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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) induces mild or asymptomatic COVID-19 in most
cases, but some patients develop an excessive inflammatory process that can be fatal. As the NLRP3 inflammasome
and additional inflammasomes are implicated in disease aggravation, drug repositioning to target inflammasomes
emerges as a strategy to treat COVID-19. Here, we performed a high-throughput screening using a 2560 small-
molecule compound library and identified FDA-approved drugs that function as pan-inflammasome inhibitors.
Our best hit, niclosamide (NIC), effectively inhibits both inflammasome activation and SARS-CoV-2 replication.
Mechanistically, induction of autophagy by NIC partially accounts for inhibition of NLRP3 and AIM2 inflam-
masomes, but NIC-mediated inhibition of NAIP/NLRC4 inflammasome are autophagy independent. NIC potently
inhibited inflammasome activation in human monocytes infected in vitro, in PBMCs from patients with COVID-19,
and in vivo in a mouse model of SARS-CoV-2 infection. This study provides relevant information regarding the
immunomodulatory functions of this promising drug for COVID-19 treatment.

INTRODUCTION
Human coronavirus infections are typically mild and rarely associated
with a severe clinical outcome, but a few highly pathogenic human
betacoronaviruses were previously identified: severe acute respiratory
syndrome coronavirus (SARS-CoV) in 2003 and Middle East respi-
ratory syndrome coronavirus (MERS-CoV) in 2012 (1). In 2019, a novel
human-infecting betacoronavirus named as SARS-CoV-2 was iden-
tified as responsible for the coronavirus disease 2019 (COVID-19)
pandemic (2). SARS-CoV-2 infection may be asymptomatic or cause
a broad spectrum of symptoms, varying from mild upper respiratory
tract symptoms in most individuals to a life-threatening disease (3).
Severe and critical COVID-19 cases are associated with pneumonia,
acute respiratory distress syndrome, and respiratory failure (4).
Poor clinical outcome correlates with the overactivation and dys-
functional immune response, along with cytokine storm (2, 3, 5).
The inflammasomes are multiprotein signaling platforms that
assemble in the cytosol in response to microbial infections and cell stress.
They are recognized by their important role not only for the defense
against infections but also for their participation in the genesis of many
human inflammatory disorders (6). Among the proinflammatory
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cytokines, active interleukin-1p (IL-1B) and IL-18 are hallmarks of
the inflammatory response mediated by the inflammasomes (3). Re-
cent reports suggest a critical role of the inflammasomes in the pro-
gression of COVID-19 to severe outcomes. It was initially shown
that the inflammatory cytokine IL-6 is associated with COVID-19
severity (7). Notably, increased plasma levels of IL-6 are associated
with elevated serum levels of lactate dehydrogenase, a cytosolic pro-
tein that is released from dying cells during inflammatory processes
(8). Furthermore, an elegant longitudinal study performed in patients
with COVID-19 revealed a correlation between the late-stage
pathology in COVID-19 and cytokines linked to the inflammasome
pathway, including IL-1p and IL-18 (9). Agreeing to these findings,
we and others have demonstrated that SARS-CoV-2 infection triggers
the activation of the NLRP3 inflammasome and that the magnitude
of inflammasome activation in patients with COVID-19 correlates
with the disease outcome (10-12), indicating that inflammasomes
are activated by SARS-CoV2 and worsen the clinical outcome of
patients with COVID-109.

Immunomodulatory agents that antagonize IL-6 have shown
weak effects on the COVID-19 disease, possibly because of the dual
functions of IL-6 during infection (13, 14). Although a clinical trial using
an anti-IL-1p failed to meet primary end point for efficacy in patients
with severe COVID-19 patients (https://clinicaltrials.gov/ct2/show/
NCT04362813), studies using a recombinant IL-1 receptor antagonist
commonly used to treat autoinflammatory disorders demonstrated
clinical improvement in most patients with COVID-19 (15-18),
indicating that the inflammasome is as a potential therapeutic target
for COVID-19. Because repositioning of existing drugs for new indica-
tions is an effective strategy to quickly respond to emerging infectious
diseases, we developed a quick and efficient high-content screening
to identify approved drugs that can target multiple inflammasomes.
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We identified three compounds that effectively inhibit cell death,
multiple inflammasome activation, and gasdermin D activation.
Two of them were effective in inhibiting SARS-CoV-2 replication
and impairing inflammasome activation in cells from patients with
COVID-19. Our best hit, niclosamide (NIC), is under phase 1 clinical
trials, and this study provides essential information regarding the
immunomodulatory mechanisms of this highly promising drug.

RESULTS

A high-throughput screening identifies FDA-approved
drugs that inhibit inflammasome activation

The Gram-negative bacteria Legionella pneumophila triggers multi-
ple inflammasomes and is as a reliable model to investigate inflam-
masome activation in macrophages [reviewed in (19)]. Thus, we
used membrane pore formation induced by L. pneumophila infec-
tion, a process dependent on inflammasome effector molecules such
as caspase-1, caspase-11, and gasdermin D (19, 20), as a readout
to screen for molecules that inhibit inflammasome activation in
macrophages. Pore formation in macrophages infected with
L. pneumophila occurs quickly after infection and can be easily
assessed by probing the influx of propidium iodide (PI) to the cell
nuclei (fig. S1A). Using this pore formation assay, we screened
a compound library containing 2560 small molecules with known
pharmacological properties. For the screening, murine bone marrow-
derived macrophages (BMDMs) were pretreated with each library
compound at 10 uM and infected with L. pneumophila, and pore
formation was analyzed 3 hours after infection. We set 65 to 95%
inhibition of pore formation as the cutoff criteria for compound
selection, which allowed the selection of 26 compounds for further
investigation (Fig. 1A). The screening Z' factor of 0.85 is well above
the generally accepted Z’ factor threshold (=0.5) (21), indicating
a robust and reliable assay (fig. S1B). From the selected 26 com-
pounds, we excluded seven molecules not approved by the U.S. Food
and Drug Administration (FDA). Next, we performed a revalida-
tion assay with the 19 FDA-approved hits using three different con-
centrations for each compound (10, 20, and 40 uM) and by analyzing
the inhibition of pore formation over a 14-hour infection period.
Excluding antibiotics that may affect Legionella viability and on the
basis of the dose-response reproducible validation, we selected
three hit drugs: 718 (NIC; Fig. 1B), 802 [tannic acid (TAC); Fig. 1C],
and 816 [closantel (CLO); Fig. 1D]. None of these three compounds
reduced the nuclear count (fig. S1C), confirming that they are non-
toxic for host cells. To further evaluate their inhibitory activity, we
probed the effect of these drugs in other responses triggered by in-
flammasome activation, including caspase-1 activation, IL-1p pro-
duction, and formation of ASC (apoptosis-associated speck-like
protein containing a caspase activation and recruitment domain)
puncta/specks 1 hour after infection, as previously described (22).
We found that NIC, and to a lesser extent TAC, effectively inhibited
the production of IL-1p (Fig. 1E), caspase-1 activation (Fig. 1F), and
the formation of ASC puncta (Fig. 1, G to I). We also performed
experiments in which NIC-treated macrophages were infected with
Legionella for 1, 6, or 9 hours for the assessment of inflammasome
activation and found that NIC treatment effectively inhibits IL-1f
production, caspase-1 activation, and ASC puncta formation in all
tested time points (fig. S2, A to C). We have previously described
that, in the absence of caspase-1 activation, Legionella infection
triggers a lytic cell death pathway that depends on caspase-8 and
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caspase-7 (22, 23). Thus, we believe that this pathway explains the
detection of pore formation in the presence of NIC at longer time
points (Fig. 1B) despite reduced activation of the inflammasome
(Fig. 1, E to G, and fig. S2, A to C). Collectively, these data indicate
that NIC is the most effective drug for inhibition of inflammasome
activation in response to L. pneumophila, thus supporting additional
investigation using this drug.

NIC inhibits activation of multiple inflammasomes

L. pneumophila infection activates multiple inflammasomes. Initially,
the NAIP/NLRC4 inflammasome is strongly activated in response
to bacterial flagellin (24). In the absence of flagellin (using flaA™
bacteria), a robust activation of caspase-11 leads to noncanonical
activation of the NLRP3 inflammasome (20). Thus, to test the in-
hibitory effect of NIC in different inflammasomes, we stimulated
macrophages with nigericin or poly(dA:dT) and infected them with
wild-type L. pneumophila (WT L.p.) or flaA™ L. pneumophila (flaA™ L.p.)
to induce activation of NLRP3, AIM2, NAIP/NLRC4, and caspase-11
inflammasomes, respectively. We first tested the cleavage of caspase-1
and IL-1B by Western blot and found that NIC inhibits the inflam-
masome activation in response to canonical NLRP3, AIM2, and
NAIP/NLRC4 and noncanonical NLRP3 activation mediated by
caspase-11 (Fig. 2, A to D). By assessing IL-1p secretion by enzyme-
linked immunosorbent assay (ELISA) and caspase-1 activation by
Caspase-Glo 1 assay, we found that NIC promotes inhibition of in-
flammasome activation stimulated by nigericin, poly(dA:dT), WT
L.p., and flaA™ L.p. (Fig. 2, E and F). We detected a stronger inhibi-
tory effect of NIC when we assessed inflammasome activation by
Western blot and Caspase-Glo 1 assay compared to IL-1B quantifi-
cation by ELISA. We speculate that the monoclonal antibody used
to detect IL-1P in the ELISA kit is recognizing the pro-IL-1B in con-
ditions where there is no processed IL-1P. This would explain the
detection of IL-1B by ELISA in conditions where very low levels of
IL-1P are present according to the Western blot assays.

Next, we tested the effect of NIC in NLRP3 and ASC puncta for-
mation. We found inhibition of NLRP3 puncta induced by nigericin
(Fig. 2G) and ASC puncta induced by WT L.p. (Fig. 2H) and flaA™
L.p. (Fig. 2I). These results validate our initial screening findings and
suggest that NIC inhibits the activation of multiple inflammasomes.
Although our NIC treatment was always initiated after macrophage
priming, we also performed experiments to evaluate the effect of
NIC on the expression of pro-IL-1p induced during the macrophage
priming. Thus, macrophages were treated with NIC for 1 hour and
stimulated with lipopolysaccharide (LPS) or PAM3Cys for 1 and
3 hours. We found that NIC inhibited pro-IL-1B expression induced
by priming (fig. S3A). In addition, we observed that NIC inhibited
the secretion of cytokines that are rapidly produced after priming,
including tumor necrosis factor-a (TNF-a), IL-10, and monocyte
chemoattractant protein-1 (MCP-1) (fig. S3, B to D). This process oc-
curs similarly in autophagy related 5 (ATG5)-deficient and ATG5-
sufficient macrophages, indicating that autophagy is not required for
the inhibitory activity of NIC in priming. Western blot using anti-
ATGS confirms ATG5 deletion in macrophages from ATG5!0¥/flox/
LysMC* mice (fig. S3E).

Autophagic machinery accounts for the inhibitory effects

of NIC on NLRP3 inflammasome

Next, we investigated the mechanisms by which NIC promotes
inhibition of the inflammasome activation. NIC is able to trigger
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Fig. 1. A high-throughput screening identifies anti-inflammasome drugs. (A) BMDMs were primed with lipopolysaccharide (LPS; 500 ng/ml) for 3 hours, treated with
different library compound at 10 uM, and infected with L. pneumophila at a multiplicity of infection (MOI) of 10. Pore formation was quantified by Pl uptake after 3 hours
infection. Triton X-100 was used to determine 100% Pl uptake. Each dot represents the activity of one compound. NI, noninfected controls; V, dimethyl sulfoxide (DMSO)
controls; Cpds, tested compounds. The drugs 718 (NIC), 802 (TAC), and 816 (CLO) are highlighted in red. The dotted lines indicate the 65 to 95% range of pore formation
inhibition used for the initial selection. (B to D) Kinetics of pore formation in BMDMs infected or NI with L. pneumophila for 14 hours. Pore formation was estimated by PI
internalization [relative fluorescence units (RFU)]. (E and F) BMDMs were primed with LPS for 3 hours; treated with 10 uM NIC, TAC, or CLO or 1% DMSO (Vehic) for 1 hour
and infected with L. pneumophila (MOI of 10). Cell supernatants (SNs) were assayed for IL-1B (E), caspase-1 activity (F), and percentage of cell containing ASC puncta
(G). Representative images of ASC puncta (green) in L. pneumophila-infected BMDMs treated with vehicle (H) or NIC (I) are shown. Scale bars, 30 um. *P < 0.05. n.s., non-
significant as determined by Student's t test. Data are presented from one representative experiment of three experiments performed with similar results.

autophagy, a cell intrinsic mechanism that reduces the activation of = Western blot (Fig. 3A). Next, we tested whether the autophagic
the inflammasome (25-29). Thus, we initially tested whether NIC  machinery is required for the inhibitory activity of NIC in inflam-
treatment is able to induce autophagy in macrophages by assessing masomes. We performed experiments using macrophages from
the conversion of LC3-1 to LC3-II, a biomarker of autophagy, by ~ ATG5™¥1*/LysM“/* (and littermate controls) and found that ATG5
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Fig. 2. NIC inhibits multiple inflammasomes. BMDMs were primed with LPS (500 ng/ml) for 3 hours; treated with vehicle (V) or NIC at 10 uM for 1 hour; and then left
nontreated (NT) or stimulated with nigericin (20 uM) or poly(dA:dT) (5 ng/ml) or left noninfected (NI) or infected with WT L.p. (MOl of 10) or flaA™ L.p. (MOI of 10). Western
blot analysis showing caspase-1 p20 and IL-1 cleavage p17in cell-free SNs and caspase-1 p45, IL-1B p31, and B-actin p43 in the cellular extract (CE) after stimulus with
(A) nigericin (20 uM) or transfected with (B) poly(dA:dT) (5 ng/ml) or infected with (C) WT L.p. (MOI of 10) or (D) flaA™ L.p. (MOI of 10). LPS-primed BMDMs were treated
with 1, 3, or 10 uM NIC for 1 hour and then left NT or stimulated with nigericin (20 uM) or poly(dA:dT) (5 ng/ml) or left NI or infected with WT L.p. (MOI of 10) or flaA™ L.p.
(MOl of 10). SNs were assayed for (E) an IL-1f release or (F) a caspase-1 activity using the Caspase-1 Glo kit assay. The percentage of cell containing (G) NLRP3 puncta after
nigericin treatment, (H) ASC puncta after WT L.p., or (I) ASC puncta after flaA™ L.p. infection was estimated in cells. *P < 0.05, compared to vehicle; n.s., nonsignificant as
determined by Student’s t test. Data are presented from one representative experiment of three experiments performed with similar results.

is required for the inhibition inflammasome activation as measured  autophagy in the inhibitory activity of NIC in AIM2 and NAIP/
by the formation of ASC puncta induced by nigericin (Fig. 3B). In  NLRC4 inflammasomes. ATG5-sufficient and ATG5-deficient
addition, NIC fails to inhibit cleavage of caspase-1 and IL-1B in- macrophages were treated with NIC, and the activation of AIM2
duced by nigericin in the absence of ATG5 (Fig. 3C). These data and NAIP/NLRC4 inflammasome was induced with poly(dA:dT)
suggest that NIC impairs the activation of the NLRP3 inflammasome  and L. pneumophila, respectively. We found that NIC inhibited the
by inducing autophagy. We also investigated the importance of activation of inflammasome induced by poly(dA:dT) in ATG5-suficient
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Fig. 3. NICinduces autophagy and autophagic machinery is required for inhibitory activity of NIC in inflammasomes. BMDMs from C57BL/6 mice were not primed
(NP) or primed (P) with LPS (500 ng/ml) for 3 hours and then left NT or treated with vehicle (V), NIC, or rapamycin (R) at 10 uM for 1 hour. (A) Western blot analysis showing
LC3-1 p18, LC3-1 p16, and B-actin p43 in the CE after treatments. BMDMs of C57BL/6, ATG51/%/1 ysMR* (ATG5), and ATG5"*/LysMFE* (ATG5™"*) mice were primed
with LPS (500 ng/ml) for 3 hours, treated with vehicle (V) or NIC at 10 uM for 1 hour, and then left NT or stimulated with nigericin (20 uM). (B) The percentage of cell con-
taining ASC puncta after nigericin treatment was estimated in BMDMs of C57BL/6, ATGSf'/ﬂ, and ATG5"* . *p < 0.05, compared to vehicle; n.s., nonsignificant as determined
by Student’s t test. (C to E) Western blot analysis showing caspase-1 and IL-1B in cell-free SNs and caspase-1 p45, IL-1B p31, ATG5 p56, and B-actin p43in the CE after
stimulation with nigericin (C) or poly(dA:dT) (D) or infection with WT L.p. (E). Data are presented from one representative experiment of three experiments performed
with similar results.

cells, and this process were partially dependent on ATG5 (Fig. 3D).
When we infected macrophages with L. pneumophila, we found that
autophagy is dispensable for the inhibitory activity of NIC (Fig. 3E).
In addition, the demonstration that NIC effectively inhibits the in-
flammasome activation induced by L. prneumophila, a bacterium that
effectively inhibits autophagy (30), support the hypothesis that NIC in-
hibits the activation of NAIP5/NLRC4 inflammasome independently
of autophagy. Collectively, our data indicated that autophagy is re-
quired for an NIC-mediated inhibition of the NLRP3 inflammasome,
partially required for the inhibition of the AIM2 inflammasome and
dispensable for inhibition of the NAIP5/NLRC4 inflammasome. These
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data indicate that multiple mechanisms may operate in the NIC-me-
diated inhibition of inflammasomes.

NIC inhibits inflammasome activation in response to
SARS-CoV-2 infection

We previously demonstrated that primary human monocytes trig-
ger the NLRP3 activation in response to SARS-CoV-2 infection and
that inflammasome activation is associated with the poor clinical out-
come of COVID-19 (10). Thus, we tested the effect of NIC, TAC, and
CLO in the inhibition of inflammasome activation by SARS-CoV-2.
Initially, we assessed inflammasome activation in primary human
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monocytes from healthy donors infected in vitro with SARS-CoV-2
and treated with 10 uM NIC, TAC, and CLO for 24 hours. For com-
parison, nigericin was used as a positive control. In agreement with
our results from BMDMs infected with L. pneumophila, we found
that NIC was the most effective drug to target inflammasome acti-
vation in CD14" human monocytes infected with SARS-CoV-2. This
was evident when we assessed inflammasome-mediated IL-1J se-
cretion (Fig. 4A), caspase-1 activation (Fig. 4B), and NLRP3 puncta
(Fig. 4C) and ASC (Fig. 4D) puncta formation. Images of NLRP3
and ASC puncta in SARS-CoV-2-infected monocytes are shown in
Fig. 4 (Eand F).
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Fig. 4. NIC inhibits inflammasome activation triggered by SARS-CoV-2 in pri-
mary human monocytes. Human CD14* monocytes were primed with PAM3Cys
(300 ng/ml) for 4 hours and infected with SARS-CoV-2 at an MOI of 10. After viral
adsorption, cells were left untreated or treated with 10 uM NIC, TAC, and CLO or
with 1% DMSO (vehicle) for 24 hours. Mock and ultraviolet (UV)-inactivated viruses
were used as negative infection control, and nigericin was used as a positive
control for NLRP3 inflammasome activation. SNs were assayed for (A) IL-1f release
or (B) caspase-1 activity using the Caspase-1 Glo kit assay measured by relative
luminescence units (RLU). The percentage of cell containing (C) NLRP3 puncta
or (D) ASC puncta was estimated in cells. Representative images of (E) NLRP3 and
(F) ASC puncta (green) in SARS-CoV-2-infected monocytes. Nuclei were stained
in blue. Inset highlights an image clipping containing puncta. Scale bar, 30 um.
*P < 0.05, compared to vehicle; n.s., nonsignificant as determined by Student’s
t test. Data are presented from one representative experiment of three experi-
ments performed with similar results.
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Our results presented so far indicate that NIC inhibits inflam-
masome activation in human monocytes infected with SARS-CoV-2.
Thus, we investigated whether this drug could also show antiviral
activity in such cells. To this end, primary human monocytes were
infected in vitro with SARS-CoV-2 and treated with 0.1 to 10 uM
NIC. Cell supernatants were collected, and inflammasome activation
and viral loads were assessed 24 hours after treatment. We found
that the IL-1p release (Fig. 5A) and caspase-1 activation (Fig. 5B)
induced by SARS-CoV-2 infection were inhibited by treatment with
3 and 10 uM. NIC treatment also reduced the viral loads at 3 and
10 uM, as determined by real-time polymerase chain reaction (PCR;
Fig. 5C) and median tissue culture infectious dose (TCIDs) assay
(Fig. 5D). In agreement with previous findings, similar viral loads
were detected in the input- and vehicle-treated cells 24 hours after
infection, corroborating that SARS-CoV-2 replicates poorly in pri-
mary monocytes (31).

NIC inhibits SARS-CoV-2 replication in Vero cells

Next, we investigated the effect of NIC in the viral replication using
immortalized cell lines that do not express components of the in-
flammasome machinery. To perform this assay, we first constructed
a simian kidney epithelial Vero CCL81 cell line expressing human
angiotensin-converting enzyme 2 (hACE2), a protein that facilitates
viral entrance (32). To test an antiviral activity of NIC in hACE2-
Vero cells, we infected cultures with SARS-CoV-2 and treated them
with 0.1 to 10 pM NIC for 48 hours. Quantification of viral genomes
by quantitative reverse transciption PCR (qRT-PCR) indicated that
infected cells treated with vehicle contained higher viral loads than
cells treated with NIC at 3 and 10 uM (Fig. 6A). We also measured
viral titers by TCIDsy and found a dose-dependent reduction of
viral loads (Fig. 6B), suggesting that NIC effectively inhibits viral
replication in Vero cells. NIC was also very effective in restricting
the replication of gamma variant (P.1) of SARS-CoV-2, as mea-
sured by qRT-PCR (Fig. 6C) and by TCIDs (Fig. 6D).

We validated the antiviral effect of NIC by performing immuno-
fluorescence analyses. We detected a robust viral replication in
infected hACE2-Vero cells treated with the vehicle (Fig. 6E), and
NIC treatment substantially reduced viral replication in cells (Fig. 6,
F and G). No antibody cross-reaction was detected when we per-
formed mock infection (Fig. 6H). Together, our data demonstrate
that NIC inhibits inflammasome activation and viral replication in
host cells.

NIC effectively inhibits inflammasome activation in PBMC
from patients with COVID-19

Our results demonstrate that NIC inhibits both inflammasome
activation and SARS-CoV-2 replication, suggesting that it is a
promising drug candidate for COVID-19 treatment. Thus, we
assessed the effect of NIC in peripheral blood mononuclear cells
(PBMCs) obtained from patients with COVID-19, which contains
active inflammasomes (10). Initially, PBMCs were collected from
15 patients and treated with vehicle and 10 uM NIC, TAC, and
CLO. Cells were treated for 24 hours, and active caspase-1 in the
PBMC supernatants was measured by using a luminescent assay.
Consistent with our in vitro observations, NIC and TAC strongly
reduced active caspase-1 in patient PBMCs, while CLO did not
interfere with caspase-1 activation (Fig. 7A). We also performed
another assay where PBMCs from other 11 patients were collected
and treated with 10 pM NIC or vehicle. We confirmed the highly
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Fig. 5. NIC inhibits SARS-CoV-2 replication and inflammasome activation in primary human monocytes. Human CD14* monocytes were primed with PAM3Cys
(300 ng/ml) for 4 hours and infected with SARS-CoV-2 at an MOI of 10. After viral adsorption, cells were left untreated or treated with 0.1 to 10 uM NIC or with 1% DMSO
(vehicle) for 24 hours. Mock and UV-inactivated viruses were used as negative infection control, and nigericin was used as a positive control for NLRP3 inflammasome
activation. SNs were assayed for (A) IL-1p release or (B) caspase-1 activity using the Caspase-1 Glo kit assay measured by RLU. Supernatants were also assayed for
(C) quantification of the viral genome by real-time PCR or (D) viral titer by TCIDsg. *P < 0.05, compared to vehicle; n.s., nonsignificant as determined by Student’s t test.
Data are presented from one representative experiment of three experiments performed with similar results.

efficient effect of NIC in the inhibition of caspase-1 activation in
PBMCs from patients with COVID-19 (Fig. 7B). In this same ex-
periment, we also quantified the formation of NLRP3 puncta in
PBMCs. We found a significant reduction in NLRP3 puncta in
NIC-treated cells as compared to vehicle (Fig. 7C). Representative
images of NLRP3 puncta in PBMCs from patients with COVID-19
treated with vehicle (Fig. 7D) and NIC (Fig. 7E) are shown.

Next, we tested the effect of NIC in a mouse infection model.
Initially, we infected restrictive C57BL/6 mice with L. pneumophila
and treated them every 24 hours with NIC (0.3 mg/kg per day;
or vehicle) starting after 4 hours of infection. We found that mice
treated with NIC increased the replication of WT L.p. in the lungs

de Almeida et al., Sci. Adv. 8, eabo5400 (2022) 14 September 2022

48 and 72 hours after infection (fig. S4A). We also performed infec-
tions with flaA™ L.p., which bypass NAIP5/NLRC4-mediated growth
restriction and replicate in mouse lungs. We found that NIC did not
interfere with the replication of flaA™ mutants in mouse lungs (fig.
S4B). These data indicates that NIC can be used in vivo, as this com-
pound was able to inhibit NAIP5/NLRC4 inflammasome-mediated
restriction of L. pneumophila replication in mice lungs. Next, we
used the K18-hACE2 transgenic mice that express hACE2 under
regulation of cytokeratin-18 promoter and provide a reliable model
of mice for infections with SARS-CoV-2 (33). We infected K18-
hACE2 mice with 2 x 10* plaque-forming units (PFU) of SARS-
CoV-2 and treated them with NIC (0.3 mg/kg per day) every
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Fig. 6. NICinhibits viral replication in hACE2-Vero cells infected with ancestral/
Wuhan and gamma variant of SARS-CoV-2. Vero cells stably expressing hACE2
(hACE2-Vero) were infected with SARS-CoV-2 or gamma variant (P.1) at an MOI of
10. After viral adsorption, cells were washed and then left untreated or treated with
0.1 to 10 uM NIC or with 1% DMSO (vehicle) for 48 hours. Mock and UV-inactivated
viruses were used as negative infection control. Cell supernatants were assayed for
the quantification of (A) viral genome of SARS-CoV-2 by real-time PCR, (B) viral titer
of SARS-CoV-2 by TCIDsy, (C) viral genome of gamma variant by real-time PCR, or
(D) viral titer of gamma variant by TCIDso. (E to H) hRACE2-Vero cells were stained for
SARS-CoV-2 using convalescent serum from a patient with COVID-19. A represent-
ative image of hACE2-Vero cells infected with SARS-CoV-2 (green) and treated
with vehicle (E), 1 uM NIC (F), or 10 uM NIC (G) or mock treated (H). Nuclei are
stained in blue. Scale bars, 85 um. *P <0.05, compared to vehicle; n.s., nonsignifi-
cant as determined by Student’s t test. Data are presented for one representative
experiment of three experiments performed with similar results.

24 hours for up to 3 days after infection (Fig. 8A). After 3 days of
infection, the lungs were collected for determination of viral load
and quantification of pulmonary parenchyma area. We found that
NIC treatment intranasally did not affect viral replication in the

de Almeida et al., Sci. Adv. 8, eabo5400 (2022) 14 September 2022

lungs, as measured by TCIDs5 assay and qRT-PCR (Fig. 8, B and C).
However, NIC significantly ameliorated the inflammatory infiltrate
in mouse lungs, as assessed by determination of the parenchyma area
in lung histological sections of mice infected for 3 days (Fig. 8,
D and E). We also quantified the production of cytokines in the
lungs of infected mice and found that NIC did not significantly
affect the production of interferon-y (IFN-y), TNF-o0, MCP-1, IL-10,
IL-6, or IL-12 (fig. S5). Together, these data confirm the beneficial
role of intranasal treatment with NIC in vivo for reducing the in-
flammatory process, despite the fact that it does not interfere with
cytokine production and viral replication.

DISCUSSION
Our high-throughput screening for compounds that target multi-
ple inflammasomes revealed three FDA-approved drugs with in-
flammasome inhibitory activity. NIC, our best hit, was a potent
inflammasome inhibitor that is also a highly effective inhibitor of
SARS-CoV-2 replication in vitro. As an FDA-approved anthelminthic
drug, NIC has been used for over 50 years to treat tapeworm infec-
tions, and it is currently listed on the World Health Organization’s
list of essential medicines (34-36). Recent studies have suggested very
broad clinical applications of NIC for the treatment of infectious
diseases other than those caused by parasites [reviewed in (37)].
Accordingly, NIC was able to inhibit chikungunya virus entry and
transmission (38), and years before the COVID-19 pandemic, NIC
was identified as an inhibitor of SARS-CoV replication (39). In
addition, NIC exerts anti-MERS activity, inhibiting S-phase kinase-
associated protein 2 (SKP2) function and impairing MERS-CoV
replication (40). In light of this information, the potential use of NIC
against SARS-CoV-2 has been highly speculated on the basis of
virtual screenings experimentally validated in vitro (36, 41-45). In
agreement with these reports, our results using hACE2-Vero cells
demonstrated that NIC effectively inhibits SARS-CoV-2 replication
as measured by immunofluorescence, TCIDs assays, and qRT-PCR.
NIC exhibits a remarkably potent inhibitory activity against
SARS-CoV-2 in Vero cells with activity at nanomolar concentra-
tions (44, 46). Multiple mechanisms underlie the biological effects
of NIC. The drug has been shown to exhibit antiviral activity due to
its ability to perturb the pH-dependent membrane fusion required
for virus entry (47). In addition, it dampens calcium variation and
membrane conductance by suppressing the activity of TMEM16F
(anoctamin 6), thus blocking spike-induced syncytia formation (48).
Using a target-based screening, NIC was identified as a promising
candidate to inhibit receptor binding domain uptake and spike
pseudovirus infection (45). In addition, NIC has been shown to
inhibit SKP2, which results in decreased ubiquitination and degra-
dation of Beclin-1 and enhanced autophagic flux, augmenting auto-
phagy and favoring restriction of viral replication (40). Thus, it is
proposed that NIC-mediated autophagy induction is associated
with the inhibition of SARS-CoV-2 infection (42). According to this
observation, it is well reported in literature that NIC triggers auto-
phagy (26-29). In this study, we confirmed that NIC induces auto-
phagy, and this process is required for NIC-induced inhibition of
NLRP3 inflammasome. However, different from the NLRP3, auto-
phagy was only partially required for NIC-induced inhibition of AIM2
inflammasome and dispensable for inhibition of NAIP5/NLRC4
inflammasome. Thus, additional mechanisms besides autophagy
operate in NIC-induced inhibition of inflammasome. In this work,
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Fig. 7. NIC inhibits inflammasome activation in PBMCs of patients with COVID-19. PBMCs were isolated from fresh blood of patients with COVID-19 and treated with

10 uM NIC, TAC, and CLO or with 1% DMSO (vehicle) for 24 hours. (A) SNs were assay
treatment with 10 uM NIC, TAC, and CLO or 1% DMSO (vehicle) (patients with COVID-1

ed for caspase-1 activity using the Caspase-1 Glo kit assay measured by RLU after
9, n=15; all tested positive by real-time PCR) or (B) after treatment with 10 uM NIC

or 1% DMSO (vehicle) (patients with COVID-19, n=11; all tested positive by real-time PCR). (C) PBMCs from patients with COVID-19 were stained for anti-NLRP3 for deter-
mination of active NLRP3 inflammasome (puncta). Representative images of infected PBMCs containing NLRP3 puncta (green) in cells treated (D) with 1% DMSO (vehicle)

or (E) 10 uM NIC. The inset highlights an image clipping. Nuclei were stained in blue. S
by Wilcoxon test. Each dot represents the value form a single individual.

we also demonstrated that NIC inhibit LPS- and PAM3Cys-induced
expression of pro-IL-1B, TNF-a, IL-10, and MCP-1, revealing an addi-
tional mechanism operating in the anti-inflammatory properties of
NIC. However, these mechanisms may not influence the NIC-mediated
inhibition of inflammasome activation because, in our studies, NIC

de Almeida et al., Sci. Adv. 8, eabo5400 (2022) 14 September 2022

cale bars, 20 um. *P < 0.05, compared to vehicle; n.s., nonsignificant as determined

treatment initiated after macrophage priming. Furthermore, acti-
vation of the NAIP/NLRC4, which is effectively inhibited by NIC,
does not require priming (20), supporting the notion that additional
mechanisms, besides autophagy and inhibition of priming, are in-
volved in the inhibitory activities of NIC. Collectively, our data
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Fig. 8. NIC reduces inflammation in lung parenchyma of ACE2-humanized
mice infected with SARS-CoV-2. (A) Transgenic K18-hACE2 mice were intranasally
infected with 2 x 10% SARS-CoV-2 per mice and were treated with NIC (0.3 mg/kg
per day) for up to 3 days. The lungs were collected to viral load and parenchyma
area quantification. On day 3 of infection, lung homogenate was assayed for the
quantification of viral genome by real-time PCR (B) or SARS-CoV-2 viral titer of by
TCIDso (C). (D) The percentage of parenchyma area in NI-, mock-, or NIC-treated
mice. (E) Representative images of hematoxylin and eosin staining of lung sections
of NI or SARS-CoV-2-infected mock- or NIC-treated mice after 3 days of infection
[days post infection (dpi)]. Scale bars, 50 um. *P < 0.05, compared to untreated;
n.s., nonsignificant as determined by Student’s t test. Data presented are a pool of
two independent experiments performed with similar results.

indicate that the inhibitory effect of NIC on priming together with the
autophagy-mediated inhibitory effect on inflammasome activation
and additional unknown mechanisms operate for the anti-inflammatory
activity of NIC and may benefit the treatment of patients with
COVID-19.

The inhibitory activity of autophagy in inflammasome activa-
tion has been previously reported (25) and may participate in the
inhibitory effects of NIC on NLRP3 inflammasome activation in
macrophages. A previous report, not consistent with our data, sug-
gested that NIC might function as an NLRP3 activator (49). The use
of an immortalized macrophage-like cell THP-1, in addition to dif-
ferences in the LPS used for priming, may explain these differences,
as LPS is a potent activator of noncanonical NLRP3 inflammasome
(50, 51). Note that ours and other studies demonstrated that inflam-
masome activation is associated with a poor outcome in patients
with severe COVID-19 (9-12). Thus, despite an absence of a role
for NIC in the restriction of viral replication under our in vivo ex-
perimental settings, it is possible that NIC targets both viral replica-
tion and inflammasome activation in patients with COVID-19,
making NIC a very promising drug candidate for COVID-19. We
do not envisage a prophylactic use of NIC, given that the drug can

de Almeida et al., Sci. Adv. 8, eabo5400 (2022) 14 September 2022

inhibit additional inflammasomes that may be protective against
opportunistic fungi and bacterial infections, as is the case for
L. pneumophila (fig. S4). Instead, individuals infected with SARS-CoV-2
undergoing moderate-to-severe inflammatory conditions may benefit
from NIC treatment. Despite the fact that the drug is well tolerated
and does not influence vital organ functions, one specific challenge
for oral use of NIC is the low aqueous solubility and poor oral bio-
availability (34, 36, 41). To minimize this problem, efforts have been
made to develop inhalation and nasal spray systems to deliver the
drug directly in the upper respiratory mucosa (52). Whether the
delivery of NIC in nasal mucosa, rather than in the lower respiratory
system, will be sufficient to inhibit inflammasome activation and
ameliorate severe cases of COVID-19 is unknown. Nonetheless,
prospective clinical trials including NIC already indicated the pre-
liminary yet positive effects of NIC for treatment of hospitalized
patients (53, 54). There are currently more than 20 ongoing clinical
trials using NIC in different conditions, some of them registered for
COVID-19 in the ClinicalTrials.gov clinical trials registry (55).
Regardless of the possible approval of NIC for human treatment of
COVID-19, our study provides key information regarding inhibitory
activity of NIC in inflammasomes. This feature may be beneficial for
drug effectiveness in patients with COVID-19, as the treatment may
mitigate both SARS-CoV-2 replication and also the inflammatory
processes initiated and amplified by the inflammasomes.

MATERIALS AND METHODS

Study approval

The procedures followed in the study were approved by the National
Ethics Committee, Brazil CONEP (Comissio Nacional de Etica em
Pesquisa), CAAE (Certificado de Apresentacio de Apreciacio Etica):
(30248420.9.0000.5440). Written informed consent was obtained
from the recruited patients.

Mice

C57BL/6 and ATG5-transgenic mice were bred and maintained at
the Animal Facility of the Medical School of Ribeirdo Preto/University
of Sdo Paulo (FMRP/USP). Atg51¥1°% and Atg51Y* mice were
breed with LysM™'* mice (JAX) to generate LysM™®/*/ Atg5/10¥/ox
(here called as ATG5"™) and the littermate controls LysM*/Atg5™/*
(here called as ATGSﬂ/+). K18-hACE2 [B6.Cg-Tg(K18-ACE2)2Prlmn/J;
the Jackson Laboratory strain no.: 034860], male or female mice
ranging from 8 to 10 weeks old were infected with SARS-CoV-2 in
a biosafety level 3 (BSL3) facility at the University of Sao Paulo,
FMRP/USP. The mice protocols were previously approved by the
Institutional Ethics Committee for Animal Care and Research (CETEA-
FMRP/USP no. 085/2015).

Bacterial strains

L. pneumophila strains used were JR32 (WT L.p.) and isogenic clean
deletion mutants for flagellin (flaA™ L.p.) (24, 56). All bacteria were
grown on buffered charcoal-yeast extract (BCYE) agar plates [1% yeast
extract, 1% Mops, 3.3 mM L-cysteine, 0.33 mM Fe(NO3);, 1.5% Bacto
agar, and 0.2% activated charcoal (pH 6.9)] at 37°C (57).

Macrophages

BMDMs were harvested from femurs and tibias of C57BL/6, ATG5"",
or ATG5"* mice. Cells were differentiated with RPMI 1640 (Gibco)
containing 20% fetal bovine serum (FBS) (Invitrogen) and 30% L-929
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cell-conditioned medium (LCCM), 2 mM 1-glutamine (Sigma- Aldrich),
and penicillin-streptomycin (100 U/ml; Sigma-Aldrich) for 7 days,
at 37°C with 5% CO,. Cells were detached with a cold phosphate-
buffered saline (PBS) (Gibco), resuspended in RPMI 1640 supple-
mented with 10% FBS and 5% LCCM, seeded at the desired a
concentration of cells per well according to each assay, and allowed
to adhere for 24 hours before the infections.

Drug library

For the anti-inflammasome screening was used a commercial drug
library containing 2560 drugs diluted at 10 mM in dimethyl sulfoxide
(DMSO) (MicroSource Spectrum Collection, MicroSource Discovery
Systems, Gaylordsville, CT). Those drugs were diluted at 1 mM DMSO
and then diluted at the desired concentration for each assay in
Dulbecco’s minimum essential medium (DMEM) without phenol
red (Gibco FluoroBrite DMEM) or RPMI 1640 without phenol red
(Gibco) getting at the assays a final concentration of 1% DMSO.

Anti-inflammasome screening

In vitro infections and pore formation inhibition

The anti-inflammasome screening was performed in BMDM:s pre-
treated with the drugs (10 pM) from the library and infected with
WT L.p. at a multiplicity of infection (MOI) of 10. Briefly, BMDMs
were seeded at 5 x 10* cells per well in 96-well plates (Corning 96-well
Flat Clear Bottom Black Polystyrene TC-Treated Microplates) and
allowed to adhere for 24 hours. BMDMs were washed with PBS,
and a solution of DMEM without phenol red containing PI (5 pg/ml)
and drugs (10 uM) were added. One hour after treatment, 10 ul of a
solution of DMEM without phenol red containing WT L.p. (MOI
of 10), 1:1000 rabbit anti-Legionella antibody, and PI (5 ug/ml) was
added to each well. Plates were centrifuged at 200g for 5 min and
kept at 37°C with 5% CO, for 3 hours. After that, cells were visual-
ized and counted in MiniMax Imaging Cytometer SpectraMax i3x
Multi-Mode Microplate (Molecular Devices), and four images per
well were taken, where nuclei stained with PI were counted using
SoftMax Pro Software. In each assay, noninfected BMDMs with/
without 1% DMSO were used as negative control. L. pneumophila—
infected BMDMs with/without 1% DMSO were used as positive
control. The assay was performed in triplicate. Total pore formation
was determined by lysing cells with 1.3% Triton X-100 for normaliza-
tion and for the determination of pore formation inhibition in the
conditions treated with drugs.

Kinetics of pore formation inhibition in NLRC4 inflammasome
The 19 compounds that caused at least 65% of pore formation inhi-
bition were revalidated at three different concentrations (10, 20,
and 40 uM) against WT L.p. Briefly, BMDMs were seeded at 5 x 10*
cells per well in 96-well plates (Corning 96-well Flat Clear Bottom
Black Polystyrene TC-Treated Microplates) and allowed to adhere
for 24 hours. A solution of DMEM without phenol red containing
PI (5 pg/ml) and drugs (10, 20, and 40 uM) were added. One hour
after treatment, 10 ul of a solution of DMEM medium without
phenol red containing WT L.p. (MOI of 10) was added to each well
and plates were centrifuged at 200g for 5 min. Right after infection,
cells were visualized and counted in MiniMax Imaging Cytometer,
SpectraMax i3x Multi-Mode Microplate (Molecular Devices). PI
was excited at 538 nm, and emission was measured at 617 nm every
5 min for a period of 14 hours; parameters of “relative fluorescence
units (RFU)” were determined.

de Almeida et al., Sci. Adv. 8, eabo5400 (2022) 14 September 2022

In vitro revalidation in BMDMs infected with WT L.p.

The revalidation assay was performed in BMDMs, which were seeded
at 5 x 10° cells per well in 24-well plates (Corning 24-well Flat Clear
Bottom Polystyrene TC-Treated Microplates) and allowed to ad-
here for 24 hours. BMDMs were primed with LPS (500 ng/ml) for
3 hours. Then, cells were pretreated with 10 uM NIC, TAC, and CLO
or 1% DMSO for 1 hour. After treatment, 10 pl of a solution of RPMI
1640 without phenol red containing WT L.p. (MOI of 10) was added
to each well. Plates were centrifuged at 200g for 5 min and kept at
37°C with 5% CO, for 2 hours. After that, cells were processed for
immunofluorescence assays, and the supernatant was collected to
determine caspase-1 activity using the Caspase-Glo 1 assay and
cytokine production. The assay was performed in triplicate.

Caspase-1, IL-1B, ATG5, and p-actin Western blot

To measure caspase-1 and IL-1B cleavage by Western blot, 8 x 10°
cells per well of BMDM:s were plated in 48-well plates (Corning 48-
well Flat Clear Bottom Polystyrene TC-Treated Microplates) and
allowed to adhere for 24 hours. Cells were primed with LPS (500 ng/ml)
for 3 hours. Then, cells were washed with PBS and treated with 10 uM
NIC. One hour after treatment, cells were treated with nigericin (20 uM),
transfected with poly(dA:dT) (5 ng/ml), or infected with WT L.p.
(MOI of 10), or flaA™ L.p. (MOI of 10), and kept at 37°C with 5%
CO;, for 2 hours. After inflammasome stimulus, supernatants were
collected, and cell extracts were lysed with a radioimmunoprecipi-
tation assay (RIPA) buffer [25 mM tris-HCI (pH 7.6) (Hexis Cientifica),
150 mM NaCl (J. T. Bacher), 1% NP-40 (Fluka Biochemika, USA),
and 1% sodium deoxycholate (Sigma-Aldrich), 0.1% SDS] for 10 min
on ice. Supernatants and lysates were resuspended in a sample buffer
containing 50 mM tris (pH 6.8), 2% SDS (USB Corporation, USA),
0.1% bromophenol blue (Synth, USA), 10% glycerol (USB Corpora-
tion), and 2.5% B-mercaptoethanol.

After that, proteins were separated in a 12% SDS-polyacrylamide
gel electrophoresis (PAGE) gel, and then proteins were transferred
to a nitrocellulose membrane (GE Healthcare, USA) using Trans-
Blot Turbo Transfer System (Bio-Rad) at 15 V for 30 min. After transfer,
membranes were blocked for 1 hour at 25°C in a tris buffer [tris-
buffered saline (TBS)-25 mM tris (pH 7.4) (Hexis Cientifica, Brazil),
0.3 mM KClI (J. T. Backer), and 140 mM NaCl (J. T. Bacher)] con-
taining 0.1% Tween 20 (TBS-T) and 5% nonfat dry milk. After
blocking, membranes were stained with rat monoclonal anti-caspase-1
antibody (1:500; Genentech, clone 4B4), goat monoclonal antibody
against IL-1B (1:500; Sigma-Aldrich, I3767), rabbit monoclonal
antibody anti-ATG5 (1:1000; Abcam), or rabbit monoclonal anti-
body against B-actin (1:1000; Sigma-Aldrich, A2066) diluted in
5% nonfat dry milk in TBS 1x with 0.01% Tween 20 overnight at
4°C. Membranes were washed with TBS-T and incubated for 1 hour
at 25°C with appropriate peroxidase-conjugated secondary antibody
(1:3000) (KPL, USA). For the detection of proteins linked to specific
antibodies Amersham Imager 600 (GE Healthcare, Illinois) was
used. The assay was performed in triplicate.

LC3-1 and LC3-1l Western blot

To measure the LC3-T and LC3-1I cleavage by Western blot, 8 x 10 cells
per well of BMDMs were plated in 48-well plates (Corning 48-well Flat
Clear Bottom Polystyrene TC-Treated Microplates) and allowed to adhere
for 24 hours. Cells were left nontreated or treated with 10 uM vehicle or
NIC. One hour after, cells were primed with LPS (500 ng/ml) for 3 hours.
Cell extracts were lysed with a RIPA buffer, and then lysates were
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resuspended in a sample buffer containing 50 mM tris (pH 6.8), 2% SDS
(USB Corporation, USA), 0.1% bromophenol blue (Synth, USA),
10% glycerol (USB Corporation), and 2.5% B-mercaptoethanol.
After that, proteins were separated in a 15% SDS-PAGE gel, and
then proteins were transferred to a nitrocellulose membrane (GE
Healthcare, USA) using Trans-Blot Turbo Transfer System (Bio-Rad) at
15V for 30 min. After transfer, membranes were blocked for 2 hours at
25°C in a tris buffer containing 5% of bovine serum albumin (BSA). After
blocking, membranes were stained with rabbit monoclonal anti-LC3
antibody (1:1500; Sigma-Aldrich, L8918) and diluted in a tris buffer
containing 1% of BSA for 2 hours at 25°C. Membranes were washed and
incubated for 1 hour at 25°C with an appropriate peroxidase-conjugated
secondary antibody (1:3000) (KPL, USA). For the detection of pro-
teins linked to specific antibodies Amersham Imager 600 (GE
Healthcare, Illinois) was used. The assay was performed in triplicate.

In vitro anti-SARS-CoV-2 assays

Vero cells expressing hACE2

The hACE2 gene was amplified by PCR using hACE2F primer
5'-AACGTACGATGTCAAGCTCTTCCTGG-3" and hACE2R primer
5-AAACCGGTATGTCAAGCTCTTCCTGG-3', and the vector
K18-hACE2 was used as template (58). hACE2 was cloned into a
hemagglutinin-tagged vector (pRH-HA) that was modified from
the original pCLXSN backbone from Imgenex. Human embryonic
kidney (HEK) 293 cells were transfected with the lentiviral vector
pRH-hACE2-HA and packing plasmids pspax2 and pMD2G, and,
60 hours after transfection, a lentivirus-containing supernatant from
HEK293 cells was used to transduce Vero cells [American Type
Culture Collection (ATCC), CCL-81]. Forty-eight hours after trans-
duction, supernatant was replaced with fresh media containing
hygromycin B (300 pg/ml) for selection. After 3 days, an hACE2
expression was confirmed by Western blot.

Viruses

The SARS-CoV-2 used was a Brazil/SPBR-02/2020 strain, isolated
from the first Brazilian case of COVID-19. hACE2-Vero cells cul-
tured in DMEM supplemented with 10% FBS were used for viral stock
production. Virus stock, propagated under BSL3 conditions, were
produced after infecting hACE2-Vero cells in the presence of
trypsin-L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)
(1 pg/ul) in serum-free DMEM for 48 hours at 37°C in a 5% CO;
atmosphere as previously described (10) Virus stocks were titrated
by standard limiting dilution to confirm the TCIDs; (59) in Vero
cells (ATCC CCL-81).

Purification of monocytes from healthy donors

Magnetic nanoparticles (BD) were used to purify monocytes (CD14"
cells). PBMCs were labeled with BD IMag Anti-human CD14 Mag-
netic Particles DM, and cells were separated through magnetic field.
Labeled cells migrated toward the magnet (positive fraction), whereas
unlabeled cells drew off (negative fraction). A separation was repeated
twice to increase the purity of the positive fraction. The CD14"
monocytes resulting from this process were cultured in RPMI 1640
without phenol red (Gibco) containing 1% glutamine and 5% FBS.

In vitro infection of human monocytes

Purified human monocytes (2 x 10°) were plated in 48-well plates
and infected with SARS-CoV-2 at an MOI of 10. After 2 hours of
viral adsorption, a new medium (RPMI 1640 without phenol red
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containing 1% glutamine and 2% FBS) (Gibco) containing 10 pM
NIC, TAC, and CLO or vehicle (1% DMSO) was added. Cells were
incubated for 24 hours at 37°C in the presence of 5% CO, atmosphere.
After incubation, cells were processed for immunofluorescence
assays, and the supernatant was collected for the determination of
active caspase-1, cytokine production. The assay was performed in
triplicate. Another assay was performed in a similar way; however,
arange of concentration (0.1 to 10 uM) of NIC or vehicle (1% DMSO)
was added to the treatment of infected cells. The assay was per-
formed in triplicate.

In vitro infection of hACE2-Vero cells

For in vitro infections, 2 x 10* cells per well were plated in 96-well
plates (Corning 96-well Flat Clear Bottom Black Polystyrene TC-Treated
Microplates) and infected with SARS-CoV-2 at an MOI of 10. After
2 hours of viral adsorption, cells were washed with PBS, and a new
medium [RPMI 1640 without phenol red, 1% glutamine, and 2% FBS
(pH 7.2)] (Gibco) containing a range of concentration (0.1 to 10 pM)
of NIC or vehicle (1% DMSO) was added. Cells were incubated for
48 hours at 37°C in the presence of 5% CO, atmosphere. After incu-
bation, cells were processed for immunofluorescence assays, and the
supernatant was collected for determination of viral loads by real-
time PCR and TCIDs. The assay was performed in triplicate.

COVID-19 patient assays

PBMCs isolation

A total of 26 patients with COVID-19 that were tested positive
using real-time PCR have whole blood samples collected at Clinical
Hospital of Ribeirdo Preto-USP in tubes containing EDTA (BD
Vacutainer CPT), as previously described (10). Briefly, the material
was centrifuged at 400g for 10 min at room temperature. Then, the
plasma was discarded, and the cell pellet was resuspended in PBS 1x.
The cells were applied to the Ficoll-Paque PLUS gradient column (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). A cell suspension was
centrifuged at 640g for 30 min at room temperature to obtain the purified
mononuclear fraction. The cells were washed, and the pellet was re-
suspended in RPMI 1640 for the following analysis as described (10).

Cultured PBMCs

Isolated PBMCs were plated (2 x 10° cells per well) in 48-well plates,
and then cells were treated with 10 uM NIC, TAC, and CLO or
vehicle (DMSO 1%). Cells were incubated for 24 hours at 37°C in
the presence of 5% CO, atmosphere. After incubation, cells were
processed for immunofluorescence assays, and the supernatant was
collected for the evaluation of active caspase-1.

In vivo assays

In vivo SARS-CoV-2 infection

C57BL/6 K18-hACE2 mice from 8 to 10 weeks old were used. The
animals were anesthetized with ketamine (50 mg/kg) and xylazine
(10 mg/kg) intraperitoneally and intranasally infected with SARS-
CoV-2 (2 x 10* PFUs) contained in 20 ul of PBS. From day 0 to 2,
animals were intranasally treated with NIC (0.3 mg/kg per day).
After 3 days of infection, mice were euthanized, and lungs were
collected for following analyses.

In vivo L. pneumophila infection

C57BL/6 mice from 8 to 10 weeks old were used. The animals were
anesthetized with ketamine (50 mg/kg) and xylazine (10 mg/kg)
intraperitoneally and intranasally infected with WT or flaA™ L.p. (1
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x 10° PFUs) contained in 20 ul of ultrapure water. From day 0 to 2,
animals were intranasally treated with NIC (0.3 mg/kg per day).
Mice were euthanized at 4, 48, and 72 hours after infection. The
lungs were harvested and homogenized in 5 ml of sterile water for
30 s using a tissue homogenizer (Fisher Scientific). Lung homoge-
nates were diluted in water, plated on CYE agar plates, and incubated
for 4 days at 37°C for CFU determination.

Sample processing

Immunofluorescence staining of hAACE2-Vero cells

For staining infected hACE2-Vero cells plated in 96-well plates,
tissue culture supernatants were removed, and cells were fixed with
4% paraformaldehyde (PFA) for 20 min at room temperature. PFA
was removed, and cells were washed with PBS and then blocked and
permeabilized using PBS with goat serum and 0.05% saponin for
1 hour at room temperature. A convalescent serum from a patient with
COVID-19 (1:300) was used as primary antibody, diluted in block-
ing solution, and added to each well. After 1 hour of incubation, the
samples were washed with PBS, and secondary antibodies were added
and incubated for 1 hour at room temperature. Secondary antibody
used was rabbit anti-human immunoglobulin (whole molecule)-
fluorescein isothiocyanate (FITC) (1:2000; Sigma-Aldrich). Cells were
washed, and then, 1 mM 4',6-diamidino-2-phenylindole (DAPI) was
added in distilled water. Cells were visualized in the ImageXpress Micro
XLS System (Molecular Devices LLC), and six images per well were
taken in x40 magnification. For image acquisition of the cell nuclei,
the DAPI filter (Aey, 377 nm and Aep, 447 nm) was used, and for the
SARS-CoV-2,the FITCfilter (Aey, 490 nm and Aepm, 525 nm) was used.

Immunofluorescence staining of isolated cells

For staining human isolated monocytes and PBMC from patients with
COVID-19, cells were plated in Lab-Tek Chamber Slides (Nunc).
Samples were fixed and processed as described for immunofluores-
cence. The primary antibodies used were a mix of rabbit monoclonal
antibody anti-NLRP3 (1:1000; Cell Signaling Technology) and rabbit
polyclonal antibody anti-ASC (1:2000; AdipoGen), which were di-
luted in blocking solution. Secondary antibodies used were goat anti-
rabbit 488 (1:3000; Invitrogen). Slides were washed and mounted
using DAPI (1 mM) and ProLong (Thermo Fisher Scientific).

Evaluation of active caspase-1 activity in cultured cells

To measure caspase-1 activity, the supernatants were collected and
incubated with the Luciferin WEHD substrate provided by the
Caspase-Glo 1 assay (Promega, WI, USA). After 1 hour of incuba-
tion at room temperature, luminescence was measured using Spec-
traMax i3x Multi-Mode Microplate (Molecular Devices).

Cytokine quantification

IL-1PB from cell culture supernatants of BMDMs infected with
L. pneumophila and from culture supernatants of human mono-
cytes infected with SARS-CoV-2 was quantified by ELISA (R&D
Systems) following the manufacturer’s instructions. TNF-a, IL-6,
IL-12,IL-10, IEN-y, and MCP-1 were quantified in mice lung tissue
homogenates by CBA (cytometric bead array) (CBA Mouse In-
flammation Kit, BD) following the manufacturer’s instructions.

qRT-PCR for SARS-CoV-2 genome quantification and TCID5,
Detection of SARS-CoV-2 by qRT-PCR was performed with primer
probe sets as previously described (10). Briefly, the genes N2 and
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E and ribonuclease P housekeeping gene were tested by one-step
real-time PCR using total nucleic acids extracted with TRIzol (Invi-
trogen, CA) from 50 ul of cells supernatants to measure the genome
viral load. Real-time PCR assays were done on a StepOnePlus real-
time PCR thermocycler (Applied Biosystems, Foster City, CA, USA).
For determination of TCIDs, the supernatants of hACE2-Vero cells
infected with SARS-CoV-2 were collected. Then, the samples were
homogenized and diluted 1:10 in the presence of trypsin-TPCK
(1 pg/ul) in serum-free DMEM (Gibco) and seeded onto a mono-
layer of Vero cells (ATCC CCL-81) in 96-well plates for 96 hours at
37°C in a 5% CO, atmosphere. The virus-induced cytopathic effect
was observed, and the standard limiting dilution to confirm the
TCIDs was determined according to (59).

Histological evaluation

Mice lung tissue samples were fixed in 10% formalin, paraffin-
embedded, and stained with standard hematoxylin and eosin in 3-um
sections. The tissue slides were scanned on a VS120 Olympus with
high resolution to perform histological analysis of parenchyma area.

Statistics

Statistical significance was determined by either a two-tailed paired or
unpaired Student’s ¢ test for normal data. In the case of non-normal
data, Wilcoxon test was applied. All analyses were performed in R
(version 4.0.2) using RStudio (version 1.3.1056). Graph plots were
performed with GraphPad Prism 6 software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5400

View/request a protocol for this paper from Bio-protocol.
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