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Inflammasomes are activated in response to
SARS-CoV-2 infection and are associated with
COVID-19 severity in patients
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Severe cases of COVID-19 are characterized by a strong inflammatory process that may ultimately lead to organ failure and
patient death. The NLRP3 inflammasome is a molecular platform that promotes inflammation via cleavage and activation of key
inflammatory molecules including active caspase-1 (Casp1p20), IL-1β, and IL-18. Although participation of the inflammasome
in COVID-19 has been highly speculated, the inflammasome activation and participation in the outcome of the disease are
unknown. Here we demonstrate that the NLRP3 inflammasome is activated in response to SARS-CoV-2 infection and is active in
COVID-19 patients. Studying moderate and severe COVID-19 patients, we found active NLRP3 inflammasome in PBMCs and
tissues of postmortem patients upon autopsy. Inflammasome-derived products such as Casp1p20 and IL-18 in the sera
correlated with the markers of COVID-19 severity, including IL-6 and LDH. Moreover, higher levels of IL-18 and Casp1p20 are
associated with disease severity and poor clinical outcome. Our results suggest that inflammasomes participate in the
pathophysiology of the disease, indicating that these platforms might be a marker of disease severity and a potential
therapeutic target for COVID-19.

Introduction
COVID-19 is an inflammatory disease caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), which can
manifest as a broad spectrum of symptoms ranging from few or
no symptoms to severe pneumonia that may evolve to acute
respiratory distress syndrome and death (Merad and Martin,
2020). While the molecular mechanisms driving disease sever-
ity remain unclear, the clinical association of inflammatory
mediators such as IL-6 and lactate dehydrogenase (LDH) with
severe cases suggests that excessive inflammation is central to a

poor clinical outcome (Chen et al., 2020; Han et al., 2020; Huang
et al., 2020). The induction of inflammatory processes in the
host cell often requires the engagement of inflammasomes,
which are protein platforms that aggregate in the cytosol in
response to different stimuli (Broz and Dixit, 2016). The NLRP3
inflammasome, the most studied one of such platforms, com-
prises the NLRP3 receptor, the adaptor molecule apoptosis-
associated speck-like protein containing a caspase activation
and recruitment domain (ASC), and caspase-1. Caspase-1 is
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activated by proteolytic cleavage and promotes the activation of
substrates, including the inflammatory cytokines IL-1β and IL-18
and gasdermin-D, a pore-forming protein that induces an in-
flammatory form of cell death called pyroptosis (Broz and Dixit,
2016). NLRP3 activation in response to microbial infections, cell
damage, or aggregates in the host cell cytoplasm promotes ASC
polymerization, leading to the formation of a micron-sized
structure called puncta (or speck) that is a hallmark of active
inflammasomes in the cells (Hauenstein et al., 2015). The par-
ticipation of inflammasomes in the pathogenesis of COVID-19
remains unknown. The presence of cell death and
inflammasome-derived products such as IL-1β, IL-18, and LDH in
patients’ sera suggests inflammasome engagement (Chen et al.,
2020; Chi et al., 2020; Han et al., 2020; Huang et al., 2020; Lucas
et al., 2020; Wen et al., 2020), but the definitive demonstration
of inflammasome participation is still required because these
products can be produced via inflammasome-independent
pathways (Alfaidi et al., 2015; Guma et al., 2009; Joosten et al.,
2009).

Here we enrolled 124 patients with severe and moderate
COVID-19 and demonstrated the activation of the inflammasome
during the disease and in postmortem tissues. We determined
that the magnitude of the inflammasome activation is associated
with the clinical outcome of the disease, supporting future
studies to target inflammasomes as therapeutic strategies for
COVID-19.

Results and discussion
SARS-CoV-2 infection triggers NLRP3 inflammasome in
primary human monocytes
The pronounced inflammatory characteristics of COVID-19 and
the correlation of disease severity with the pyroptosis marker
LDH prompted us to investigate the activation of the in-
flammasome by SARS-CoV-2 and its role in disease develop-
ment. Initially we infected primary human monocytes in vitro
with SARS-CoV-2 and assessed inflammasome activation. Using
monocytes from healthy donors, we found that SARS-CoV-2 in-
fection triggers caspase-1 activation, as measured by the
Caspase-Glo 1 luminescent assay that detects caspase-1 activity
in the media (Fig. 1 A), and IL-1β production, quantified using
ELISA (Fig. 1 B). Nigericin, a bacterial toxin known to trigger
NLRP3 inflammasome, was used as a positive control. Caspase-
1 activation and IL-1β production required viable SARS-CoV-2,
as UV-inactivated virus did not induce caspase-1 activation and
IL-1β production (Fig. 1, A and B). Importantly, SARS-CoV-2–
induced caspase-1 activation and IL-1β production were in-
hibited by MCC950, a potent and selective inhibitor of NLRP3
(Coll et al., 2015). We also measured LDH release in response to
infection and found that SARS-CoV-2 triggers LDH release in
monocytes in a process that is independent of priming and re-
quires viable SARS-CoV-2 (Fig. 1 C). MCC950 did not affect LDH
release, suggesting that NLRP3-independent responses operate
for induction of a lytic form of cell death induced by the virus
(Fig. 1 C). Similar results were obtainedwhenwe simultaneously
tested monocytes from three different donors (Fig. S1, A–C).
Next, we measured the formation of NLRP3 and ASC puncta and

found that SARS-CoV-2 triggers puncta formation in a process
that requires viable virus (Fig. 1, D and E; and Fig. S1, D and E).
As previously reported, priming is not required for NLRP3 ac-
tivation in primary human monocytes (Gritsenko et al., 2020;
Netea et al., 2009). Importantly, the formation of NLRP3 puncta
was inhibited by MCC950, confirming the antibody specificity
and assuring the engagement of NLRP3 inflammasome. MCC950
did not significantly inhibit the formation of ASC puncta, a
feature that supports the hypothesis that additional ASC-
dependent inflammasomes may be also activated by SARS-
CoV-2 (Fig. S2 D). Finally, we measured the viral load using RT-
PCR and confirmed that SARS-CoV-2 is able to infect human
monocytes in vitro (Fig. 1 F). Collectively, these data indicate
that SARS-CoV-2 infects human monocytes and triggers NLRP3
activation and a lytic form of cell death. Unlike caspase-1 acti-
vation, IL-1β production, and NLRP3 puncta formation, LDH
release was not affected by MCC950 treatment, suggesting that
additional pathways may operate for induction of lytic cell death
in response to SARS-CoV-2. These questions and the determi-
nation of which specific viral proteins are involved in NLRP3
activation and induction of cell death shall be addressed in fu-
ture studies. Regardless of the possible participation of addi-
tional inflammasomes, the experiments performed with
MCC950, together with the antibody-staining data, caspase-
1 activation, and IL-1β production, strongly support the en-
gagement of the NLRP3 inflammasome in the innate immune
responses to SARS-CoV-2.

The NLRP3 inflammasome is active in COVID-19 patients
Next, we tested inflammasome activation in the sera of COVID-
19 patients. It was previously shown that IL-1β is activated re-
gardless of caspase-1 in vivo (Alfaidi et al., 2015; Guma et al.,
2009; Joosten et al., 2009); therefore, we assessed active/cleaved
caspase-1 (Casp1p20) and cleaved IL-18 as readouts for in-
flammasome activation in COVID-19 patients. We tested sera
from 124 COVID-19 patients (Table S1) sampled on the day of
hospitalization (all tested RT-PCR–positive for SARS-CoV-2) and
compared them with sera of 42 controls that tested RT-PCR/
serology–negative or that were collected before the COVID-19
pandemic. We found higher concentrations of Casp1p20 and IL-
18 in the sera of patients (Fig. 2, A and B), suggesting active
inflammasome in COVID-19 patients. We also found increased
IL-6, IL-10, and IL-4 in patients when compared with controls,
whereas we did not detect statistically significant differences for
TNF-α and IL-17A (Fig. 2 C and Fig. S2, D and E). IFN-γ levels
were slightly lower in COVID-19 patients compared with con-
trols (Fig. S2 C). Lymphopenia is well reported in COVID-19
patients (Huang et al., 2020; Wang et al., 2020); thus, it is
possible that the reduced numbers of circulating T cells in
COVID-19 patients explain the reduced IFN-γ levels in patients’
sera (Fig. S2 C). We then measured inflammasome activation in
peripheral blood mononuclear cells (PBMCs) from 47 patients
and compared themwith 32 healthy individuals. Using the FAM-
YVAD assay that stains active intracellular caspase-1 (Zamboni
et al., 2006), we found that on the day of hospitalization, the
PBMCs from patients showed a higher percentage of FAM-
YVAD+ cells compared with healthy controls (Fig. 2, D and E).
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Microscopy observation of these cells allows clear visualization
of NLRP3 and ASC puncta in PBMCs, indicating active in-
flammasomes in cells from COVID-19 patients (Fig. 2, F–I). We
further confirmed caspase-1 activation using a luminescent as-
say and found active caspase-1 in supernatants from 46 patients’
PBMCs cultures, as opposed to low caspase-1 activation in
healthy donors (Fig. 2 J). We also detected IL-1β in the super-
natants of PBMCs from some patients, but not from healthy
donors (Fig. 2 K), further indicating inflammasome activation in
PBMCs from COVID-19 patients.

NLRP3 inflammasome is present in postmortem tissues of
COVID-19 patients
We further assessed inflammasome activation in lung tissues
obtained from autopsies of deceased COVID-19 patients. Using

an anti–SARS-CoV-2 antibody, we first confirmed virus
presence by immunohistochemical staining of SARS-CoV-
2 in postmortem lung tissues (Fig. 3, A and B). We then
performed multiplex staining by sequential immunohisto-
chemistry with SARS-CoV-2, anti-CD14, and anti-NLRP3 and
identified infected CD14+ cells expressing NLRP3 in post-
mortem tissues (Fig. 3, C and D). Using multiphoton mi-
croscopy, we quantified the number of NLRP3 and ASC
puncta in the lungs of five controls and five COVID-19 pa-
tients, and found that patients contain higher numbers of
NLRP3 (Fig. 3 E) and ASC puncta (Fig. 3 F) compared with
controls. Representative images of lung tissues stained with
anti-NLRP3 (Fig. 3 G) or anti-ASC (Fig. 3 H) antibody illus-
trate the puncta formation, indicating active inflammasomes
in lethal cases of COVID-19.

Figure 1. Infection of primary human monocytes
with SARS-CoV-2 triggers NLRP3 inflammasome ac-
tivation and cell death.Human CD14+ monocytes were
primed or not with Pam3Cys (300 ng/ml) for 4 h and
infected with SARS-CoV-2 at an MOI of 5 (or as indi-
cated) for 24 h. Mock was used as a negative infection
control and nigericin as a positive control for NLRP3
activation. The NLRP3 inhibitor MCC950 (10 µM) was
added 1 h after viral infection andmaintained (S.CoV-2 +
950). When indicated, the SARS-CoV-2 was inactivated
by UV irradiation (U.V. Inat.). (A) Caspase-1 activity was
measured in the tissue culture supernatants using the
Caspase-Glo 1 assay. (B) IL-1β production in the tissue
culture supernatants. (C) LDH release in the tissue
culture supernatants. Triton X-100 (9%) was used to
induce cell death and estimate 100% death. (D) Per-
centage of cells containing NLRP3 puncta was estimated
by microscopy scoring. (E) A representative image of a
monocyte containing NLRP3 puncta (green, indicated by
arrows) is shown. Inset (red) shows a higher magnifi-
cation of a cell containing NLRP3 puncta. DAPI stains cell
nuclei (blue). Scale bar, 10 µm. (F) Viral loads in the cell
culture supernatants were estimated by RT-PCR in
monocytes infected for 8 and 24 h at the indicated MOI.
#, P < 0.05 compared with mock treated cells; *, P <
0.05 comparing the indicated groups, as determined by
Student’s t test. A, Pam3cys: Mock × S.CoV-2, P =
0.032; U.V. Inat. × S.Cov-2, P = 0.018; S.CoV-2 × S.Cov-
2 + 950, P = 0.014; Mock × Nigericin, P = 0.0005. B,
Pam3cys: Mock × S.CoV-2, P = 0.0022; U.V. Inat. ×
S.Cov-2, P = 0.0014; S.CoV-2 × S.Cov-2 + 950, P =
0.0004; Mock × Nigericin, P = 0.0194. C, unprimed:
Mock × S.CoV-2, P = 0.0049; U.V. Inat. × S.Cov-2, P =
0.0104. C, Pam3cys: Mock × S.CoV-2, P = 0.0027; Mock
× Nigericin, P = 0.0007. D, unprimed: Mock × S.CoV-2, P
= 0.0013; U.V. Inat. × S.Cov-2, P = 0.0013; S.CoV-2 ×
S.Cov-2 + 950, P = 0.0075. D, Pam3cys: Mock × S.CoV-
2, P = 0.0075; U.V. Inat. × S.Cov-2, P = 0.0474; S.CoV-
2 × S.Cov-2 + 950, P = 0.0075; Mock × Nigericin, P =
0.0194. Box shows the average of triplicates ± SD of the
values. Each technical triplicate is indicated as a square
in the figure. Shown is one representative experiment
out of three (A–F) experiments performed with similar
results. p.i., postirradiation; RLU, relative light unit;
S.CoV-2, SARS-CoV-2.
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Inflammasome activation influences the clinical outcome of
COVID-19
We next assessed the impact of the inflammasome activation in
the clinical outcome of the disease. Initially, we performed
analyses using the levels of Casp1p20 and IL-18 in 124 patients’
sera obtained on the day of hospitalization. We performed a
Pearson correlation matrix to evaluate multiple parameters.
These analyses were performed in R to generate the correlation
matrix and the corrplot function to generate the graphical dis-
play of the correlation matrix. We report the correlations com-
prising P values < 0.05. We detected positive associations of
Casp1p20 and/or IL-18 levels with inflammatory markers such
as C-reactive protein (CRP), LDH, and ferritin (Fig. 4 A). As
expected, we identified a positive correlation between Casp1p20
and IL-18 levels (Fig. 4 B). In addition, Casp1p20 positively cor-
related with IL-6, LDH, and CRP (Fig. 4, C–E). Furthermore, we
found that IL-18 levels positively correlated with IL-6 and CRP

levels (Fig. 4, F and G). We also evaluated whether the levels of
Casp1p20 and IL-18 were affected by patients’ comorbidities and
clinical parameters, including bacterial coinfections (cultivable
bacteria in the blood), nephropathy, obesity, gender, cerebro-
vascular accident, pneumopathy, immunodeficiency, and neo-
plasia (Fig. S3). We only detected statistically significant
differences when comparing obese with nonobese patients, as
the levels of IL-18 were higher in patients with body mass index
≥30 (Fig. S3 G). We also analyzed patients according to the
number of comorbidities and did not detect statistically signif-
icant differences in Casp1p20 and IL-18 levels according to the
number of patients’ comorbidities (Fig. S3, T and U).

Next we investigated whether Casp1p20 and IL-18 levels
measured on the day of hospitalization correlated with the
clinical outcome of the disease. Importantly, we found that IL-18
levels, but not Casp1p20, were higher in patients who required
mechanical ventilation (MV) compared with patients who did

Figure 2. Inflammasome activation in COVID-19
patients. (A–C) Cytokine concentration in the serum
control individuals (CT, n = 42 to ELISA and 45 to CBA)
and COVID-19 patients (COVID-19 P, n = 124 to ELISA
and 92 to CBA; all tested positive using RT-PCR). Active
caspase-1 (Casp1p20; A) and IL-18 (B) were measured by
ELISA, and IL-6 (C) was measured by CBA. Data shown
as Log10-transformed concentrations in picograms per
milliliter. (D–I) PBMCs were isolated from fresh blood of
CT or COVID-19 P. (D and E) FAM-YVAD+ PBMCs were
estimated by FACS using the FLICA Caspase-1 Assay Kit.
(D) Representative histograms of one representative CT
and one COVID-19 P indicate the gate for determination
of the percentage of FAM-YVAD+ cells. (E) The per-
centage of FAM-YVAD+ cells for the 32 CT and
47 COVID-19 P. (F) PBMCs from COVID-19 P were
stained with anti-NLRP3 (green) for determination of
NLRP3 puncta (white arrows) and DAPI to stain the cell
nuclei (blue). Inset (red) shows a higher magnification of
a cell containing NLRP3 puncta. Scale bar, 10 µm. (G)
The percentages of cells with NLRP3 puncta are shown
for 24 CT and 17 COVID-19 P. (H) PBMCs from COVID-19
P were stained with anti-ASC (green) for determination
of ASC puncta (white arrow). DAPI stains the cell nuclei
(blue). Inset (red) shows a higher magnification of a cell
containing ASC puncta. Scale bar, 10 µm. (I) The per-
centages of cells with ASC puncta are shown for 35 CT
and 18 COVID-19 P. (J) PBMCs from 18 CT and
46 COVID-19 P were maintained in culture for 16 h, and
the supernatants were assayed for caspase-1 activity
using the Caspase-Glo 1 Assay. (K) PBMCs from 6 CT or
18 COVID-19 P were maintained in culture for 16 h and
IL-1β production were estimated by ELISA. *, P < 0.05 as
determined by Student’s t test (A, P = 0.00000025; B, P
= 0.0000063; C, P = 0.00000025) or Mann–Whitney
test (E, P = 0.00018; G, P = 0.00076; I, P = 0.0011; J, P =
0.0076; K, P = 0.1293). Each dot represents the value
from a single individual. Box corresponds to average ±
SD of the values. Data shown in E, G, and I–K result from
multiple experiments that have been pooled to generate
the figures. SSC-A, side scatter–A; RLU, relative
light unit.
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not (Fig. 4, H and I). When we separated the patients according
to the severity of the disease (mild/moderate versus severe), we
found that the levels of Casp1p20 but not IL-18 were higher in
patients with the severe form of COVID-19 (Fig. 4, J and K). We
also observed that the levels of IL-18, but not Casp1p20, were
higher in lethal cases of COVID-19 compared with survivors
(Fig. 4, L and M). Finally, we performed longitudinal analyses of
IL-18 and Casp1p20 production in 37 patients from the day of
hospitalization (day zero) for up to 45 d after admission using
generalized mixed models with “gamma” distribution and “log”
link function as the best dataset prediction. For these analyses,
we categorized the patients as death, mild–recovery (patients
who were hospitalized but did not require MV and recovered),
and critical–recovery (patients who required MV in the inten-
sive care unit and recovered). For Casp1p20, the most parsi-
moniousmodel indicated a significant effect on the day sampled,
and the production level decreased with time regardless of sex
or patient outcome (Fig. 4 N). For IL-18, the best fit model re-
tained also described an overall reduction in IL-18 production
along time (day sampled), which differed among patient groups.

This model predicted a decrease in IL-18 at similar rates among
the three groups, with patients who died presenting higher
levels (intercept) that never reached those observed in mild–
recovery and critical–recovery patients (Fig. 4 O), which sup-
ports our prediction that the magnitude of inflammasome acti-
vation impacts the disease outcome. For certain parameters, we
detected statistically significant differences in IL-18, whereas in
others, the differences were identified in Casp1p20. Caspase-
1–independent activation of IL-18 has already been described
(Sugawara et al., 2001; Tsuchiya et al., 2014; Tsutsui et al., 1999),
and therefore one cannot exclude the possibility that an
inflammasome-independent pathway may account for elevated
IL-18 production in COVID-19 patients. However, this hypothesis
is not supported by our data, indicating a significant correlation
of IL-18 with Casp1p20 in COVID-19 sera (Fig. 4, A and B). In
addition, our results demonstrating elevated levels of Casp1p20
in patients, together with the demonstration of NLRP3 and ASC
specks in patients’ PBMCs and in postmortem tissues, strongly
support our assertion that inflammasomes are active in COVID-
19 patients and correlate with the outcome of COVID-19. In

Figure 3. Lung histopathological analysis
and NLRP3 activation in fatal cases of COVID-
19. Representative pulmonary histological find-
ings in COVID-19 patient (COVID-19 P), autop-
sied by ultrasound-guided minimally invasive
autopsy. (A and B) Representative immunohis-
tochemical image of tissues from control (CT; A)
or COVID-19 P (B) stained with anti–SARS-CoV-
2. Scale bar, 50 µm. (C and D)Multiplex staining
by sequential immunohistochemistry staining
with anti–SARS-CoV-2, anti-CD14, and anti-
NLRP3. Arrows indicate infected CD14+ cells
expressing NLRP3. Scale bar, 20 µm (C) and 10
µm (D). (E and F) Quantification of NLRP3 (E) or
ASC puncta (F) in pulmonary tissues of five CT
and five COVID-19 P. Each dot in the figure
represents the value obtained from each indi-
vidual. Box corresponds to average ± SD of the
values. *, P < 0.05, as determined by Student’s
t test (E, P = 0.0079; F, P = 0.0079). (G and H)
Multiphoton microscopy of pulmonary tissues
stained with anti-NLRP3 (G) or anti-ASC (H)
antibody showing inflammasome puncta (red,
indicated by a black arrow). Insets (red) show a
higher magnification of a cell containing NLRP3
(G) and ASC (H) puncta. DAPI stains cell nuclei
(blue). Scale bar, 10 µm.

Rodrigues et al. Journal of Experimental Medicine 5 of 11

Inflammasome activation in COVID-19 https://doi.org/10.1084/jem.20201707

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/218/3/e20201707/1405835/jem
_20201707.pdf by guest on 16 M

arch 2021

https://doi.org/10.1084/jem.20201707


summary, our data demonstrate that the inflammasome is ro-
bustly active in COVID-19 patients who require hospitalization.
Results also support that both the magnitude of inflammasome
activation on the hospitalization day and the course of in-
flammasome activation during hospitalization influence the
clinical outcome. In this study, we did not test asymptomatic

patients for inflammasome activation, but one might expect that
Casp1p20 and IL-18 levels would be intermediate between un-
infected individuals and mild/moderate patients. It is possible
that inflammasome activation in asymptomatic and mild pa-
tients is beneficial to the host and may account for protective
host responses against the virus, as opposed to the detrimental

Figure 4. Inflammasome activation influences the clinical outcome of COVID-19. (A) Correlation matrix of Casp1p20 and IL-18 levels in the serum of
COVID-19 patients on the hospitalization day with patient characteristics and clinical parameters. (B–J) Correlations of Casp1p20 with IL-18 (B), Casp1p20 with
IL-6 (C), Casp1p20 with LDH (D), Casp1p20 with CRP (E), IL-18 with IL-6 (F), and IL-18 with CRP (G). (H and I) Levels of Casp1p20 (H) and IL-18 (I) in patients
who required MV (MV+, blue box) or not (MV−, red box). (J and K) Levels of Casp1p20 (J) and IL-18 (K) in patients with mild/moderate (yellow box) or severe
COVID-19 (pink box). (L and M) Levels of Casp1p20 (L) and IL-18 (M) in survivors (green box) or nonsurvivors (purple box). The levels of Casp1p20 and IL-18
were measured by ELISA and are shown as Log10-transformed concentrations in picograms per milliliter. *, P < 0.05 as determined by Student’s t test (H, P =
0.160; I, P = 0.014; J, P = 0.036; K, P = 0.068; L, P = 0.430; M, P = 0.0044). Each dot represents value from a single individual. Box corresponds to average ± SD
of the values. (N and O) Derived predictions from the best-fit models retained in Casp1p20 (N) and IL-18 (O) longitudinal analyses; IL-18 model (O) comprises
variation in the intercept among patient groups: death (red), critical/recovery (orange), and mild/recovery (blue). ns, not significant.
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effect of the inflammasome in generating exacerbated inflam-
mation in patients with severe forms of COVID-19. Regardless of
the possible protective role of the inflammasome in mild and
asymptomatic patients, our observations suggest that the in-
flammasome is key for the induction of the massive inflamma-
tion observed in severe and fatal cases of COVID-19. Our study
supports the use of inflammasome activation both as a marker of
disease severity and prognostic and as a potential therapeutic
target for COVID-19. It is worth mentioning that ongoing clinical
trials aim the inhibition of inflammasome and IL-1 signaling
using different drugs, including Anakinra (Cavalli et al., 2020;
Huet et al., 2020). In agreement with our data, a recent study
indicates that exacerbated IL-18 production is associated with
disease severity (Lucas et al., 2020). Thus, a clinical approach
that inhibits targets that are upstream of IL-1, such as inflam-
matory caspases and gasdermin-D, may be more promising than
solely blocking IL-1 signaling. In this scenario, determination of
specific mechanisms by which SARS-CoV-2 triggers the in-
flammasome activation, and understanding which specific in-
flammasome platforms are activated during the disease will
generate important information for effective therapeutic strat-
egies to target COVID-19.

Materials and methods
Patients
A total of 124 patients with COVID-19 who tested positive using
RT-PCR as described previously (Corman et al., 2020; Nalla
et al., 2020) were enrolled in this study. Patients were classi-
fied according to their clinical manifestations in (1) mild cases, in
which the clinical symptoms are mild and no pneumonia man-
ifestations can be found in imaging; (2) moderate cases, in which
patients have symptoms such as fever and respiratory tract
symptoms, and pneumonia manifestations identifiable in
imaging; and (3) severe cases, meaning adults who met any of
the following criteria: respiratory rate >30 breaths/min, oxygen
saturations 93% at a rest state, and arterial partial pressure of
oxygen (PaO2)/oxygen concentration (FiO2) <300 mm Hg (Wu
and McGoogan, 2020). Patients were enrolled in Hospital das
Cĺınicas, Faculdade de Medicina de Ribeirão Preto da Uni-
versidade de São Paulo from April 6 to July 2, 2020. Table S1
summarizes clinical, laboratory, and treatment records. We also
collected samples from 73 age- and gender-matched healthy
controls. Controls were collected before the COVID-19 pandemic
or tested negative for COVID-19 using RT-PCR and/or serology
(specific IgM and IgG antibodies; Asan Easy Test COVID-19 IgM/
IgG kits; Asan Pharmaceutical Co.).

PBMC isolation
Whole blood was collected from healthy donors (Ethics Com-
mittee Protocol from the Clinical Hospital of Ribeirão Preto
Universidade de São Paulo: Certificado de Apresentação para
Apreciação Ética, no. 06825018.2.3001.5440) in tubes containing
EDTA (BD Vacutainer CPT; BD Biosciences), according to the
manufacturer’s instructions. The material was centrifuged at
400 ×g for 10 min at room temperature. Then the plasma was
discarded, and the cell pellet was resuspended in PBS 1×, pH 7.4

(Gibco-BRL). The cells were applied to the Ficoll-Paque PLUS
gradient column (GE Healthcare Biosciences AB). These were
then centrifuged at 640 ×g for 30 min at room temperature to
obtain the purified mononuclear fraction, which was carefully
collected and transferred to a new tube. The cells were washed,
and the pellet was resuspended in RPMI for subsequent analy-
ses. For infection experiments in vitro, the PBMCs from healthy
volunteers were quantified, and the monocytes (CD14+ cells)
were purified using positive selection with magnetic nano-
particles (BD). Briefly, PBMCs were labeled with BD IMag Anti-
human CD14Magnetic Particles - DM. The cells were transferred
to a 48-well culture plate and placed over a magnetic field of the
cell separation. Labeled cells migrated toward the magnet
(positive fraction), whereas unlabeled cells were drawn off
(negative fraction). The plate was then removed from the
magnetic field for resuspension of the positive fraction. The
separation was repeated twice to increase the purity of the
positive fraction, and the CD14+ monocytes were used for in-
fection experiments.

Virus stock production
The SARS-CoV-2 used was the Brazil/SPBR-02/2020 strain,
isolated from the first Brazilian case of COVID-19. Viral stock
was propagated under BSL3 conditions in Vero American Type
Culture Collection CCL81 cells, cultured in DMEM supplemented
with heat-inactivated FBS (10%). For preparation of viral stocks,
Vero cells were infected in DMEM in the presence of trypsin-
TPCK (1 µg/µl) for 48 h at 37°C in a 5% CO2 atmosphere. When
the virus induced a cytopathic effect, the cells were harvested
with cell scrapers and centrifuged (10,000 ×g). Uninfected cul-
tures of Vero cells were cultivated similarly in parallel to gen-
erate the mock controls to infection. The supernatant was stored
at −80°C, and the virus titration was performed in Vero cells
using standard limiting dilution to confirm the 50% tissue cul-
ture infectious dose.

In vitro infection of human monocytes
A total of 2 × 105 purified human monocytes were plated in 48-
well plates and infected with SARS-CoV-2 at a multiplicity of
infection (MOI) of 0.2, 1, and/or 5. After 1 h of virus adsorption,
fresh medium (RPMI 2% FBS without Phenol Red), with or
without the NLRP3 inhibitor MCC950 (InvivoGen), 10 µM, was
added. As a control for the virus activity, we inactivated SARS-
CoV-2 using UV irradiation for 20 min and used them at the
same MOI as indicated for the viable SARS-CoV-2. As a negative
control, we used mock, which consisted of noninfected Vero
cells medium. Nigericin (20 µM) was used as a positive control
for inflammasome activation. Cells were incubated for 24 h at
37°C in the presence of a 5% CO2 atmosphere. After incubation,
cells were processed for immunofluorescence assays, and the
supernatant was collected for determination of caspase-1 acti-
vation, cytokine production, and LDH quantification.

For the purpose of virus genome measurements, the cells
werewashed 1 h after virus adsorption with PBS 1× to completely
remove noninternalized viruses, and fresh medium (RPMI 2%
FBS without Phenol Red) was added. The virus genome was
measured in the supernatants at 8 and 24 h after infection.
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RT-PCR for SARS-CoV-2
Detection of SARS-CoV-2 was performed with primer-probe sets
for 2019-nCoV_N2 and gene E, according to US Centers for
Disease Control and Prevention and Charité group protocols
(Corman et al., 2020; Nalla et al., 2020). The genes evaluated
(N2, E, and RNase-P housekeeping gene) were tested by one-step
real-time RT-PCR using total nucleic acids extracted with TRIzol
(Invitrogen) from 50 µl of cell supernatants in order to measure
the genome viral load from the in vitro assays. All real-time PCR
assays were done on a Step-One Plus real-time PCR thermo-
cycler (Applied Biosystems). Briefly, RNA extraction was per-
formed by TRIzol. A total of 100 ng of RNA was used for genome
amplification, adding specific primers (20 µM), and probe (5
µM), and with TaqPath 1-Step quantitative RT-PCR Master Mix
(Applied Biosystems), with the following parameters: 25°C for
2 min, 50°C for 15 min, and 95°C for 2 min, followed by 45 cycles
of 94°C for 5 s and 60°C for 30 s. Primers used were the fol-
lowing: N2 forward: 59-TTACAAACATTGGCCGCAAA-39, N2 re-
verse: 59-GCGCGACATTCCGAAGAA-39; N2 probe: 59-FAM-
ACAATTTGCCCCCAGCGCTTCAG-BHQ1-39 (Nalla et al., 2020); E
forward: 59-ACAGGTACGTTAATAGTTAATAGCGT-39, E reverse:
59-ATATTGCAGCAGTACGCACACA-39; E probe: 59-AM-ACAC-
TAGCCATCCTTACTGCGCTTCG-BHQ-1-39 (Corman et al., 2020);
RNase-P forward: 59-AGATTTGGACCTGCGAGCG-39, RNase-P
reverse: 59-GAGCGGCTGTCTCCACAAGT-39; and RNase-P
probe: 59-FAM-TTCTGACCTGAAGGCTCTGCGCG-BHQ-1-39
(Nalla et al., 2020).

Evaluation of active caspase-1 activity and LDH release in
cultured cells
For caspase-1 and LDH determination, 2 × 105 human CD14+

monocytes were plated on 48-well plates in RPMI 10% FBS and
incubated overnight. The following day, cells were infected with
SARS-CoV-2 using MOI 5 in RPMI without Phenol Red (3.5 g/
liter Hepes, 2 g/liter NaHCO3, 10.4 g/liter RPMI without Phenol
Red, and 1% glutamine, pH 7.2). After 1 h of virus adsorption,
fresh media (RPMI 2% FBS without Phenol Red) with or without
MCC950 at 10 µMwere added, and cells were incubated for 24 h.
To measure caspase-1 activity, the supernatants were collected
and incubated with the Luciferin WEHD-substrate provided by
the Caspase-Glo 1 Assay (Promega). After 1 h of incubation at
room temperature, luminescence was measured using the
SpectraMax i3 system (Molecular Devices). LDH release was
measured in the supernatants using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega) following the manu-
facturer’s instructions.

Evaluation of caspase-1 activity in PBMCs from COVID-19
patients
To evaluate caspase-1 activation, 5 × 105 PBMCs from COVID-19
patients or healthy donors were centrifuged (400 ×g, 10 min),
and cells were labeled for 30 min with the FLICA carboxy-
fluorescein reagent (FAM–YVAD–FMK; Immunochemistry
Technologies), as recommended by the manufacturer. The cells
were then washed two times with PBS 1× and fixed with fixative
reagent provided by the manufacturer. Acquisition was per-
formed in fixed cells in a flow cytometer (BD Accuri C6; BD

Biosciences) and then analyzed using FlowJo (Tree Star) soft-
ware. To evaluate caspase-1 activity in supernatants, 2 × 105

PBMCs from COVID-19 patients were plated in 96-well plates and
incubated overnight. To measure caspase-1 activity, the super-
natants were collected, and the Caspase-Glo 1 Assay (Promega)
was performed following the manufacturer’s instructions.

Immunofluorescence staining of isolated cells
For staining PBMCs from COVID-19 patients, a total of 5 × 105

PBMCs were plated in 8-well chamber slides for 1 h in RPMI
without FBS for monocyte adhesion before fixation. For staining
cells infected in vitro, a total of 2 × 105 human monocytes were
plated in 24-well plates containing coverslips and infected with
SARS-CoV-2 at the indicated MOI for 16 h. For fixation of the
samples, tissue culture supernatants were removed, and cells
were fixed with 4% paraformaldehyde for 20 min at room
temperature. Paraformaldehyde was removed, cells were
washed with PBS 1×, and the coverslips or chambers were pro-
cessed for immunofluorescence as described. Cells were blocked
and permeabilized using PBS 1× with goat serum and 0.05%
saponin for 1 h at room temperature. Primary antibodies used
were rabbit mAb anti-human NLRP3 (clone D2P5E, batch 2; 1:
1,000; Cell Signaling) or rabbit polyclonal antibody anti-human
ASC (1:2,000; Adipogen AL177). Antibodies were diluted in
blocking solution and added to each chamber/coverslip. After 1 h
of incubation, the samples were washed with PBS 1×, and sec-
ondary antibodies were added and incubated for 1 h at room
temperature. Secondary antibodies used were goat anti-rabbit
488 (1:3,000; Invitrogen) and goat anti-rabbit 594 (1:3,000; Life
Technologies). Slides were washed and mounted using DAPI (1
mM) and ProLong (Invitrogen).

Lung samples from autopsies and immunofluorescence
and imaging
We performed adapted minimally invasive autopsies in COVID-
19 patients (Avrahami et al., 1995; Damore et al., 2000; Vejrosta
and Bilder, 1975). Briefly, a mini-thoracotomy (3 cm) was done
under the main area of lung injury identified by prior x ray or
computed tomography. The lung parenchyma was clamped by
Collins Forceps, cut, and fixed in 10% buffered formalin. Pul-
monary tissue samples were stained with H&E and im-
munostaining as reported (Fabro et al., 2015, 2019). The slides were
incubated with the primary antibodies, rabbit anti-CD14 mAb (1:
200; Abcam), rabbit anti-human NLRP3 mAb (clone D2P5E; 1:
3,000; Cell Signaling), and rabbit anti-human ASC polyclonal an-
tibody (1:2,000; Adipogen AL177) for 2 h at room temperature or
overnight at 4°C. Goat anti-mouse Alexa Fluor 647 (Invitrogen) or
goat anti-rabbit Alexa Fluor 594 (Invitrogen) was used as a sec-
ondary antibody. Images were acquired by an Axio Observer
combined with an LSM 780 confocal device with 630× magnifica-
tion (Carl Zeiss). Minimally invasive autopsies were approved by
the Faculdade de Medicina de Ribeirão Preto/Universidade de São
Paulo Ethical Committee (protocol no. 4.089.567).

Sequential immunoperoxidase labeling and erasing
Tissue sections from paraffin-embedded lung fragments ob-
tained from COVID-19 fatal cases were tested by
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immunohistochemistry using anti–SARS-CoV-2 polyclonal an-
tibody for in situ detection of SARS-CoV-2. Sequential im-
munoperoxidase labeling and erasing was then performed to
determine additional markers after SARS-CoV-2 immune stain,
using antibodies to CD14 (1:100 dilution; Abcam) and NLRP3 (1:
100 dilution; Cell Signaling). After the incubation with primary
antibody, the slides were incubated with an immunoperoxidase
polymer anti-mouse visualization system (SPD-125; Spring Bio-
science, Biogen) and then with the chromogen substrate 3-
amino-9-ethylcarbazole (AEC) peroxidase system kit (SK-4200;
Vector Laboratories). Microphotographs after immunostaining
of tissue slides were scanned on a VS120 Olympus microscope.
After high-resolution scanning, slides with coverslips were re-
moved in PBS and dehydrated through an ethanol gradient to
95% ethanol. Slides were incubated in ethanol series until AEC
color reaction was erased. Following rehydration, antibodies
were eluted by incubating sections in 0.15 mM KMnO4/0.01 M
H2SO4 solution for 2 min, followed immediately by a distilled
water wash. Tissue was then restained as indicated in the
blocking step.

Cytokine quantification in sera
Active caspase-1 (Casp1p20) and IL-18 levels were evaluated by
ELISA assay (R&D Systems) in the serum from patients with
COVID-19 or healthy donors following the manufacturer’s in-
structions. TNF-α, IL-4, IL-6, IL-10, IFN-γ, and IL-17 were
quantified in the serum from patients with COVID-19 or health
donors using a human cytometric bead array (CBA) cytokine kit
(Th1/Th2/Th17 Cytokine Kit; BD Biosciences) following the
manufacturer’s instructions. IL-1β in the tissue culture super-
natants of human monocytes infected with SARS-CoV-2 was
quantified by ELISA (R&D Systems) or by the CBA Human IL-
1β flex set (BD Biosciences) following the manufacturer’s
instructions.

Statistics
Statistical significance for the linear analysis was determined by
two-tailed paired or unpaired Student t test for data that reached
normal distribution, and the Mann–Whitney test was used for
not normally distributed data. These statistical procedures and
graph plots were performed with GraphPad Prism 8.4.2 soft-
ware. In addition, longitudinal analyses were implemented to
describe variation in IL-18 and Casp1p20 production over time,
considering patients’ outcomes and sex as fixed factors. These
analyses were performed in R (version 4.0.2) using RStudio
(version 1.3.1056). The patients’ outcomes were divided into
three categories (37 patients in total; 16 women and 21 men):
death (n = 10 individuals, a total of 25 samples), mild–recovery
(patients who were hospitalized but did not require MV; n = 17
individuals, a total of 53 samples), and critical–recovery (pa-
tients who required MV in the intensive care unit and recov-
ered; n = 10 individuals, a total of 27 samples). Activation of IL-18
and Casp1 were evaluated separately using full models that
considered the interaction of time (“Day.sampled”) with pa-
tients’ outcomes (“Outcome”) or sex (“Sex”) and included in-
dividuals (“Patient.ID”) as a random factor to control for
repeated measures and individual effects. Normality and

homoscedasticity of the dataset were verified and refuted for a
time series dataset, and analyses were implemented using the
glmmTMB package (Brooks et al., 2017) in a generalized mixed
model approach with “gamma” distribution and “log” link
function. An Akaike information criterion for finite samples was
used to select the best models from the full finite samples using
MuMIn (Barton, 2020). Models having Akaike information cri-
terion for finite sample values within 2 U of the best-fit model
were considered to have substantial support (Burnham and
Anderson, 2002); adequate residuals distributions were con-
firmed, and representative graphics and tables were constructed
using the packages DHARMa (Hartig, 2020), ggeffects (Lüdecke,
2018), and broom.mixed (Bolker and Robinson, 2020).

Study approval
The procedures followed in the study were approved by the
National Ethics Committee, Brazil (Comissão Nacional de Ética
em Pesquisa, Certificado de apresentação para Apreciação Ética:
30248420.9.0000.5440). Written informed consent was ob-
tained from recruited patients.

Online supplemental material
Fig. S1 shows inflammasome activation and induction of cell
death in human monocytes infected in vitro with SARS-CoV-2.
Fig. S2 shows additional cytokines in the sera of COVID-19 pa-
tients and controls. Fig. S3 shows associations of inflammasome
activation with clinical characteristics and comorbidities of
COVID-19 patients. Table S1 shows clinical characteristics of
COVID-19 patients enrolled in this study.
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Supplemental material

Figure S1. Infection of primary human monocytes with SARS-CoV-2 triggers NLRP3 inflammasome activation and cell death. (A–C) Human CD14+

monocytes obtained from three independent healthy donors (each labeled with a different color) were primed with Pam3Cys (300 ng/ml) for 4 h and infected
with SARS-CoV-2 at an MOI of 5 for 24 h. Mock was used as a negative infection control and nigericin as a positive control for NLRP3 activation. The NLRP3
inhibitor MCC950 (10 µM) was added 1 h after viral infection and maintained (S.CoV-2 + 950). SARS-CoV-2 was inactivated by UV irradiation (U.V. Inat.). (A)
Caspase-1 activity was measured in the tissue culture supernatants using the Caspase-Glo 1 assay. (B) IL-1β production in the tissue culture supernatants of
monocytes. (C) LDH release measured in the tissue culture supernatants. Triton X-100 (9%) was used to induce cell death and estimate 100% death. (D)
Human CD14+ monocytes obtained from one single donor were primed or not with Pam3Cys (300 ng/ml) for 4 h and infected with SARS-CoV-2 at a MOI of 5
for 24 h. The percentage of cell containing ASC puncta was estimated by microscopy scoring. (E) A representative image of monocytes containing ASC puncta
(green, indicated by white arrows) is shown. Inset (red) shows a higher magnification of a cell containing ASC puncta. DAPI stains cell nuclei (blue). Scale bar 10
µm. #, P < 0.05 as compared with Mock treated cells; *, P < 0.05 comparing the two indicated groups, as determined by Student’s t test. Box shows the
average ± SD of the values. (A–C) Each square represents data from a single donor (A–C) or data from four technical replicates performed using cells from a
single donor (D). We show one representative experiment out of three independent experiments performed with similar results.
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Figure S2. Cytokine production in COVID-19 patients. Cytokine concentration in the serum controls individuals (CT, n = 45) and COVID-19 patients (COVID-
19 P, n = 92; all tested positive using RT-PCR). (A–E) IL-10 (A), IL-4 (B), IFN-γ (C), TNF-α (D), and IL-17A (E) were measured by CBA. Data are shown as Log10-
transformed concentrations in picograms per milliliter. *, P < 0.05 as determined by Student’s t test (A, P = 0.001550; B, P = 0.000000394; C, P = 0.029000; D,
P = 0.3; E, P = 0.49). Each dot represents the value from a single individual. Box shows average ± SD of the values. ns, not significant.
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Figure S3. Association of inflammasome activationwith clinical characteristics and comorbidities. (A)Matrix correlation of Casp1p20 and IL-18 levels in
the serum of COVID-19 patients on the hospitalization day with clinical parameters and comorbidities. (B–S) Levels of Casp1p20 (B, D, F, H, J, L, N, P, and R) and
IL-18 (C, E, G, I, K, M, O, Q, and S) in patients with such clinical parameters as cultivable bacteria in the blood (B and C), nephropathy (Nephr.; D and E), obesity
(F and G), gender (H and I), cerebrovascular accident (CVA; J and K), pneumopathy (Pneum.; L and M), immunodeficiency (Immun.; N and O), neoplasia (Neopl.;
P and Q), and smoking (Smok.; R and S). (T and U) Casp1p20 (T) and IL-18 (U) levels in the sera of COVID-19 patients associated with the number of patient
comorbidities, ranging from no comorbidities (0) to more than five comorbidities (+5). The levels of Casp1p20 and IL-18 weremeasured by ELISA and are shown
as Log10-transformed concentrations in picograms per milliliter. *, P < 0.05 as determined by Student’s t test (G, P = 0.0054). Each dot represents a value from
a single individual. Box shows average ± SD of the values. B.C., blood culture; DM, diabetes mellitus; AID, autoimmune diseases; SAH, systemic arterial hy-
pertension; CVA, cerebrovascular accident; IDD, immunodeficiency; ns, not significant.
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Table S1 is provided online as a separate file and shows clinical characteristics of COVID-19 patients enrolled in this study.
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