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ABSTRACT

The H7NO9 influenza virus emerged in China in 2013, causing more than 1560 human infections, 39% of
which were fatal. A ‘cytokine storm’ in the lungs of H7N9 patients has been linked to a poor prognosis and
death; however, the underlying mechanism that triggers the cytokine storm is unknown. Here, we found
that efficient replication of the H7N9 virus in mouse lungs activates gasdermin E (GSDME)-mediated
pyroptosis in alveolar epithelial cells, and that the released cytosolic contents then trigger a cytokine storm.
Knockout of Gsdme switched the manner of death of AS49 and human primary alveolar epithelial cells from
pyroptosis to apoptosis upon H7N9 virus infection, and Gsdme knockout mice survived H7N9 virus lethal
infection. Our findings reveal that GSDME activation is a key and unique mechanism for the pulmonary
cytokine storm and lethal outcome of H7N9 virus infection and thus opens a new door for the development

of antivirals against the H7N9 virus.

Keywords: H7N9 virus, cytokine storm, gasdermin E, pyroptosis

INTRODUCTION

Influenza A viruses circulate widely in nature and
continue to present a challenge to human health.
While the HIN1 and H3N2 viruses are still actively
circulating in humans around the world, other sub-
types of avian influenza viruses have crossed the
avian-human species barrier and infected humans
[1-5]; of particular note, the HSN1 and H7N9
avian influenza viruses have caused severe disease
and deaths in humans [6-11], prompting the fear
that these avian influenza viruses may cause future
human influenza pandemics with disastrous con-
sequences. Understanding the pathogenesis of the
infections caused by these viruses will be helpful for
antiviral drug development.

The H7N9 viruses that emerged in China in 2013
have caused 1568 human infections, including 616
fatal cases [12]. Most H7N9 patients developed se-
vere pneumonia and acute respiratory distress syn-
drome [1,6-8]. Analysis of bronchoalveolar lavage
samples has shown that cytokine/chemokine levels

in the lungs increase by 1000-fold relative to
those in plasma, and that these increased cytokine/
chemokine levels in the lungs correlate with a less fa-
vorable or fatal outcome [13]. However, how these
increased cytokine/chemokine levels in the lungs
(referred to as a ‘cytokine storm’ in this manuscript)
are triggered remains largely unknown. In this study,
we used an animal model to explore the underlying
mechanism of the aberrant innate immune response
induced by the H7N9 virus, and gained important
insights into the pathogenesis of H7N9 infection in
humans.

RESULTS
H7N9 virus A/Anhui/1/2013 causes
cytokine storm in mice

Mice have been widely used as an animal model for
evaluating the pathogenicity of influenza viruses. We
selected two H7N9 viruses: (i) A/Anhui/1/2013
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Figure 1. Replication and virulence of different H7N9 viruses in C57BL/6 (B6) mice. Groups of 32 B6 mice were inoculated
intranasally with 10%° EIDs; of PG/S1421 or AH/1, and 16 mice were inoculated with PBS as a control. Five mice in each
virus-inoculated group were euthanized on days 3 and 6 post-infection (p.i.), respectively, and (A) their organs were col-
lected for virus titration. Six mice in each virus-inoculated group were observed for (B) body weight change and (C) death for
2 weeks. (D) Lung lavage samples from six mice in each virus-infected group and the PBS control group were collected for
analysis of chemokines and cytokines on day 6 p.i.; (E) lungs of the virus-inoculated mice or PBS-inoculated control mice
were collected on day 6 p.i. to test (F) the wet-to-dry ratio (n = 5), (G) total cell and (H) infiltration of immune cell quantifi-
cation (n = 5). Data in panels A-D, F and G are means = standard deviation. Statistical analysis was performed by using
the Student’s t-test. a, p < 0.01 compared with the values of AH/1-inoculated mice; b, p < 0.05 compared with the values
of PG/S1421-inoculated mice; ¢, p < 0.01 compared with the values of PG/S1421-inoculated mice.

(H7N9) (AH/1),isolated from a fatal human case in
2013 [1],and (ii) A/pigeon/Shanghai/S1421/2013
(H7N9) (PG/S1421), isolated from a pigeon in
2013 [14], and compared their replication, viru-
lence and the cytokine response in C57BL/6 (B6)
mice. Groups of 32 6-week-old B6 mice were in-
oculated with a 10°° 50% egg infectious dose
(EIDso) of AH/1 or PG/S1421, and 16 6-week-old
B6 mice were inoculated with phosphate-buffered
saline (PBS) as a control. Five mice in each virus-
inoculated group were euthanized on days 3 and
6 post-infection (p.i.), respectively, and their or-
gans were collected for virus titration. Six mice
in each virus-inoculated group were observed for
body weight change and death for 2 weeks. Lung
lavage samples from six mice in each virus-infected
group and the PBS control group were collected
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on day 6 p.i. for chemokine and cytokine analy-
sis. Lungs from 10 mice in each group were col-
lected on day 6 p.i. to test the wet-to-dry ratio
(n = 5) and to quantify immune cell infiltration
(n=5).

Both viruses were detected in the nasal turbinates
and lungs of the mice, but the titers of AH/1
were significantly higher than those of PG/S1421
(Fig. 1A). The mice in the AH/1-inoculated group
experienced severe body weight loss and died within
8 days p.i., whereas the PG/S1421-inoculated mice
gained weight and survived during the observation
period (Fig. 1B and C). The levels of IL-1c, IL-
1B, IL-6, IL-10, IL-12, IL-18, G-CSF, KC, MCP-1
and MIP-le in the lungs of the AH/1-inoculated
group were significantly higher than those in the
lungs of the PG/S1421- and PBS-inoculated groups
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Figure 2. Caspase-3 and gasdermin E (SDME) activation in the lungs of mice infected
with different H7N9 viruses. Groups of 12 6-week-old B6 mice were inoculated with
10°° EIDs of (A-C) PG/S1421 or (D-G) AH/1. Three mice in each group were eutha-
nized on day 6 p.i. and their lungs were collected for (A and D) pathologic study and
immunohistochemical (IHC) study to detect (B, E and F) the viral antigen and (C and
G) activated caspase-3. Three mice in each virus-inoculated group were euthanized on
days 3, 5and 7 p.i., respectively, and their lungs were collected for the detection of (H)
caspase-3 and GSDME by use of SDS-PAGE and Western blotting. Scale bars in A-C
and E-G = 100 um; scale bar in D = 200 wm. Arrows and arrowheads on F and G
indicate alveolar epithelial cells and macrophages, respectively.

(Fig. 1D, Supplementary Fig. S1); the levels of only
five cytokines and chemokines (KC, IL-6, G-CSF,
MCP-1 and MIP-1«) in the lungs of the PG/S1421-
inoculated group were significantly higher than
those in the PBS-inoculated group (Fig. 1D, Sup-
plementary Fig. S1). The lungs of the PG/S1421-
inoculated mice appeared normal, whereas those of
the AH/1-inoculated mice showed complete con-
solidation with edema and a red to dark-red ap-
pearance (Fig. 1E). The wet-to-dry ratio and total
cell count results indicated that the lungs of the
AH/1-inoculated mice experienced significant in-
flammatory exudates and massive immune cell infil-
tration (Fig. 1F and G); the numbers of both neu-
trophils and macrophages in the lungs of the AH/1-
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inoculated mice were significantly higher than those
in the lungs of the PG/S1421-inoculated mice
(Fig. 1H). These results indicate that the AH/1 virus,
but not the PG/S1421 virus, causes a severe cytokine
storm and is lethal in mice.

AH/1 virus infection triggers
GSDME-mediated pyroptosis
in the lungs of mice

IL-18 and IL-18 are restricted to the cytosol be-
cause they lack a conventional secretion signal, and
are only released when the cell membrane has been
punctured or ruptured, for example, during pyropto-
sis [15-17]. Membrane rupture in pyroptosis results
from activation of the gasdermin family of mem-
brane pore-forming proteins, including gasdermin D
(GSDMD)), the substrate of caspase-1 and -11 in the
inflammasome pathways [18-21]. Of note, the lev-
els of IL-18 and IL-18 in the lung lavage samples
from the AH/1-inoculated mice were significantly
higher than those in the lungs of the PG/S1421-
and PBS-inoculated mice, suggesting that cell leak-
age may have occurred in the lungs of the AH/
1-inoculated mice. Cell leakage occurs when the in-
tegrity of the cell membrane is damaged. Recent
studies indicate that certain cells express gasder-
min E (GSDME, also called deafness autosomal
dominant S), which is specifically cleaved by acti-
vated caspase-3, and that the resulting N terminal
of GSDME (Gsdme-N) then forms pores in the cell
membrane and switches apoptosis to pyroptosis in
response to caspase-3 triggers, such as chemothera-
peutic drugs, tumor necrosis factor and viral infec-
tion [22,23]. The cytosolic contents released from
the punctured or ruptured cells subsequently trig-
ger an intense inflammatory response [24,25]. We
therefore investigated whether the cytokine storm
in the lungs of mice infected with the H7N9 virus
resulted from GSDME-mediated pyroptosis.

To investigate caspase-3 activation and GSDME
cleavage in mice inoculated with H7N9 viruses,
groups of 12 6-week-old B6 mice were inoculated
with 10%° EIDso of AH/1 or PG/S1421 virus. Three
mice in each group were euthanized on day 6 p.i.
and their lungs were collected for pathologic study
and immunohistochemical (IHC) study to detect
the viral antigen and activated caspase-3. Three mice
in each group were euthanized on days 3, S and
7 p.., respectively, and their lungs were collected
for the detection of caspase-3 and GSDME by use
of sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blotting. As
shown in Fig. 2, in the lungs of the PG/S1421-
inoculated mice, mild-moderate peribronchiolar in-
flammatory infiltration with thickened alveolar walls
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Figure 3. Identification of cell types infected by AH/1 virus in the lungs of mice. Dual-
staining was performed on the lung sections of AH/1-infected mice to identify (A) the
type Il alveolar epithelial cells, (B) type | alveolar epithelial cells, (C) macrophages and
(D) positive cleaved-caspase-3 staining cells that were viral antigen-positive. Scale
bars: 100 pm.

was observed (Fig. 2A); viral antigen-positive signals
and cleaved-caspase-3 staining were mainly detected
in the epithelial cells of the bronchus (Fig. 2B and
C). In the lungs of AH/1-inoculated mice, massive
bronchiolization of the alveoli, intra-alveolar aggre-
gates of macrophages and neutrophils, and perivas-
cular edema and inflammatory infiltration were ob-
served (Fig. 2D). Viral antigen-positive signals and
cleaved-caspase-3 staining were not only present in
the epithelial cells of the bronchus, but were also dif-
fusely present in the alveoli and inter-alveolar sep-
tal walls (Fig. 2E-G). The protein levels of activated
caspase-3 (cleaved-caspase-3) and the Gsdme-N
cleavage product in the lung samples from AH/1-
inoculated mice gradually increased over the days
of infection, but this pattern was not observed in
the samples from the PG/S1421-inoculated mice
(Fig. 2H).

Dual-staining analysis to identify the cell types
that were infected by the AH/1 virus revealed that
most of the viral antigen-positive cells were type II
alveolar epithelial cells (Fig. 3A), although a small
number of type I alveolar epithelial cells (Fig. 3B)
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and macrophages were also viral-antigen-positive
(Fig. 3C). Most of the cleaved-caspase-3 staining
cells were also viral-antigen-positive (Fig. 3D).

Alveolar epithelial cells undergo
GSDME-mediated pyroptosis
during the AH/1 virus infection

Since the activated caspase-3 was detected in
macrophages and alveolar epithelial cells in the
lungs of the AH/1-inoculated mice, we performed
a series of in vitro tests to identify the cells that
underwent pyroptosis during the AH/1 virus
infection.

We first compared the GSDME expression level
in different primary cells and cell lines, including
five kinds of human-origin cells [human primary
alveolar epithelial (HPAE) cells, human primary
type II alveolar epithelial (HPAE II) cells, and
CD14" monocytes, human alveolar epithelial cells
(cell line) (AS49), and macrophages (cell line)
(Thp-1)] and three kinds of mouse-origin cells [a
mouse alveolar epithelial cell line (Mlel2), mouse
primary macrophages (me) and mouse leukemic
monocyte macrophages (Raw264.7)]. We also gen-
erated and tested GSDME-knockout/knockdown
and GSDME-overexpressing cell lines, including
GSDME-deficient A549 cells (AS49-GSDME/—),
GSDME-overexpressing Raw264.7 cells (Raw-
GSDME/+) and GSDME knockdown HPAE
and HPAE 1I cells (HPAE-siGSDME and
HPAE II-siGSDME) (Fig. 4A). We found that
the GSDME expression in the HPAE cells, HPAE
II cells and A549 cells was notably higher than in
the CD14" monocytes and Thp-1 cells, and that
the GSDME expression in the Mlel2 cells was
notably higher than in the mo and Raw264.7 cells
(Fig. 4A). GSDME expression was not detectable
in the AS49-GSDME/ — cells and was detected at a
very low level in the HPAE-siGSDME and HPAE-
siGSDME cells, whereas it was highly expressed in
the Raw-GSDME/+ cells (Fig. 4A). These results
indicate that GSDME expression is more abundant
in alveolar epithelial cells than in macrophages.
Of note, GSDME expression in alveolar epithelial
cells in normal human lung sections was also
confirmed by IHC analysis (Supplementary Fig.
S2). We further confirmed that the protein levels
of the cleaved caspase-3 and the Gsdme-N in the
AH/1-inoculated alveolar epithelial cells gradually
increased over the time of infection (Fig. 4B).

We next investigated the morphological changes
of different types of cells after AH/1 infection. We
found that the four types of alveolar epithelial cells
and the GSDME-overexpressing macrophage Raw-
GSDME/+ cells swelled and blew bubbles from
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Figure 4. GSDME-mediated pyroptosis of different cells after H7N9 virus infection. (A) GSDME expression levels of different
cells. (B) Activation of caspase-3 and Gsdme-N in different alveolar epithelial cells after AH/1 infection. (C, D, G and K)
Different alveolar epithelial cells and (J and L) Raw-GSDME/+ cells undergo pyroptosis upon AH/1 infection, and their
manner of death is correlated with the abundance of cellular GSDME, as evidenced by (E, F and |) GSDME-deficient alveolar
epithelial cells and (H) Raw-vector cells undergoing apoptosis upon AH/1 infection. Static bright field cell images in panels
C to J were obtained using the Zeiss primovert microscope and processed using zen blue software. The time-lapse phase-
contrast and fluorescent images of cells in K and L were taken at the indicated timepoints after viral infection by using a
PerkinElmer UltraVIEW spinning disk confocal microscope and processed by using the Volocity software. Scale bar in K and

L:5 um.

the plasma membrane (Fig. 4C, D, G, J, K and
L; Supplementary Fig. S3A), showing typical py-
roptotic features that have been described previ-
ously [18,26]. In contrast, the GSDME knockout
and knockdown alveolar epithelial cells and the four
types of macrophages shrank, formed small frag-
ments and died mainly by apoptosis (Fig. 4E, F, H
and I; Supplementary Fig. S3B-D). These results in-
dicate that the morphological changes of these cells
were directly related to GSDME expression.

When cell membranes are damaged, lactate de-
hydrogenase (LDH), a soluble enzyme found in-
side every living cell, is released into the surround-
ing extracellular space; therefore, the presence of
LDH in culture medium is also used as a pyroptosis
marker [27]. LDH-release from the AH/1-infected
alveolar epithelial cells, including A549, HPAE and
HPAE II cells, was significantly higher than that from
their GSDME knockout or knockdown counter-
parts (Fig. SA-C),and LDH-release from the AH/1-
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infected Raw264.7 cells was significantly lower than
that from the AH/1-infected Raw-GSDME/+- cells
(Fig. SD).

Propidium iodide (PI) is a popular red-
fluorescent nuclear and chromosome counterstain.
Because PI is not permeant to live cells, it is
commonly used to detect pyroptotic cells in a pop-
ulation. We found that, 24 h after AH/1 infection,
the PI positive-stained populations of A549-vector
control cells and A549-GSDME/ — cells were 56.3%
and 9.7%, respectively (Fig. SE), and that the PI
positive-stained populations of Raw-vector control
cells and Raw-GSDME/+ cells were 26.4% and
67.5%, respectively (Fig. SF).

We further evaluated the replication of the
H7N9 virus in AS549-vector, AS49-GSDME/—,
Raw-vector and Raw-GSDME/+ cells, and found
that at 48 h after infection with AH/1 at a multiplic-
ity of infection (MOI) of 0.5, the viral titer in the
AS49-vector cells was significantly higher than that
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different cells after AH/1 infection. LDH release of different types of (A—C) alveolar
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ter the AH/1 infection. P

| permeant in different (E) A549 cells and (F) Raw246.7 cells

were measured 24 h after the AH/1 infection. a, p < 0.01 compared with the values
of their virus-infected control cell counterparts. All data are representative of three
independent experiments.

in the AS49-GSDME/— cells, and the viral titer
in Raw-GSDME/+ cells was significantly higher
than that in the Raw-vector cells, despite no signifi-
cant difference at earlier timepoints (Supplementary
Fig. $4).

These in vitro findings indicate that AH/1 virus
infection induces pyroptosis in alveolar epithelial
cells but apoptosis in macrophages, and that the
manner of death largely depends on the level of cel-
lular GSDME.

Gsdme knockout protects mice from an
H7N9 virus lethal infection

To further investigate the role of GSDME in the
pathogenesis of H7N9 virus infection in vivo, groups
of 28 Gsdme knockout (Gsdme™~) mice [22] and
their littermate wild-type B6 mice were intranasally
inoculated with 10%>° EIDs, of AH/1 virus. Five
mice in each group were euthanized on days 3 and
6 p.i, respectively, and their nasal turbinates and

Page 6 of 9

lungs were collected for virus titration in eggs. Eight
mice in each group were euthanized on day 6 p.i;
the lungs of three of these mice were collected for
pathologic study, and lung lavage samples from five
of the mice were collected for chemokine and cy-
tokine analysis. The remaining 10 mice in each group
were observed for body weight change and death
for 2 weeks. The viral titers in the nasal turbinates
and lungs of the Gsdme™/~mice were similar to those
of the wild-type mice on day 3 p.i, but were sig-
nificantly lower on day 6 p.i. (Fig. 6A). Pathologic
studies showed that the alveolar septal walls were
thickened due to increased numbers of lymphocytes,
macrophages and neutrophils in the lungs of the
wild-type mice, whereas only mild lymphoplasma-
cytic peribronchiolitis and perivasculitis were ob-
served in the lungs of the Gsdme™~ mice (Fig. 6B).
The levels of IL-1cr, IL-1, IL-6, IL-10, IL-12, IL-18,
G-CSF, KC, MCP-1 and MIP-1« in the lungs of the
wild-type mice were significantly higher than those
in the lungs of the Gsdme™/~ mice (Fig. 6C, Sup-
plementary Fig. SS). The wild-type mice lost nearly
30% of their body weight and died within 8 days p.i,,
whereas the Gsdme™~ mice lost 18% of their body
weight by day 8 p.i,, but gradually recovered and
all of them survived the 2-week observation period
(Fig. 6D and E). We repeated the lethality test with
10 mice in each group, and the combined data are
shown in Fig. 6D and E. These results indicate that
GSDME-mediated pyroptosis plays a key role in the
cytokine storm and lethal outcome of AH/1 virus in-
fection in mice.

We previously reported that some H7N9 viruses
isolated from poultry in 2017 obtained an insertion
of four amino acids in their hemagglutinin (HA)
cleavage site and were lethal in chickens [28]. Stud-
ies showed that these viruses readily obtained the
627K mutation in their PB2 upon replication in
ferrets or humans, causing them to become highly
lethal in mice and ferrets and to be transmitted ef-
ficiently in ferrets by respiratory droplet [28,29]. To
further confirm the effect of GSDME on the lethal-
ity of H7N9 virus infection, groups of 20 Gsdme™/~
mice and their littermate wild-type B6 mice were in-
oculated with a 10 50% mouse lethal dose (MLDy5)
(10*® EIDs() of the highly pathogenic H7N9 virus
CK/SD008-PB2/627K. Five mice in each group
were euthanized on days 3 and 6 p.i, respectively,
and their organs were collected for virus titration in
eggs. On day 3 p.i., the CK/SD008-PB2/627K virus
was detected in the nasal turbinates, lungs, brains
and spleens of both wild-type mice and Gsdme /-
mice, but the viral titers in the lungs and brains of the
Gsdme™/~ mice were significantly lower than those in
the wild-type mice (Fig. 6F); on day 6 p.i., the virus
was detected in the nasal turbinate, lungs, brains,



Natl Sci Rev, 2022, Vol. 9, nwab137

A on Day 3 p.i ‘ Day 6 p.i. B s D 1201
. -

2ol 3 FEE .
s |F P + %, 1001
e : 2
g’ | H
& | ®Widype | S 807
= 27 o Gsdme-- !
= ;

0 T T : T T 0T T T T T T
Nasal Lung Nasal Lung 0 2 4 6 81012 14
turbinate turbinate Days postinfection

E

300-_I. 100
— 80
E 6001
g g 60

a

£ 400 —I‘ =
3 5 + . ‘;’ +* 2 10
) a

2001 e = 201

IL-1 IL-18 KC MIP-1a 02 46 8101214
Days post-infection

F

81 Day 3 p.i | Day 6 p.i 120- 100
—_ b 0
£ 6-;-?’*‘% o, + 80
& ol LT g 10 £ 60
5 ! S =
g 4 - E g 2
2 . | % S 80 = 40
s 2 b ' . 2 °
s s . ; F . 20

. -t Hfr-ancan] s et .

T T T T T T T T T T R e T
> O S N N N N Y P\ 02 46 8 101214 02 46 8101214
%fi\(b\% N <& %‘}Q’ {\@Q %’i{b@' N <& %Q\% C@Q Days post-infection Days post-infection
N &

Figure 6. Replication and virulence of H7N9 viruses in wild-type B6 and Gsdme”~ mice. Groups of 28 wild-type B6 mice
and Gsdme knockout (Gsdme™~) mice were intranasally inoculated with 10 MLDsq of AH/1 virus. (A) Five mice in each group
were euthanized on days 3 and 6 p.i., respectively, and their nasal turbinates and lungs were collected for virus titration
in eggs. (B) The lungs of three mice in each group that were euthanized on day 6 p.i. were collected for pathologic study;
arrows indicate alveolar bronchiolization, arrowheads indicate perivasculitis. (C) Lung lavage samples from five mice from
each group were collected for chemokine and cytokine analysis. The remaining 10 mice in each group were used to eval-
uate lethality and their (D) body weight change and (E) death were observed for 2 weeks. We repeated the lethality study
one more time with groups of 10 mice, and the combined data are shown in D and E. (F-H) The replication and virulence
studies in wild-type B6 mice and Gsdme™~ mice were also repeated with another H7N9 virus (CK/SD008-PB2/627K). Data
in panels A, C, D, Fand G are means = standard deviation. Statistical analysis was performed by using the Student’s t-test.
a, p < 0.01 compared with the values of wild-type mice; b, p < 0.05 compared with the values of wild-type mice. Scale bar
in B: 200 wm.

spleens and kidneys of the wild-type mice, and in
the nasal turbinate, lungs and brains of the Gsdme™/~
mice, but the viral titers in the Gsdme™~ mice were
significantly lower than those in the wild-type mice
(Fig. 6F). Ten mice from each group were tested
for viral lethality and were observed for 2 weeks.
The wild-type mice started to lose weight on day
6 p.i. and all died within 11 days p.i,, whereas the
Gsdme™/~ mice experienced weight loss between day
6 p.i. and day 9 p.i, but then gradually regained
weight and all of them survived the 2-week obser-
vation period. We repeated the lethality test with
10 mice in each group, and the combined data are
shown in Fig. 6G and H). These results suggest that
GSDME-mediated pyroptosis is a common mecha-

DISCUSSION

In summary, we explored the underlying mechanism
of the cytokine storm and lethal infection caused by
H7NO9 viruses, and found that mammalian-adapted
H7N9 viruses can activate and switch caspase-
3-mediated apoptosis to pyroptosis in GSDME-
abundant alveolar epithelial cells. The GSDME-
mediated pyroptosis in alveolar epithelial cells and
cytosolic contents released from the ruptured alve-
olar epithelial cells triggered a cytokine storm to-
gether and contributed to the fatal outcomes in mice
infected with the H7N9 virus. Recent studies have
shown that a low level of tumor cell pyroptosis can
cause a robust immune response sufficient for im-

nism for the lethal outcome of mice infected with dif-
ferent H7N9 viruses.
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mune clearance of tumors in mice [30]. Indeed, ac-
tivation of the caspase-3-GSDME axis by granzyme
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B [31] or GSDMB by granzyme A [32] from cyto-
toxic lymphocytes serves as the effector mechanism
in antitumor immunity. Further, it is possible that
activation of GSDME in H7N9-infected cells by cy-
totoxic lymphocytes may also contribute to the cy-
tokine storm in vivo in addition to virus-induced di-
rect activation of GSDME in lung epithelial cells.

The ability of the H7N9 virus to activate
GSDME-associated pyroptosis in lung epithelium
varies among strains. Two strains (AH/1 and
CK/SD008-PB2/627K) killed mice by causing
GSDME-induced pyroptosis in lung epithelium,
whereas PG/S1421 did not activate this mechanism
in the lungs of mice and was avirulent in these ani-
mals. A previous study by Kong et al. demonstrated
that the single amino acid mutation of K627E in PB2
dramatically decreased the replication of the AH/1
virus in A549 cells [33]. PG/S1421 and AH/1 are
similar in their genome, differing by only a single
amino acid at position 627 in their PB2: PG/S1421
has 627E and AH/1 has 627K [14,33], suggesting
two possibilities for how GSDME-mediated pyrop-
tosis is activated by the virus. The first possibility is
that PB2 with 627K directly plays a role in activation
of GSDME-mediated pyroptosis. The second
possibility is that the 627E to 627K mutation in PB2
increases the polymerase activity that promotes the
replication of the H7N9 virus, and high viral loading
in the lung triggers the activation. The fact that
AS49 cells infected with 100 MOI of PG/S1421
underwent a similar degree of pyroptosis as cells
infected with 1 MOI of AH/1 (Supplementary
Fig. $6) supports the second scenario.

Moreover, the HSNI1 virus A/bar-headed
goose/Qinghai/3/2005 (BHG/3), which also
bears 627K in its PB2 and is highly lethal in mice
[34], induced a similar degree of pyroptosis in
AS549 cells and A549-GSDME/— cells (Supple-
mentary Fig. $7), and caused similar death patterns
in GSDME-knockout mice and wild-type mice
(Supplementary Fig. S8), demonstrating that the
death in mice caused by H5N1 virus BHG/3 is
not associated with GSDME-mediated pyroptosis
and that PB2 with 627K does not play a direct role
in the activation of GSDME-mediated pyroptosis.
These results also suggest that different subtypes of
influenza virus cause fatal infections via different
mechanisms, which is also supported by the previ-
ous observation that both HIN1 and H5N1 viruses
can induce autophagy in A549 cells, but only HSN1
virus infection can cause autophagic death in AS49
cells [35].

GSDME activation is a key factor in the death
of the host after H7N9 infection, suggesting that
any strategy designed to prevent the activation of
GSDME may alleviate the disease and improve the
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outcome of H7N9 virus infection. Our findings thus
open a new door for the development of antiviral
drugs against H7N9 virus infection.

MATERIALS AND METHODS

Detailed descriptions of materials and methods are
available as supplementary data at NSR online.
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