activations of caspase-3
(Fig. 2A) and caspase-1 (Fig. 2B) and gasdermin D (Fig. 2C). The cell lysates prepared
from infected cells at 24 h (Fig. 2A) and 48 h (Fig. 2B and C) postinfection 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 inhib-
itor of DNA topoisomerase-l, was used as a positive control for apoptosis induction (Fig.
2A, lane 3). Caspase-3, caspase-1, and gasdermin D were cleaved in IAV-infected PL16T
cells (Fig. 2A, lane 7; Fig. 2B, lane 6; Fig. 2C, lane 2) but not when each caspase inhibitor
was added (Fig. 2A, lanes 4 and 6; Fig. 2B, lanes 4 and 5; Fig. 2C, lane 3).

Upon inflammasome formation, ASC is assembled into a micrometer-sized perinu-
clear 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-1B and IL-18 by digestion of their immature forms (31). Inflammasomes have been
extensively characterized in monocytes and macrophages but not epithelial cells,
although epithelial cells may play an important role in early host immune response to
infection. To examine whether inflammasomes are formed, we carried out indirect
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FIG 1 Influenza virus infection induces pyroptotic cell death in precancerous respiratory epithelial cells. (A) The numbers 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 nonneoplastic 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 < 0.001 by Student’s t test. (B to L) PL16T cells (B, C, D, E, and J), NHBE cells (F, G, and K), and A549 cells (H, |, and
L) were infected with IAV at an MOI of 10 in the presence of 10 uM Z-DEVD-FMK (Z-DEVD; caspase-3 inhibitor) (B, D, F, and H), 20 uM VX-765
(VX; caspase-1 inhibitor) (C, E, G, and 1), and 3 uM GSK-872 (GSK; RIP3 inhibitor) with 20 uM Z-VAD-FMK (Z-VAD; pan-caspase inhibitor) (J, K, and
L). The number of dead cells was measured by trypan blue dye exclusion assays, and the cells with fragmented DNA were 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 analysis of variance (ANOVA); N/S, not significant. (M) At 3, 5, and 8 h postinfection, infected A549 (lanes 1 to 4) and PL16T cells (lanes
5 to 8) were lysed, and the lysates were analyzed by SDS-PAGE followed by Western blotting assays using anti-NP and anti-B-actin antibodies.

immunofluorescence assays with anti-ASC antibody in PL16T, NHBE, and A549 cells. At
48 h postinfection, ASC specks were observed in approximately 30% of total PL16T and
NHBE cells but not in A549 cells (Fig. 2D). We next examined IL-18 secretion from
PL16T, NHBE, and A549 cells in response to IAV infection by enzyme-linked immu-
nosorbent assays (ELISA). At 72 h postinfection, approximately 50 pg/ml of IL-18 was
secreted from infected PL16T and NHBE cells; however, we could not detect IL-183
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FIG 2 IAV infection induces inflammasome assembly and IL-18 secretion in human respiratory epithelial cells. (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. B-Actin was detected as a loading control. DMSO, dimethyl sulfoxide. (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. B-Actin was detected as a loading control. (C) Infected PL16T cells were incubated
with 20 uM VX-765 for 48 h, and then the cell lysates were subjected to Western blot analysis using anti-GSDMD antibody. B-Actin was
detected as a loading control. (D) At 48 h postinfection, uninfected and infected PL16T, NHBE, and A549 cells were subjected to indirect
immunofluorescence assays using anti-ASC antibody, and the percentages of ASC speck-positive cells were quantitated. The data
represent averages with standard deviations from three independent experiments (n > 100). (E) PL16T, NHBE, and A549 cells were infected
with IAV at an MOI of 10. At 72 h postinfection, cell-free supernatants were collected and the concentration of IL-13 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.

secretion from infected A549 cells (Fig. 2E). It has been reported that along with the
establishment of malignancy in tumor microenvironment, genetic mutations and epi-
genetic modifications are induced, leading to abnormal expression of genes related to
cell death and cell survival, such as p53 and Akt (32, 33). Upon carcinogenesis, tissue
homeostasis is disorganized, and then this leads to inflammatory responses to recruit
immune cells at the tumor microenvironment to eliminate the tumor cells (34). Thus,
only immunosilent tumor variants would develop into malignant tumor cells. We found
that malignant respiratory epithelial cells weakly induced only apoptosis in response to
IAV infection (Fig. 2D and E). This suggests that signaling pathways to trigger pyroptosis
may decline along with the tumor development, thereby allowing cells to escape from
cancer immunosurveillance.

The type | IFN signaling pathway triggers pyroptosis but represses apoptosis
in a mutually exclusive manner. Next, we 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 (Fig. 3A). About 35% of
infected cells were stained with anti-cleaved caspase-3 antibody at 24 h postinfection,
and the signals were reduced at 36 h postinfection along with the apoptotic cell
fragmentation (Fig. 3B). In contrast, the number of ASC speck-positive cells peaked at
48 h postinfection (Fig. 3C). This is in good agreement with the results shown in Fig. 1B
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FIG 3 Apoptosis and pyroptosis are independently induced in PL16T cells against IAV infection. (A to D) At 12, 24,
36, 48, 60, and 84 h postinfection, uninfected and infected PL16T cells were subjected to indirect immunofluo-
rescence assays with anti-ASC (green) and anti-cleaved caspase-3 (red) antibodies. A representative result at 24 h
postinfection is shown in panel A. Arrowheads indicate ASC inflammasome. Bar, 10 um. The average numbers of
cleaved caspase-3-positive (B) and ASC speck-positive (C) cells and standard deviations obtained from three
independent experiments are shown (n > 100). The percentages of cleaved caspase-3-positive (red), ASC speck-
positive (blue), and cleaved caspase-3/ASC speck-positive (green) cells were determined at 24 and 48 h postin-
fection (D). **, P < 0.01 by two-way ANOVA.

and C. Further, both cleaved caspase-3- and ASC speck-positive cells were hardly
observed (Fig. 3A and D), suggesting that apoptosis and pyroptosis are independently
induced by IAV infection in PL16T cells.

The viral nonstructural protein NS1 is a multifunctional RNA binding protein and is
known to be an important regulator of host immune responses and apoptotic cell
death. NS1 inhibits double-stranded RNA (dsRNA)-mediated protein kinase R (PKR)
activation and IFN-B production through its RNA binding activity (35). NS1 also pre-
vents IFN-B production by inhibiting the activation of RIG-I through the interaction with
TRIM25 (36). NS1 activates phosphatidylinositol 3-kinase (PI3K) signaling by binding to
the p85 regulatory subunit of PI3K (37). This results in the activation of Akt kinase, and
the activated Akt protein phosphorylates proapoptotic Bcl-2 family proteins to inhibit
apoptosis. We next examined the number of apoptotic and pyroptotic cells triggered
by the IAV NS1 mutants listed below: the R38A/K41A mutant, which is deficient in
dsRNA-binding activity and in IFN antagonism (35); the Y89F mutant, which is deficient
in PI3K/Akt activation for the inhibition of proapoptotic proteins (37); and the del NS1
mutant, which contains a deletion of NST gene (38) (Fig. 4A). We found that the
R38A/K41A mutation increased the inflammasome formation, but not the cleavage of
procaspase-3, more than 5 times compared to the wild type (WT) at 24 h postinfection
(Fig. 4A), suggesting that enhanced type | IFN production increases pyroptotic cell
death upon IAV infection. In contrast, the Y89F mutation increased apoptosis but not
pyroptosis, possibly due to the inability to inhibit proapoptotic Bcl-2 family proteins,
including the Bcl-2-associated death promoter (BAD) protein (Fig. 4A). We also found
that del NS1 virus infection stimulated pyroptosis, but not apoptosis, as well as
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FIG 4 Apoptotic and pyroptotic cell death of respiratory epithelial cells induced by NS1T mutant viruses.
(A) PL16T cells were infected with either wild-type, R38A/K41A, Y89F, or del NS1 virus. At 24 and 48 h
postinfection, the cells were subjected to indirect immunofluorescence assays with anti-ASC and
anti-cleaved caspase-3 antibodies. The average numbers of cleaved caspase-3-positive and ASC speck-
positive cells and standard deviations obtained from three independent experiments are shown (n >
100). (B) PL16T cells were infected with wild-type IAV. At 24 and 48 h postinfection, cells were collected
and the total RNAs were subjected to reverse transcription followed by real-time PCR with primers
specific for IFN-B mRNA. The mean values and standard deviations obtained from three independent
experiments are shown. (C) PL16T cells were infected with wild-type IAV in the absence or presence of
1 ng/ml ruxolitinib. At 24 and 48 h postinfection, total RNAs were purified and were subjected to reverse
transcription followed by real-time PCR with primers specific for Bcl-xL. mRNA. The mean values and
standard deviations obtained from three independent experiments are shown. **, P < 0.01; ***, P < 0.001
by Student’s t test.

R38A/K41A mutant virus. This suggests that type | IFN signaling pathway may antag-
onize proapoptotic Bcl-2 family proteins for the mutually exclusive activation of apop-
tosis and pyroptosis. Note that the IFN-B gene was transcribed in wild-type IAV-infected
PL16T cells at 48 h postinfection, although the response was not quick, possibly due to
the inhibition by NS1 (Fig. 4B).

The Bcl-2 family proapoptotic BH3-only protein BAD interacts with the Bcl-xL
anti-apoptotic protein to release apoptogenic factors such as cytochrome ¢ from
mitochondria to induce apoptosis. Akt kinase phosphorylates BAD, and the phosphor-
ylated BAD is retained in the cytoplasm through the interaction with 14-3-3 proteins to
prevent heterodimerization with Bcl-xL at the mitochondrial membrane (39, 40). It has
been known that the expression level of Bcl-xL, but not Bcl-2, is regulated through
STATS5, Ets, Rel/NF-kB, and AP-1 transcription factors in response to survival signaling
pathways (41), although the effect of IAV infection on Bcl-xL expression is still unclear.
To address this, we examined the amount of Bc/l-xL mRNA in infected PL16T cells in the
absence or presence of 1 ug/ml ruxolitinib, a potent inhibitor of the JAK-STAT signaling
pathway that is downstream of the type | IFN receptor. The level of Bc/-xL mRNA was
increased about three times by IAV infection in PL16T cells, and this increase was
significantly repressed by ruxolitinib treatment (Fig. 4C). Therefore, it is possible that
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FIG 5 Type | IFN triggers pyroptosis but not apoptosis in a mutually exclusive manner. (A) At 0, 6, 12, 24, 36, 48, and 60 h postinfection, infected PL16T cells
were lysed, and the cell lysates were subjected to Western blot analysis using anti-phospho-STAT1 (Tyr701) and STAT1. B-Actin was detected as a loading
control. (B and C) PL16T (open bars) and NHBE (filled bars) cells were infected with IAV at an MOI of 10 in the absence or presence of 1 ug/ml ruxolitinib. At
24 and 48 h postinfection, PL16T and NHBE cells were subjected to indirect immunofluorescence assays using anti-cleaved caspase-3 and anti-ASC antibodies.
The percentage of ASC speck-positive cells (B) and that of cleaved caspase-3-positive cells (C) are shown. The mean values and standard deviations obtained
from three independent experiments are shown (n > 100). (D to F) At 6 h postinfection, infected PL16T cells were incubated with or without 1,000 [U/ml IFN-S.
At 24 h postinfection, cells were subjected to indirect immunofluorescence assays using anti-ASC and anti-cleaved caspase-3 antibodies. The average numbers
of ASC speck-positive (D) and cleaved caspase-3-positive (E) cells and standard deviations obtained from three independent experiments are shown (n > 100).
The percentages of ASC speck-positive (blue), cleaved caspase-3-positive (red), and cleaved caspase-3/ASC speck-positive (green) cells were determined (F). (G)
At 6 h postinfection, infected PL16T and A549 cells were incubated with or without 1,000 1U/ml IFN-B. At 24 h postinfection, cells were subjected to indirect
immunofluorescence assays using anti-ASC antibody. The average numbers 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.

the induced expression of Bcl-xL by the JAK-STAT pathway antagonizes proapoptotic
Bcl-2 family proteins to inhibit the apoptotic cell death in infected PL16T cells.

To elucidate whether type | IFN production is involved in the mutually exclusive
activation of apoptosis and pyroptosis in IAV-infected PL16T cells, we next examined
the phosphorylation level of STAT1. The phosphorylation level of STAT1 increased at 36
h postinfection (Fig. 5A) concomitantly with pyroptosis activation (Fig. 3C). Further, we
treated infected PL16T and NHBE cells with 1 wg/ml ruxolitinib and performed indirect
immunofluorescence assays using anti-ASC and anti-cleaved caspase-3 antibodies (Fig.
5B 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. 5B). In
contrast, the number of cleaved caspase-3-positive cells was increased more than 3
times by ruxolitinib treatment at 48 h postinfection (Fig. 5C). Next, to examine the effect
of type | IFN on the pyroptosis induction, infected cells were treated with 1,000 IU/ml
IFN-B at 6 h postinfection, at which time viral proteins are fully expressed while
apoptosis is not activated (Fig. 1B and M). At 24 h postinfection, we carried out the
indirect immunofluorescence assays using anti-ASC and anti-cleaved caspase-3 anti-
bodies (Fig. 5D and E). Approximately 10% of PL16T cells showed ASC specks at 24 h
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postinfection in the absence of IFN-B, and the number of ASC speck-positive cells
increased to more than 50% by IFN- treatment, as expected (Fig. 5D). In contrast, the
number of cleaved caspase-3-positive cells was reduced in infected PL16T cells in the
presence of IFN-B (Fig. 5E). We did not detect cells with ASC specks and cleaved
caspase-3 (Fig. 5F). These findings suggest that the type | IFN signaling pathway is
responsible for switching the 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-B (Fig. 5G), suggesting that type | IFN
production is not sufficient to induce pyroptosis in malignant tumor cells in response
to IAV infection.

In conclusion, our studies 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 | IFN signaling to promote the production of proinflam-
matory cytokines. The cytokines may trigger recruitment of macrophages and neutro-
phils to eliminate infectious agents, including apoptotic and pyroptotic cells. Although
a fraction of infected cells could escape from apoptosis, possibly by anti-apoptotic viral
protein NS1, it is possible that type | 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. Future studies on the
physiological relevance of type | IFN-induced pyroptosis in respiratory epithelium in
vivo are required.

MATERIALS AND METHODS

Biological materials. Influenza virus strain A/Puerto Rico/8/34 and a rabbit polyclonal antibody
against NP were prepared as previously described (42). R38A/K41A and Y89F mutant viruses (A/Puerto
Rico/8/34 genetic backbone) were constructed as previously described (37, 43). del NS1 virus was a
generous gift from Adolfo Garcia-Sastre (Icahn School of Medicine at Mount Sinai, New York, NY). Mouse
monoclonal antibodies against B-actin (A5441; Sigma), ASC (04-147; Millipore), caspase-1 (MAB6215; R&D
systems), and GSDMDC1 (sc-81868; Santa Cruz Biotechnology) and rabbit polyclonal antibodies against
cleaved caspase-3 (9661; Cell Signaling Technology), procaspase-3 (9662; Cell Signaling Technology),
STAT1 &/ (sc-346; Santa Cruz Biotechnology), and 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), and ruxolitinib (Cayman) were purchased. A549
cells were grown in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum. PC9,
H1650, and HCC827 cells were grown in RPMI 1640 with 10% fetal bovine serum. H1975 cells were grown
in RPMI 1640 containing high glucose with 10% fetal bovine serum. PL16T and PL16B cells were grown
in MCDB153HAA medium with 0.5 ng/ml epidermal growth factor, 5 ug/ml insulin, 72 ng/ml hydrocor-
tisone, 10 wg/ml transferrin, 20 ng/ml sodium selenium, and 2% fetal bovine serum (24). NHBE cells were
purchased, and the cells were grown in B-ALI growth medium (Lonza).

Trypan blue dye exclusion assay. After pretreatment of cells with each cell death inhibitor for 1 h,
the cells were infected with influenza virus 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 dead and living cells were counted using a hemocytometer.

DNA fragmentation assay. PL16T cells (5 X 103 cells) were seeded in a 96-well optical bottom plate
(Thermo) and were infected with influenza virus at an MOI of 10. At the indicated time points, the cells
were stained with Hoechst 33342, and then the cells with fragmented DNA were quantified by ArrayScan
high-content systems (Thermo).

Indirect immunofluorescence assays. Both adherent and floating cells were collected and fixed
with 3% paraformaldehyde (PFA) for 10 min, and then the cells were 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 washing with PBS
containing 0.1% Tween 20 and 0.2% BSA, the cells were incubated with either Alexa Fluor 488- or Alexa
Fluor 568-conjugated secondary antibodies, respectively (Invitrogen) for 30 min. After washing with PBS
containing 0.1% Tween 20 and 0.2% BSA, the cells were transferred onto a coverslip by cytocentrifuga-
tion at 760 X g for 5 min at 4°C. Images were acquired by confocal laser scanning microscopy (LSM700;
Carl Zeiss) using a 63X Apochromat objective.

ELISA. PL16T, NHBE, and A549 cells in a 35-mm dish were infected with IAV at an MOI of 10. At 72
h postinfection, the culture supernatants were collected and the cell-free supernatants were subjected
to ELISA with a human IL-1p kit according to the manufacturer’s instructions (MBL).

Quantitative real-time PCR. Total RNA was isolated from PL16T cells by the acid guanidinium
phenol chloroform method. cDNA was prepared from purified RNA (1 ng) by using ReverTraAce (Toyobo)
with oligo(dT),, primer. Real-time PCR was carried out using SYBR green real-time PCR master mix-Plus
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(Roche) in the thermal cycler Dice real-time PCR system (TaKaRa). Primer sequences used in this study
were as follows: 5-GCCACTTACCTGAATGACCAC-3" and 5'-TGCTGCATTGTTCCCATAGA-3" for Bcl-xL;
5'-TGCCTCAAGGACAGGATGAAC-3" and 5'-GCGTCCTCCTTCTGGAACTG-3' for IFN-B; 5'-AACGGCTACCAC
ATCCAAGG-3" and 5'-GGGAGTGGGTAATTTGCGC-3' for 18S rRNA. The results were normalized to the
level of 18S rRNA.
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