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SUMMARY
Elevated levels of cytokines IL-1b and IL-6 are associated with severe COVID-19. Investigating the underlying
mechanisms, we find that while primary human airway epithelia (HAE) have functional inflammasomes and
support SARS-CoV-2 replication, they are not the source of IL-1b released upon infection. In leukocytes,
the SARS-CoV-2 E protein upregulates inflammasome gene transcription via TLR2 to prime, but not activate,
inflammasomes. SARS-CoV-2-infected HAE supply a second signal, which includes genomic and mitochon-
drial DNA, to stimulate leukocyte IL-1b release. Nuclease treatment, STING, and caspase-1 inhibition but not
NLRP3 inhibition blocked leukocyte IL-1b release. After release, IL-1b stimulates IL-6 secretion from HAE.
Therefore, infection alone does not increase IL-1b secretion by either cell type. Rather, bi-directional interac-
tions between the SARS-CoV-2-infected epithelium and immune bystanders stimulates both IL-1b and IL-6,
creating a pro-inflammatory cytokine circuit. Consistent with these observations, patient autopsy lungs show
elevated myeloid inflammasome gene signatures in severe COVID-19.
INTRODUCTION

The emergence of SARS-CoV-2 caused the COVID-19

pandemic that continues to cause global economic disruption,

morbidity, and mortality. COVID-19 presentations vary widely,

ranging from asymptomatic to fatal disease. Patient characteris-

tics, including age and underlying medical conditions, increase

the risk for severe COVID-19,1 a disease that reflects significant

immune dysfunction2–4 and can lead to fatalities through a

hyperinflammatory cytokine storm.5,6 Severe COVID-19 is asso-

ciated with high levels of pro-inflammatory cytokines7,8 and an

influx of blood-derived myeloid populations into the lung.9,10
Cel
Recent clinical trial data underscore the relevance of interleukin

(IL)-1 and IL-6 in severe COVID-19 because treatment with either

IL-1 or IL-6 receptor antagonists increases patient survival and

decreases the duration of hospital and intensive care unit

stays.11–13 Therefore, identifying how SARS-CoV-2 stimulates

these cytokines is essential to understanding and treating severe

COVID-19.

One source of IL-1 in COVID-19 is activation of the inflamma-

some, an innate immune sensory machinery that initiates IL-1b

and IL-18 secretion and pyroptotic cell death.14 IL-1b, IL-18,

and lactate dehydrogenase (LDH), a protein released from

pyroptotic cells, are increased in severe COVID-19 patients.15,16
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These cytokines may also contribute to COVID-19-associated

neurological symptoms.17,18 While some suggested targeting

the inflammasome in severe COVID-19,19 this pathway may

have a protective role, as its loss increases morality to other res-

piratory viruses.20–22 Such a contrast in potential functions

warrants investigation of how the inflammasome is activated

by SARS-CoV-2 and how its activity is altered between

COVID-19 disease states.

Many viruses induce inflammasome formation,23 a two-step

process. A signal I, typically provided by Toll-like receptor

(TLR) agonists or cytokines, primes a cell for inflammasome

activation by upregulating inflammasome-related genes and

inducing post-translational modifications to component pro-

teins.24 During infection, viral nucleic acids or surface proteins

may activate TLRs to supply this signal I.25,26 Then, a cytosolic

signal II nucleates the inflammasome through activation of one

of many sensors, including nucleotide-binding leucine-rich-

repeat (NLR) family pyrin-domain-containing 3 (NLRP3), and ab-

sent in melanoma 2 (AIM2).14 Activated inflammasome sensors

interact with the adaptor protein apoptosis-associated speck-

like protein containing a caspase activation and recruitment

domain (CARD) (ASC) and caspase-1 to form the canonical in-

flammasome. Then, caspase-1 mediates maturation and secre-

tion of IL-1b and IL-18 and processing of gasdermin D (GSDMD)

to form a plasma membrane pore, facilitating pyroptotic cell

death.27–30

Inflammasome activation occurs in the cytosol, therefore

whether a virus acts as a signal II depends on its ability to enter

the responding cell and replicate. Some viruses, like influenza A

virus (IAV), infect a wide range of cell types, including myeloid

cells enriched in inflammasome pathway expression,31 and

indeed, IAV replication activates the NLRP3 inflammasome in

myeloid cells.20–22 SARS-CoV-2, however, requires angiotensin

converting enzyme 2 (ACE2) for entry,32,33 limiting its cellular

tropism. Because myeloid cells do not express ACE2,34–36 in-

flammasome activation by SARS-CoV-2 replication may be

limited to ACE2+ cell types or infection may activate the inflam-

masome indirectly with damage-associated molecular patterns

(DAMPs) generated as a by-product of viral replication acting

as an inflammasome-nucleating signal II.

Several studies addressed a third possibility, in which SARS-

CoV-2 replication directly activates the inflammasome in mono-

cytes despite these hindrances.37–41 Reported mechanisms by

which SARS-CoV-2 activates the inflammasome vary between

studies as does the mechanism of viral entry and replication.

One group suggests SARS-CoV-2 is a signal II, requiring an

exogenous signal I,38 while another suggests the SARS-CoV-2

spike (S) protein primes inflammasomes, requiring an exoge-

nous signal II.39 Yet, another report indicated SARS-CoV-2

enters monocytes upon addition of anti-SARS-CoV-2 antibodies

through Fc receptor Ɣ, initiating inflammasome activation

through abortive replication. Monocyte entry and inflammasome

activation was limited to a small percentage of cells in culture

and not observed with antibodies from vaccinated patients or

healthy individuals.40 Two other studies suggest SARS-CoV-2

is both signals I and II in myeloid cells. One did not describe a

viral entry mechanism,37 while another reported ACE2 on human

lung macrophages mediates viral entry,41 an observation con-

trasting the findings of several other groups.34–36 The conflicting
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nature of these reports mandates further investigation. Though

previous work focused on SARS-CoV-2 infection in monocytes,

viral replication occurs predominantly in the airway and nasal

epithelium,42 and one group suggests viral protease activity

both activates and inhibits inflammasomes in the airway epithei-

lum.43 However, to date, no studies have addressed contribu-

tions of the epithelium in concert with immune cells to generate

an inflammatory milieu, despite enhanced immune-epithelial

interactions in severe COVID-19.44

Here, we report primary human airway epithelia (HAE) have

functional inflammasomes, support SARS-CoV-2 replication

but do not release IL-1b during infection. Instead, myeloid by-

standers secrete IL-1b in the presence of infected epithelial cells.

The envelope (E) protein on the virion surface primes myeloid

cells for inflammasome activation. The infected epithelium re-

leases double-stranded DNA (dsDNA), a well-characterized in-

flammasome agonist,45–47 supplying signal II. Co-culture of pri-

mary human leukocytes with SARS-CoV-2-infected cells, but

not each cell type in isolation, stimulates IL-1b release. Thus, in-

teractions between the infected epithelium and leukocytes are

required for IL-1b production in COVID-19. Supporting these

findings, COVID-19 autopsy lungs revealed inflammasome prim-

ing and activation inmyeloid cells lacking SARS-CoV-2 antigens.

Additionally, meta-analysis of bronchioalveolar lavage fluid

(BALF) scRNA-seq data revealed that severe COVID-19 patients

have high variation in inflammasome gene expression, suggest-

ing loss of regulation of inflammasome priming. These in vivo

data corroborate an indirect model of inflammasome activation

in COVID-19 and show divergence of inflammasome responses

in different COVID-19 patients. Epithelial-immune communica-

tion is not limited to inflammasome activation. IL-1b promoted

IL-6 release from human leukocytes and HAE, where HAE

showed strikingly higher IL-6 production than peripheral blood

mononuclear cells (PBMCs). Co-culture of HAE and PBMC dur-

ing infection promoted IL-1b and IL-1-dependent IL-6 release.

Thus, we find that infected epithelial cells drive inflammasome

activation in myeloid bystander cells to secrete IL-1b, which in

turn promotes IL-6 release from both cell types, creating a pro-

inflammatory circuit in COVID-19.

RESULTS

HAE can activate inflammasome-mediated IL-1b
release but do not in response to SARS-CoV-2 infection
We first evaluated inflammasome activation by SARS-CoV-2

infection in ACE2+ epithelial cells. Because SARS-CoV-2 infec-

tion is species specific and immortalized cell lines often lack

innate immune sensors,48 we utilized well-differentiated, primary

HAE grown at an air-liquid interface (ALI), a culture system

that recapitulates the pseudostratified epithelium of human

airways.49 Previouswork demonstrated SARS-CoV-2 replication

in the ciliated cells of these cultures,42 making them an ideal

model to study the intracellular innate immune response to

SARS-CoV-2 infection.

While inflammasomes are characterized thoroughly in

myeloid cells, mechanisms of inflammasome activation in the

human airway epithelium are not well understood. To charac-

terize inflammasomes in HAE, we exposed these cultures to

multiple priming and activation stimuli and assessed IL-1b
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Figure 1. Primary, well-differentiated HAE form inflammasomes and secrete IL-1b but not in response to SARS-CoV-2 infection

(A) IL-1b in pooled HAE supernatants following treatment with indicated stimuli ± transfection (TFX).

(B) IL-1b and IL-18 in HAE supernatants following stimulation.

(legend continued on next page)
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secretion (Figure 1A). HAE were primed by exposure to the

triacylated lipopeptide Pam3CysSerLys4 (Pam3-CSK4), a

TLR1/2 agonist, or the dsRNA analog polyinosinic-polycytidylic

acid (p(I:C)), a TLR3 agonist,25 and then were exposed to signal

II agonists, including nigericin, an NLRP3 inflammasome

agonist, the DPP8/9 inhibitor Val-boroPro, an NLRP1 and

CARD8 agonist, transfected poly(deoxyadenylic-deoxythymi-

dylic) acid (p(dA:dT)), an AIM2 ligand, or transfected flagellin,

a NAIP/NLRC4 agonist.14,24,50 Val-boroPro but not nigericin

stimulated IL-1b release from HAE (Figure 1A), while p(dA:dT)

and flagellin stimulated modest responses slightly above base-

line. Measurement of cell membrane rupture showed LDH

release in conditions stimulating IL-1b secretion, suggesting

pyroptotic cell death occurs upon inflammasome activation in

HAE (Figure S1A). Apical secretion of both IL-1b and IL-18

was observed after stimulation with Pam3-CSK4 and Val-

boroPro (Figure 1B). These results demonstrate HAE can

execute pyroptosis and IL-1b secretion and highlight the role

of the NLRP1/CARD8 inflammasome in these cultures.

We next assessed whether SARS-CoV-2 infection stimulates

IL-1b secretion from HAE. HAE were infected with SARS-CoV-

2 at a multiplicity of infection (MOI) of 0.5, and IL-1b secretion

was measured after infection. IL-1b release above baseline

was not detected in HAE apical washes or basolateral superna-

tants at 24 or 72 h post-infection (HPI) (Figure 1C). However, viral

titers measured in parallel indicated viral replication (Figure 1D),

as didmeasurement of viral RNA transcripts encoding the SARS-

CoV-2 nucleocapsid (N) protein (Figure 1E). Additionally, inflam-

masome cytokines or components expression did not change

with infection (Figures 1F, S1B, and S1C). Increasing the MOI

or priming HAE cultures prior to infection did not alter this

response (Figure 1G). No IL-1b secretion occurred under these

conditions, despite viral replication at all time points (Figure 1H).

However, SARS-CoV-2 infection did stimulate lytic cell death, as

measured LDH release (Figure 1I). Thus, SARS-CoV-2 infection

alone or with priming does not promote IL-1b release from

ACE2+ HAE.

SARS-CoV-2 infection in the epithelium indirectly
activates the inflammasome in leukocytes
SARS-CoV-2 may activate the inflammasome in monocytes and

other myeloid cells, despite not stimulating this response in HAE.

This may occur directly, through viral replication, or indirectly,

through detection of virions and DAMPs generated by viral

replication in the epithelium. While leukocytes are not thought

to support viral replication, recent reports have suggested

various models of inflammasome activation in leukocytes,38–40

including direct activation of the inflammasome through viral

replication.37,41
(C) IL-1b in HAE supernatants following SARS-CoV-2 infection.

(D) Viral titer from HAE apical wash following SARS-CoV-2 infection.

(E) Viral N RNA expression relative to ACTB.

(F) IL1B and IL18 expression relative to ACTB.

(G) Apical IL-1b secretion from HAE following SARS-CoV-2 infection or stimulati

(H) Viral titer from HAE apical wash following infection.

(I) LDH in HAE apical wash following SARS-CoV-2 infection. Data points represen

***p < 0.001, or ****p < 0.0001 calculated by ordinary one-way (A and I) or two-way

comparison test.

See also Figure S1.

4 Cell Host & Microbe 31, 1–17, February 8, 2023
Thus, we first assessed whether SARS-CoV-2 productively

replicated in human PBMCs following infection at MOI 0.5.

Between 4 and 24 HPI, viral titers present in infected PBMC cul-

ture supernatants decreased on average 10-fold (Figure 2A).

Similarly, viral RNA transcripts decreased over time (Figure 2B).

In contrast, infection in ACE2+ HAE show log-fold increases in

viral titer and RNA following infection (Figures 1D and 1E).

Decreases in viral titer and RNA over time suggest productive

viral replication does not occur in human PBMCs.

While NLRP3 stimulation promoted IL-1b secretion in PBMCs,

SARS-CoV-2 infection did not (Figure 2C). IL1B mRNA expres-

sion, however, was increased at 4 HPI, indicating inflammasome

priming (Figure 2D). IL1BmRNA expression stimulated by SARS-

CoV-2 was more pronounced at MOI 2, and measurement of

other inflammasome-related genes showed increases in AIM2

and NLRP3 transcripts (Figures 2E and S2A). Thus, SARS-

CoV-2 uptake by PBMCs primes multiple inflammasomes.

Next, we systematically tested whether SARS-CoV-2 was a

signal I, signal II, or both for inflammasome activation in human

PBMCs, measuring IL-1b secretion after SARS-CoV-2 exposure

alone or in combination with exogenous signal I or signal II stim-

uli. Accordingly, PBMCs were pre-treated with a signal I (Pam3-

CSK4) and then exposed to SARS-CoV-2, exposed to SARS-

CoV-2 alone, or pre-exposed to SARS-CoV-2 and then treated

with a signal II (ATP or nigericin). SARS-CoV-2 exposure alone

or with a signal I resulted in little IL-1b secretion (Figure 2F). By

contrast, infection followed by signal II treatment led to high

levels of IL-1b (>2,000 pg/mL on average) secretion. Therefore,

SARS-CoV-2 predominantly serves as a signal I for inflamma-

some activation in primary human PBMCs.

We next investigated which SARS-CoV-2 virion components

mediate inflammasome priming. Priming in PBMCs, measured

by IL1B transcript upregulation, was sensitive to Bay11-7082,

an NF-kB inhibitor, and chloroquine, an inhibitor of endosomal/

phagosomal acidification, suggesting that these pathways are

required for priming (Figure 2G). IL1B transcript upregulation

was also inhibited by the TLR2 inhibitor C29 (Figure 2G), consis-

tent with reports suggesting TLR2 is required for the pro-inflam-

matory response to SARS-CoV-2.26,39,51 Because TLR2

blockade decreased IL1B transcript upregulation, we deter-

mined whether the SARS-CoV-2 structural proteins S or E stim-

ulated this response, as both are reported to stimulate

TLR2.26,39,51 We observed upregulation of IL1B mRNA by E,

while S did not (Figure 2H). Consistent with a role in priming, E,

but not S, stimulated IL-1b secretion in combination with subse-

quent ATP treatment (Figure 2I). Thus, E primes inflammasomes

via TLR2 stimulation, consistent with another report.26

If SARS-CoV-2 is primarily a signal I in PBMCs, then inflamma-

some activation in PBMCs requires an additional signal II.
on.

t individual HAE donors with bars shown as mean ± SEM. *p < 0.05, **p < 0.01,

(B and D) ANOVA followed by Dunnett’s (A and I) or Tukey’s (B and D) multiple
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DAMPs released from infected epithelial cells may provide this

signal. Genomic DNA encoding long-interspersed nuclear

elements (LINE-1) and mitochondrial (mt)DNA encoding mito-

chondrial genes (MT-ND4 and MT-CYB) were increased in

SARS-CoV-2-infected HAE supernatants (Figures 2J and S2B).

dsDNA is a well-characterized inflammasome agonist that stim-

ulates the AIM2 and/or NLRP3 inflammasomes, mediated by the

cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes

(STING) pathway in humans.45–47 Its presence in infected HAE

supernatants confirms infected cells release inflammasome-

stimulatory DAMPs. Therefore, infected epithelial cells produce

both signal I (virions) and signal II (dsDNA) to activate the inflam-

masome in leukocytes.

To model inflammasome activation through cell-cell interac-

tion, we infected or mock-infected the epithelial cell line Vero-

E6 with SARS-CoV-2, and 72 HPI, PBMCs were co-cultured

with infected or mock-infected cells for 24 h (Figure S2C).

Similar to HAE, Vero-E6 cells support SARS-CoV-2 replication

(Figure S2D). As a negative control, PBMCs were exposed or

mock-exposed to SARS-CoV-2 for 24 h. Only PBMCs co-

cultured with infected Vero-E6 cells secreted IL-1b (Figure 2K),

indicating infected cells, not virions alone, promote de novo

inflammasome activation in PBMCs. The extent of this

response varied between PBMC donors. Addition of benzo-

nase, a nuclease with activity in a wide range of buffers, abro-

gated IL-1b release (Figure 2K). This response was also sen-

sitive to H151, an inhibitor of STING, an adaptor protein

critical for the interferon and inflammasome responses to

intracellular DNA.45,46 Thus, DNA DAMPs are essential for

SARS-CoV-2-mediated inflammasome activation in co-

culture.

We then tested the requirement of specific inflammasome

components in this system. This response was sensitive to VX-

765, a human caspase-1/4 inhibitor, confirming inflamma-

some-dependent secretion (Figure 2L). However, this response

was reduced modestly but not significantly by NLRP3 inhibition,

suggesting other or multiple inflammasomes mediate IL-1b

release in co-culture. Taken together, these data suggest inter-

actions with SARS-CoV-2-infected epithelial cells, rather than

virions alone, stimulate inflammasomes in leukocytes through

sensing of DNA DAMPs.
Figure 2. SARS-CoV-2 primes the inflammasome in PBMCs, while co-

masome-mediated IL-1b secretion

(A) Viral titer from PBMC supernatants.

(B) Viral N RNA expression in PBMC relative to ACTB.

(C) IL-1b release from PBMC supernatants following SARS-CoV-2 infection or st

(D) IL1B transcript expression relative to ACTB.

(E) Indicated transcript expression relative to ACTB after 4-h SARS-CoV-2 expos

(F) IL-1b in PBMC supernatants following SARS-CoV-2 exposure alone or in com

(G) IL1B transcript expression relative to ACTB in PBMC at 4 HPI with SARS-Co

(H) IL1B expression relative to ACTB following 3-h treatment with 1 mg/mL S, E,

(I) IL-1b secretion from PBMCs following 3-h treatment described in (H) and sub

(J) PCR-amplified detection of dsDNA in HAE supernatants ± SARS-CoV-2 (MOI

(K and L) IL-1b in supernatants after infection in PBMCs, Vero-E6 cells, or co-cultu

(10 mM) and (L) ± VX-765 (20 mg/mL) or MCC950 (5 mM). Data point color indicate

points on graphs represent individual PBMC donors with bars or lines shown asm

ordinary one-way (E, F, H, and I) or two-way (A, D, G, K, and L) ANOVA followed

comparison test.

See also Figure S2.
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Myeloid cells from COVID-19 autopsy lungs have active
inflammasomes but not SARS-CoV-2 antigens
Next, we investigated COVID-19 patient autopsy lungs for

inflammasome priming and activation in the alveoli. First, we

examined inflammasome priming by RNA in situ hybridization

(RNA-ISH). Compared with control lungs from donors without

pre-existing pulmonary disease, COVID-19 patient lungs

exhibited increased expression of NLRP3, AIM2, and CASP1

(Figure 3A), driven in part by the influx on myeloid populations

into COVID-19 lungs. Consistent with a role in the pulmonary

epithelium, NLRP1 expression in COVID-19 autopsy lungs was

comparable to controls (Figure 3A). To assess which cell types

expressed these inflammasome components, we utilized fluo-

rescent RNA-ISH to label these transcripts in combination with

CD68, expressed by macrophages,52 and MPO, expressed by

neutrophils.53 CASP1, NLRP3, and AIM2 expressions were

primarily associated with CD68+MPO� cells, suggesting that

these genes are predominantly expressed in macrophage popu-

lations in COVID-19 autopsy lungs (Figure 3B).NLRP1, however,

was enriched in CD68�MPO� cells (Figure 3B).Multiple epithelial

cell types have the NLRP1 inflammasome,54,55 and these data

indicate its predominance in non-myeloid cell types in the lung.

Overall, this increase in inflammasome component gene expres-

sion suggests the NLRP3 and AIM2 inflammasomes are primed

in myeloid populations in COVID-19 autopsy lungs.

Increased inflammasome gene expression indicates inflam-

masome priming by signal I, but not activation by signal II. There-

fore, we investigated ASC speck formation in these lungs by

immunohistochemistry because this adaptor protein forms a

large, perinuclear speck upon inflammasome activation and

oligomerization.56 Compared with controls, COVID-19 autopsy

lungs had an increased frequency of ASC specks, showing

inflammasome activation in vivo (Figure 3C). These specks

were present in several myeloid populations, including CD68+

and MPO+ cells, but most predominantly in CD11c+ cells, a

marker of many myeloid subpopulations including dendritic cells

(DCs) and alveolar macrophages57 (Figure 3D). To assess contri-

butions of the alveolar epithelium, we investigated ASC speck

formation in ABCA3+ alveolar type II cells, which support

SARS-CoV-2 replication in the alveoli,42 and found ASC specks

were largely absent from ABCA3+ cells (Figure S3A).
culture of PBMCs with infected epithelial cells fully activates inflam-

imulation.

ure.

bination with indicated signal I or II stimuli.

V-2 ± Bay11-7082 (10 mM), chloroquine (10 mM), and C29 (25 mM).

or Pam3-CSK4.

sequent ATP treatment (5 mM; 1 h).

0.5) at 24 HPI.

re of PBMCs with infected Vero-E6 cells (K) ± benzonase (20 units/mL) or H151

s specific PBMC donors and matched Vero-E6 values across conditions. Data

ean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 as calculated by

by Tukey’s (A, D, F, K, and L), Dunnet’s (E, H, and I), or Sidak’s (G) multiple
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Figure 3. Myeloid cells in COVID-19 autopsy lungs show hallmarks of inflammasome priming and activation primarily in cells lacking SARS-

CoV-2 antigen

(A) Representative images (left) and quantification (right) of RNA-ISH in control and COVID-19 autopsy lungs.

(legend continued on next page)
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Previous reports note SARS-CoV-2 antigens in myeloid

cells.38,40,41 However, the relative proportions of ASC speck+

myeloid cells containing viral antigens at the site of infection in

humans remains unclear. Therefore, we determined whether

cells with ASC specks also contained SARS-CoV-2 antigens in

COVID-19 autopsy lungs. On average, over 80% ASC speck+

cells lacked SARS-CoV-2 antigens (Figure 3E). Furthermore,

CD68+ and MPO+ cells infrequently colocalized with SARS-

CoV-2 antigen (Figure S3B), though some myeloid cells do

contain SARS-CoV-2, corroborating previous observa-

tions.38,40,41 Because many myeloid cells are professional

phagocytes, uptake of infected cells and virions containing

SARS-CoV-2 antigens during infection is expected and not

confirmatory of viral infection or replication. These data suggest

uninfected myeloid bystanders mediate a majority of the inflam-

masome response in fatal COVID-19.

scRNA-seq analysis of patient BALF samples reveals a
heightened but discordant inflammasome response in
severe COVID-19
Active inflammasomes in COVID-19 autopsy lungs demon-

strates responses in fatal disease but does not allow for compar-

ison withmild disease. Therefore, we conducted ameta-analysis

of COVID-19 patient scRNA-seq data to determine whether

COVID-19 disease states showed differential inflammasome

priming.9,58 After filtering, we analyzed 117,497 high-quality tran-

scriptomes from the BALF of three healthy donors, five mild/

moderate COVID-19 patients, and 26 severe COVID-19 patients.

We utilized shared nearest neighbor, a graph-based clustering

method, to identify unique cell populations and visualized the

results via uniform manifold approximation and projection

(UMAP) analysis (Figure 4A). To boost statistical power and

incorporate new studies, we projected cells from additional

COVID-19 and healthy patient scRNA-seq datasets onto this

reference space (Figure S4A).59–61 In total, we analyzed over

300,000 high-quality transcriptomes from the BALF of 13 healthy

donors, five mild/moderate COVID-19 patients, and 50 severe

COVID-19 patients.

We identified 22 unique cell clusters with varied distribution by

disease state (Figures 4B and S4B), including 11 unique myeloid

populations (Figure 4A). Epithelial cells were predominantly

observed in COVID-19 patients, not healthy individuals, and pre-

sent mostly in severe patients (Figure 4B), likely due to dissocia-

tion of infected cells from the lung epithelium. Distribution of

myeloid cells within specific clusters shifted between disease

states, suggesting myeloid characteristics change with COVID-

19 disease status. HLA-DRlow myeloid cells were enriched (clus-

ter 2; Figures 4A and 4B) in severe patients, a population previ-

ously observed in severe COVID-19.4,10,62

To gain a general understanding of the inflammasome

pathway, we assigned each cell an ‘‘inflammasome score’’
(B) Representative images (left) and quantification (right) of fluorescent dual RNA

(C) Representative maximum Z projection (left) and quantification (right) of ASC i

(D) Representative images of ASC specks with cell-type markers in COVID-19 au

(E) Representative images of COVID-19 autopsy lungs of ASC specks in combinat

20 mm. Data points on graphs represent individual donor lungs with bars shown as

Student’s two-tailed, unpaired t test.

See also Figure S3.
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based inflammasome-related gene expression (lL1B, IL18,

NLRP1, NLRP3, NLRC4, NLRP6, AIM2, NAIP, MEFV, CASP1,

CASP4, CASP5, PYCARD, and GSDMD), a technique used to

define cell pathway programs in other scRNA-seq datasets63

(Figure 4C). To control for cell-specific effects, these scores

were normalized by subtracting a control score defined by a

gene set with comparable expression distribution, creating

log10 inflammasome scores ranging between �0.84 and

1.51.64 Across all clusters, the mean inflammasome score was

�0.05. The myeloid cluster 14 had the highest mean inflamma-

some score of 0.03926 with increased expression levels of

IL1B, CASP1, and CASP4 compared with other clusters

(Figures 4C and S4C). Other myeloid clusters with heightened

IL1B expression, including the HLA-DRlow cluster 2, also had

high inflammasome scores. In contrast, clusters 18, ciliated

epithelial cells, 12, secretory epithelial cells, and 9, T cells, had

the lowest inflammasome scores of �0.262, �0.163, and

�0.193, respectively. Myeloid cells from both mild/moderate

and severe COVID-19 patients tended to have increased inflam-

masome scores compared with healthy donors, indicating

inflammasome priming occurs universally in COVID-19 (Fig-

ure 4D). Thus, myeloid populations, including those expanded

in severe disease, dictate the inflammasome response in

COVID-19.

The range of inflammasome scores within individual clusters in

severe disease varied widely (Figure 4E). This was most

apparent in the HLA-DRlow cluster 2 where inflammasome

scores in severe patients encompassed the range of the entire

dataset. We found inflammasome score variance increased

stepwise by disease state with a mean of 0.01007 in healthy

donors, 0.02955 in mild/moderate COVID-19, and 0.04140 in

severe COVID-19 (Figure 4F). In myeloid clusters 14 and 15, vari-

ance significantly increased between mild/moderate and severe

COVID-19, and inflammasome score variance was significantly

increased in every myeloid cluster between healthy donors and

severe COVID-19 patients (Figure S4D). Thus, severe COVID-

19 showed higher variance of inflammasome scores compared

with other disease states. Many cells from severe patients

showed dramatically higher or lower scores than observed in

mild/moderate disease. This disparate inflammasome response

may indicate a loss of regulation of the inflammasome in severe

COVID-19.

Given such profound heterogeneity, comparisons of mean

inflammasome scores between disease states using linear

mixed models approach showed no apparent differences.

However, the wide range of inflammasome scores in severe

disease indicates subpopulations of myeloid cells may have

increased inflammasome gene expression. To compare the

75th percentile of inflammasome scores in each group, we em-

ployed a linear quantile mixed model to determine if the 75th

quantile of inflammasome score changed between disease
-ISH labeling indicated inflammasome genes with CD68 or MPO.

mmunostaining in control or COVID-19 autopsy lungs.

topsy lungs (left) and quantifications (right).

ion with SARS-CoV-2 antigen and quantification (right). All scale bars represent

mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 calculated by
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Figure 4. Meta-analysis of COVID-19 patient BALF scRNA-seq reveals differential expression of inflammasome pathway by disease state

(A) UMAP of healthy andCOVID-19 patient BALF scRNA-seq from pooled studies (healthy: n = 3; mild/moderate COVID-19: n = 5; severe COVID-19: n = 26). Each

dot represents a cell, and each dot is colored according to cluster identity. Clusters are annotated by cell type. z denotes the HLA-DRlow myeloid population.

(B) UMAP shown in (A) but colored by patient disease state (healthy, mild/moderate, or severe).

(legend continued on next page)
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states and found significant disease effects in the 75th quantile

of inflammasome scores (Figure 4D). Overall, the differences

observed in inflammasome score variance between disease

states highlight the heterogeneity inflammasome gene expres-

sion in severe COVID-19, while increased expression of these

genes in the 75th quantile of severe patient myeloid cells indi-

cates a subset of cells in severe disease have exacerbated

inflammasome gene expression not observed in other disease

states. This priming was only partially dependent on SARS-

CoV-2 transcripts, since only a modest correlation between

viral genomes and inflammasome score was observed

(Figure S4E).

We next examined expression of individual genes. As

described above, severe COVID-19 has high variance in

inflammasome gene expression levels. Variation within samples

(intra-patient variance) and variation between samples (inter-pa-

tient variance) contribute to this phenomenon. A major factor

contributing to variation within samples is large numbers of

gene dropout (zero RNA read count for some genes in some

cells), an occurrence universally present in scRNA-seq datasets.

However, a myriad of clinical and environmental factors,

including age, gender, pre-existing conditions, batch prepara-

tion conditions, and course of treatment, contribute to inter-pa-

tient variance. These differences cannot be properly controlled

with the small number of patients surveyed at single-cell levels.

Therefore, we utilized a linear quantile mixed model treating

sample identity as a random effect to identify inflammasome

pathway genes differentially regulated by COVID-19 disease

state. Because severe COVID-19 pathology involves increased

inflammation, we compared inflammasome gene expression

levels at the 75th quantile, assessing differences between the

highest-expressing cells.

IL1B expression was exacerbated in myeloid cells from severe

COVID-19 patients at orders of magnitude higher than mild/

moderate COVID-19 (Figure 5A). While no differences were

observed between healthy and mild/moderate COVID-19, the

75th quantile of IL1B expression was increased in severe disease

versus healthy controls in several clusters and versus mild/mod-

erate disease in clusters 2 and 14 (Figure 5A). Other genes

shared among inflammasome pathways, IL18, CASP1, and

GSDMD, had less variable expression though cells with

extremely high levels of expression were observed in severe

COVID-19 (Figures S5A–S5C). Thus, a subset of myeloid cells

in severe COVID-19 express high levels of shared inflammasome

genes.

Specific inflammasome sensors followed a similar pattern

across disease states. NLRP3 showed heightened expression

in severe COVID-19 in several myeloid clusters compared with

other disease states (Figure 5B). Similarly, the 75th quantile of

AIM2 expression was increased in specific myeloid clusters in

severe and mild/moderate COVID-19 compared with healthy
(C) Inflammasome scores for each cluster of the UMAP shown in (A). General clu

cells, and E, epithelial cells.

(D) Inflammasome scores for all myeloid cells in COVID-19 disease states and h

(E) Inflammasome scores for individual cells (individual points) within each myelo

(F) Inflammasome score variance within each myeloid cluster by disease state. (

STAR Methods and text, except for (F) which was determined by paired two-sid

See also Figure S4.
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donors (Figure 5C). MEFV, the gene encoding Pyrin, expression

was aggravated in several myeloid clusters in severe COVID-19,

showing dynamic changes in both COVID-19 disease states

(Figure 5D). Likewise, only myeloid cells in severe COVID-19

showed high levels of NLRP6 expression (Figure S5D). Addition-

ally, the non-canonical caspase CASP4 showed exacerbated

expression in some myeloid clusters in severe COVID-19

(Figure S5E).

Our scRNA-seq meta-analysis revealed differential inflamma-

some pathway expression between COVID-19 disease states.

Myeloid cells from patients with mild/moderate COVID-19

showed lower variance in inflammasome gene expression and

uniform enrichment of these genes over a healthy baseline. Since

the inflammasome is protective in other respiratory viral infec-

tions, this uniform response may promote disease resolution in

mild/moderate disease. However, in severe disease, myeloid

cells showed striking heterogeneity with a subset of cells exhib-

iting exacerbated expression to levels not observed inmild/mod-

erate disease. Such cells from severe patients may be able to

mount a powerful inflammasome cytokine response in severe

COVID-19.

SARS-CoV-2 infection in HAE stimulates IL-1b release
from PBMC causing IL-6 release from both cell types
Both L-1b and IL-6 are thought to contribute to COVID-19 fatal-

ities. IL-6 secretion can be induced by multiple mechanisms,65

and COVID-19 patients receiving IL-1 receptor blockade therapy

have lower levels of circulating IL-6.11 Therefore, we investigated

whether inflammasome-mediated IL-1b secretion amplified IL-6

production, too.

We assessed whether SARS-CoV-2 infection induced IL6

expression in HAE and/or PBMCs. At 4 HPI, we saw no increase

in IL6 expression in PBMCs (Figure S6A), unlike IL1B measured

in parallel (Figure 2D). In HAE, IL6 transcripts did not increase in

at 6, 48, or 72 HPI, similar to acute stimulation with Pam3-CSK4

(Figures S6B and S6C). Thus, neither viral replication in epithelial

cells nor PBMC uptake of virions stimulates increases in IL6

transcripts at acute time points, suggesting other mechanisms

promote IL6 upregulation.

We then investigated whether IL-1b stimulation induced IL6

expression. PBMCs or HAE were treated with 100 pg/mL or

1 ng/mL IL-1b and assessed IL6 expression at 4 and 24 h

post-treatment (HPT). IL-1b increased IL6 expression in

PBMCs (Figure 6A), demonstrating that IL-1b, but not SARS-

CoV-2 virions, induces IL6 expression in this cell type. However,

increases in IL6 expression following IL-1b treatment in HAE

were modest (Figure 6B).

In parallel, wemeasured IL-6 secretion. Both PBMCs and HAE

secreted IL-6 following IL-1b stimulation, but the extent differed

between cell types (Figure 6C). PBMCs treated with IL-1b

showed some IL-6 secretion at 24HPT with an average around
ster identity indicated below cluster number: M, myeloid cells; T, T cells; B, B

ealthy patients. Each dot represents a cell.

id cluster across COVID-19 disease states.

C)–(F) include projected datasets. Statistical calculations are described in the

ed t test *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001.
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Figure 5. Enriched expression of inflammasome genes and cytokines in specific myeloid subpopulations in severe COVID-19

Violin plots of normalized gene expression in each myeloid cluster by disease status. Includes projected data. Each cell shown by an individual dot. Each panel

shows a different gene: (A) IL1B, (B)NLRP3, (C)AIM2, and (D)MEFV. *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001. Statistical calculations described in STAR

Methods and text.

See also Figure S5.
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1,000 pg/mL. However, pooled supernatants from HAE demon-

strated a strong IL-6 response at 24 HPT with an average of over

7, 000 pg/mL (Figure 6C).
These data suggest a model in which SARS-CoV-2 infection in

the epithelium triggers inflammasome activation in myeloid by-

standers, and in turn the IL-1b released stimulates IL-6
Cell Host & Microbe 31, 1–17, February 8, 2023 11
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Figure 6. IL-1b stimulates IL-6 secretion from PBMCs and HAE

(A–C) PBMCs or HAE treated with 100 pg/mL or 1 ng/mL IL-1b. (A) IL6 transcripts relative to ACTB in PBMCs (B) IL6 expression relative to ACTB in HAE. (C) IL-6

secretion from pooled HAE supernatants or PBMCs.

(D) Schematic of HAE-PBMC co-culture experiment. Created with BioRender.com.

(E) IL-1b in supernatants from experiment in (D).

(F) IL-6 in supernatants from experiment in (D).

(G) Representative images of RNA-ISH in COVID-19 autopsy lungs. Scale bar represents 5 mm. Data points on graphs represent individual donors (HAE or PBMC)

or donor pairs (HAE + PBMC) with bars shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 as calculated by two-way ANOVA followed by

Dunnett’s (A and B) or Tukey’s multiple comparison test (C, E, and F).

See also Figure S6.

ll
Article

Please cite this article in press as: Barnett et al., An epithelial-immune circuit amplifies inflammasome and IL-6 responses to SARS-CoV-2, Cell Host &
Microbe (2022), https://doi.org/10.1016/j.chom.2022.12.005
secretion from both cell types. To test this, we developed a

primary, human co-culture system of HAE and PBMC and

measured IL-1b and IL-6 production during SARS-CoV-2 infec-
12 Cell Host & Microbe 31, 1–17, February 8, 2023
tion with or without the IL-1 receptor antagonist (IL-1Ra) (Fig-

ure 6D). Consistent with our previous observations (Figure 2K),

IL-1b secretion only increased upon co-culture of HAE and

http://BioRender.com
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PBMCduring SARS-CoV-2 infection (Figure 6E). Similar to IL-1b,

IL-6 secretion only increased during SARS-CoV-2 infection in

co-culture (Figure 6F). SARS-CoV-2-stimulated IL-6 production

in the co-culture setting depended on IL-1, as IL-1Ra fully

blocked IL-6 secretion. This intercellular communication circuit

was observed in COVID-19 autopsy lungs, where an IL6+

ABCA3+ alveolar type II epithelial cell was adjacent to a non-

epithelial IL1B+ or IL1B+IL6+ cell (Figure 6G, lower panels).

Therefore, a bi-directional communication loop between the

infected epithelium and immune bystanders promotes produc-

tion of IL-1b and IL-6 during SARS-CoV-2 infection.

DISCUSSION

Pro-inflammatory cytokines are critical to mount an adaptive im-

mune response and contain infection, yet blockade of IL-1 or

IL-6 signaling in patients with severe disease promotes positive

outcomes in COVID-19.11–13,66 Such contrasting functions

underscores the necessity to understand how these cytokines

are produced during infection. Here, we report inflammation

driven by inflammasome-mediated IL-1b secretion is a product

not only of viral infection but also crosstalk between the infected

epithelium and myeloid bystanders. Integrated detection of

virions and epithelial DAMPs produced during infection activates

the inflammasome in myeloid cells. IL-1b release then potenti-

ates IL-6 secretion from both cell types with a potent IL-6

response from the epithelium. Such a circuit of bi-directional

cytokine amplification can potentially result in the uncontrolled

cytokine storm that accompanies COVID-19 fatalities.

Several groups reported that SARS-CoV-2 replication directly

activates the inflammasome in leukocytes,37–41 but this requires

additional exogenous stimuli like bacterial ligands or non-

neutralizing antibodies and still only occurs in a small proportion

of cells.38–40 Due to lack of ACE2 expression,34–36 SARS-CoV-2

replication events in leukocytes are infrequent and abortive.40,67

Indeed, in the absence of exogenous factors, we did not observe

productive viral replication or IL-1b secretion upon SARS-CoV-2

infection in PBMCs. Similarly, HAE, which support productive

viral replication and have functional inflammasomes, do not

release IL-1b following infection, possibly due to viral antago-

nism of the pathway.43 Therefore, while SARS-CoV-2 replication

can stimulate modest responses under certain conditions, it is

insufficient to drive robust IL-1b release. Furthermore, disease

kinetics indicate viral replication is not the lone driver of severe

COVID-19 pathology, as viral titers wane in late disease while

inflammation continues to mount.68 Thus, it is paramount to

understand how SARS-CoV-2 infection promotes IL-1b release

beyond the direct sensing of viral replicative activity within an

infected cell.

Here, we show how cell-cell interactions and DAMPs amplify

inflammasome responses during SARS-CoV-2 infection.

SARS-CoV-2 virions prime the inflammasome pathway in

myeloid cells through TLR2-dependent sensing of the SARS-

CoV-2 E protein.26 Then, infected epithelial cells release

DAMPs that supply a signal II to initiate IL-1b release. A key

DAMP in this process is the well-characterized inflammasome

agonist dsDNA. SARS-CoV-2-infected HAE release both

genomic and mitochondrial dsDNA, and co-culture of leuko-

cytes with infected epithelial cells promotes IL-1b release, while
infection in either cell type in isolation does not. Addition of

nuclease or inhibition of STING, an adaptor protein essential

for the interferon and inflammasome responses to DNA in

humans,45,46 abrogated IL-1b release in co-culture. Thus, DNA

DAMPs are critical for IL-1b release in this system. Furthermore,

while blockade of caspase-1 activity was blocked IL-1b release

in this system, NLRP3 inhibition had a modest and insignificant

effect. This suggests the AIM2 inflammasome, previously

observed in COVID-19 patient samples,40 may also contribute

to response. Thus, viral replication in the epithelium provides

both signals I and II to stimulate the inflammasome in myeloid

bystanders through production of virions and release of DNA

DAMPs. Such a model explains how inflammasome activation

occurs during early infection in naive individuals and how this

response is exacerbated in late disease, as sustained infection

leads to significant damage to the lung epithelium.69

Observations in COVID-19 patients corroborated these in vitro

findings. Active inflammasomes, evidenced by ASC speck for-

mation, were prominent in multiple myeloid cell types in

COVID-19 autopsy lungs. However, these ASC specks were

rarely found in epithelial cells and infrequently colocalized with

viral antigens. Thus, the bulk of inflammasome activation in fatal

COVID-19 occurs in myeloid bystanders, not cells with active

viral replication.

Meta-analysis of patient BALF scRNA-seq data permitted

high-resolution dissection of inflammasome priming in COVID-

19. We found that inflammasome priming occurs universally in

COVID-19, but the extent of priming varied between disease

states and was exceptionally discordant in severe COVID-19.

Mild/moderate COVID-19 patients show modest increases in

inflammasome cytokine and component gene expression in

myeloid cells. In contrast, priming in severe disease showed

striking heterogeneity with high variance in inflammasome-

related gene expression, indicative of a loss of regulation.

Maximal expression of inflammasome-related genes was signif-

icantly increased in severe COVID-19 patients’ myeloid cells,

suggesting some cells in severe COVID-19 are hyper-primed

for inflammasome activation. Thus, while the inflammasome

response is not unique to severe disease, a discordant, hyperac-

tive response may contribute to its pathology. Clinical practices

reflect this notion, as effective IL-1 receptor blockade therapy

relies on patient indicators of disease severity.11

Epithelial-immune interactions do not only amplify IL-1b

release in COVID-19. In COVID-19 patients, IL-1 receptor

blockade therapy also decreases circulating IL-6,11 and

in vitro, we find that co-culture of infected HAE and PBMCs

stimulates IL-6 release in an IL-1-dependent manner. Though

both PBMCs and HAE secrete IL-6, HAE secreted much higher

amounts, despite less dynamic changes in IL6 mRNA expres-

sion. This cautions against relying solely on transcriptional data

and indicates a need to understand cytokine release in non-im-

mune cell types.

As a whole, our work underscores the importance of immune-

stromal interaction during SARS-CoV-2 infection. Viral infection

alone is insufficient to generate robust pro-inflammatory

responses in either cell type in isolation, but innate immune

sensing of infection in the epithelium by leukocytes promotes

production of IL-1b and IL-6. This indirect model of cytokine

production offers insight into the heterogeneity observed in
Cell Host & Microbe 31, 1–17, February 8, 2023 13
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patient responses, as patient-derived factors, namely DAMPs,

contribute to both the IL-1b and IL-6 responses in COVID-19.

Such amodelmay extend to other viral infectionswith differential

pro-inflammatory responses in patients. Indeed, epithelial-im-

mune crosstalk may govern many aspects of the local immune

response to viruses, mandating further study of these interac-

tions during infection and how they are altered in high-risk

patient groups.
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GraphPad Prism 9 GraphPad https://graphpad.com

Zen Black Zeiss https://www.zeiss.com/microscopy/us/

products/microscope-software.html

FIJI Image J https://fiji.sc/

Olyvia V3.1.1 Olympus https://olympus-lifescience.com

Applied Biosystems QuantStudio V1.7.2 Applied Biosystems https://www.thermofisher.com/us/en/
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windows/base/

ll
Article

Please cite this article in press as: Barnett et al., An epithelial-immune circuit amplifies inflammasome and IL-6 responses to SARS-CoV-2, Cell Host &
Microbe (2022), https://doi.org/10.1016/j.chom.2022.12.005
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Jenny P.-Y.

Ting (jenny_ting@med.unc.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d This paper analyzes existing, publicly available data. The accession numbers for the datasets are listed in the key re-

sources table.

d All original code is deposited at GitHub and is publicly available. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
Human lungs from donors with no preexisting pulmonary disease that were unsuitable for transplantation were obtained from the

University of North Carolina (UNC) Tissue Procurement and Cell Culture Core (institutional review board (IRB)-approved protocol

#03-1396). Excised tissue specimens were dissected and fixed in 10% neutral buffered formalin for 48 hours followed by paraffin-

embedding. Tissue blocks obtained from four COVID-19 autopsy lungs were obtained from Drs. Edana Stroberg (Office of the

Chief Medical Examiner, Oklahoma City, OK), Ross. E. Zumwalt (University of New Mexico, Albuquerque, NM), and Leigh B.

Thorne (University of North Carolina at Chapel Hill, Chapel Hill, NC). The paraffin blocks were cut to produce 5 mm serial sections

for RNA in situ hybridization (RNA-ISH) and immunohistochemistry. Donor demographics are described as follows.

Donor 1

40-year-old male. Medical history: Diabetes mellitus. Clinical course: This donor had upper respiratory infection (URI) symptoms

three days before he was found dead at home. No intubation occurred. Postmortem testing of the lung was positive for SARS-

CoV-2.

Donor 2

91-year-old female. Medical history: coronary artery disease, hyperlipidemia, and hypertension. Clinical course: This donor was

transferred to the ER because of URI symptoms, hypoxia, weakness, and shortness of breath. A nasal swab was positive for

SARS-CoV-2. She was treated with high flow nasal canula but died from acute pneumonia due to SARS-CoV-2 complicated by

an acute respiratory failure.

Donor 3

77-year-old male. Medical history: Acute pancreatitis, acute cholecystitis, and splenectomy. Clinical course: This donor was trans-

ferred to the ER because of fever and respiratory distress six days before death. He died shortly after arrival. A swab from the nasal

cavity and the postmortem lung were positive for SARS-CoV-2.
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Donor 4

42-year-old male. Medical history: Myotonic dystrophy, diabetes mellitus, hyperlipidemia, gastroesophageal reflux, cognitive

deficits, dysarthria, and frequent falls. Clinical course: This donor was transferred to the ER because of cough and shortness of

breath. He died shortly after arrival. No intubation occurred. SARS-CoV-2 was positive in nasopharyngeal swab, but negative in

the postmortem lung.

Donor 5

No available clinical information.

Primary cell isolation and culture
Primary bronchial HAE were isolated and expanded as previously described.49 Briefly, human bronchial epithelial cells were isolated

from previously normal human lungs obtained from anonymous organ donors with lungs unsuitable for transplantation under UNC

IRB-approved protocol (#03-1396). In brief, at two-passages post-isolation from human lungs, cells were plated onto 12mm

0.4mm polyester Transwell supports (Corning) coated with human placental collagen type IV (Sigma). Cells were maintained in

UNC ALI media49 at 37�C in 5% CO2. Once cells were fully confluent, media from the apical chamber was removed, and cells

were maintained at ALI and allowed to differentiate for 28 days after seeding. Media in the basolateral compartment was changed

3x/week. Well-differentiated HAE ALI cultures were utilized for experiments at 28-90 days after seeding.

Primary human PBMCs from anonymous donors (Gulf Coast Blood) were isolated from leukapheresis samples using a Ficoll-

PaqueTM density gradient (Sigma), frozen, and immediately used in experiments upon thawing. PBMCs were maintained in RPMI-

1640 (Thermo) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin-streptomycin, L-glutamine, sodium pyruvate,

and non-essential amino acids. Cells were maintained in an incubator at 37�C in 5% CO2. For studies involving PBMCs with or

without co-culture with Vero-E6 cells, PBMCs were maintained in MEM (Thermo) with 2% fetal bovine serum (FBS), 100 U/mL

penicillin-streptomycin, L-glutamine, sodium pyruvate, and non-essential amino acids.

Vero cell line culture
Vero-E6 were maintained in MEM supplemented with 10% (maintenance media) or 2% (infection media) fetal bovine serum (FBS),

100 U/mL penicillin-streptomycin, L-glutamine, sodium pyruvate, and non-essential amino acids. For passage, confluent cells were

rinsedwith phosphate buffered saline (PBS), lifted with 0.25% trypsin, and plated at a 1:10 dilution factor. Cells weremaintained in an

incubator at 37�C in 5% CO2.

METHOD DETAILS

Inflammasome stimulation
Inflammasome stimulation was performed using previously established protocols.70 Briefly, cells were primed both basolateral and

apical application of TLR ligands in ALI media 10mg/mL Pam3-CSK4 (Invivogen) or 0.5mg/mL Poly(I:C) (Invivogen). All apical ALI stim-

ulations were delivered in a small volume of ALI media (75mL) to allow for continued air contact. After 3 hours, priming signals were

removed, and inflammasome stimuli were added to the cultures. To activate the NLRP3 inflammasome, 40mMNigericin (Invivogen) in

ALI media was added to HAE culture apical and basolateral chambers for 1 hour. To activate the NLRP1/CARD8 inflammasome,

10mM Val-boroPro (R&D) was added to HAE culture apical and basolateral chambers for 18 hours. To activate the AIM2 inflamma-

some, poly(dA:dT) (Invivogen) was transfected into HAE cultures apically using Lipofectamine 2000 (Thermo) in Opti-MEM media

(Thermo) and stimulated for 3 hours. To activate the NLRC4 inflammasome, purified flagellin (a generous gift from Dr. Ed Miao)

was transfected into HAE cultures apically using DOTAP (Sigma) in Opti-MEMmedia and stimulated for 2 hours. To maximize trans-

fection efficiency of p(dA:dT) and flagellin, the epithelial barrier was disrupted immediately prior to transfection by apical treatment

with 30mMsodium caprate (Sigma) for 5minutes at 37�C 5%CO2. For NLRP3 inflammasome activation in human PBMCs, cells were

primed with 1mg/mL Pam3-CSK4 (Invivogen) for 3 hours and then stimulated with 40mMNigericin or 5mM ATP for 1 hour. For exper-

iments looking at SARS-CoV-2 protein stimulation or SARS-CoV-2 infection in combination with known inflammasome stimulation,

these treatments were applied as described in the text, preceded or followed by stimulations described above.

Following inflammasome activation, supernatants were collected and immediately frozen to measure IL-1b or IL-18 secretion by

ELISA (BDOptEIA IL-1b or R&D IL-18) or LDH release (Roche/Sigma Cytotoxicity Detection Kit (LDH)). To collect apical supernatants

fromHAE ALI cultures, the apical surface was incubated with 250mL PBS for 30minutes at 37�C 5%CO2, gently mixed and removed,

and then frozen until analysis by ELISA. ELISA values from apical wash samples (250mL) were normalized to the volume of basolateral

media (1mL) to allow for direct comparison between the compartments. In some instances, these supernatants were pooled.

IL-1b or Protein/Ligand stimulation
Human PBMCswere treated in suspension in culture mediumwith recombinant human IL-1b (100pg/mL or 1ng/mL) or a vehicle con-

trol for indicated timepoints. Similarly, human PBMCswere treated in suspension in culturemediumwith recombinant SARS-CoV-2 E

protein (1mg/mL), S protein trimer (1mg/mL) or Pam3-CSK4 (1mg/mL). HAE cultures were stimulated at the apical surface and in the

basolateral compartment with recombinant human IL-1b (100pg/mL or 1ng/mL), Pam3-CSK4 (1mg/mL), or a vehicle control for indi-

cated timepoints. Following treatment, cells were lysed in Trizol reagent for RNA isolation and subsequent RT-qPCR analysis. Cell
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supernatants were collected and frozen until assessed by ELISA (Biolegend ELISA MAX� human IL-6). Washes from the apical

surface were collected as described above, stored frozen, and analyzed by ELISA.

Viral infections
SARS-CoV-2 USA-WA1/2020 or the synthetic clone of this strain icSARS-CoV-2WT42 were both utilized in these experiments due to

the need to utilize two collaborating BSL3 facilities because of scheduling difficulties. HAEALI cultures were rinsed twice with PBS for

30minutes at 37�C to removemucus prior to infection. Cells were infected apically with viral stocks diluted in PBS for 2 hours at 37�C
in 5% CO2 with frequent agitation, as described previously.42 Following infection, cells were washed 3x with PBS for 5 minutes and

kept at an ALI for the duration of the experiment at 37�C in 5%CO2. Infection of PBMCs or Vero cell lines with SARS-CoV-2 occurred

as described above with a few key differences. To infect PBMCs or Vero cell lines, culture media was removed and cells were incu-

bated with diluted viral stocks in infection media (complete MEM 2%FBS, as described above) for 1 hour at 37�C in 5% CO2 with

frequent agitation. Following the infection period, inoculum was removed and wells were given fresh infection media for the exper-

iment duration. WT SARS-CoV-2 stocks were propagated in Vero-E6 cells. All SARS-CoV-2 infections, propagation, and assays

requiring samples with live virus (ELISA, plaque assay) were performed under biosafety level 3 (BSL-3) containment at negative pres-

sure and in Tyvek suits with personal respirators.

Following infection, HAE ALI apical wash and basolateral supernatants were collected and frozen for analysis, as described above.

For PBMCs, cells were pelleted at 500xg for 5 minutes, supernatants were frozen and collected for analysis by ELISA. Cell lysates

were collected in TRIzol reagent (Thermo) for measurement of gene expression by reverse transcription quantitative PCR (RT-qPCR).

RT-qPCR
Following lysis in TRIzol reagent, RNAwas isolated according to themanufacturer’s protocol. RNAwas converted into cDNA through

reverse transcription using the iScriptTM cDNA Synthesis Kit (Bio-Rad). Relative mRNA and viral RNA expression was thenmeasured

using the iTaq Universal SYBR Green Mastermix (Bio-Rad) on the Quantstudio 6 Real Time PCR System (Applied Biosystems).

Primers used are listed in the key resources table.

PCR detection of DNA in supernatants
HAE supernatants were heat inactivated for 60 minutes and 60�C for removal from BSL3, dsDNA was isolated from these superna-

tants through spin column purification (Qiagen QIAamp MinElute ccfDNA Mini Kit), and then PCR amplification of genomic or mito-

chondrial DNA amplicons was performed (Meridian BioscienceMyTaq�HS RedMix). Cycle conditions are as follows: Denaure: 15s

98�C, Anneal: 15s 55�C, and Extend: 30s 72�C for 25 cycles followed by 5 minute extension period. Amplified dsDNA products were

visualized on an agarose gel using SYBR green dye and analyzed in FIJI. Primers used are listed in the key resources table.

Plaque assay
Confluent Vero-E6 cells were infected with ten-fold serial dilutions of cell culture supernatants (PBMC/Vero) or apical washes (HAE

cultures) to measure viral titer. Diluted samples were assayed in duplicate. Infections were performed for one hour as described

above with frequent agitation. After 1 hour, overlay (1.25% carboxymethylcellulose and 1x alpha-MEM) was placed over the infected

cells. Four days post infection, wells were fixed by adding 4%paraformaldehyde or formalin to eachwell. The overlay/fixative solution

was removed, plates were submerged in fixative, rinsed with water and then stained for a minimum of 10 minutes with.25% crystal

violet in water. Excess stain was removed, plates rinsed, and plaques were enumerated.

Integrated scRNA-seq meta-analysis
We retrieved single-cell RNA-Seq data from the following published datasets: GEO: GSE145926,9 GEO: GSE147143,61 GEO:

GSE157344,59 GEO: GSE151928,60 and EGA: EGAS00001004717.58 Collectively, 26 patients with severe COVID-19 disease, 5 pa-

tients with moderate or mild symptoms, and 3 healthy controls were included in the initial analysis, while 10 healthy donors and 24

severe patients were added in the projected data. In total, cells from 13 healthy donors, 5 mild/moderate patients, and 50 severe

patients were analyzed. We only kept high-quality cells that had unique feature counts between 200 and 10,000 and mitochondrial

reads of less than 20%. Cells with uniquemolecular identifiers counts below 500were filtered out. After processing, a total of 117,497

high-quality transcriptomes of PBMCs were available for integration. We implemented the sctransform algorithm for the integrated

data set using Seurat v.3 to normalize and remove the library size effect.71 Then, we utilized the Mutual Nearest Neighbors algorithm

to remove the batch effect between studies and between patients.72 To concentrate biology signals, we selected the top 2,000 genes

with the highest cell-to-cell variation, in conjunction with a set of immune cell subsets signature genes to stabilize the lineage segre-

gation. These additional anchor features include CXCR5, CD69, AIM2, IRF5, IRF1, IRF3, LGALS9, LY6E, NOS2, IL6, TNF, ISG15,

GSDMD, CD8A, CD40, CD80, CD86, IL10, TGFB1, TMEM173, CD274, CXCL9, MRC1, SIGLEC15, TRDC, CD2, TRAC, CD4,

CD8B, FOXP3, TRBC1, TRBC2, GZMB, EOMES, ICOS, CD3G, CD3E, IFNG, NCR1, CD19, CD79A, CD79B, ITGAM, ITGAX,

BATF3, XCR1, GATA3, CTLA4, RORC, IL17A, BCL6, HAVCR2, TNFRSF4, TIGIT, CXCL10, MX1, IFNB1, IL3RA, NRP1, CLEC4C,

FCER1A, TBX21, LAG3, IFNL3, PDCD1, CD14, and CD33. We obtained the top 50 principal components (PCs) from the integrated

data. Then, we employed the Shared Nearest Neighbormethod to group cells, informing 22 distinct clusters with a resolution of 0.8.73
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Immunohistochemistry
Immunohistochemical staining was performed on non-disease explant lung (control) and COVID-19 autopsy lung sections, accord-

ing to previously described protocols.42 Briefly, paraffin-embedded sections were baked at 60 �C for 2–4 hours and deparaffinized

with xylene (2 changes 3 10 min) and graded ethanol (100% 2 3 5 min, 95% 1 3 5 min, 70% 1 3 5 min). After rehydration, antigen

retrieval was performed by boiling the slides in 0.1 M sodium citrate pH 6.0 (3 cycles with microwave settings: 100% power for

6.5 min, 60% for 6 min, and 60% for 6 min, refilling the Coplin jars with distilled water after each cycle). After cooling and rinsing

with distilled water, slides were washed in PBS and blocked with 4% normal donkey serum for one hour at RT. Primary antibodies

(ASC:1:500,MPO: 1:200, CD68: 1:100, CD11c: 1:500, Anti-SARSmouse antiserum: 1:4000) were diluted in 4%normal donkey serum

in PBST (phosphate-buffered saline containing 0.1% Triton X-100) and incubated overnight at 4 �C. Sections were washed in PBST,

and secondary antibodies (Alexa Fluor 488 donkey anti-rabbit IgG, at 1:1000 dilution; Alexa Fluor 647 donkey anti-mouse IgG, at

1:1000 dilution and Alexa Fluor 750 donkey anti-goat IgG, at 1:1000 dilution) were applied for 60 min at RT. After washing in

PBST, the Vector� TrueVIEW Autofluorescence Quenching Kit (Vector laboratories) was used to reduce background staining,

and glass coverslips were placed over tissue sections with the VECTASHIELD� Vibrance� Antifade Mounting Medium with DAPI

(Vector laboratories). Cover slipped slides were scanned and digitized using anOlympus VS200 with a 20X 0.75 NA objective. Repre-

sentative images were generated from these digitized composite images using Olyvia software or captured on a Zeiss LSM 710

inverted laser scanning confocal microscope with a 40X/1.4 Oil Plan Apo objective using Zen software.

RNA in situ hybridization (RNA-ISH)
RNA-ISH was performed on paraffin-embedded 5mm tissue sections of control and COVID-19 autopsy lung sections using the RNA-

scope 2.5 HD Reagent Kit-RED (chromogenic images) and Multiplex Fluorescent Assay Kit v2 (fluorescent images) according to the

manufacturer’s instructions (Advanced Cell Diagnostics). Sections were deparaffinized with xylene (2 changes 3 5 min) and 100%

ethanol (2 changes3 1 min), incubated with hydrogen peroxide for 10 min followed by target retrieval in boiling water for 15 min, and

incubation with Protease Plus (Advanced Cell Diagnostics) for 15min at 40�C. Slides were hybridized with custom probes at 40 �C for

2 hours, and signals were amplified according to the manufacturer’s instructions. Cover slipped slides were scanned and digitized

using an Olympus VS200 with a 20X 0.75 NA objective. Representative images were generated from these digitized composite im-

ages using Olyvia software or captured on a Zeiss LSM 710 inverted laser scanning confocal microscope with a 40X/1.4 Oil Plan Apo

objective using Zen software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image quantification
Stained areas of CASP1, NLRP1, NLRP3, and AIM2mRNAs by chromogenic RNA-ISH in the alveolar regions were quantitated using

FIJI softwareaspreviouslydescribed.74Briefly, alveolar regionswere cropped fromthe field, andstainingof eachmRNAwasconverted

toagray-scale image.Optimized thresholdvaluewasdeterminedbyadjusting the threshold toaccurately represent theoriginal images.

We applied the optimized threshold value to all the sections. The stained-areaswere normalized to alveolar areas. Fluorescent staining

of lung samples was counted manually from randomly selected fields of view with an nR500 for each biological replicate. ASC speck

frequency was normalized to the frequency of nuclei, as indicated by DAPI staining. Co-incidence of ASC specks with other markers

was normalized to the total number of nuclei-associated ASC specks, as indicated by DAPI staining. Co-incidence of genes with other

markers was normalized to the total number of gene-associated nuclei, as indicated by DAPI staining.

Statistical analysis
With the exception of scRNAseq data, all statistical analysis was performed using Graphpad Prism 8 software. All experiments were

performed in triplicate and represent 3 independent biological replicates. For comparisons in which multiple variables were tested

with multiple conditions, two-way ANOVA analysis with Tukey’s, Dunnet’s or Sidak’s multiple comparison test correction was per-

formed, as indicated in figure legends. For multiple comparisons of groups with a single independent variable, one-way ANOVA anal-

ysis with Tukey’s or Dunnet’s multiple comparison test correction was performed, as indicated in figure legends. Unpaired two-tailed

t tests were used to compare two groups. Asterisk coding is as follows: * p<= 0.05; ** p<=0.01; *** p<=0.001; **** p<=0.0001. Data

with error bars depict the average with the SEM.

scRNAseq Statistical analysis
Cell type differential abundance analyses were performed using the R package ALDEx2, which utilize centered log-ratio transforma-

tion to ensure the data to be scale invariant and sub-compositionally coherent. To test the significance of Inflammasome score and

gene expression quantile across disease statuses, we employed a linear quantile mixed model via the R package lqmm, where pa-

tient IDs were treated as a random effect. To enhance the rigor of the model, we removed samples that only had fewer than 5 cells in

the given clusters. To test the significance of Inflammasome score and inflammasome genes on pool cells among disease status, we

performed the non-parametric Kruskal-Wallis test taking account the fact that the data distributions are not Gaussian. Post-hoc

Dunn’s tests were conducted to determine pair-wise differences between disease status.
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