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Virus-induced cell death is a key contributor to COVID-19 pathology. Cell death induced by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is well studied in myeloid cells but less in its primary host cell type,
angiotensin-converting enzyme 2 (ACE2)-expressing human airway epithelia (HAE). SARS-CoV-2 induces apopto-
sis, necroptosis, and pyroptosis in HAE organotypic cultures. Single-cell and limiting-dilution analysis revealed that
necroptosis is the primary cell death event in infected cells, whereas uninfected bystanders undergo apoptosis, and
pyroptosis occurs later during infection. Mechanistically, necroptosis is induced by viral Z-RNA binding to Z-DNA-
binding protein 1 (ZBP1) in HAE and lung tissues from patients with COVID-19. The Delta (B.1.617.2) variant, which
causes more severe disease than Omicron (B1.1.529) in humans, is associated with orders of magnitude-greater
Z-RNA/ZBP1 interactions, necroptosis, and disease severity in animal models. Thus, Delta induces robust ZBP1-

mediated necroptosis and more disease severity.

INTRODUCTION

Severe COVID-19 is typified by elevated inflammatory cytokines in
patient serum (I-3) and occurs more frequently with specific variants
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(4, 5). Cell death is one cellular process that contributes to COVID-19
disease severity (6). Lactate dehydrogenase (LDH), a protein released
during lytic cell death, is elevated in severe cases of COVID-19 and
highest in fatal COVID-19 cases (7, 8). Thus, understanding how
SARS-CoV-2 causes cell death is essential to understand the patho-
genic processes underlying severe COVID-19.

Several cell death responses to SARS-CoV-2 infection have been
described and encompass all three major cell death pathways: apop-
tosis, necroptosis, and pyroptosis (9-13). Much of this work focused
on myeloid cell types, which mediate robust inflammation during
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infection but are not the primary sites of SARS-CoV-2 replication. A
phenomenon described in myeloid cells during SARS-CoV-2 infec-
tion is a hybrid form of all three major cell death pathways: pyropto-
sis, apoptosis, and necroptosis, also known as PANoptosis (6, 14).
PANoptosis describes a condition where all cell death pathways are
activated simultaneously within a single cell in response to infection
or other forms of cellular injury. This process is thought to be nucle-
ated through the assembly of a complex known as a PANoptosome
that includes proteins involved in all three cell death pathways, and
loss of any singular protein involved in these pathways does not im-
pede the cell death response (15). Initiation of PANoptosis is thought
to engage the effector proteins of apoptosis, necroptosis, and pyrop-
tosis at the same time in the same cell to cause cellular lysis.

Several effector proteins are known to mediate cell death. Execu-
tion of apoptosis and pyroptosis relies on activation of proteases
called caspases. This includes nonlytic cell death caused by classical
apoptosis or lytic cell death, known as pyroptosis, which occurs via
cleavage of one of the six gasdermin (GSDM) proteins (16). GSDM
cleavage by caspases prompts GSDM oligomerization to form pores
within membranes, including the plasma membrane, to precipitate lytic
pyroptosis (17). The best-studied GSDM is gasdermin D (GSDMD),
which can be cleaved by caspase-1 and caspase-4/5 (in humans) and
caspase-11 (in mice) to facilitate inflammasome-mediated pyroptosis
(18). Another GSDM family member is GSDME, which converts classi-
cal apoptosis to pyroptosis after cleavage by caspase-3 upon its expres-
sion (19). Instead of caspases, execution of necroptotic cell death relies
on mixed lineage kinase domain-like pseudokinase (MLKL), through
which it forms a pore in the plasma membrane after its phosphorylation
to drive cellular lysis (20, 21).

SARS-CoV-2 preferentially infects cells expressing angiotensin-
converting enzyme 2 (ACE2), a major cellular receptor for SARS-
CoV-2 entry that is bound by its spike (S) protein (22, 23). Thus, the
elucidation of the cell death response that occurs in ACE2-expressing
human airway epithelial cells (HAECs) infected with SARS-CoV-2
is important because these are the primary cell type in which the
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virus replicates. A study of human airway cells found that NLRP1
[nucleotide-binding domain (NBD) leucine-rich repeat (LRR)-
containing protein (NLR) with a pyrin domain (PYD) 1] acts as an
inflammasome sensor during SARS-CoV-2 infection, but the viral
nonstructural protein 5 (NSP5) protease degrades GSDMD, leading
to the activation of an alternate GSDME-mediated pyroptotic cell
death pathway (12). NSP5 inactivation of GSDMD was confirmed in
a second study using cell lines (24). As described above, one compli-
cation is that activation of a given cell death pathway, such as apop-
tosis, can lead to phenotypes not typically attributed to that pathway,
such as apoptotic caspase cleavage of GSDME leading to pyroptosis
(25) or caspase-11 cleavage of GSDMD leading to cell death associ-
ated with the formation of neutrophil extracellular traps (26, 27). In
addition, in vivo activating mutations in cell death executioner pro-
teins cause plasticity within the cell death response (28), suggesting
that cells take context-dependent avenues to death under pressure.
SARS-CoV-2 is such a pressure in the cells in which it replicates.
SARS-CoV-2 replication manipulates the normal functions of its
host cell, which leads to cytopathic effects (CPEs) and the depletion
of cellular resources (29-31), creating the need for cell death in a
virally hijacked cellular environment. With this in mind, how a patho-
gen initiates cell death may be heavily dependent on the system used
given the plasticity in the response. Thus, conclusions about how a
pathogen causes cell death require corroborating evidence in multiple
systems. With these considerations, we describe the acute cell death
response to SARS-CoV-2 replication in its ACE2-expressing host cells
in the airway epithelium, analyzing this response on the single-cell
level to pinpoint a specific mechanism of SARS-CoV-2-mediated cell
death and corroborating these findings across multiple model sys-
tems, including primary organotypic cell culture, murine animal
models, and patients with COVID-19.

RESULTS

Necroptosis, apoptosis, and GSDME-mediated pyroptosis
are activated in human lung epithelial cells

First, we investigated the cell death response to SARS-CoV-2 infection
in bulk culture in the lung epithelial cell line A549 stably expressing
ACE2 (A549-ACE2), a system previously reported to support SARS-
CoV-2 replication (32). We infected these cells with SARS-CoV-2 ata
multiplicity of infection (MOI) of 0.5 and observed increased viral
RNA expression over time by measuring SARS-CoV-2 nucleocapsid
(N) RNA transcripts by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) (Fig. 1A). Next, we assessed lytic cell death
by measuring LDH release into the supernatant (Fig. 1B). LDH release
induced by SARS-CoV-2 infection began at 48 hours postinfection
(HPI) and progressively increased through 96 HPI. Correspondingly,
we detected the necroptotic proteins receptor-interacting protein
kinase 1 (RIPK1), RIPK3, and MLKL at the protein level (Fig. 1C)
and observed phosphorylation of these proteins by Western blot,
most prominently phosphorylation of MLKL by 24 HPI, indicating
active necroptosis (Fig. 1C and fig. S1, A to F). We observed transcrip-
tional up-regulation of a gene implicated in both apoptosis and
necroptosis (33), RIPK1, and genes specific to necroptosis, RIPK3 and
MLKL, after SARS-CoV?2 infection (Fig. 1, D to F). Outside of the
necroptosis pathway, we detected cleavage of caspase-3, an apoptotic
executioner caspase, at these time points (Fig. 1G and fig. S1G). In
addition, we observed modest GSDME cleavage, but this response
was delayed in comparison with phosphorylation of necroptotic
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proteins and only observed late in infection (Fig. 1G). To assess acti-
vation of the inflammasome, an executioner of pyroptotic cell death
(34), we assayed for GSDMD cleavage in A549-ACE2 cells after
SARS-CoV-2 infection or after treatment with the triacylated lipopep-
tide Pam3CysSerLys4 (Pam3-CSK4) followed by stimulation with the
dipeptidyl peptidase inhibitor talabostat to stimulate the NLRP1 in-
flammasome. GSDMD was not detected, which was expected because
it was reported previously that the SARS-CoV-2 NSP5 protease de-
grades GSDMD (fig. S1H) (12, 24). Similarly, release of interleukin-1f
(IL-1B), another readout of inflammasome-mediated pyroptosis, was
not detected in A549-ACE2 after infection (Fig. 1H) or after stimula-
tion with Pam3-CSK4 and talabostat (fig. S1I). However, primary
human airway epithelia (HAE) have the capacity to activate the in-
flammasome (fig. S1I) (35), and stimulation of the NLRP1 inflamma-
some with Pam3-CSK4 and talabostat in HAE resulted in IL-1f release
(Fig. 1H). Together, these data indicate that SARS-CoV-2 infection
primarily induces lytic cell death and activates proteins involved in
necroptosis and apoptosis. Although we observed GSDME cleavage,
a mediator of pyroptotic cell death activated by apoptotic caspases
(25), this occurred after MLKL phosphorylation and caspase-3 cleav-
age at 96 HPI. Thus, GSDME-mediated pyroptotic cell death is a later
event in A549-ACE2 cells.

A549-ACE2 cells grow quickly and are amenable to genetic ma-
nipulation, but these immortalized cell lines are transformed and
may lack specific cell death pathways. To test a more physiologically
relevant system, we assessed the cell death response to SARS-CoV-2
infection in primary, well-differentiated HAE cultures grown in an
air-liquid interface (ALI). Derived from human bronchial tissue,
this well-studied organotypic culture system mimics the polarized
pseudostratified epithelium of the human airway after a 30-day dif-
ferentiation period (36). However, a caveat of these primary cultures
is inherent variability between human donors, which is likely due, in
part, to genetic, age, and health status differences. A previous study
demonstrated that SARS-CoV-2 replicates in the ciliated cells in
these HAE cultures (37). HAE in culture for two or fewer passages
supported productive SARS-CoV-2 replication, showing increased
viral RNA expression in cell lysates (Fig. 2A). Similar to A549-ACE2
cells, significant LDH release was detected in HAE cultures after
SARS-CoV-2 infection (Fig. 2B: mock versus 72 HPI, P value: 0.0483;
mock versus 96 HPI, P value: 0.005). Phosphorylated MLKL (pMLKL),
pRIPK1, and pRIPK3 were observed in HAE cultures beginning at
48 HPI, indicating active necroptosis, with enrichment of pMLKL
being consistent between different HAE donors (Fig. 2C and fig. S1,
J to L). Likewise, MLKL protein expression increased in all HAE
donors, whereas RIPK1 and RIPK3 expression varied (Fig. 2C and
fig. S1, M to O). This was accompanied by significant transcription-
al up-regulation of RIPK1 and MLKL (Fig. 2, D to F; Fig. 2D: mock
versus 72 HPIL, P value: 0.0113; mock versus 96 HPI, P value: 0.0376;
Fig. 2E: mock versus 96 HPI, P value: 0.0383; Fig. 2F: mock versus
72 HPI, P value: <0.0001; mock versus 96 HPI, P value: <0.0001).
Similar to A549-ACE2 cells, caspase-3 cleavage was detected in
SARS-CoV-2-infected HAE at 72 HPI (Fig. 2G and fig. S1P), where-
as the GSDME cleavage observed was modest and varied between
different HAE donor samples tested (Fig. 2G and fig. S2A). Only
one of the five HAE donors tested showed convincing but modest
GSDME cleavage (Fig. 2G), whereas the others had little to no
GSDME cleavage (fig. S2A). We stimulated the NLRP1 inflamma-
some in these cultures as a positive control, leading to GSDMD
cleavage (Fig. 2H, rightmost lane), IL-1 secretion (Fig. 2I), and ASC
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Fig. 1. SARS-CoV-2 infection activates necroptosis and apoptosis but not pyroptosis in A549-ACE2 cells. A549-ACE2 cells were infected with the SARS-CoV-2 Wash-
ington isolate (USA/WA-1/2020; WA-1) at an MOI of 0.5. (A) RT-qPCR of SARS-CoV-2 N expression. (B) LDH release from A549-ACE2 infected with SARS-CoV-2. (C) Immu-
noblots of the indicated proteins in A549-ACE2 cells infected with SARS-CoV-2 or treated with a positive control of necroptosis [tumor necrosis factor (TNF; 100 ng/
ml) + SMAC (50 nM) + ZVAD (100 pM) (T + S + Z)] for 24 hours. Asterisk (*) indicates a relevant protein band. (D to F) RT-qPCR of the indicated gene expression values.
(G) Immunoblots of the indicated proteins in A549-ACE2 cells infected with SARS-CoV-2 or treated with a positive control of apoptosis [cycloheximide (CHX; 10 pg/
ml) +TNF (20 ng/ml)] for 24 hours. (H) IL-1p enzyme-linked immunosorbent assay (ELISA) of A549-ACE2 cells infected with SARS-CoV-2 or a positive control of HAE primed
with Pam3-CSK4 (10 pg/ml for 3 hours) and stimulated with talabostat (10 uM for 18 hours). Data shown are representative of three independent experiments. Individual
replicates are shown as individual points on the bar graphs. Data are shown as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ordinary one-way

ANOVA followed by Dunnett’s multiple comparisons test [(A), (B), and (D) to (F)].

[apoptosis-associated speck-like protein containing a caspase activa-
tion and recruitment domain (CARD)] oligomerization, as evidenced
by ASC speck formation (Fig. 2] and fig. S2B) (38). However, SARS-
CoV-2 infection did not cause GSDMD cleavage (Fig. 2H), stimulate
notable IL-1f release (Fig. 2I), or induce ASC speck formation (Fig. 2]
and fig. S2B). The extent of ASC speck formation in response to
canonical NLRP1 inflammasome stimuli (Pam3-CSK4 + talabostat)
and the diameter of these specks varied between donors (fig. S2B).
Regardless, ASC specks were not observed with infection, although
they were observed with NLRP1 stimulation. This indicates that
inflammasome-mediated pyroptosis is not activated by SARS-CoV-2
replication, consistent with our previous report (35).

Overall, bulk analysis of primary HAE shows that SARS-CoV-2
induces lytic cell death and markers of apoptosis and necroptosis,
echoing our observations in A549-ACE2 cells. Because the most con-
sistent observations between these systems were the up-regulation
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and phosphorylation of MLKL and caspase-3 cleavage, we focused
on these readouts for further analysis.

Necroptosis is predominately activated in
SARS-CoV-2-infected cells regardless of MOI, whereas
uninfected bystander cells undergo apoptosis

The analysis of lysed cell cultures by Western blot does not permit
examination of the cell death response on a per-cell basis. To explore
these responses in individual cells, we infected A549-ACE2 cells
with SARS-CoV-2 at an MOI of 0.5 and assessed these markers at
different time points by confocal microscopy. We noticed that A549
monolayers infected with SARS-CoV-2 had a lower density of cells
attached to coverslips (fig. S3A). This is likely because of loss of cell
adherence after death from infection. Thus, we expect these numbers
to underrepresent the total dying population and serve as a snapshot
of the proportions of cells in the process of death at a given time
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Fig. 2. SARS-CoV-2 infection activates necroptosis and apoptosis in HAE. HAE were infected with SARS-CoV-2 WA-1 at an MOI of 0.5. (A) RT-gPCR of SARS-CoV-2 N
expression. (B) LDH release from HAE infected with SARS-CoV-2. (C) Immunoblots of the indicated proteins in HAE infected with SARS-CoV-2 or treated with a positive
control of necroptosis [(TNF (100 ng/ml) + SMAC (50 nM) + ZVAD (100 pM)] for 24 hours. Asterisk (*) indicates a relevant protein band. (D to F) RT-gPCR of the indicated
gene expression. (G) Immunoblots of the indicated proteins in HAE infected with SARS-CoV-2 or treated with a positive control of apoptosis [CHX (10 ug/ml) + TNF (20 ng/
ml)] for 24 hours. Asterisk (*) indicates a relevant protein band. (H and I) Immunoblots of the indicated proteins (H) and IL-1p ELISA (1) from HAE infected with SARS-CoV-2
or HAE primed with Pam3-CSK4 (10 pg/ml for 3 hours) and stimulated with talabostat (10 pM for18 hours). Asterisk (*) indicates a relevant protein band. (J) Quantification
of ASC speck” cellsin total cells. Each data point represents one HAE donor. Representative data or averaged data from three or more independent experiments are shown
as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ordinary one-way ANOVA followed by Tukey’s, Dunnett’s, or Dunn’s multiple comparisons test
[(A), (B), (D) to (F), (1), and (J)].

point. Because of this, we carefully analyzed several time points after
infection to ensure that our observations were representative. With
these considerations, we observed that pMLKL localized to the cell
periphery in infected cells, as observed by expression of the N pro-
tein, indicating MLKL pore formation in the plasma membrane and
execution of necroptosis (Fig. 3A) (20, 21). We quantitated the number
of cells with cell death markers, and pMLKL+ A549-ACE2 cells
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were detected starting at 48 HPI, consistent with LDH release (Fig. 1B).
These cells increased in prevalence as infection progressed, becoming
most enriched at 96 HPI (Fig. 3, A and B). At all time points where cell
death was observed, almost all pMLKL-positive (PMLKL") cells ex-
pressed the SARS-CoV-2 N protein (Fig. 3C), suggesting a direct
relationship between active SARS-CoV-2 infection and cell death.
Consistent with our Western blot analysis (Fig. 1G), we observed an
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Fig. 3. SARS-CoV-2 infection triggers necroptosis in infected cells and apoptosis in both infected and bystander A549-ACE2 cells. A549-ACE2 cells were infected with
SARS-CoV-2 WA-1 at an MOI of 0.5 or at indicated MOlIs for 72 hours. (A) Representative images of pMLKL*/SARS-CoV-2" cells. (B and C) Quantification of pMLKL" cells (B) and
PMLKL*/SARS-CoV-2* or pMLKL*/SARS-CoV-2" cells (C) in total cells. (D) Representative images of cleaved caspase-3* (c-casp3*)/SARS-CoV-2" cells. (E and F) Quantification
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of the indicated protein® cells in total cells at 72 HPI. (1 and J) LDH release (I) and quantification of the indicated protein* cells in total cells (J) from WT or MLKL KO cells. (K and
L) Representative images (K) and quantification (L) of pMLKL*/SARS-CoV-2* cells with indicated MOIs. (M and N) Representative images (M) and quantification (N) of c-casp3*/
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Dunnett’s multiple comparisons test [(B), (E), and (J)] or two-way ANOVA followed by Sidak’s multiple comparisons test [(C), (F), and (G) to (I)]. ns, not significant.
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increase in the number of cells with cleaved caspase-3 during infec-
tion (Fig. 3, D and E). Unlike pMLKL, cleaved caspase-3 was ob-
served in a minute percentage of cells, including both cells expressing
the SARS-CoV-2 N protein (Fig. 3, D to E, and fig. S3B) and cells
lacking this antigen (Fig. 3, D to F), suggesting that this form of cell
death is not the dominant response to SARS-CoV-2 replication. In
SARS-CoV-2-infected cells, the induction of pMLKL was more
prominent than that of cleaved caspase-3, because more than 15% of
adherent cells had active pMLKL at the cell periphery, but less than
1% contained cleaved caspase-3 at 96 HPI (Fig. 3G). Together, these
data suggest that the cell death response in infected cells may be pri-
marily necroptotic in nature, whereas apoptotic responses marked by
caspase-3 are found in cells with and without the N protein, suggest-
ing that some of the apoptosis is a secondary effect.

Because infected cells were either pMLKL" or cleaved caspase-
3*, we next assessed whether the necroptosis and apoptosis cell
death pathways could be activated simultaneously in the same cells.
At 72 HPI, cells infected with SARS-CoV-2 overwhelmingly con-
tained either pMLKL or cleaved caspase-3, whereas the proportion
of cells containing both markers was negligible, representing only
0.2% of total cells visualized (fig. S3C and Fig. 3H). These data indi-
cate that necroptosis and apoptosis are generally activated in separate
cells rather than simultaneously in a single cell during SARS-CoV-2
infection.

To determine whether these two cell death responses were relat-
ed to each other, we generated MLKL™'~ ACE2-A549 cells using
CRISPR-Cas9-mediated gene deletion (fig. S3D). Loss of MLKL de-
creased LDH release after SARS-CoV-2 infection, an effect that
was most pronounced at earlier time points (Fig. 3I). Loss of MLKL
did not change the number of cleaved caspase-3* cells (fig. S3E
and Fig. 3]), suggesting that this response is not dependent on the
primary activation of necroptosis upon infection. Thus, activation
of caspase-3 does not directly depend on execution of necroptosis
by MLKL.

If pMLKL pore formation is a direct consequence of SARS-
CoV-2 infection and caspase-3 cleavage is a secondary response,
then a dose-response analysis of viral infection allows for the sepa-
ration of these responses. In a two-dimensional culture at an MOI of
0.5, roughly 40% of all cells in culture are infected during the initial
inoculation, as defined by the Poisson distribution (39). Under this
higher MOI condition, there is a high probability that two adjacent
cells both become infected during the initial inoculation, making
each cell both an infected cell and a bystander of an infected cell.
Although our data suggest that pMLKL pore formation is a direct
consequence of SARS-CoV-2 infection and caspase-3 activation is
a secondary effect, a cell being simultaneously an infected cell and a
bystander of an infected cell during the initial infection may explain
the small proportion of cleaved caspase-3" SARS-CoV-2 N7 cells
observed (fig. S3B and Fig. 3F). In contrast with the higher-MOI
infection described above, a low-MOI infection allows for the sepa-
ration of these responses. At an MOI of 0.01, roughly 1% of cells are
infected during the initial inoculation, thus decreasing the chances
that infected cells are also bystanders of other infected cells. To dif-
ferentiate the cell death responses to SARS-CoV-2 infection, we
titrated the infectious dose of SARS-CoV-2, ranging from an MOI
of 1 to 0.01, and observed these cells by confocal microscopy at
72 HPL The titers of our viral stocks were calculated by plaque assay in
the ACE2*TMPRSS2* Vero-E6 cell line, which is highly permissive
to SARS-CoV-2 infection. Thus, a caveat of this titration of infection
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is that the effective MOI may be lower in A549-ACE2 cells, but the
10-fold differences among MOIs of 1, 0.1, and 0.01 remain.

Overall, the percentage of SARS-CoV-2 N7 cells correlated with
the MOL. Cells infected at an MOI of 1 showed greater proportions
of SARS-CoV-2 N* cells than an MOI of 0.1 or 0.01 (fig. S3, F and
G). Regardless of the MOI, almost all of the pMLKL" cells were also
SARS-CoV-2 N7, indicating that SARS-CoV-2-infected cells un-
derwent necroptosis (Fig. 3, K and L). Although cleaved caspase-3
was present in all infection conditions, its distribution varied ac-
cording to the infectious dose of SARS-CoV-2 (Fig. 3, M and N). At
an MOI of 1, roughly half of the cells containing cleaved caspase-3
also expressed the SARS-CoV-2 N protein, but this percentage
dropped at an MOI of 0.1 with less than 25% of cleaved caspase-3-
containing cells expressing the SARS-CoV-2 N protein. These phe-
nomena were completely separated at an MOI of 0.01 because none
of the cells containing cleaved caspase-3 expressed the SARS-CoV-2
N protein (Fig. 3, M and N). At higher MOIs, we observed an in-
creased proportion of N™ cells that did not express either cell death
marker, likely because of subsequent rounds of infection during cul-
ture that had yet to result in cell death (fig. S3, F and G). Overall,
these data demonstrate a direct relationship between SARS-CoV-2
infection and necroptosis. Cells with pMLKL were SARS-CoV-2 N*
regardless of infectious dose, indicating that infection of a cell directly
induces this response. However, the relationship between caspase-3
cleavage and SARS-CoV-2 replication was separated at low-MOI
infections, wherein bystander cells were less likely to be infected, sug-
gesting that activation of this apoptotic caspase is a secondary re-
sponse. These data support the conclusion that necroptotic cell death
is the primary consequence of SARS-CoV-2 replication within its
host airway epithelial cell, whereas apoptotic cell death can be found
in cells without SARS-CoV-2.

To validate these findings in primary cells, we next assessed the cell
death response to SARS-CoV-2 infection in HAE cultures. After an
infection with an MOI of 0.5, primary HAE cultures were probed for
the presence of pMLKL and cleaved caspase-3. pMLKL was enriched
at the cell periphery of SARS-CoV-2 N-expressing cells at 48, 72, and
96 HPI (Fig. 4, A and B), indicating execution of necroptosis in in-
fected cells at these time points. By contrast, cleaved caspase-3 was
infrequently visualized in these cultures but was observed in both
infected and uninfected cells at all time points after infection (Fig. 4,
Cand D, and fig. S4A). Thus, these findings in primary cells corrobo-
rate our observations in ACE2-A549 cells, in which we observed a
direct relationship between pMLKL and SARS-CoV-2 protein ex-
pression.

We then used CRISPR-Cas9 gene editing to generate MLKL ™'~
primary HAE using three pooled guide RNAs (gRNAs) to ensure
efficient gene deletion in these primary cells because these cells can-
not be single cell-cloned. This is a standard protocol for HAE cultures
(40). We assessed the cell death response to SARS-CoV-2 infection by
Western blot to determine the relationship between these pathways in
primary cells and observed no change in caspase-3 cleavage after in-
fection between wild-type (WT) and MLKL ™'~ HAE (fig. $4B; quan-
titation of three experiments in fig. S4C). Thus, activation of caspase-3
as a secondary response to infection does not directly depend on
execution of necroptosis, consistent with our observations in A549-
ACE2 cells.

To corroborate these findings in infected humans in vivo, we exam-
ined these markers in the lungs of patients with fatal cases of COVID-
19 or those who died during COVID-19 infection, which were
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Fig. 4. SARS-CoV-2 infection triggers necroptosis in infected cells and apoptosis in both infected and bystander cells in HAE and COVID-19 autopsy lungs. HAE
were infected with SARS-CoV-2 WA-1 at an MOI of 0.5. (A) Representative images of pMLKL staining in SARS-CoV-2-infected HAECs. (B) Quantification of pMLKL*/SARS-
CoV-2" or pMLKL"/SARS-CoV-2 cells in total cells. (C) Representative images of cleaved caspase-3 staining in bystander HAECs lacking SARS-CoV-2 N protein. (D) Quantifi-
cation of cleaved caspase-3*/SARS-CoV-2* or cleaved caspase-3*/SARS-CoV-2" cells in total cells. (E) Representative images of pMLKL staining in a COVID-19 autopsy lung.
(F) Quantification of pMLKL*/SARS-CoV-2" or pMLKL*/SARS-CoV-2" cells in total cells. (G) Representative images of cleaved caspase-3 staining in a COVID-19 autopsy lung.
(H) Quantification of cleaved caspase-3*/SARS-CoV-2* or cleaved caspase-3*/SARS-CoV-2" cells in total cells. (I) Representative images of ASC speck in a COVID-19 autopsy
lung. (J) Quantification of ASC*/CD11ct or ASCT/CD11¢™ cells in total cells. Scale bars, 10 pm (A and C) or 20 um [(F), (H), and (J)]. Data were collected from three or more
independent experiments. Individual data points represent individual replicates, HAE donors, or patients with COVID-19. Data are shown as means + SEM. *P < 0.05,
#£P < 0.01, and ***P < 0.001; two-way ANOVA followed by Sidak’s multiple comparisons test (B and D) or Student’s t test [(F), (H), and (J)].
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Table 1. Individual case demographics and clinical summary as adapted from (47). Data obtained from available medical records. AF, atrial fibrillation; AMS,
altered mental status; CAD, coronary artery disease; CHF, congestive heart failure; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease;
CVA, cerebrovascular accident; DAD, diffuse alveolar damage; DVT, deep vein thrombosis; DM, diabetes mellitus; ED, emergency department; ESRD, end-stage
renal disease; F, female; HLD, hyperlipidemia; HTN, hypertension; Hx, historical; IMV, invasive mechanical ventilation; IVDU, intravenous drug use; M, male; MS;
multiple sclerosis; NIV, noninvasive ventilation; PAD, peripheral artery disease; PE, pulmonary embolism; SOB, shortness of breath; +, positive; —, negative.

Donor Age, Sex Symptom Hospital-  Comorbidi- Presenting Res- COVID-19  Immedi- Died Notes
no. years onset to ization ties before illness piratory treat- ate cause  with or
hospitaliza-  to death CovID-19 support ment(s) of death from
tion (days) (days) Cov-
ID-19
1 64 M 14 2 HTN, COPD, SOB, nausea/ IMV Systemic Acute From
and obesity vomiting, steroids bacterial
and diarrhea and broncho-
systemic pneumo-
anticoagu- nia
lation
2 87 M 2 6 DM, HTN, Generalized NIV Systemic DAD, From
HLD, CAD, weakness, steroids, exudative
CHF, ESRD, fever, and systemic phase
CVA, and diarrhea anticoagu-
anemia lation, and
conva-
lescent
plasma
3 79 F 3 6 DM, HTN, SOB, cough, IMV Systemic DAD, From
COPD, Hx and black steroids exudative
DVT/PE, CAD, tarry stool phase
CHF cirrhosis,
CKD, obesity,
anemia,
and seizure
disorder
4 79 M 19% 4% HTN SOB and left- IMV Systemic Pulmo- From Seen in ED for
sided chest steroids, nary hem- respiratory
pain* systemic orrhage symptoms
anticoagu- multiple times
lation, and after COVID-19
inhaled diagnosis
vasodila- followed by a
tors short hospital
stay; readmit-
ted for final
hospitalization
1 day after
discharge with
a diagnosed
pneumothorax
5 59 M 0 12 HTN, Hx Witnessed NIV Systemic Acute From Patient
recurrent aspiration steroids pneumo- presented
aspiration event and nia to ED after
pneumonia, systemic a witnessed
MS, chronic anticoagu- aspiration
immunosup- lation event and was
pression, and subsequently
obesity hospitalized

for concern
of aspiration
pneumonia;
incidental +
SARS-CoV-2
PCR on admis-
sion

(Continued)
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(Continued)

Donor Age, Sex Symptom Hospital-  Comorbidi- Presenting Res- COVID-19  Immedi- Died Notes
no. years onset to ization ties before illness piratory treat- ate cause  with or
hospitaliza-  to death COVID-19 support ment(s) of death from
tion (days) (days) Cov-
ID-19
6 44 F 7 0 HTN and Severe acute None None Pulmo- From Patient had
obesity SOB nary mild respirato-
thrombo- ry symptoms
embolic for 1 week at
disease home that
in the were resolving
setting before her
of DAD, acute event;
exudative paramedics
phase were called,
and she was
unable to be
resuscitated;
postmortem
evaluation
showed a
massive PE
7 71 F -4 10 Asthma, Nausea, NIV Systemic Right From Patient pre-
COPD, AF, diarrhea, and steroids heart sented a few
sarcoidosis, AMS failure hours after be-
cirrhosis, ing discharged
ESRD, Hx after a 12- day
endocardi- hospitalization
tis, obesity, for treatment
hypothyroid- of comorbid-
ism, seizure ities; — SARS-
disorder, and CoV-2 PCR at
anemia admission for
first hospi-
talization,
and + PCR on
the fourth day
of readmission
upon routine
screening
for rehab
placement
consistent
with possible
nosocomial
SARS-CoV-2
transmission
8 63 M 0 5 DM, HTN, Hx  Found at bus IMV Systemic Broncho- From Patient
femoral artery  stop and un- steroids pneumo- was found
thrombosis, responsive’ and nia unresponsive,
CHF, CAD, systemic symptom on-
PAD, AF, car- anticoagu- set unknown;
diomyopathy, lation DOl based on
Hx cardiac + SARS-CoV-2
tamonade, PCR on admis-
hepatitis C, sion
abnormal
liver function,
and IVDU
*Patient was hospitalized multiple times, and the time interval/presenting illness is in reference to the final hospitalization before death.
Liang et al., Sci. Inmunol. 9, eadn0178 (2024) 12 July 2024 90f 19
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previously investigated for other metrics in a separate study (Table 1)
(41). Both pMLKL and cleaved caspase-3 were present in the autop-
sied lungs of patients with COVID-19 (Fig. 4, E to H). Parallel to our
observations in vitro, a majority of cells containing pMLKL were en-
riched in the SARS-CoV-2 N protein (Fig. 4, E and F, and fig. S4D),
whereas there was no specific relationship between caspase-3 cleav-
age and SARS-CoV-2 antigen (Fig. 4, G and H, and fig. S4E). We also
assessed ASC speck formation in patients with COVID-19, as per-
formed in a previous study (35). As observed previously, ASC speck
formation was predominant in CD1 1ct myeloid cells (Fig. 4, Iand ]),
which do not support robust SARS-CoV-2 replication (42, 43). This
corroborates our observations that inflammasome formation is not
prominent in SARS-CoV-2-infected epithelial cells (Figs. 1H and 2,
H to]) and, instead, is enriched in myeloid bystanders (35). Together,
these data indicate that the predominant cell death response to direct
SARS-CoV-2 infection in the lung epithelia of patients with COVID-
19, in primary HAE, and in A549-ACE2 cells involves the activation
of MLKL.

To corroborate these patient data and analyze the expression of
this pathway according to the COVID-19 disease state, we examined
the expression of necroptotic genes in epithelial cell populations
from our meta-analysis of single-cell RNA sequencing (scRNA-seq)
data from bronchioalveolar lavage fluid (BALF) of patients with
COVID-19 (35). Within ciliated epithelial cell clusters but no other
epithelial populations, major gene targets of SARS-CoV-2 infection—
RIPK1, RIPK3, and MLKL—were enriched in patients with mild and
severe COVID-19 compared with healthy controls (fig. S5, A to C).
These data indicate that this pathway is up-regulated in viral host
cells in response to SARS-CoV-2 infection.

SARS-CoV-2-induced necroptosis is initiated through ZBP1
recognizing Z-RNA

If the direct cell death response to SARS-CoV-2 infection is necropto-
sis, then molecules generated by SARS-CoV-2 replication may stimu-
late activation of this response in its host cells. A pattern recognition
receptor (PRR) that initiates necroptosis is Z-DNA-binding protein 1
(ZBP1), which recognizes Z-conformation nucleic acids that can form
during viral infection (14, 44-48), and, on binding Z-RNA or Z-DNA,
ZBP1 has been described to interact with RIPK3 to stimulate RIPK3
phosphorylation, subsequent MLKL phosphorylation, and ultimately
necroptosis (49, 50). ZBP1 has also been implicated in PANoptosis in
myeloid cells (14).

Recently, Z-RNA formation was demonstrated in SARS-CoV-
2-infected cells (48, 51), and our scRNA-seq dataset showed increased
expression of ZBP1 in ACE2" lung epithelial populations in COVID-19,
with the highest expression in severe disease (fig. S5D). Therefore,
we assessed the expression of ZBP1 at different time points after
SARS-CoV-2 infection. In A549-ACE2 cells, ZBP1 expression increased
more than 30-fold at 96 HPI after infection with an MOI of 0.5
(Fig. 5A). This response was more exaggerated in primary HAE, which
up-regulated ZBPI expression from 30-fold at 48 HPI compared with
the mock-infected control to more than 100-fold at 72 HPI (Fig. 5B).
In addition to transcriptional up-regulation, we also detected increased
ZBP1 protein expression after SARS-CoV-2 infection in A549-ACE2
cells, which increased with time (Fig. 5C; quantitated in fig. S6A).
Similarly, protein expression of ZBP1 increased in primary HAE after
SARS-CoV-2 infection (Fig. 5D and fig. S6B). Thus, ZBP1 is up-
regulated in airway epithelial cells after SARS-CoV-2 infection in
patients.

Liang et al., Sci. Inmunol. 9, eadn0178 (2024) 12 July 2024

Important mediators of ZBPI expression are antiviral type I/III
interferons (IFNs), which are produced during SARS-CoV-2 infec-
tion and are known to stimulate ZBP1 expression (46, 52). The Janus
kinase (JAK) acts downstream of the IFN-a/p receptor (IFNAR)
and the IFN-A receptor and stimulates expression of IFN-stimulated
genes (ISGs), such as ZBP1 (46, 52). To test whether the IFN re-
sponse mediated this up-regulation of ZBP1 expression, we infected
HAE with SARS-CoV-2 and obtained approximately a two-log in-
crease in ZBP1 (Fig. 5E), which was reduced to baseline with three
different JAK inhibitors (ruxolitinib, baricitinib, or pyridone 6). The
induction of IFNBI, IFNL, and another ISG, ISG56, was also blocked
by these inhibitors (Fig. 5E), validating the efficacy of the inhibitors.
Thus, ZBP1 transcript up-regulation during SARS-CoV-2 infection
is IFN dependent.

Next, we assessed whether a potential ZBP1 ligand, Z-RNA, was
generated during infection. To determine whether Z-RNA was pro-
duced during SARS-CoV-2 replication, we infected A549-ACE2 cells
at an MOI of 0.5 and assessed the presence of Z nucleic acids using a
Z-nucleic acid-specific antibody by confocal microscopy. Z nucleic
acids were present in cells expressing SARS-CoV-2 N protein at all
time points examined, and only cells expressing SARS-CoV-2 N con-
tained Z nucleic acids (Fig. 5, F and G). Ribonuclease (RNase), but
not deoxyribonuclease (DNase), treatment before immunofluorescent
staining abrogated the Z nucleic acid signal (fig. S6C), confirming
that these Z nucleic acids were Z-RNA. To validate these data in pri-
mary cells, we infected primary HAE at an MOI of 0.5, probed for
Z-RNA formation, and observed Z-RNA in SARS-CoV-2-infected
HAE at 48 to 96 HPI (Fig. 5H). Thus, SARS-CoV-2 replication results
in Z-RNA formation in its host cells during infection.

Because both the PRR ZBP1 and its ligand, Z-RNA, are enriched
in SARS-CoV-2-infected airway epithelial cells, we next assessed
whether these molecules interacted to stimulate necroptotic cell
death during infection. First, we determined whether ZBP1 and Z-
RNA interacted using a proximity ligation assay (PLA). PLAs permit
the detection of in situ molecular interactions by generating a fluo-
rescent signal when two molecules are less than 40 nm apart (53).
After using an antibody specific for each molecule, secondary anti-
bodies are tagged with single-stranded DNA (ssDNA) molecules that
serve as proximity probes. When these ssDNA moieties are close
enough, a connector oligonucleotide hybridizes the two proximity
probes, enabling ligation of these DNA probes and subsequent
rolling-circle amplification by PCR. Amplified nucleic acids, only
present when the two target molecules are in close proximity, are
then visualized by a fluorescent probe. Therefore, after infection in
A549-ACE2 cells, we performed a PLA using antibodies against Z
nucleic acids and ZBP1 and detected the interaction of Z-RNA and
ZBP1 only during infection because this signal was absent in mock-
infected cells (Fig. 5,1 and J). We next asked whether ZBP1 detection
of Z-RNA mediated the necroptotic cell death response to SARS-
CoV-2 infection in the epithelium. To assess this, we generated ZBP1
~/~ primary HAE using CRISPR-Cas9-mediated gene deletion using
three pooled gRNAs targeting ZBP1 to ensure efficient loss of gene
expression in these primary cells that cannot be single cell-cloned.
This is a standard CRISPR-Cas9 protocol used in HAE cultures (40).
We then infected WT and ZBP1™'~ HAE cultures with SARS-CoV-2
atan MOI of 0.5 and assessed activation of necroptosis and apoptosis
at 72 and 96 HPI by Western blot (Fig. 5K). Loss of ZBP1 led to loss
of pMLKL (Fig. 5K), indicating that ZBP1 mediates MLKL phos-
phorylation in response to SARS-CoV-2 infection. However, despite
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this loss of pMLKL, ZBP1-deficient HAE did not show decreased
LDH release (fig. S6D) or viral RNA (fig. S6E). Similar to our findings
with loss of MLKL, loss of ZBP1 did not reduce caspase-3 or GSDME
cleavage (Fig. 5K; quantitation of cleaved caspase-3/total caspase-3 in
three experiments shown in fig. S6F). This lack of an effect on Iytic cell
death of MLKL or ZBP1 loss was previously characterized in other
systems in which these proteins are activated (14, 54) and suggests
that loss of a singular pathway is not sufficient to impede cell death
during viral infection. Thus, although ZBP1-mediated necroptosis is
the pinnacle cell death event in response to SARS-CoV-2 replication,
these data suggest that other alternative pathways to cell death are
present, indicating plasticity in the cell death response (28).

The Delta variant causes more robust Z-RNA/ZBP1
interaction and necroptosis than the Omicron variant

The experiments described above were performed with an early iso-
late of the original strain of SARS-CoV-2, USA/WA1/2020, or WA-1.
SARS-CoV-2 has evolved continuously since its emergence in several
waves of infections caused by different variants of concern (VOCs) that
have occurred during the COVID-19 pandemic. Some of these variants
have altered clinical presentation compared with each other and the
original strain of SARS-CoV-2. Of these, the Delta (B.1.617.2) and
Omicron (B.1.1.529) variants stand in contrast to each other and the
original strain of SARS-CoV-2 (USA/WA1/2020). Both strains ex-
hibited increased human-to-human transmissibility compared with the
original isolate (55). However, Delta was reported to cause more severe
COVID-19 than Omicron (4, 5). Because of these clinical contrasts, we
assessed whether there were differences in cell death responses between
SARS-CoV-2 Delta, using the isolate USA/MD-HP05647/2021, and
Omicron BA.1, using the isolate USA/MD-HP20874/2021.

To assess the cell death response to these VOCs, A549-ACE2
cells were infected at an MOI of 0.5 with either the Delta or Omi-
cron variants of SARS-CoV-2 and monitored over a 96-hour time
course. Infection with both variants induced lytic cell death as mea-
sured by LDH release (Fig. 6A). However, at 48 and 72 HPI, infection
with the Delta variant caused roughly twice as much LDH release as
compared with Omicron (Fig. 6A). This difference in the kinetics of
cell death was apparent readily by phase contrast microscopy start-
ing at 48 HPI, because cells infected with the Delta variant were dis-
sociated from the monolayer with apparent CPEs (Fig. 6B). Viral
RNA expression, measured by RT-qPCR (Fig. 6C), and viral titer,
measured by plaque assay (Fig. 6D), from Delta-infected cells were
significantly higher when compared with Omicron-infected cells at
the indicated time points (Fig. 6C: mock versus 24 HPI, P value:
<0.0001; mock versus 48 HPI, P value: <0.0001; Fig. 6D: mock versus
48 HPI, P value: 0.0009; mock versus 72 HPI, P value: 0.0104.). As
an example, there were more than 1000-fold more infectious particles
with Delta infection compared with Omicron infection at 48 HPI
(Fig. 6D). ZBP1, RIPK1, RIPK3, and MLKL expression levels were all
elevated at early time points in cells infected with Delta compared
with Omicron, differing by orders of magnitude (Fig. 6, E to H).
PMLKL was observed at the cell periphery at 72 HPI in A549-ACE2
cells infected with either the Delta or Omicron variant of SARS-CoV-2
(Fig. 6]), although a larger proportion of cells infected with Delta were
pMLKLJr compared with Omicron-infected cells (Fig. 6]). These find-
ings suggest that both variants cause necroptotic cell death but with
different kinetics and magnitude. The Delta variant caused higher
viral RNA expression and viral titer than Omicron in A549-ACE2
cells at 48 and 72 HPI, and the lytic cell death response followed the
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same pattern. As observed with the original isolate of SARS-CoV-2,
these data support a model in which necroptotic cell death caused
by SARS-CoV-2 is directly related to viral replication.

We next used A549 cells overexpressing both ACE2 and trans-
membrane serine protease 2 (TMPRSS2) (A549-ACE2-TMPRSS2)
because TMPRSS2 is known to facilitate SARS-CoV-2 entry (22).
A549-ACE2-TMPRSS?2 cells infected with the Delta variant showed
a greater cell death response measured by LDH release than the cells
infected with Omicron (fig. S7A). Furthermore, LDH release in-
duced by Delta infection was observed as early as 24 HPI (fig. S7A).
A549-ACE2-TMPRSS2 cells infected with Delta showed 1000-fold
higher viral particles than cells infected with Omicron at this time
point (fig. S7B). Whereas our experiment occurred over a 96-hour
time course, the extensive cell death caused by Delta infection pre-
vented RNA analysis at later time points. Thus, our RNA analysis
focused on earlier time points. Again, compared with cells infected
with Omicron, cells infected with Delta showed 100-fold higher vi-
ral RNA expression as measured by RT-qPCR at 24 HPI and 48 HPI
(fig. S7C). The expression of ZBPI, RIPK1, RIPK3, and MLKL was
several orders of magnitude higher in cells infected with Delta com-
pared with the ones infected with Omicron at early time points
(fig. S7, D to G). We then assessed the presence of pMLKL in A549-
ACE2-TMPRSS?2 cells at 24 HPI and found pMLKL in the cells in-
fected with either Delta or Omicron (fig. S7H). As anticipated, the
percentage of pMLKL in the infected cells was significantly higher
with Delta infection than with Omicron infection (fig. S7I; Delta
versus Omicron, P value: <0.0001). These data indicate that the
Delta variant induced lytic cell death earlier, with corresponding in-
creases in viral replication and expression of the ZBP1 necroptotic
pathway. Infection with the Delta variant of SARS-CoV-2 leads to a
more rapid and exacerbated cell death compared with the Omicron
variant, likely because of differences in viral replication dynamics.

We next asked whether the Delta and Omicron variants had ap-
preciable differences in the cell death response in vivo. To mediate
infection of both SARS-CoV-2 variants, we used humanized ACE2
mice that express ACE2 driven by the human cytokeratin 18 promoter
(K18 hACE2), which were previously shown to support SARS-CoV
and SARS-CoV-2 infection (56, 57). K18-hACE2 mice were infected
with the Delta isolate USA/MD-HP05647/2021 and the Omicron
isolate USA/MD-HP20874/2021 and monitored for 15 days after in-
fection. Whereas weight loss after infection was comparable for the
first 5 days postinfection (DPI), mice infected with the Delta variant
continued to lose weight and succumbed to disease by 6 DPI, where-
as mice infected with Omicron recovered and regained weight with
few fatalities (Fig. 6, Kand L).

To compare the cell death responses caused by Delta and Omicron,
we performed a PLA in murine lung tissue collected at 4 DPI (Fig. 6M)
and found that both Delta and Omicron induced ZBP1-Z-RNA inter-
actions, but mice infected with the Delta variant showed a significantly
higher number of these interactions (Fig. 6N; Delta versus Omicron, P
value: <0.0001) and higher viral RNA expression (Fig. 60; Delta ver-
sus Omicron, P value: <0.0001). Together, these data in mice and cell
lines indicate a relationship among the severity of disease, viral load,
and the induction of cell death associated with ZBP1 and Z-RNA in-
teraction between the two VOCs.

We next asked whether such a relationship between viral load
and induction of ZBP1-mediated necroptosis occurred in human
patients in vivo. Therefore, we performed a PLA to assess ZBP1-Z-
RNA interactions in autopsied lungs from patients with COVID-19
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Fig. 6. SARS-CoV-2 Delta variant causes exacerbated cell death compared with the Omicron variant. (A to H) LDH release (A), representative images (B), RT-qPCR of
SARS-CoV-2 N (C), plaque assay (D), and RT-qPCR of the indicated genes (E to H) in A549-ACE2 cells infected with variants. (I and J) Representative images (I) and quantifi-
cation (J) of pMLKL in A549-ACE2 cells infected with variants. (K and L) Body weight change (K) and survival (L) of K18-hACE2 mice infected with variants (eight mice per
group). (M and N) Representative image (M) and quantification (N) of PLA between Z-RNA and ZBP1 in lungs from K18-hACE2 mice infected with variants at 4 DPI.
(0) RT-gPCR of SARS-CoV-2 N expression in lung homogenates from K18-hACE2 mice infected with variants at 4 DPI. (P) Correlation between PLA puncta and viral titer in
COVID-19 autopsy lung with r shown. Scale bars, 100 pm (B), 10 pm (1), or 20 pm (M). Data were collected from three or more independent experiments with individual
data points representing individual experiments, mice, or patients with COVID-19. Data are shown as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001;
two-way ANOVA followed by Sidak’s multiple comparisons test (A, C to H, and J), Mann-Whitney test for area under the curve (K), log-rank (Mantel-Cox) test (L), or two-
tailed t test (N and O).
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(fig. S8, A to C). Patients with higher viral RNA expression also had
more ZBP1-Z-RNA interactions, whereas patients with lower viral
RNA expression had fewer ZBP1-Z-RNA interactions as visualized by
PLA. To confirm this direct relationship, we quantitated the PLA signal
present in these lungs and assessed its relationship with viral RNA ex-
pression in the tissue, and we found a positive correlation between
these variables with a Pearson correlation coefficient (r) of 0.6910
(Fig. 6P). Together, our findings reveal an intrinsic relationship among
SARS-CoV-2 replication, necroptotic cell death, and disease severity.

DISCUSSION

SARS-CoV-2 is reported to cause the death of its host cells (12, 13),
and markers of all known cell death pathways have been found in the
infected lung, but it is unclear whether a pinnacle cell death process
occurs because of direct viral infection in the primary site of SARS-
CoV-2 replication in the airway epithelium. Here, we discovered that
necroptosis is the direct consequence of SARS-CoV-2 replication in
ACE2-expressing airway epithelial host cells. Mechanistically, Z-
RNA produced by the virus directly engages ZBP1 to initiate necrop-
tosis in HAE, patients with COVID-19, and mouse models (Fig. 7).
Identifying this initiating cell death event is important because it
represents an early step in intervention and provides mechanistic
clarity into the progression of cell death events in the airway epithe-
lium during infection.

Studies performed in myeloid cells, which do not support robust
SARS-CoV-2 replication because of a lack of ACE2 expression (42,
43), suggest that all of these pathways are activated simultaneously
in response to infection through a process that has been named
PANoptosis (6, 14). Whereas we observed activation of multiple cell
death pathways by Western blot in the epithelium, microscopic
analysis at a single-cell level revealed that these cell death responses
occurred separately within individual cells. We found that ZBP1-
mediated necroptosis occurs directly in response to viral replication,
whereas caspase-3 cleavage and subsequent apoptosis is a secondary
effect that occurs in separate, primarily uninfected, bystander cells.
This observation adds to previous work demonstrating that cellular
responses to SARS-CoV-2 infection are differentiated between directly
infected cells and uninfected bystanders (58, 59). Furthermore, we
found that a later pyroptotic response mediated by GSDME cleavage
occurs in a subset of HAE donors expressing the protein, indicating
that this response is not absolute. Thus, whereas we found evidence
of activation of apoptosis and necroptosis in the airway epithelium
upon SARS-CoV-2 infection, these responses are separated between
individual cells.

In this work, we performed all of our infection experiments with
live SARS-CoV-2, which requires high biocontainment at biosafety
level 3 (BSL3). Although working with SARS-CoV-2 rather than a
surrogate virus or a viral protein overexpression system ensured that
our observations were relevant to COVID-19, this also led to limita-
tions in the types of experiments that were feasible. Because of this,
one caveat of our work is that all of our imaging was performed on
fixed samples, because live cell imaging was not possible in our BSL3
facility. Thus, here, we report the cell death events during SARS-
CoV-2 infection at specific time points rather than encompassing
every individual cell death event during infection.

Understanding these cell death dynamics is essential, because the
bulk of cell death caused by SARS-CoV-2 infection occurs in its host
cells in the airway epithelium. Likewise, understanding the direct
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Fig. 7. Proposed mechanism of the cell death responses triggered by SARS-
CoV-2. SARS-CoV-2 infects lung epithelial cells through the ACE2 receptor and
generates Z-RNA in the infected cells (labeled in red). The virus-derived Z-RNA is
sensed by host protein ZBP1, which initiates necroptosis and phosphorylation and
translocation of MLKL. In the bystander cells that are not infected by SARS-CoV-2
(labeled in brown), caspase-3 is activated and cleaves GSDME, and the latter forms
GSDME pores in the plasma membrane. Delta (B.1.617.2) and Omicron (B.1.1.529)
variants cause necroptosis but in different magnitudes, with Delta being the stron-
gest trigger and Omicron being the weakest trigger of cell death responses.

cell death responses to viral replication within its host cell is critical
because it may directly influence patient disease progression. Our
findings with SARS-CoV-2 VOC:s illustrate this notion. We show that
the accelerated kinetics and exaggerated magnitude of cell death
caused by the severe Delta variant correlate with exacerbated disease in
a mouse model of COVID-19. Thus, viral replication has a direct rela-
tionship with COVID-19 pathology, in which increased viral replica-
tion is associated with heightened necroptotic cell death as an initiating
step and increased disease severity.

MATERIALS AND METHODS

Study design

In this study, we characterized the cell death response to SARS-CoV-2
infection in ACE2-expressing airway epithelia. In vitro, we used the
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human A549-ACE2 cell line and primary HAE, analyzing the cell
death response at the population level (LDH release, Western blot,
RT-qPCR, etc.) and the single-cell level (immunocytochemistry and
PLA). We used CRISPR-Cas9 gene editing to assess the effects of loss
of individual proteins in this process. We examined the cell death re-
sponse to SARS-CoV-2 in vivo in human autopsy samples with
COVID-19 at the single-cell level (immunohistochemistry and PLA)
and the tissue level (RT-qPCR analysis). Last, we compared the cell
death response to different SARS-CoV-2 VOC:s in cell lines (RT-qPCR,
LDH release, plaque assay, immunocytochemistry, PLA, etc.) and in
mice, where we assessed disease severity (body weight, survival,
RT-gPCR, etc.) and cell death responses (PLA). See data file S2 for the
raw data of all graphs.

Human lung and autopsy tissue

Primary bronchial HAECs were obtained under protocol no. 03-1396
approved by the University of North Carolina (UNC) at Chapel Hill
Biomedical Institutional Review Board. Lung tissues from autopsies of
individuals who died from or with COVID-19 were collected through
coordination by the National Institutes of Health (NIH) COVID-19
Autopsy Consortium, after consent of the legal next of kin. Autopsies
were performed at the National Cancer Institute Laboratory of Pathol-
ogy, as described (41), and viral RNA was quantitated in these tissues,
as described (41). Patient demographics are in Table 1.

Cell lines, primary human cell culture, and viruses

A549 (UNC Tissue Culture Facility), ACE2*TMPRSS2" A549
(InvivoGen, no. a549-hace2tpsa), Vero-E6 [Duke Human Vaccine
Institute (DHVI)], and ACE2"TMPRSS2" Vero-E6 (DHVI) cells
were maintained in complete Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, no. 11995065) with 10% fetal bovine serum (FBS)
and penicillin/streptomycin (100 U/ml).

HAE isolation and expansion were described previously (31).
Cells were plated at passage two into 0.4-pm polyester Transwell
supports (Corning, no. 3460/3470; or CellTreat, no. 230635) coated
with human placental collagen type IV (Sigma-Aldrich, no. C7521)
and were maintained in UNC ALI medium at 37°C in 5% CO,. The
apical medium was removed at 7 days upon confluency, and cultures
were differentiated in an ALI for 28 days with basolateral medium
changes triweekly.

SARS-CoV-2 (USA/WA1/2020), Delta (B.1.617.2; USA/MD-
HP05647/2021), and Omicron (B.1.1.529; USA/MD-HP20874/2021)
stocks were obtained from BEI Resources and grown in Vero-E6 or
ACE2"TMPRSS2" Vero-E6 cells at the Duke Regional Biocontain-
ment (RBL) facility under BSL3 containment under negative pressure
in Tyvek suits and with powered air-purifying respirators. To gener-
ate viral stocks, cells were infected as described below. At 96 HPI,
cell supernatants were collected, filtered (0.2 pm), aliquoted, and
frozen at —80°C. The viral titer of these stocks was determined by
plaque assay, described below.

Mice

Male and female K18-hACE2 mice were obtained from the Jackson
Laboratory, housed in specific pathogen—free conditions at the DHVI,
and infected as described below.

Viral infections
A549-ACE2 and HAE were infected with SARS-CoV-2 under BSL3
containment at the Duke RBL. For cell lines, culture medium was
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aspirated, and cells were infected with viral stocks diluted in infec-
tion medium (DMEM with 2% FBS) for 1 hour at 37°C, 5% CO,
with intermittent rocking. After infection, viral inoculum was re-
moved, and cells were given fresh infection medium and incubated
at 37°C, 5% CO,. For HAE, the apical surface was washed with PBS
(30 min) to remove mucus and then infected with viral stocks di-
luted in PBS for 1 hour with intermittent rocking at 37°C, 5% COs,.
After infection, viral inoculum was removed, and the apical surface
was rinsed with PBS and returned to an ALL

Eight-to-10-week-old mice were infected intranasally with 10*
plaque-forming units (PFU) of SARS-CoV-2 VOC and monitored
for 14 DPI. Body weight and survival were measured every other
day. Lung tissues were collected at 4 DPI.

Reagents

Chemicals were purchased from MedChemExpress [Z-VAD-FMK
(HY-16658B), SM-164 (HY-15989), pyridone 6 (HY-14435), rux-
olitinib (HY-50856), and baricitinib (HY-15315)], Sigma-Aldrich
[cycloheximide (239763-M)], InvivoGen [Pam3-CSK4 (tlrl-pms)
and talabostat (tlrl-vbp-10)], and PeproTech [recombinant human
tumor necrosis factor-a (300-01A)].

Cytotoxicity assay

LDH release was measured by the LDH Cytotoxicity Detection Kit
(Sigma-Aldrich, no. 11644793001) according to the manufacturer’s
protocol in BSL3.

Immunoblotting

Cells were lysed with radioimmunoprecipitation assay buffer includ-
ing protease (Sigma-Aldrich, no. 11697498001) and phosphatase
(Sigma-Aldrich, no. 4906845001) inhibitors, mixed with 6x Laemmli
buffer, denatured (95°C for 15 min), placed in new tubes, and removed
from BSL3. Lysates were subjected to 4 to 12% NuPAGE (Thermo
Fisher Scientific, NP0336BOX) and transferred to polyvinylidene
difluoride membranes. The membranes were blocked in 5% bovine
serum albumin in tris-buffered saline with 0.1% Tween 20 detergent
(TBST) (30 min) and incubated with the following primary antibodies
at 1:1000 dilution in blocking buffer overnight: anti-pRIPK1 [Cell
Signaling Technology (CST), no. 44590], anti-RIPK1 (CST, no. 3493),
anti-pRIPK3 (CST, no. 93654), anti-RIPK3 (CST, no. 13526), anti-
MLKL (CST, no. 14993), anti-cleaved caspase-3 (CST, no. 9664),
anti-pMLKL (Abcam, no. ab187091), anti-GSDMD (Abcam, no.
ab209845), anti-GSDME (Abcam, no. ab215191), anti-ZBP1 (Adipo-
Gen, no. AG-20B-0010-C100), anti-caspase-1 (AdipoGen, no. AG-
20B-0048), and anti-f-actin horseradish peroxidase (Santa Cruz
Biotechnology, no. sc-47778). The membranes were washed (three
times with TBST for 10 min), incubated with secondary antibodies
at 1:10,000 dilution for 1 hour, washed (three times with TBST for
10 min), and developed by the ChemiDoc Imaging System (Bio-Rad).
For full blots, see data file S1.

Immunocytochemistry

A549-ACE2 cells were seeded onto coverslips (Electron Microscopy
Sciences, 72230-01) before infection. HAE were infected as described
above. At the indicated time points, the A549-ACE2 cells or HAE were
fixed with 4% paraformaldehyde (30 min), removed from BSL3 in
PBS, and permeabilized with 0.1% Triton X-100 in PBS (10 min).
For DNase/RNase experiments, cells were treated with RNase A
(Thermo Fisher Scientific, no. EN0531) or DNase I (Thermo Fisher
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Scientific, no. 90083) for 1 hour at 37°C before incubation with primary
antibodies. Samples were blocked in 2% goat serum and 50 mM
NH,Cl in PBS (30 min) and incubated overnight at 4°C with the fol-
lowing primary antibodies diluted in blocking buffer: anti-pMLKL
(Abcam, no. ab187091) (1:200), anti—cleaved caspase-3 (CST, 9664)
(1:400), anti-SARS-CoV-2 N (Thermo Fisher Scientific, no. MA5-
29981) (1:200), or anti-Z-NA antibody (Novus Biologicals, no. B100-
749). Cells were washed (three times with PBS) and incubated for
1 hour at room temperature with the following secondary antibodies
diluted 1:400 in blocking solution: goat anti-rabbit immunoglobulin
G (IgG) Alexa Fluor 488 (Thermo Fisher Scientific, A-11034), goat
anti-mouse IgG Alexa Fluor 555 (Thermo Fisher Scientific, A-21424),
donkey anti-sheep IgG Alexa Fluor 488 (Thermo Fisher Scientific,
A-11015), and Alexa Fluor Plus 647 phalloidin (Thermo Fisher Scien-
tific, A30107) (1:400). To detect pMLKL and cleaved caspase-3 simul-
taneously, an anti-caspase-3 Alexa Flour 488 antibody was used
(CST, no. 9603) after initial staining. Cells were mounted with Pro-
Long Gold Antifade Mountant with 4',6-diamidino-2-phenylindole
(DAPI; Thermo Fisher Scientific, P36931). HAECs were cut from
Transwells and whole-mounted. Slides were imaged using a Zeiss
LSM710 or LSM900 using a Zeiss PlanApochromat 63x/1.4 oil objec-
tive or Zeiss PlanApochromat 40x/1.4 oil objective. All images were
acquired using identical laser power and other microscope settings.
Images were analyzed using Fiji software (60). Representative HAE
images are shown as maximum Z projections. Three or more fields
of view with # > 500 ACE2-A549 cells were quantitated per experiment
over three independent experiments, whereas three or more fields of
view with n > 100 HAECs were counted because of the difficulty of
imaging multiple epithelial layers. Images are pseudocolored for vi-
sualization.

Lentiviral transduction in A549 cells

Human embryonic kidney 293T cells were transfected using Lipo-
fectamine 2000 (Thermo Fisher Scientific, 11668027) with packaging
plasmids psPax2 (Addgene, no. 12260) and pMD2.G (Addgene, no.
12259) and one of the following lentiviral vectors: pLEX307-ACE2-
blast (Addgene, no. 158449), Cas9-empty (Applied Biological Materials,
no. K010), Cas9 with single-guide RNAs (sgRNAs) targeting MLKL
(ABM nos. 301961110295 and 301961110395), or Cas9 with sgRNAs
targeting ZBP1 (ABM nos. 506821110295 and 506821110395). Culture
supernatants were filtered (0.45 pm) after 72 hours and placed on
A549 cells for transduction. For CRISPR-Cas9 gene editing, A549
cells were single-cell-cloned, and lack of protein expression was con-
firmed by Western blot.

CRISPR-Cas9-mediated gene deletion in HAE

Irradiated feeder cells (3T3J2UNC) were added to six-well plates coated
with PureCol collagen (Advanced BioMatrix) for at least 1 hour.
sgRNA and Cas9 protein (Synthego) in TE buffer [10 mM tris-HCI
(pH 8.0) and 0.1 mM EDTA] were electroporated into passage one
HAEC:s. The cells were then seeded on to the prepared plates. Upon
confluency, the cells were passaged, and ALI cultures were prepared as
described above. Gene deletion was confirmed via Synthego’s Interfer-
ence of CRISPR Edits tool.

Plaque assay

Supernatants collected from infection experiments were subjected
to 10-fold serial dilution and used to infect Vero-E6 cells (ACE2*
TMPRSS2" Vero-E6 for Omicron BA.1) as described above. After
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infection, cells were covered with a 1.2% carboxymethylcellulose
and 1X o-minimum essential medium (MEM) overlay. At 96 HPI,
cells were fixed with formalin for 30 min, rinsed with water, removed
from BSL3, and stained with 0.25% crystal violet, and then plaques
were enumerated to calculate viral titer.

RT-qPCR analysis

Cells were lysed with TRIzol (Thermo Fisher Scientific, no. 15596026)
and removed from BSL3. RNA was extracted by a Direct-zol RNA
MicroPrep kit (Zymo Research, no. 11-330 MB), cDNA was synthe-
sized by the iScript cDNA Synthesis Kit (Bio-Rad, no. 1708891), and
gene expression was measured by a universal SYBR supermix (Thermo
Fisher Scientific, no. A25741) on the QuantStudio 6 Flex RT-qPCR
system. Samples were considered SARS-CoV-2 negative above
cycle threshold 30 using independently validated SARS-CoV-2 N
primers (61).

The primers used for SARS-CoV-2 and human gene targets were
as follows: SARS-CoV-2 N, (forward) GGGGAACTTCTCCTGC-
TAGAAT and (reverse) CAGACATTTTGCTCTCAAGCTG; ZBP1,
(forward) AACATGCAGCTACAATTCCAGA and (reverse) AGTC
TCGGTTCACATCTTTTGC; RIPK], (forward) GGGAAGGTGTC
TCTGTGTTTC and (reverse) CCTCGTTGTGCTCAATGCAG;
RIPK3, (forward) ATGTCGTGCGTCAAGTTATGG and (reverse)
CGTAGCCCCACTTCCTATGTTG; MLKL, (forward) AGGAGGC
TAATGGGGAGATAGA and (reverse) TGGCTTGCTGTTAGAAA
CCTG; and glyceraldehyde-3-phosphate dehydrogenase, (forward)
TGATGACATCAAGAAGGTGGTGAAG and (reverse) TCCTTG-
GAGGCCATGTGGGCCAT.

Proximity ligation assay

PLA was performed with the Duolink In Situ Red Starter Kit Mouse/
Rabbit (Sigma- Aldrich, no. DU092101) and NaveniFlex Cell MR Red
(Navinci). Cells were infected, fixed, and removed from BSL3 and
permeabilized, as described above. Cells were then blocked accord-
ing to the manufacturer’s protocol. Tissue sections were baked at
60°C for 1 to 2 hours, deparaffinized with xylene (three changes for
5 min), and rehydrated with graded ethanol (100% ethanol for 3 min
twice, 95% ethanol for 3 min, and 70% ethanol for 3 min). The sec-
tions were washed with PBS (2 min) and incubated in citrate buffer
(pH 6.0) at 95°C (20 min) for antigen retrieval. Then, tissue sections
were blocked with Blocking One histo (Nacalai Tesque) (30 min) and
permeabilized with phosphate-buffered saline with 0.05% Tween 20
detergent (PBST) (15 min). Blocked cells or sections were incubated
with Z-RNA (Absolute Antibody, no. Ab00783-3.0) and ZBP1 (Adipo-
Gen, no. AG-20B-0010-C100) antibodies overnight at 4°C. Duolink
PLA was performed according to the manufacturer’s protocol, and
samples were imaged using a Zeiss LSM900 laser scanning confocal
microscope using a PlanApo 63%/1.4 or 40X/1.4 objective. Images
were analyzed using Fiji software (60). Three or more fields of view
with n > 500 cells were quantitated per experiment over three inde-
pendent experiments. Images are pseudocolored for visualization.

Immunohistochemistry

Tissue section baking, deparaffinization, rehydration, antigen retrieval,
permeabilization, and blocking were performed as described above.
Sections were incubated with primary antibodies [pMLKL, 1:100;
cleaved caspase-3, 1:400; SARS-CoV-2 N, 1:200; and CD11c (60258-1-
Ig, Proteintech), 1:200] diluted in PBST with Blocking One histo (1:20)
at 4°C overnight. The sections were washed (three times with PBST for
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5 min), incubated with secondary antibodies (1 hour at room tempera-
ture) (donkey anti-rabbit, 1:1000; and donkey anti-mouse, 1:1000),
washed (three times with PBST for 5 min), applied with the Vector
TrueVIEW Autofluorescence Quenching Kit for 1 min, washed (three
times with PBS for 2 min), and then mounted with ProLong Gold An-
tifade Mountant with DAPI. The sections were imaged with a Zeiss
LSM 900 laser scanning confocal microscope using a Zeiss PlanApo-
chromat 63x/1.4 oil objective or Zeiss PlanApochromat 40x/1.4 oil ob-
jective. All images were acquired using identical laser power and other
microscope settings. Images were analyzed using Fiji software (60), and
maximum Z projections are shown for representative images of autop-
sied lungs from patients with COVID-19. Three or more fields of view
with n > 500 cells were quantitated for each donor. Images are pseudo-
colored for visualization.

Statistical analysis of scRNA-seq data from a

published meta-analysis

We previously published a meta-analysis of scRNA-seq datasets from
BALF from healthy individuals and patients with COVID-19 (35). To
assess differential gene expression in specific cell types in this dataset,
the R package ALDEx2 was used to account for sample variation
while analyzing differential abundance, and the R package lgqmm was
used to assess the statistical significance of gene expression differences
between disease states within cellular expression quantiles by using
a linear mixed model that treated patient IDs as a random effect as
described previously (35).

Statistical analyses

All other statistical analyses were performed in GraphPad Prism 8. All
experiments were repeated three times, and the data are presented as
means + SEM. Statistical significance was calculated by two-sided
Student’s ¢ test; one-way analysis of variance (ANOVA) followed by
Tukey’s, Dunnett’s, or Dunn’s multiple comparisons test if the data
were not normally distributed; or two-way ANOVA followed by
Tukey’s, Dunnett’s, or Sidak’s multiple comparisons test if the data
were not normally distributed. P value less than 0.05 was considered
significant. *P < 0.05, ¥* P < 0.01, *** P < 0.001, and **** P < 0.0001.
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