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ARTICLE INFO ABSTRACT

Keywords: Cytokine release syndrome, also called cytokine storm, could cause lung tissue damage, acute respiratory distress
TNF-o syndrome (ARDS) and even death during SARS-CoV-2 infection. However, the underlying mechanisms of
IF,N'ﬁ o cytokine storm still remain unknown. Among these cytokines, the function of TNF-a and type I IFNs especially
:;r(zvpizs‘:lthehal cells deserved further investigation. Here, we first found that TNF-a and IFN-f synergistically induced human airway
Pyroptosis epithelial cells BEAS-2B death. Mechanistically, the combination of TNF-a and IFN-f led to the activation of

caspase-8 and caspase-3, which initiated BEAS-2B apoptosis. The activated caspase-8 and caspase-3 could further
induce the cleavage and activation of gasdermin D (GSDMD) and gasdermin E (GSDME), which finally resulted in
pro-inflammatory pyroptosis. The knock-down of caspase-8 and caspase-3 could effectively block the activation
of GSDMD and GSDME, and then the death of BEAS-2B induced by TNF-a and IFN-f. In addition, pan-caspase
inhibitor Z-VAD-FMK (ZVAD) and necrosulfonamide (NSA) could inhibit BEAS-2B death induced by TNF-o
and IFN-f. Overall, our work revealed one possible mechanism that cytokine storm causes airway epithelial cells
(AECs) damage and ARDS. These results indicated that blocking TNF-a and IFN-B-mediated AECs death may be a

potential target to treat related viral infectious diseases, such as COVID-19.

1. Introduction

The ongoing global pandemic of coronavirus disease (COVID-19),
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) has caused 535,248,141 confirmed cases, including 6,313,229 deaths
(WHO, 2022). Characterization of histopathology and cellular locali-
zation of SARS-CoV-2 in the tissues of patients with fatal COVID-19
confirmed that SARS-CoV-2 mainly infected upper and lower airways
epithelial cells, type 2 pneumocytes, and endothelial cells, which
resulted in tracheobronchitis, diffuse alveolar damage (DAD) and
vascular injury. As the first defense line, airway epithelial cells were first
infected and attacked by SARS-CoV-2. So, respiratory mucosal ulcera-
tion and pathologic injury mixed with inflammatory cell infiltration
were the classic traits of COVID-19 (Borczuk et al., 2020; Martines et al.,
2020). However, the molecular mechanism employed by SARS-CoV-2 to

destroy respiratory mucosal epithelium still remains unclarified.

At present, plenty of evidence indicated that COVID-19 mainly was
fatal to elderly adults, which may be related to severe systemic elevation
of several pro-inflammatory cytokines and then induced cytokine storm
(Meftahi et al., 2020). Several studies reported that serum levels of
pro-inflammatory cytokines, such as IFN-a, IFN-y, IL-1f, IL-6, TNF-a,
GM-CSF, IP10, C-reactive protein (CRP) et al., were markedly increased
in patients with severe COVID-19 (Huang et al., 2020; Karki et al., 2021;
Meftahi et al., 2020; Wang et al., 2020). Among these cytokines, the
function of TNF-a and type I IFNs especially deserved further investi-
gation (Lee and Shin, 2020). TNF-a is an important inflammatory
cytokine, which promotes homeostasis by regulating inflammation, cell
proliferation, differentiation, survival, and death in response to infec-
tion (Chen and Goeddel, 2002; Walczak, 2011). In general, TNF-a in-
duces the formation of Complex I through its membrane receptor
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TNFR1, which activates NF-kB signaling and benefits cell survival (Silke,
2011). However, under certain conditions Complex I is dissociated to
form Complex II, which could lead to apoptosis by activating caspase-8,
or necroptosis mediated by RIPK3 (receptor-interacting protein kinase
3) and MLKL (mixed lineage kinase-like protein) (Pasparakis and Van-
denabeele, 2015). Excessive or continuous involvement of TNF-a during
infection, ischemia, or trauma could cause inflammatory disease, such as
SIRS (systematic inflammatory response syndrome), and during which
type I IFNs act as essential mediators in TNF-induced lethal inflamma-
tory shock, possibly by enhancing cell death and inducing chemokines
and WBCs (white blood cells) infiltration in tissues (Huys et al., 2009;
Tracey et al., 1986). Based on present studies, we hypothesized that
TNF-a and type I IFNs might mediate the destroy of respiratory mucosal
epithelium during COVID-19.

Here, we modeled the effect of pro-inflammatory cytokines on
human airway epithelial cells by culturing human airway epithelial cells
BEAS-2B under different combinations of cytokines and first reported
that TNF-a and IFN-f synergistically induced BEAS-2B death. Mecha-
nistically, the co-treatment of TNF-a and IFN-p triggered BEAS-2B death
by apoptotic and pyroptotic, not necroptotic pathway. In addition, pan-
caspase inhibitor Z-VAD-FMK (ZVAD) and necrosulfonamide (NSA)
could inhibit BEAS-2B death induced by TNF-a and IFN-B. Our findings
may provide new insight to treat related viral infection and diseases,
such as COVID-19.

2. Materials and methods
2.1. Cell culture

BEAS-2B, 16HBE, H1975, and HT29 cells were obtained from the
ATCC and routinely cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml) and streptomycin (100 pg/ml) in a 37 °C humidified incu-
bator containing 5% CO2. All the cell lines were validated by short
tandem repeat profiling analysis and were free of mycoplasma
contamination.

2.2. Reagents

The following reagents were used: TNF-a (T, Novoprotein, Fremont,
CA), IFN-B (Peprotech, Rocky Hill, NJ), IFN-y (Novoprotein, Fremont,
CA), Z-VAD-FMK (Z, ZVAD), Z-DEVD-FMK, Z-IETD-FMK, Smac-mimetic
(S), GSK-872 and necrosulfonamide (NSA). All small molecular chemical
compounds were provided by MCE, Shanghai, China. The compouds
ZVAD, Z-DEVD-FMK, Z-IETD-FMK, S, GSK-872 and NSA were used at
concentration of 20 pM, 20 pM, 10 pM, 100 nM, 10 pM and 5 pM,
respectively. Antibodies against Caspase-8, Caspase-3, PARP1, RIPK3,
PMLKL, MLKL, -Actin, and GAPDH were purchased from Cell Signaling
Technology, and antibodies against Caspase-1, GSDMD and GSDME
were obtained from Abcam.

2.3. Cellular viability and death assays

Cells were plated in a 96-well plate (4 x10* cells/ml) and treated
with different combinations of TNF-a and type I/II IFNs with or without
compounds for 72 h or TS for 3 h as indicated. Next, cell viability was
analyzed by the CellTiter-Glo Luminescent Cell Viability Assay kit
(Promega, Madison, WI), and cell death was determined by the Cyto-
toxicity LDH Assay kit (Dojindo, Kumamoto, Japan) according to the
manufacturer’s instructions. Luminescence and absorbance were
measured using a Microplate Reader (Bio-Rad, Hercules, CA). The re-
sults were shown as the ratio against the untreated control group,
respectively.

To directly observe cell death, cells plated in 96-well plates (4 x10%
cells/ml) were treated as mentioned above, and then stained with
Annexin V-FITC and PI (Sungene Biotech, Tianjin China), or nucleic acid
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dye SYTOX Green (Promega, Madison, WI) and DAPI (Sigma-Aldrich, St.
Louis, MO) according to the manufacturer’s instructions. To quantify the
difference between each group, the ratio of positive cells were analyzed
based on 10 high power fields (HPF, 200x).

2.4. Western blot analysis

After being treated as indicated, the cells were washed twice with
cold PBS buffer, scraped, and lysed with lysis buffer (100 ul RIPA lysis
buffer supplemented with protease and phosphatase inhibitors) to
extract the whole protein. Protein concentration was determined by BCA
Protein Assay Kit (Bio-rad) according to the manufacturer’s protocol.
Cell lysates were separated by electrophoresis on SDS- PAGE gel and
then transferred to PVDF (Millipore, Billerica, MA). The membranes
were blocked with 5% skimmed milk in phosphate buffer containing
0.1% Tween-20 (PBST) for 30 min at room temperature, and incubated
with primary antibodies specific for PARP1 (1:1000), Caspase-1
(1:1000), Caspase-8 (1:1000), Caspase-3 (1:1000), GSDME (1:1000),
GSDMD (1:1000), RIPK3 (1:1000), pMLKL (1:1000), MLKL (1:1000),
B-Actin(1:2000) or GAPDH (1:2000) at 4 °C overnight. After washed, the
membranes were incubated with HRP-conjugated secondary antibodies
at room temperature for 2 h, then detected using a chemiluminescence
signaling detection kit (CST, Beverly, MA).

2.5. Immunofluorescence

Cells were fixed with 4% paraformaldehyde and then permeated
with 0.3% Triton X-100. After blocking with 5% normal goat serum for
1 h, the cells were incubated with the primary antibody of active-
Caspase3 (Promega, Madison, WI) diluted at 1:300 overnight at 4 °C,
and then incubated with the Cy3-coupled secondary antibody (Abcam)
diluted at 1:500 for 1 h at room temperature and protected from light.
Cells were stained with DAPI according to the manufacturer’s in-
structions, and the staining results were recorded and analyzed with Cell
Imaging Multi-Mode Reader (BioTek, Winooski, VT).

2.6. Knock-down of caspase-8 and caspase-3

Gene-specific targeting oligos were cloned into the LentiCRISPR V2
vector (Addgene 52961), which was co-transfected with pMD2.G
(Addgene 12259) and psPAX2 (Addgene 12260) into 293 T cells to
produce lentiviruses. BEAS-2B were transduced with the viruses, and
then were selected with 0.5 pg/ml puromycin and/or 50 pg/ml
hygromycin. After two turns of selection, the pool cells were used for the
followed assay. The following targeting sequences were used. Caspase-8,
ATGATCAGACAGTATCCCCG and CAAATGAAAAGCAAACCTCG; Cas-
pase-3,

CAAGGAATGACATCTCGGTC and ATGTCGATGCAGCAAACCTC.

2.7. ELISA

The supernatant media derived from the untreated control, BEAS-2B
treated with TNF-a and IFN-f for 24 h and 48 h, were collected, and the
concentration of IL-1f in which was measured using a human IL-1§
ELISA kit (Neobioscience, Shenzhen, China), according to the in-
structions of the manufacturer.

2.8. Statistical analysis

All experiments were representative of three or more experiments.
GraphPad Prism version 9.0 software was used for graph formation and
data analysis. All quantitative data were shown as mean + SEM. Sta-
tistical significance was determined by t test (two-tailed) for two groups
or one-way ANOVA for three or more groups. Statistical significance was
determined with: *P < 0.05; * *P < 0.01; * **P < 0.001; * ** *P <
0.0001; ns, not significant.
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3. Results

3.1. TNF-a and IFN-§ synergistically affect airway epithelial cells growth
and death

To investigate which kind of cytokine affect airway epithelial cells
growth, we first treated human airway epithelial cells BEAS-2B with
different concentration of TNF-a, IFN-B, and IFN-y, respectively, and
found that all three kinds of cytokine had some degree of inhibitory
effect on cell growth, while the effect of IFN-p was the most significant
among the detected cytokines (Fig. 1A). Next, the different combina-
tions of three cytokines were used to treat BEAS-2B and we found that
the combination of TNF-a and IFN-f significantly reduced cell viability
and it seemed that IFN-y lack the synergic effect with TNF-a and IFN-§
(Fig. 1B). These results suggested that TNF-a and IFN-$ had a synergistic
effect on inhibiting cell growth. To further make sure the effect of
cytokine concentration on cell survival, BEAS-2B were then treated with
different concentration of TNF-o and IFN-f as indicated. The results
indicated that the concentration of TNF-« in 20 ng/ml & 40 ng/ml had
little difference on effect of cell survival, while the concentration of IFN-
f had dramatically effect on cell survival and the inhibitory effect was
concentration- dependent (Fig. 1C). So the concentration of all cytokines
we used in the following experiments was 20 ng/ml. Moreover, the
inhibitory effect of TNF-a and IFN-p was also time-dependent (Fig. 1D).

On the other hand, the morphology change of BEAS-2B treated with
TNF-a and IFN-p was observed and the characteristics of cell death
phenomena, including a reduction in the extent of cell-cell adherence
and the appearance of cellular debris, were very obvious (Fig. 2A). To
further understand the cell death, BEAS-2B treated with TNF-a and IFN-
B were stained with SYTOX Green/DAPI and a large number of
fluorescein-binding dying cells were observed when IFN-p was used
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alone, and more dying cells were observed when IFN-f was used in
combination with TNF-a (Fig. 2B). As shown in Fig. 2C, the percentage
of SYTOX Green positive cells were significantly higher in cytokines-
treated BEAS-2B than those in control. In addition, the LDH levels in
supernatant media were significantly increased after BEAS-2B was
treated with TNF-a and IFN-f (Fig. 2D), which further confirmed the
cytotoxic effect of TNF-a and IFN-B. These results indicated that cell
membrane damage and cell death had occurred in TNF-a and IFN-p co-
treated BEAS-2B. At the same time, TNF-a combined with IFN-f also
significantly reduced the survival of another two lung tissue-derived cell
lines 16HBE and H1975 cells (Fig. 2E). So it may be a common phe-
nomenon that TNF-a and IFN-f synergistically damage airway epithelial
cells. Taken together, these findings revealed that TNF-a enhances IFN-f
-induced airway epithelial cells death.

3.2. TNF-a and IFN-$ induced apoptosis of BEAS-2B

To understand how TNF-a and IFN-$ induce cell death in BEAS-2B,
special compound inhibitors including broad-spectrum caspase inhibi-
tor ZVAD, RIPK3 inhibitor GSK-872, and MLKL inhibitor NSA, were first
used to identify possible programmed cell death pathway. The results
indicated that both ZVAD and NSA, not GSK-872, could partially inhibit
TNF-a/IFN-B-induced cell death (Fig. 3A), which prompted that BEAS-
2B might happen apoptosis and necroptosis after treatment with TNF-
o and IFN-f. The appearance of Annexin V-FITC/PI double-positive cells
after co-treatment with TNF-o and IFN-§ further intensified our hy-
pothesis (Fig. 3B). To confirm the apoptosis of BEAS-2B treated with
TNF-a and IFN-B, the activation of caspase-3 was first detected by
immunofluorescence staining and the activated caspase-3 was observed
when IFN-$ was used alone, and the activation of caspase-3 was more
pronounced when TNF-« was combined with IFN-p (Fig. 3C&D), which

* %k %k %k Fig. 1. TNF-a and IFN-B synergistically
inhibit human airway epithelial cells
growth. The cell viability of BEAS-2B
was detected after cells were treated
with different concentration of TNF-a,
IFN-B, and IFN-y as indicated for 72 h
(A), different combinations of TNF-a,
- IFN-p and IFN-y (20 ng/ml of each
cytokine) for 72h (B), different con-
centrations of IFN-p as indicated for

ok % %k %k

* % * ns

50 72 h under two concentrations of TNF-a

(C), TNF-a and IFN-$ (20 ng/ml of each
cytokine) for 24, 48 and 72 h, respec-
tively (D). The results are representative

I of at least three separate experiments.
> RA R AN
&‘o \\QpQ‘\QQ‘; Q‘\QQ‘; o {\ll data arffhown as mean + SEM.
XN XXX *p <0.05, * *p <0.01, * ** p < 0.001,
\gp‘{(p« R * %% % p < 0.0001, ns, not significant.
ASTAY N All analysis was performed using the
«e one-way ANOVA.
* kKK

T T T
0 24 48 72

Time (h)



R. Sun et al.

A

SYTOX Green

SYTOX Green (%)

Control

ns
100~ **
*
80
60
40-
20
0 | 1 1
% %
& «“&, «‘“& A
[9) N ,o\\
&

IFN-B

- -
o (%
1 |

LDH Release (%)
e
(3]
1

100 pm

=)
l

Molecular Immunology 153 (2023) 160-169

TNF-a/IFN-B

TNF-a/IFN-B

100 pm

* % E
1507 wm 16HBE == H1975
Q % %k % % %k %k
;100- e
g
8
z 50
7]
(&)
. . 0- T T
N AN
S o ) * & \;Sz & ‘\ﬁ
& &« &«
& & < & & &
«° & &
«\; A A

Fig. 2. TNF-a and IFN- synergistically induce human airway epithelial cells death. (A) Representative light microscopy images of BEAS-2B after cells were treated
with IFN-p alone or combined with TNF-a for 72 h. The typical dead cells were marked with arrow. (B) Representative fluorescence microscope images of BEAS-2B
after cells were treated with IFN-B alone or combined with TNF-« for 72 h, and TS for 3 h. Green fluorescence represented dead cells and blue fluorescence rep-
resented total cells. Scale bar, 100 um. (C) The difference of SYTOX Green-positive cells between control and treated groups were quantified. (D) The LDH released
from cells was measured after BEAS-2B cells were treated as indicated for 72 h. (E) The cell viability was detected after 16HBE and H1975 cells were treated with
TNF-a and IFN-p for 72 h, respectively. The results are representative of at least three separate experiments. Data are shown as mean + SEM (C-E). * *p < 0.01,
* %% p < 0.001, ns, not significant. Analysis was performed using the one-way ANOVA (C&D) or the t test (E).
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of activated caspase-3 between control and treated groups were quantified. (E) The cleavage and activation of caspase-8, caspase-3, and PARP1 were analyzed by
western blot after BEAS-2B was treated as indicated for 24 and 48 h, respectively. (F) The cell death pathways of BEAS-2B induced by TS and TNF-o/IFN-p were
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indicated that TNF-a and IFN-§ synergistically induced apoptosis in
BEAS-2B. Then, the western blot was used to further confirm the
occurrence of apoptosis in BEAS-2B, the results indicated that caspase-8,
caspase-3, and PARP1 were activated in both IFN-p and TNF-a/IFN-f
treated cells and the activation of these effector molecules showed
dramatically time-dependent. Moreover, IFN-p combined with TNF-«
could more effectively activate caspase-8, caspase-3, and PARP1
compared to IFN-p alone, and ZVAD could inhibit the activation of these
effector molecules induced by TNF-a and IFN-f (Fig. 3E). So, it could be
concluded that apoptosis was truly occurred in BEAS-2B after treatment
with TNF-a and IFN-f.

In addition, the broad-spectrum caspase inhibitor ZVAD, caspase-3
inhibitor Z-DEVD-FMK and caspase-8 inhibitor Z-IETD-FMK were used
to explore whether TNF-a and IFN-f induced other forms of cell death
pathways besides apoptosis by comparing cell survival of BEAS-2B after
treatment with TNF-a/IFN-B for 72 h and TNF-a/Smac-mimetic (T/S)
for 24 h, respectively. The results indicated that caspase inhibitors could
almost completely inhibit T/S-induced cell death, but not TNF-o/IFN-
pB-induced cell death, suggesting that the cell death pathways induced by
T/S and TNF-o/IFN-f were not completely same, and TNF-a/IFN-$
should also induce other form of cell death besides apoptosis (Fig. 3F).

Molecular Immunology 153 (2023) 160-169
3.3. TNF-a and IFN-$ could not induce necroptosis of BEAS-2B

To investigate whether TNF-a and IFN-B could induce necroptosis of
BEAS-2B, GSK-872 (RIPK3 inhibitor), and NSA (MLKL inhibitor) were
used to inhibit TNF-o/IFN-B-induced cell death under the condition that
caspase-8 activity was blocked with ZVAD. The results indicated that
NSA, not GSK-872, could partially inhibit TNF-o/IFN-p-induced cell
death when caspase-8 activity was deficient, which was also intensified
by the immunofluorescence staining results (Fig. 4A-C). But because
GSK-872 and NSA did not consistently function inhibitory effect on cell
death compared to control treated with TNF-a and IFN-p (Fig. 4A),
whether TNF-a and IFN-f synergistically induced necroptosis of BEAS-
2B deserved further investigation. First, the phosphorylated and total
MLKL (executor of necroptosis) were detected and the results indicated
that IFN-B and TNF-o/IFN-f just increased the expression of MLKL, and
all combinational treatment did not induce phosphorylated MLKL in
BEAS-2B (Fig. 4D). Secondly, the expression of RIPK3 was then detected,
and the result indicated that RIPK3 was not expressed in BEAS-2B
though it was expressed in HT29 (Fig. 4E). In general, the phosphory-
lation and activation of MLKL occur downstream of activation of protein
kinases RIPK3, one key effect molecule of necroptosis, during happening
of necroptosis (Pasparakis and Vandenabeele, 2015). Together, these
findings explained why activated MLKL was deficient in
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TNF-o/IFN-p-treated BEAS-2B and demonstrated that TNF-a and IFN-f 3.4. TNF-a and IFN-p induced pyroptosis of BEAS-2B by activating
did not induce necroptosis of BEAS-2B. GSDMD and GSDME

Pyroptosis is one form of pro-inflammatory cell death pathway and
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Fig. 5. TNF-a and IFN-p synergistically induce BEAS-2B death in a manner similar to pyroptosis. (A&B) Representative light and fluorescence microscopy images of
BEAS-2B after treated with TNF-a and IFN-f for 72 h. The green fluorescence indicates Annexin V-FITC positive. Scale bar, 100 um. (C) The concentration of IL-1p in
supernatant media was assayed by ELISA, after BEAS-2B were treated with TNF-a and IFN-B. (D) The cleaved and full length fragment of caspase-1 was assayed by
western blot, after BEAS-2B were treated as indicated. The cell viability (E) and LDH release (F) of BEAS-2B were determined after cells were treated as indicated for
72 h. The results are representative of at least three separate experiments. Data are shown as mean + SEM. *p < 0.05, **p <0.01, ***p < 0.001,
* %% % p < 0.0001, ns, not significant. Analysis was performed using the one-way ANOVA.
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depends on caspase-mediated cleavage and activation of gasdermin
family proteins (GSDMs), which eventually leads to cell membrane
rupture and the release of cytoplasmic contents, such as IL-1f. During
the processing of pyroptosis, cells commonly show typical morpholog-
ical changes, including plasma membrane swelling and bubble-like
bulging. It was amazing that the typical morphological characteristics
of pyroptotic cells also appeared in TNF-o/IFN-p-treated BEAS-2B
(Fig. 5SA&B). At the same time, there existed the release of IL-1§ after
BEAS-2B were treated with TNF-a and IFN-p (Fig. 5C). It was reported
that activated caspase-1, caspase-8 and caspase-3 could initiate pyrop-
tosis by cleaving GSDMD and GSDME, respectively (Sarhan et al., 2018;
Wang et al., 2017). So the activation of caspase-1 was first detected, the
results indicated that TNF-a and IFN-$ did not induce the activation of
caspase-1 in BEAS-2B (Fig. 5D). To confirm whether TNF-a and IFN-f
could induce pyroptosis of BEAS-2B by caspase-3/8-mediated pathway,
caspase-3 inhibitor Z-DEVD-FMK and caspase-8 inhibitor Z-IETD-FMK
with or without NSA were used to block cell death induced by TNF-a and
IFN-B, the results indicated that combination of caspase-3 inhibitor and
caspase-8 inhibitor could partially improve cell survival and reduce LDH
release (Fig. SE&F). Because of the possible off-target effect of small
molecular inhibitor, and to further identify the activation role of
caspase-8 and caspase-3 on GSDMD and GSDME, the expression of
caspase-8 and caspase-3 were separately or simultaneously knocked
down (Fig. 6A&B). The expression decline of caspase-8 and caspase-3
obviously relieved the cytotoxic effect of TNF-a and IFN-p on BEAS-2B
(Fig. 6C), and correspondingly caused the decline of activated GSDMD
and GSDME (Fig. 6D&E).

To further investigate whether ZVAD and NSA could co-operate to
block the cytotoxic effect of TNF-a and IFN-f on BEAS-2B, the expression
and activation of GSDMD and GSDME were first examined, and the re-
sults indicated that ZVAD could obviously decline the cytotoxic cutting-
fragment of GSDMD and GSDME induced by TNF-a and IFN-f (Fig. 7A).
NSA could co-operate with ZVAD to inhibit the activation of GSDMD and
GSDME by non-directly blocking the activation of caspase-8 and
caspase-3 (Fig. 7B-D). On the other hand, when the activation of
caspase-8 and caspase-3 induced by TNF-a and IFN-f were inhibited by
ZVAD, the activation of GSDMD and GSDME were correspondingly
attenuated (Fig. 7D). Taken together, these results indicated that TNF-a
and IFN-$ induced the cleavage and activation of GSDMD and GSDME in
BEAS-2B cells by activating caspase-8 and caspase-3, which finally
resulted in the happening of pyroptosis, and ZVAD and NSA could co-
operate to block this cytotoxic effect of TNF-a and IFN-f.
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4. Discussion

Present reports have shown that cytokine storm rather than a direct
damage effect of the virus itself plays a key important role in pneumonia,
ARDS and multi-organ dysfunction caused by SARS-CoV-2 infection
(Lucas et al., 2020; Mehta et al.,, 2020). However, the concrete
pro-inflammatory cytokines those played a determinant role in
COVID-19 still remain incompletely clear. At the same time, different
cytokines may function different role in inducing different forms of cell
death and tissue damage. For example, the combination of TNF-a and
IFN-y could induce inflammatory cell macrophage death, and then
inflammation, tissue and organ damage (Karki et al., 2021). Type I IFNs
could restrict SARS-CoV-2 infection of human airway epithelial cultures,
but it seems that type I IFNs also exacerbated TNF-a and IL-1-drived
inflammation in the progression to severe COVID-19 (Lee et al., 2020;
Vanderheiden et al., 2020). Furthermore, type I IFNs could disrupt lung
epithelial repair during recovery from influenza viral infection by
directly reducing p53-mediated epithelial proliferation and differentia-
tion (Major et al., 2020). These reports indicated that the effect of type I
IFNs on airway epithelial cells was complex and the related molecular
mechanism was not completely clear.

Our study first suggested that IFN-f could inhibit proliferation and
induce death of human airway epithelial cells BEAS-2B, and TNF-o
exacerbated this effect (Fig. 1&2). The morphological change of cells
and release of a large amount of LDH indicated that BEAS-2B treated
with TNF-a and IFN-$ might undergo not only non-proinflammatory cell
death but also pro-inflammatory cell death (Fig. 2). It was reported that
the combinations of TNF-a and type I IFNs signaling pathways mediated
the co-occurrence of apoptosis and necroptosis, leading to perinatal
death in RIPK1-deficient mice (Kaiser et al., 2014). Next, we made sure
whether the combination of TNF-a and IFN- could induce apoptosis and
necroptosis in BEAS-2B and found that broad-spectrum caspase inhibitor
ZVAD and NSA, not RIPK3 inhibitor GSK-872, could block cell death
induced by TNF-a and IFN-B, respectively (Fig. 3A). The Annexin V-FITC
was positive and a large amount of activated caspase-3 was detected in
BEAS-2B treated with TNF-a and IFN-$, which confirmed the occurrence
of apoptosis, but could not confirm whether there was an occurrence of
necroptosis in this progression (Fig. 3B-D). Moreover, as we traced
further, the activated fragments of caspase-8, caspase-3, and PARP1
were detected, and the specific compound inhibitors blocked the acti-
vation of these effector molecules, all these results proved the occur-
rence of apoptosis in BEAS-2B treated with TNF-a and IFN-$ (Fig. 3E).
Interestingly, the death of BEAS-2B induced by TNF-a and IFN-$ could
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Fig. 7. TNF-a and IFN-p synergistically induce pyroptosis of BEAS-2B by activating both GSDMD and GSDME. (A&D) The cleavage and activation of caspase-8,
caspase-3, PARP1, GSDMD and GSDME were analyzed by western blot after BEAS2B were treated as indicated for 24 and 48 h, respectively. (B) The fluores-
cence microscope images of BEAS-2B after cells were treated as indicated for 72 h. The red fluorescence indicates activated caspase-3 and the blue fluorescence
indicates total cells. (C) The difference of activated caspase-3 between control and treated groups were quantified. Scale bar, 100 um. The results are representative of
at least three separate experiments. Data are shown as mean + SEM. * * p < 0.01. Analysis was performed using the one-way ANOVA.

not be completely blocked by caspase inhibitors, compared to the cell
death induced by TS, which almost were completely blocked by these
inhibitors (Fig. 3F). These results prompted that TNF-o and IFN-f§ might
induce other forms of cell death pathways besides apoptosis.

The cascade of necroptotic signals initiated by TNF-a is usually
activated in the absence of caspase-8 activity and executed by RIPK3-
phosphorylated MLKL (He et al., 2009; Sun et al., 2012). In our study,
specific inhibitors were used to confirm whether TNF-a and IFN- could
synergistically trigger BEAS-2B necroptosis in the condition that
caspase-8 activity was blocked by ZVAD. The results indicated that
ZVAD did not intensify BEAS-2B death induced by TNF-a and IFN-B, as
expected, and NSA, not RIPK-3 inhibitor GSK-872, blocked the cytotoxic
effect of TNF-a and IFN-$ when the enzymatic activity of caspase-8 was
blocked with ZVAD, which prompted that it seemed that there was no
necroptosis happening in TNF-o and IFN-p treated BEAS-2B (Fig. 4A-C).
The western blot results further confirmed that co-treatment of TNF-a
and IFN-f could not activate MLKL by phosphorylation, but promote the
expression of MLKL (Fig. 4D). The function of increased MLKL in
BEAS-2B induced by TNF-a and IFN-f deserved further investigation in
the future. Given that the activation of MLKL is dependent on the
expression and phosphorylation of RIPK3 (Pasparakis and Vandena-
beele, 2015), the expression of RIPK3 in BEAS-2B was detected by
western blot. The results indicated that BEAS-2B did not express RIPK3
(Fig. 4E), which might explain why TNF-a and IFN-f could not induce
BEAS-2B to undergo necroptosis. Generally speaking, cancer cells do not
express RIPK3 due to genomic methylation near its transcriptional start
site, thus RIPK3-dependent activation of MLKL and downstream nec-
roptosis are largely blocked in cancer cells (Fukasawa et al., 2006; Koo
et al., 2015). According to our knowledge, it was seldom reported that
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normal tissue-derived cells did not express RIPK3. So the physiological
function and related mechanism of RIPK3 silencing in normal cells, such
as airway epithelial cells, deserve further investigation.

Pyroptosis is another form of proinflammatory cell death pathway
initiated by activated caspases and characterized by increased release of
LDH and IL-1, and the presence of PI-positive cells and bubbles in the
cell membrane of dying cells (Li et al., 2018; Wang et al., 2017). All these
features of pyroptosis were found in TNF-a and IFN-f} treated BEAS-2B in
our experiment, except activation of caspase-1 (Figs. 2D, 3B, 5A-D). The
combination of special inhibitors of caspase-8 and caspase-3 could
partially improve the cells survival and reduce the release of LDH from
BEAS-2B treated with TNF-a and IFN-p (Fig. 5E&F), which might be
related to that caspase-8 and caspase-3 could initiate pyroptosis by
activating GSDMD and GSDME (Sarhan et al., 2018; Wang et al., 2017).
The decrease of activeated GSDMD and GSDME induced by TNF-a and
IFN-B, and of the inhibitory effect of TNF-a and IFN-f on cell viability
provided more direct support about this view, after the expression of
caspase-8 and caspase-3 were knocked down in BEAS-2B (Fig. 6). The
western blot results further confirmed that GSDMD and GSDME were
cleaved into active fragments with the elongation of treatment time
(Fig. 7A). At the same time, ZVAD could inhibit the activation of
caspase-8 and caspase-3, and then the activation of GSDMD and GSDME,
NSA had the inhibitory co-effect on the activation of GSDMD and
GSDME with ZVAD (Fig. 7B-D). All these data indicated that there
existed pyroptosis in TNF-a and IFN-f-treated BEAS-2B. In addition, NSA
could not obviously block the activation of GSDMD and GSDME, but
could inhibit TNF-a and IFN-p-induced BEAS-2B death alone or in
combination with ZVAD (Figs. 3A, 4A, 7 D), which might be related to
that NSA could directly bind Cys191 of activated GSDMD to inhibit its
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oligomerization and the occurrence of pyroptosis (Rathkey et al., 2018).

Generally speaking, pyroptosis is triggered by the assembly and
activation of inflammasomes and induced by inflammatory caspases,
such as caspase-1/4/5 (Van Opdenbosch and Lamkanfi, 2019). Recently,
it was reported that apoptotic casapse-8 and casapse-3 could also induce
pyroptosis by cleaving GSDMD and GSDME, respectively (Sarhan et al.,
2018; Wang et al., 2017) and our results also confirmed this conclusion.
During pyroptosis, the cytokines and pathogens released from infected
cells could recruit and activate immune cells to the site of infection,
ultimately helping the host defend against invading pathogens. But the
rapidly increased cytokines might also contribute to tissue damage and
inflammatory disease (Man et al., 2017; Mandal et al., 2018). The
function of IFN-B, which inhibited the replication of SARS-CoV-2 in
airway epithelial cells on the one hand, and combined with TNF-« to
induce airway epithelial cells death on the other hand, might reflect the
double-edged sword feature of pyroptosis.

In conclusion, we first reported that the combination of TNF-a and
IFN-p could induce airway epithelial cells BEAS-2B death. Furthermore,
TNF-o and IFN-f mainly activated caspases-mediated apoptosis and
GSDMs-mediated pyroptosis. At the same time, inhibiting activation of
caspases and activity of GSDMs could block BEAS-2B death induced by
TNF-a and IFN-f. These would provide insight for further elucidating the
pathogenesis of COVID-19, and the development of targeted therapy for
related viral infectious diseases.
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