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Severe COVID-19is characterized by persistent lung inflammation, inflammatory
cytokine production, viral RNA and a sustained interferon (IFN) response, all of
which are recapitulated and required for pathology in the SARS-CoV-2-infected
MISTRG6-hACE2 humanized mouse model of COVID-19, which has ahumanimmune
system' . Blocking either viral replication with remdesivir® 2 or the downstream
IFN-stimulated cascade with anti-IFNAR2 antibodies in vivo in the chronic stages of
disease attenuates the overactive immune inflammatory response, especially
inflammatory macrophages. Here we show that SARS-CoV-2 infection and replication
inlung-resident human macrophages is a critical driver of disease. In response to
infection mediated by CD16 and ACE2 receptors, human macrophages activate
inflammasomes, release interleukin 1 (IL-1) and IL-18, and undergo pyroptosis, thereby
contributing to the hyperinflammatory state of the lungs. Inflammasome activation
and the accompanying inflammatory response are necessary for lung inflammation,
asinhibition of the NLRP3 inflammasome pathway reverses chronic lung pathology.
Notably, this blockade of inflammasome activation leads to the release of infectious
virus by the infected macrophages. Thus, inflammasomes oppose host infection by

SARS-CoV-2 through the production of inflammatory cytokines and suicide by
pyroptosis to prevent a productive viral cycle.

Acute SARS-CoV-2 infection resolves in most patients but becomes
chronicand sometimes deadly inabout 10-20% of patients!' 71416202427,
Two hallmarks of severe COVID-19 are a sustained IFN response and
viral RNA persisting for months' »2°?*28 This chronicity is recapitu-
lated in SARS-CoV-2-infected MISTRG6-hACE2 humanized mice'. High
levels of IL-1$3, IL-18 and lactate dehydrogenase (LDH) are correlated
with COVID-19 severity in patients, suggesting arole for inflammas-
ome activation and pyroptosisin pathology* *'8?° Here we show that
human lung macrophages are infected by SARS-CoV-2. Replicating
SARS-CoV-2inthese human macrophages activates inflammasomes
and initiates aninflammatory cascade with a unique transcriptome,
results in pyroptosis, and contributes to the downstream type-I IFN
response. Blocking viral replication, the downstream IFN response
or inflammasome activation in vivo during the chronic phase of the
disease attenuates many aspects of the overactive immune inflamma-
tory response (especially the inflammatory macrophage response)
and disease.

Viral replication and the IFN response

Chronic interferon is associated with disease severity and impaired
recovery in influenza infection®. To test whether a viral-RNA-
dependent type-11FN response was a driver of chronic disease, we
treated SARS-CoV-2-infected MISTRG6-hACE2 mice with remdesi-
vir’™2 and/or anti-IFNAR2 antibodies (Fig. 1a) to inhibit viral repli-
cation and/or the IFN response downstream of chronic infection,
respectively. As a control, we used dexamethasone, which reverses
many aspects of immunopathology in infected MISTRG6-hACE2
mice' and in humans®. Although remdesivir and anti-IFNAR2 alone
were partially therapeutic, combined therapy achieved more rapid
weight recovery and suppression of the immune inflammatory
response, especially macrophages, as effectively as dexamethasone
(Fig. 1b-c and Extended Data Fig. 1a-f), suggesting that remdesivir
and anti-IFNAR2 antibodies have a combinatorial effect in chronic
infection.
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Fig.1| Targeting viralreplication and downstreaminterferonsignalling
ameliorates chronic COVID-19. a, Schematic of therapy: SARS-CoV-2-infected
MISTRG6-hACE2 mice were treated with dexamethasone (Dex) and remdesivir
(RDV)at7,8and 9 d.p.i.,and withanti-IFNAR2 antibodiesat 7and 11d.p.i.,and
analysedat14 or28d.p.i.i.p., intraperitoneal;i.v., intravenous;s.c., subcutaneous.
b, Weight changes afterinfection.28 d.p.i..n=>5(controlinfected), n=4 (Dex;
anti-IFNAR2 +RDV) and n =3 (RDV; anti-IFNAR2) mice were examined over at least
twoexperiments. Dataare mean +s.d. ¢, Humanmacrophagesinthelungs.n=10
(uninfected); 14 d.p.i.:n=7 (controlinfected), n =4 (Dex; RDV; anti-IFNAR;
anti-IFNAR + RDV); 28 d.p.i.:n=4 (controlinfected; Dex),n=3 (RDV; anti-IFNAR)
andn=6 (anti-IFNAR + RDV) mice were examined over three experiments. Mean
values are shownwith data points. NS, not significant.d, Heat map of humangenes
suppressed by therapy inthelungs (log,[fold change] > 1; adjusted Pwith
Bonferroni correction < 0.05). Differential expression was determined using
DESeq_2. Statistical analysis was performed using Wald tests. Transformed
(minimum-maximum) normalized counts of duplicates. Hierarchical clustering
(1-Pearson).e, t-Distributed stochastic neighbour embedding (¢-SNE) plot of
humanimmune cells from uninfected orinfected lungs (28 d.p.i.). Pooled
duplicates. Cluster marker genes were identified using Wilcoxon rank-sumtests
(Extended DataFig.2e).n=3,655 (uninfected) andn=3,776 (28 d.p.i.) cells

We assessed the effect of therapeutics on the lung transcriptome.
Both dexamethasone and the combined therapy reversed overac-
tive immune transcripts to the levels in uninfected animals (Fig. 1d,
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i, Representative haematoxylin and eosin (H&E) staining and box plot of
histopathological scores.n =6 (uninfected), n=7 (controlinfected) andn=4
(anti-IFNAR2 + RDV) mice were examined over three experiments. The centreline
shows the median value, the box limits show the 25th-75th percentiles, and the
whiskers show the lowest (minimum) to the highest (maximum) value. Scale bars,
1mm (firstand third), 0.1 mm (second and fourth). Forb, candi, statistical analysis
was performed using unpaired two-tailed -tests. The data associated with
dexamethasone used hereasacontrol were reported previously®.

Extended DataFig.2a,band Supplementary Table1). The reduced tran-
scripts were enriched for chemokine and cytokine networks (CXCLIO,
CXCLS8, CCL2),inflammatory (TLR7, NLRP3, CASPI) and anti-viral (MPO,



OAS1,0AS2) response, and interferon-stimulated genes (ISGs) (/FITM3,
IFITM2, IRF7) (Supplementary Table 1 and Extended Data Fig. 2c,d),
emphasizing the central role of IFN signalling and inflammatory
cytokine-chemokinesin chronic COVID-19. Comparison of single-cell
transcriptomes of human immune cells from infected mice with their
uninfected counterparts (Fig.le-g and Extended Data Fig. 2e) showed
tissue-resident macrophages, such as alveolar macrophages (AMs), acti-
vated at the peak of infection, followed by an inflammatory response
with infiltrating monocytes and monocyte-derived macrophages
(MDM)(Fig.1g, Extended Data Fig. 3a-c and Supplementary Table 2).
As macrophages differentiated, they maintained their inflammatory
signature and activated status throughout infection (Extended Data
Fig. 3a-c and Supplementary Table 2). All macrophage subsets were
enriched forISGsatall timepoints (Extended DataFig.3c). These ISGs
were suppressed after combination therapy with anti-IFNAR2 antibod-
ies and remdesivir (Fig. 1h, Extended Data Fig. 4 and Supplementary
Table 3). However, key anti-viral responses such as /FNG primarily
produced by cytotoxic T cells were spared (Extended Data Fig. 5a),
highlighting the selective effects of combined anti-IFNAR2-remde-
sivir therapy on the pathology of chronic COVID-19. Consistent with
the fibrosis seen both in patients**>® and humanized mice', alveolar
self-renewal and differentiation programs were inhibited, resulting
in the accumulation of the pre-alveolar type 1 transitional cell state
program in pneumocytes”**’. This state was reversed ininfected MIS-
TRG6-hACE2 mice by anti-IFNAR2-remdesivir combination therapy,
restoring self-renewal and differentiation programs (Extended Data
Fig.5b). Overall, reducing chronic inflammation enhanced lung tissue
recovery and prevented transition to fibrosis seen in humanized mice"”
and humans®~¢ (Fig. 1i and Extended Data Fig. 5c).

SARS-CoV-2replicatesin human macrophages

To determine the cellular source of persistent viral RNA and replica-
tion, we measured genomic RNA (gRNA) and subgenomic viral RNA
(sgRNA)* in lung tissue or in sorted lung epithelial cells or human
immune cells from infected MISTRG6-hACE2 mice (Extended Data
Fig. 6a-d). Notably, epithelial cells and human immune cells had
similar levels of viral RNA (Extended Data Fig. 6d). Although gRNA
was abundant, we could not discern sgRNA in either cell type. We
tracked infected cells in MISTRG6-hACE2 mice using a reporter
strain of virus—SARS-CoV-2-mNG*, which encodes the fluorescent
protein mNG in infected cells. On the basis of this assay, most epi-
thelial cells in the bronchioalveolar lavage (BAL) but only a few total
lung epithelial cells were infected with SARS-CoV-2 (Extended Data
Fig. 6e). Notably, human macrophages were strongly mNG positive
throughout disease (Fig. 2a and Extended Data Fig. 6f,g). No mouse
immune cells expressed mNG (Fig. 2a and Extended Data Fig. 6f).
To address whether the SARS-CoV-2 viral RNA replicates in these
cells or is acquired by phagocytosis, we measured the mNG signal
in human macrophages from infected MISTRG6 mice untransduced
with hACE2. Inthese mice, epithelial cells were not infected or infected
poorly with SARS-CoV-2*? (Extended Data Fig. 6h). However, these
mice had similar levels of mNG* human macrophages to AAV-hACE2
mice, suggesting that viral uptake by macrophages isindependent of
infected epithelial cells (Extended DataFig. 6i). To determine whether
SARS-CoV-2 replicates in human macrophages, we quantified gRNA
and sgRNA**inmNG* versus mNG~ epithelial or humanimmune cells
at 4 days post-infection (d.p.i.) or 14 d.p.i. (Extended Data Fig. 6j).
Only mNG’, and not mNG, epithelial and immune cells had sgRNA
(Fig. 2b). Second, we stained for double-stranded RNA (dsRNA), a
diagnosticindicator of viral replication (Fig. 2c). As expected, mNG
and dsRNA were detected/colocalized in human macrophages (Fig. 2c
and Extended Data Fig. 7a). Third, we detected viral RNA-dependent
RNA polymerase (RdRp) in human macrophages, which colocalized
with a viral spike protein supporting specificity (Fig. 2d, Extended

DataFig. 7b and 8a-c). Viral RdRp and spike were also present in the
human macrophages of autopsies of human lungs with SARS-CoV-2
pneumonia (Extended Data Fig. 9). Thus, the mouse model observa-
tionsreflected the human disease. Remdesivir reduced the mNG signal
and viral titres by the same amountininfected MISTRG6-hACE2 mice
(Fig. 2e and Extended Data Fig. 10a). Thus, SARS CoV-2 appeared to
replicate in human immune cells.

SARS-CoV-2infects through ACE2 and CD16

The ACE2 receptor used by SARS-CoV-2 toinfect the lung epitheliumcan
be expressed in macrophages*. We measured ACE2 expression using
flow cytometry and immunofluorescence staining in mouse epithelial
cellsand human lung macrophages (Extended Data Fig.10b-f). Human
lung macrophages of both MISTRG6 and MISTRG6-hACE2 mice, as well
astheepithelial cells of only MISTRG6-hACE2 mice, expressed human
ACE2 (Extended Data Fig. 10b-e). Interestingly, ACE2 expression was
higher in both infected (MNG*) human macrophages and epithelial
cells (Extended DataFig.10b-e). We treated SARS-CoV-2-infected MIS-
TRG6 mice with a blocking antibody against human ACE2. In these
mice, SARS-CoV-2 infects epithelial cells poorly®*, as the mice did
not receive AAV-ACE2 and only human macrophages express human
ACE2 (Extended DataFig. 6h). ACE2 blockade significantly diminished
infected humanmacrophages (Fig. 2f), suggesting that ACE2 can medi-
ateviral entry in human lung macrophages.

Antibodies can also mediate viral uptake by macrophages (for exam-
ple, Dengue virus**). To test the role of antibody-mediated viral entry to
macrophages, we treated infected mice with monoclonal antibodies*
against SARS-CoV-2 spike protein early (35 h post-infection (h.p.i.))
when the effects of endogenous antibodies are minimal or late (7 d.p.i.)
(Extended Data Fig. 10g). Indeed, monoclonal antibody treatments
increased infected lung macrophages (Fig. 2g and Extended Data
Fig.10h). Immune cells express a wide range of surface Fcy receptors
(FcyRs) that interact with the Fc moiety of antibodies. These interac-
tionslead to multiple protective or pathological effector functions***¢,
The severity of COVID-19 correlates with high serum IgG levels and
specific IgG-Fc structures and interactions**. One such Fc interac-
tion is mediated by CD16, which is expressed at high levels in mNG*
macrophages. We treated mice early (2 d.p.i., low antibody levels) as
aproofofconcept, orlate (7 d.p.i.and 11 d.p.i., high antibody levels) as
apossible therapeutic with anti-CD16 antibodies. Anti-viral antibody
levels in the lung tissue were sufficient to mediate viral uptake and
were positively correlated with mNG levels at 4 d.p.i. (Extended Data
Fig.10g,i). When dosing was optimized, CD16 blockade did not alter
the distribution of macrophages, although it resulted in significantly
fewer infected human macrophages at both timepoints (Fig. 2h and
Extended Data Fig. 10j).

To elucidate whether viral replication products are the result
of bona fide infection, we cultured human bone-marrow-derived
macrophages (BMDMs, differentiated from bone-marrow cells of
immune-reconstituted MISTRG6 mice) with SARS-CoV-2 in vitro.
Indeed, SARS-CoV-2 was taken up by BMDMs and replicated in these
cells, as measured by mNG signal (Extended Data Fig. 10k) and high
levels of sgRNA (Extended Data Fig. 101). This was true for multiple
types of macrophage (Extended Data Fig.10m). Asin vivo, in vitro mac-
rophage infection enhanced by antibodies (convalescent plasma or
monoclonal antibodies) was reduced by CD16, ACE2 or RdRp blockade
(Extended DataFig.10n,0). sgRNA levelsin these macrophages were
also reduced by these treatments (Extended Data Fig. 101), further
supporting arole for both ACE2 and CD16 in viral uptake and RdRp
inviralreplication. SARS-CoV-2 infection in human macrophages was
not productive or produced very little as indicated by undetectable
infectious virus, titred in culture, from sorted immune cells from
infected miceat4 d.p.i.and invitro infected macrophages at 48 h.p.i.
(Extended Data Fig. 10p-r).
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Fig.2|SARS-CoV-2replicatesin human macrophages. a, Representative
flow cytometry plots and frequencies of MNG* human (CD68*) or mouse
(F4/80") lung macrophages in SARS-CoV-2-mNG infected MISTRG6-hACE2
mice.n =7 (human)and n =6 (mouse) mice over at least three experiments.

b, Quantification of gRNA and sgRNA (Egene)****insorted mNG* or mNG~
epithelial cells or humanimmune cells. n =3 mice over 2 experiments. Mean
values are shown with data points.ND, not detected. ¢, Representative
fluorescence microscopyimages of dsRNA (rJ2), CD68 and DAPI stainingin
fixed lung tissues from SARS-CoV-2-infected MISTRG6-hACE2 mice.
Representative of n = 5mice examined over 3 experiments. The yellow
rectangleindicates the region magnified on theright. The yellow arrow
indicates colocalization of CD68 with dsRNA. Pseudocolours were assigned.
d, Representative fluorescence microscopy images of RARp, CD68 and DAPI
stainingin fixed lung tissues from SARS-CoV-2-infected MISTRG6-hACE2 mice.
Representative of n=5mice examined over 3 experiments. The yellow arrows
indicate colocalization of human CD68 with dsRNA. The yellow rectangle

The transcriptome of infected macrophages

We next determined the consequences of infection of human mac-
rophages by SARS-CoV-2. Infected macrophages preferentially pro-
duced CXCL10, achemokine that recruits many types ofimmune cells
(Fig. 3a), but not TNF. Similar to mNG positivity, CXCL10 production
by human macrophages was also enhanced by antibodies and inhib-
ited by remdesivir, also reflected in serum levels and in vitro (Fig.3b,c
and Extended Data Fig. 11a-c). Thus, we used CXCL10 as a proxy for
SARS-CoV-2-infected macrophages and identified a unique transcrip-
tional signature enriched for genes encoded by tissue-resident mac-
rophages, in particular AMs* (APOC1, MRC1, ALOXSAP, FABPS, INHBA),
chemokines of interstitial macrophages (CCL18, CCL3, CCL7, CCLS8,
CCL20, CXCL8), inflammatory cytokines (/LIA, IL18,IL27), complement
genes (CIQA, CIQB) and ISGs (ISG20, IFI27) (Fig. 3d, Extended Data
Figs.11d,eand12a,b, and Supplementary Table 4). Further flow cytome-
try characterization of mNG® cells also confirmed enrichment for CD16*
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AMs, which produced more CXCL10 (Fig. 3e and Extended Data Fig.12c).
Consistent with our findings, CD14"€"CD16"€" cells and AMs enriched
with viral RNA in autopsies of the lungs of patients with COVID-197%°
also had distinct transcriptomes that were largely recapitulated in
what we construe as CXCL10-associated genes (CXCL11, CCL18, CCLS,
ISG15,CD83). Interestingly, this strong network of CXCL10-specific gene
signature was no longer restricted to AMs later in infection as different
macrophage subsets continuously differentiate, as evidenced by the
high IL7R expression of developing lung macrophages® (CXCL10"and
AMs) at all timepoints (Figs. 1g and 3d and Extended Data Fig. 12d).

SARS-CoV-2 activates inflammasomes

Morphological analysis of sorted mNG" cells revealed the appearance
of membrane bubbles—a characteristic of pyroptosis—prompting us to
investigate inflammasome activationas part of the inflammatory cas-
cadeinitiated by infection. Inflammasomes are dynamic multiprotein
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over 2 experiments. Mean values are shown with data points. ¢, Serum CXCL10
levels after monoclonal antibody or remdesivir therapy. Mean values are shown
with datapoints. n=4 (uninfected; monoclonal antibodies); n =7 (control
infected) and n=3 (RDV) mice examined over 2 experiments. d, Correlation
(Pearsonand Spearman) of each gene with CXCLIO, TNFor TLR7inhuman lung
monocytesand macrophages. k-means clustering. Pvalues were calculated
based onat-distribution with length(x) — 2 d.f. or algorithm AS 89 with

exact = TRUE; two-tailed. e, Representative plots and AM frequencies within
mNG*ormNG™ macrophages. n =8 mice examined over 4 experiments. f, ASC
speck visualization/quantification and colocalization with active caspase-1
(FLICA) inmNG" or mNG™~ human immune cells from MISTRG6-hACE2 mouse
lungs. Cellswere sorted asshownin Extended Data Fig. 6j.n=1,000 cells were
analysed per condition. ASC*specks:n=3(A,4 d.p.i.),n=5(B-D,4 d.p.i.) and

complexesinwhichspecific NOD-like receptors and adaptor molecules
are assembled to activate caspases—the central effector proteins. We
sorted mMNG*and mNG~ humanimmune cells, mNG* epithelial cells and

n=3mice (14 d.p.i.); FLICA: n =3 mice examined over at least 2 experiments.
Dataaremean +s.d. with data points. BF, bright field. NS, not significant.

g, ASCspeck visualization/quantification and colocalization with NLRP3
oligomerizationinsorted mMNG*or mNG™ humanlungimmunecells.n=1,000
cellswere analysed per condition.n =3 mice over 2experiments. Dataare
mean +s.d. with data points. For fand g, scalebars 7 pm. BF, bright field.
h,SerumIL-18,IL-1RA and GSDMD levels. IL-18: n = 4 mice were examined over 2
experiments; IL-1IRA: n=5 (uninfected),n=7 (4 d.p.i.) and n =4 (14 d.p.i.) mice
were examined over 3 experiments; GSDMD: n =4 (uninfected; 4 d.p.i.)andn=>5
(14 d.p.i.) mice over 3 experiments. Mean values are shown with data points.
P<0.0001represents P=3.32x107.i,SerumIL-18 and IL-1IRA levels in mice
treated with CD16-blocking or CD16-depleting antibodies or remdesivir. IL-18:
n=4 (uninfected; CD16 blocking; CD16 depleting), n =7 (control infected) and
n=3(RDV);IL-1RA: n =5 (uninfected), n=7 (controlinfected), n= 6 (RDV),
n=4(CD16 blocking; CD16 depleting) mice were examined over at least 2
experiments. Mean values are shown with data points. P< 0.0001; uninfected,
P=3.28 x107%;,CD16 depletion, P=7.92 x107. Forb, cand f-i, statistical analysis
was performed using unpaired two-tailed t-tests.

mouse immune cells (Extended Data Fig. 6j), and assayed for sensors,
adaptors and effectors of the inflammasome pathway. First, focusing on
adaptor molecule apoptosis-associated speck-like protein containing
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aCARD (ASC) as the common adaptor molecule with an essential role
in inflammasome assembly and activation, we found that infected
(mNG") human cells exclusively showed substantial inflammasome
activation, quantified by ASC speck formation (Fig.3f and Extended
Data Fig.13a,b). ASC specks co-localized with both NLRP3 and active
caspase-1 (visualized by fluorochrome-labelled inhibitor of caspases
assay (FLICA)) (Fig. 3f,g and Extended Data Fig.13a-d). Inflammasome
activationininfected human macrophages was sustained during dis-
ease (4-14 d.p.i.; Fig. 3f,g and Extended Data Fig. 13c).

Once inflammasome complexes are formed, active caspase-1
cleaves and proteolytically activates the pro-inflammatory IL-1-family
cytokines IL-1f3 and IL-18, which are typically elevated and charac-
teristic of severe COVID-19 in patients. IL-18 levels in the blood and
lungs were significantly elevated in SARS-CoV-2-infected mice and
correlated well with the proportions of infected (mNG*) macrophages
(Fig. 3h and Extended Data Fig. 13e). Although IL-1p levels in serum
invivowerenot detectable, we measured IL-1RA. This specificreceptor
antagonist, induced by IL-1f3, served as a proxy of IL-1p and it paral-
leled enhanced IL-18 levels and correlated with mNG" cells (Fig. 3h
and Extended Data Fig. 13f).

Finally, we assayed for pyroptosis by detecting LDH and gasdermin D
(GSDMD) inthe serum. GSDMD, whichis a substrate of active caspase-1
and a pore-forming executer of pyroptosis, and LDH, released by pyrop-
tosis, were particularly enriched in the serum of infected mice at the
late timepoints (14 d.p.i.; Fig.3h and Extended Data Fig. 13g), further
supporting continuous inflammasome activation during infection.
Moreover, infected lung macrophages showed higher incorporation
of asmallfixable dye (Zombie Aqua) that enters dying cells with acom-
promised cell membrane, consistent with the pore-forming function
of GSDMD and pyroptosis (Extended Data Fig. 13h).

All aspects of inflammasome activation were also recapitulated
in vitro when BMDM s were infected in vitro with SARS-CoV-2. Active
caspase-lininfected BMDMs, which was dependent on viral replica-
tion, was inhibited by remdesivir (Extended Data Fig. 13i). High levels
of the inflammasome products IL-18, IL-1p and IL-1RA (in response to
IL-1B) and two measures of pyroptosis, GSDMD and LDH, that were
detected at high levels in the supernatants of infected BMDMs were
alsoinhibited by remdesivir (Extended Data Fig.13j—n). Invitroinfected
cells also had higher incorporation of Zombie Aqua, consistent with
pyroptosis (Extended Data Fig. 130).

Infection affects the macrophage response

To determine the role of viral infection on the inflammatory mac-
rophage response, we first blocked viral entry and replicationin vivo
and measured inflammatory cytokines and chemokines. Blocking
viral entry (CD16 or ACE2 blockade) or inhibiting viral replication
(remdesivir) allreduced IL-18, IL-1IRA and CXCL10 levels, paralleling
mNG levels (Fig. 3i and Extended Data Fig. 14a-e). Depletion of CD16*
cellsinvivo (Extended Data Fig. 14f,g) resulted in the complete loss
of IL-18 and IL-1RA in the serum, consistent with the concept that
viral replication and inflammasome activation occurred mainly in
myeloid cells (Fig. 3i). By contrast, monoclonal antibodies promot-
ing viral infection in human macrophages (Fig. 2g and Extended
DataFig.10h) enhanced systemicIL-18, IL-1RA and CXCL10, particu-
larly during early disease (Extended Data Fig.14h-k). Nonetheless,
despite changes in the levels of the inflammatory cytokines and
chemokines, neither monoclonal antibodies nor CD16 blockade
affected lung pathology, potentially owing to the conflicting role
of these antibodies on viral titres versus inflammation (Extended
Data Fig. 14I,m). Consistent with the in vivo studies, IL-18, IL-13,
IL-1IRA and CXCL10 levels were also reduced in the supernatants of
invitroinfected BMDMs after CD16, ACE2 or RdRp inhibition, again
paralleling the reduced viral replication inferred from mNG levels
(Extended Data Figs. 100 and 14n-q).
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Finally, to assess the causal role of NLRP3 and caspase-1 activation in
inflammasome-mediated inflammation and disease, we treated mice
with caspase-1and NLRP3 inhibitors (Fig. 4a). As expected, the propor-
tion of infected cells did not diminish, but the inflammatory profile of
these cells and other lung macrophages was considerably attenuated
(Fig.4b,c). Ininhibitor-treated mice, MNG" cells produced less CXCL10,
whichwasalsoreflectedinreduced serum levels (Fig. 4c and Extended
Data Fig. 15a-c). Lung macrophages (mNG") also produced less TNF
(Fig. 4c and Extended Data Fig. 15a). Overall, inhibitor-treated mice
had lower levels of caspase-1activation and lower levels of IL-18, IL-IRA
and GSDMD (Fig.4d-g). The cumulative decrease in proinflammatory
cytokines and chemokines after inflammasome inhibition reversed
theimmune-pathological state of the lungs, measured by scoring lung
histopathology (Fig. 4h). Inflammasome inhibition reduced immune
cellinfiltration and enhanced tissue recovery to homeostasis in the
lungs, despite persistently high levels of mNG* human immune cells
inthe lungs.

Caspase-1and NLRP3inhibitors blocked inflammasomes in vitro but
did not affect macrophage infection, measured asmNG* macrophage
frequency, and reduced the inflammatory response to infection
(Extended DataFig.15d). All parameters of inflammasome activation,
including active caspase-1, IL-1B3, IL-18, GSDMD and LDH, were signifi-
cantly reduced after caspase-1and NLRP3inhibitionin vitro (Extended
DataFig.15e-i). Consistent with decreased pyroptosis, inflammasome
blockade significantly reduced Zombie Aqua“ cells (Extended Data
Fig.15j). Asseenin vivo, in vitro infected bone marrow macrophages
produced less CXCL10 and IL-1RA (Extended Data Fig. 15k,1).

Finally, we tested whether inflammasome activation translated
to any changes in the levels of infectious virus. We therefore first
measured viral titresin the lungs of mice treated with caspase-1inhibi-
tor. Indeed, mice treated with caspase-1inhibitor had a higher viral
load at14 d.p.i.invivo (Extended Data Fig.15m). Given that areduced
inflammatory response could result in deficient viral clearance, we
infected macrophages in vitro and treated them with caspase-1or
NLRP3 inhibitors to test the direct effect of inflammasome activa-
tion on infectious virus. An analysis of the supernatants of these
cultures showed that inhibitor-treated cells produce substantially
higher amounts of virus compared with the uninhibited controls
(Fig. 4i and Extended Data Fig. 15n). Thus, the activation of inflam-
masomes in infected macrophages has two protective functions—it
attenuates virus production and signals infection to the immune
system by releasing inflammatory cues to recruit and activate more
immune cells at the site of infection.

Overall, these findings suggest that infection of macrophages by
SARS-CoV-2 activates inflammasomes and drives pyroptosis. Pyrop-
tosisinterrupts the viral replication cycle and prevents viral amplifica-
tion; in parallel it releases immune cell activators and recruiters. Viral
RNA/pathogen-associated molecular patterns and proinflammatory
cytokines released from these cells probably shape the hyperinflam-
matory macrophage response sustained by infiltrating monocytes and
MDMs and drive immunopathology.

Discussion

The MISTRG6 COVID-19 model faithfully reflects many of the chronic
immunoinflammatory features of the human disease, such as chronic
viral RNA, IFN response and the inflammatory state in macrophages®.
Overall, our mechanistic study of this model defines a cascade of
events that initiates with the infection of lung macrophages generat-
ingreplicativeintermediates and products, including RdRp, dsRNA and
sgRNA. SARS-CoV-2 replication activates an inflammatory program
with activation of inflammasomes, production and release of inflam-
matory cytokines and chemokines, and pyroptosis. We established
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Fig.4 |Inflammasomeinhibition ameliorates inflammationand disease in
infected MISTRG6-hACE2 mice. a, Schematic of inflammasome inhibition
invivo.SARS-CoV-2-infected MISTRG6-hACE2 mice were treated with caspase-1
or NLRP3inhibitorsat 6-12 d.p.i.b, The frequencies of mMNG* humanimmune
cellsafterinflammasome inhibition.n =5 (controlinfected), n = 6 (caspase-1
inhibitor) and n=4 (NLRP3 inhibitor) mice were examined over at least 2
experiments. Mean values are shown with data points. ¢, The frequencies of
CXCL10" or TNF* human lung macrophages after inflammasome inhibition.
n=S5(controlinfected), n=5(caspase-linhibitor),n=4 (NLRP3inhibitor) mice
were examined over atleast 2 experiments. Mean values are shown with data
points.d, Quantification of active caspase-1inmNG* human macrophages after
inflammasome inhibition. n =5 (controlinfected), n =5 (caspase-linhibitor),
n=4 (NLRP3inhibitor) mice examined over at least 2 experiments. Mean values
areshownwithdata points. e, Serum humanIL-18 levels after inflammasome
inhibition. n =4 (control; NLRP3), n =5 (caspase-1) mice were examined over 2
experiments. Mean values are shown with data points. P< 0.0001 represents
P=1.00114 x107%.f, Human IL-1RA levels in lung homogenates after

all steps of inflammasome activation by visualizing ASC oligomeriza-
tion, colocalization with active caspase-1and NLRP3, maturation of
inflammasome-mediated cytokines IL-13 and IL-18, and pyroptosis
assayed by GSDMD and LDH release. Inhibitors of both caspase-1and

inflammasomeinhibition. n =4 mice were examined over 2 experiments. Mean
values are shownwith data points. g, Serum GSDMD levels after inflammasome
inhibition.n =5 (controlinfected) and n = 4 (caspase-linhibitor; NLRP3
inhibitor) mice were examined over 2 experiments. Mean values are shown with
datapoints. h, Representative H&E staining (left) and histopathological scores
(right) afterinflammasome inhibition. n =4 (control infected), n = 6 (caspase-1
inhibitor), n=4 (NLRP3inhibitor) independent mice over at least 2
experiments. For the box plots, the centre line shows the median value, the box
limits show the 25th-75th percentiles, and the whiskers show the lowest
(minimum) to the highest (maximum) value. Scale bars, 0.2 mm. i, Viral titres
fromthe supernatants of BMDMs infected with SARS-CoV-2-mNGinvitro and
treated with caspase-1or NLRP3inhibitors.n=13 (controlinfected),n=8
(caspase-linhibitor) and n=5(NLRP3inhibitor) independent data points
collected over 3 experiments. Mean values are shown with data points.
Statistical analysis was performed using paired (b) and unpaired (c-i)
two-tailed t-tests.

NLRP3 blocked the downstream aspects of inflammasome activation
and the inflammatory cascade both in vivo and in vitro. Notably, tar-
geting inflammasome-mediated hyperinflammation, or the combined
targeting of viral replication and the downstreaminterferon response
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inthe chronic phase of the disease, prevented immunopathology asso-
ciated with chronic SARS-CoV-2 infection in vivo.

In contrast to epithelial cells, infected macrophages produce lit-
tle virus. However, inhibition of the inflammasome pathway led to a
substantial increase in infectious virus produced by infected mac-
rophages, although the degree to which these macrophages con-
tribute, if atall, to high titres of virus productionis unclear. Notably,
inflammasome activation denies the virus the opportunity toreplicate
productively inthese sentinelimmune cells and, instead, broadcasts
inflammatory signals that inform the immune system of the infec-
tion. Although this is potentially beneficial, excessive inflammation
occurring through this mechanism coupled with the dysregulated
interferon response may be the key factor leading to the excessive
inflammation that typifies chronic COVID-19>>*** Indeed, attenua-
tion of the inflammasome in vivo blocks the inflammatory infiltrates
in the lungs of infected mice in vivo. We speculate that, by contrast,
anearlyinterferonresponse, as may occur in the majority of patients
who rapidly clear infection, as well as in the acute mouse models of
infection in which human immune cells that can be infected are not
present, leads to viral elimination before this inflammatory chain
reaction can occur.

ViralRNA and particles can be detected by a variety of innateimmune
sensors. The inflammasome sensor NLRP3 is both upregulated and
activated by replicating SARS-CoV-2. The NLRP3 inflammasome can
directly sense viral replication/RNA or canrely on other viral RNA sen-
sorssuch as MDAS or RIG-I*%. The loss of IL-18/IL-13 production after
remdesivir treatment in our studies strongly suggests that viral repli-
cationis involved. Recent reports have also identified a possible role
for NLRP3-driven inflammasome activation in SARS-CoV-2 infected
myeloid cells in post-mortem tissue samples and PBMCs®. Although
many candidates have been proposed (lytic cell death after infection,
N protein®, ORF3A°), the exact mechanism of NLRP3 activationis still
poorly understood®. Activation of other NOD-like receptors may also
contribute to the process, as inhibition of caspase-1was stronger than
NLRP3 alone. Finally, there may be other mechanisms that enhance
SARS-CoV-2 infection or the downstream inflammatory response in
human macrophages that are unexplored here.

Arole for inflammasome-driven hyperinflammation in COVID-19
pathophysiology in patients is now recognized® ”*'8, Targeting inflam-
masome pathways in patients may provide alternative therapeutic
options for resolving chronicity in COVID-19. However, the increased
virus production seen after inflammasome blockade could pose a
significant risk to the benefit of wholesale inhibition of the pathway.
The findings from our study and its implications provide alternative
therapeutic options to beinvestigated in the clinicand may guide new
therapeutic developments and prompt clinical trials to investigate
combinatorial therapies that target viral RNA, inflammasome activa-
tion or its products and sustained IFN response.
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Methods

Mice

MISTRG6 mice were generated by the R. Flavell laboratory by combin-
ing mice generated by this laboratory, the laboratory of M. Manz and
Regeneron Pharmaceuticals based on the Rag2” L. 2rg”" 129xBalb/c
background supplemented with genes encoding human M-CSF, IL-3,
SIRPa, thrombopoietin, GM-CSF and IL-6 knocked into their respective
mouse loci®>*. MISTRG6 mice are deposited at Jackson Laboratories
and have been made available to academic, non-profit and govern-
mental institutions under a Yale-Regeneron material transfer agree-
ment (already approved and agreed to by all parties). Instructions
on obtaining the material transfer agreement for this mouse strain
will be available along with strain information and on request. The
CD1strain of mice acquired from Charles River Laboratories was used
for cross-fostering of MISTRG6 pups after birth to stabilize healthy
microbiota. All mice were maintained under specific-pathogen free
conditions in our animal facilities (biosafety level 1, 2 or 3) under our
Animal Studies Committee-approved protocol. Unconstituted MIS-
TRG6 mice were maintained with cycling treatment with enrofloxacin
inthe drinking water (Baytril, 0.27 mg ml™). All animal experimentation
was performed in compliance with Yale Institutional Animal Care and
Use Committee protocols. For SARS-CoV-2-infected mice, all proce-
dures were performed in abiosafety level 3 (BSL-3) facility with approval
from the Yale Institutional Animal Care and Use Committee and Yale
Environmental Health and Safety.

Transplantation of human CD34" haematopoietic progenitor
cellsinto mice

Fetal liver samples were cut into small fragments, treated for 45 min
at 37 °C with collagenase D (Roche, 200 pg ml™), and prepared into
a cell suspension. Human CD34" cells were purified by performing
density-gradient centrifugation (Lymphocyte Separation Medium,
MP Biomedicals), followed by positive immunomagnetic selection
using the EasySep Human CD34 Positive Selection Kit (StemCell). For
intrahepatic engraftment, newborn 1-3-day-old pups were injected
with 20,000 fetal liver CD34" cells in 20 pl of PBS into the liver with
a22-gauge needle (Hamilton Company). All use of human materials
was approved by the Yale University Human Investigation Committee.
At least three fetal liver samples (purchased) were used to account
for variability and at least 8-10 gender-mixed mice were transplanted
and analysedto account for reproducibility. Humanized mice that had
lower than30% humanization (percentage of humanimmune cells out
of total (mouse and human combined) immune cells) in blood were
excluded from the study or data collection.

AAV-hACE2 administration

AAV9 encoding hACE2"¢ was purchased from Vector Biolabs
(AAV9-CMV-hACE2). Animals were anaesthetized using isoflurane.
Therostral neck was shaved and disinfected. A5 mmincision was made,
andthe tracheawas visualized. Using a 32-gauge insulin syringe, a 50 pl
injection dose of 10" genomic copies per ml of AAV-CMV-hACE2 was
injectedinto thetrachea. Theincision was closed with 4-0 Vicryl suture
and/or 3M Vetbond tissue adhesive. After administration of analgesic,
the animals were placed into a heated cage until full recovery. The mice
were then moved to BSL-3 facilities for acclimatization.

Invivo SARS-CoV-2infection

The SARS-CoV-2isolate USA-WA1/2020 was obtained from BEl reagent
repository. SARS-CoV-2mNG was obtained from P. Y. Shi*'. All infection
experiments were performed inaBSL-3 facility, licensed by the State of
Connecticut and Yale University. Mice were anaesthetized using 20%
(v/v) isoflurane diluted in propylene glycol. Using a pipette, 50 pl of
SARS-CoV-2-WAl or SARS-CoV-2-mNG (1-3 x 10° plaque-forming units
(PFU)) was delivered intranasally.

Therapeutics

SARS-CoV-2-infected MISTRG6-hACE2 were treated intraperitoneally
daily with dexamethasone at 10 mg kg™ for 3 days starting at 7 d.p.i.
Mice were treated subcutaneously with remdesivir at 25 mg kg™ dosing
as has been previously described? for 3 consecutive days starting at
7 d.p.i. (Fig.1) or1d.p.i. (Fig. 2; for human macrophage infection stud-
iesmice were treated twice, daily). Mice were treated with anti-IFNAR2
antibodies at 1.5 mg kg™ dosing at 7 and 11 d.p.i. Weight changes
post-infection were plotted as the percentage change compared with
preinfection weight.

Infected MISTRG6-hACE2 mice were treated with two different
clones of anti-human CD16 antibodies. For CD16 blockade experi-
ments, mice were treated with anti-CD16 (Abcam, SP175) antibodies
early and late. For early CD16 blockade studies, the mice were treated
with anti-CD16 antibodies at 2 d.p.i. with a single dose (20 pg per
mouse) and euthanized at 4 d.p.i. For late CD16 blockade studies, the
mice were treated with anti-CD16 antibodies at 7 d.p.i.and 11 d.p.i.
and euthanized at 14 d.p.i. For depletion experiments, the mice were
treated with anti-CD16 (Thermo Fisher Scientific, 3G8) antibodies with
adaily dose of 20 pg for 3 days starting 1 d.p.i. Rabbit IgG, monoclonal
(EPR25A) isotype control (ab172730) and mouse IgG1 kappa isotype
control (P3.6.2.8.1) were used.

Infected MISTRG6 (without AAV-hACE2) mice were treated with mono-
clonal antibodies againsthuman ACE2 (MMO0073-11A31, Abcam, ab89111)
for 3 daysi.p. with a daily dose of 20 pg starting at 1d.p.i. In these mice
only, epithelial cells were not infected or infected poorly with SARS-CoV-2
withundetectable titres using standard plaque assays'®, presumably due
todifferences between mouse and human ACE2 that limit viralentry and
replication*. Mouse IgG2 isotype was used as a control.

Infected MISTRG6-hACE2 mice received a mixed cocktail of mono-
clonal antibody clone 135 (m135) and clone 144 (m144) at 20 mg kg™
at 35 h.p.i. or 7 d.p.i. Monoclonal recombinant antibodies used in this
study were cloned from the convalescent patients (whose plasmawas
used for in vitro studies infecting BMDMs) and had high neutraliz-
ing activity against SARS-CoV-2 in vitro and in vivo in mouse adapted
SARS-CoV-2 infection and ancestral stain of SARS-CoV-2/WA1"45¢*,

For NLRP3-inhibitor experiments, infected MISTRG6-hACE2 mice
were treated with MCC950 (R&D Systems) at a dose of 8 mg kg™ i.p.
on days 6, 8,10 and 12 after infection and euthanized on day 14577,
For caspase-1-inhibitor experiments, infected MISTRG6-hACE2 mice
were treated with VX-765 (Invivogen) ata dose of 8 mg kg ondays 6, 8,
10 and 12 after infection and euthanized on day 147°. Control infected
mice were treated with PBS.

Viral titres

Mice were euthanized in100% isoflurane. Approximately half of the right
lung lobe was placed into abead homogenizer tube with 1 ml of DMEM
+2% FBS. After homogenization, 300 pl of this mixture was placed in
1ml Trizol (Invitrogen) for RNA extraction and analysis. The remaining
volume of lung homogenates was cleared of debris by centrifugation
(3,900gfor10 min). Infectious titres of SARS-CoV-2 were determined by
plaque assay in Vero E6 (standard) or Vero ACE2'TMPRSS2" (sensitive)
cellsin DMEM 4% FBS and 0.6% Avicel RC-581”". Plaques were resolved
at48 hafterinfection by fixing in10% formaldehyde for 1 h followed by
stainingfor1hin 0.5% crystal violetin20% ethanol. Plates were rinsed in
water tovisualize plaques. Multiple dilutions of lung homogenates were
used to quantify infectious titres (the minimum number of plaques that
canbe quantifiedis 10 per ml of lung homogenate or ml of supernatant).
Viral titres from supernatants of BMDM cultures were determined by
plaque assay in Vero ACE2'TMPRSS2" (sensitive) cells according to the
same protocols described for lunghomogenates. VERO C1008 (Vero 76,
cloneE6, Vero E6) were obtained from ATCC. Vero ACE2*'TMPRSS2" cells
were obtained from B. Graham. None of the cell lines were authenticated
or tested for mycoplasma contamination.



Viral RNA analysis

RNA was extracted using the RNeasy mini kit (Qiagen) accordingto the
manufacturer’s protocol. SARS-CoV-2 RNA levels were quantified using
the LunaUniversal Probe Onestep RT-qPCR kit (New England Biolabs)
and US CDC real-time RT-PCR primer/probe sets for 2019-nCoV_N1. For
eachsample,1pgof RNAwas used. Subgenomic viral RNA was quanti-
fied using primer and probe sets targeting the £ gene as previously
described*®®3, The primer/probe sequences wereas follows: E_Sarbeco_F
primer, ACAGGTACGTTAATAGTTAATAGCGT (400 nM per reaction);
E_Sarbeco probe_P1, FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ
(200 nM per reaction); E_Sarbeco_R primer ATATTGCAGCAGTACGCA
CACA (400 nM per reaction); E leader specific primer sgLead-F,
CGATCTCTTGTAGATCTGTTCTC (400 nM per reaction).

Histology and immunofluorescence

Yale pathology provided assistance withembedding and sectioning of
lung tissue. A pulmonary pathologist reviewed the slides in a blinded
manner and identified immune cell infiltration and other related
pathologies. Paraffin-embedded lung tissue (fixed in 4% paraform-
aldehyde (PFA) for no more than 24 h) sections were deparaffinized
in xylene and rehydrated. After antigen retrieval with 10 mM sodium
citrate (pH 6) and permeabilization with 0.1% Triton-X for 10 min,
the slides were blocked with 5% BSA in PBS with 0.05% Tween-20 for
1h. The samples were next stained with primary antibodies against
SARS-CoV-2-dsRNA, SARS-CoV2-RNA-dependent RNA polymerase,
SARS-CoV-2 spike, human CD68, human ACE2 and their isotype con-
trols diluted in 1% BSA overnight at 2-8 °C. The next day, the samples
were washed and incubated with fluorescent secondary antibodies.
After washes, the samples were treated with TrueBlack lipofuscin auto-
fluorescence quencher for 30 s and mounted onto DAPI mounting
medium (Sigma-Aldrich). Images were acquired using the Keyence
BZ-X800 Fluorescence Microscope or Nikon ECLIPSE Ti Series Con-
focal Microscope. Pseudocolours were assigned for visualization. All
histopathological assessment and scoring of H&E, trichrome and
immunoflourescence staining were performed on blinded samples
by aboard-certified pathologist.

Isolation of cells and flow cytometry

All mice were analysed at approximately 9-14 weeks of age. Single-cell
suspensions were prepared fromblood, spleen, bronchioalveolar lavage
andlungs. Mice were euthanized with100% isoflurane. Bronchioalveolar
lavage was performed using standard methods witha22G Catheter (BD).
Blood was collected either retro-orbitally or by cardiac puncture after
euthanasia. Bronchioalveolar lavage was performed using standard
methods witha22G Catheter (BD)”2. Lungs were collected, minced and
incubated in a digestion cocktail containing 1 mg ml™ collagenase D
(Sigma-Aldrich) and 30 pg ml™ DNase I (Sigma-Aldrich) inRPMIat 37 °C
for 20 min with gentle shaking. Tissue was then filtered througha70 or
100 pm filter. Cells were treated with ammonium-chloride-potassium
buffer and resuspended in PBS with 1% FBS. Mononuclear cells were
incubated at4 °Cwith human (BD) and mouse (BioxCell, BEO307) Fcblock
for 10 min. After washing, primary antibody staining was performed at
4 °C for 20 min. After washing with PBS, cells were fixed using 4% PFA.
For intracellular staining, cells were washed with BD permeabilization
buffer and stained in the same buffer for 45 min at room temperature.
Samples were analysed on an LSRIIflow cytometer (BD Biosciences). Data
were analysed using FlowJo software. Experimenters were not blinded
togroup allocation during sample collection of flow cytometric studies
but were blinded during data analysis.

For cell sorting experiments, single-cell suspensions from digested
lungs were stained with antibodies against human CD45, mouse CD45,
mouse EPCAM and sorted using the BD FACS Ariall contained withina
Baker BioProtect IV Biological Safety Cabinet. Cell viability was assessed
with DAPIwhen applicable.

Forimaging flow cytometry, cells from SARS-CoV-2-infected human-
ized mice were sorted on the basis of human immune cells (hCD45%);
mouse immune cells (mCD45") or epithelial mouse cells (EPCAM).
A mNG" epithelial cells (SARS-CoV-2-mNG*mCD45(PE) EPCAM(APC)h
CD45(PB)"; B-total mouse immune cells (mCD45(PE) ' EPCAM(APC) hC
D45(PB)"; CmNG" humanimmune cells (SARS-CoV-2-mNG 'mCD45(PE)
"EPCAM(APC)"hCD45(PB)*); D mNG~ humanimmune cells (SARS-CoV-
2-mNG mCD45(PE)"EPCAM(APC)"hCD45(PB)*). These sorted cells (epi-
thelial orimmune cells) were fixed in 4% PFA for at least 30 min. Fixed
sorted cells (epithelial orimmune cells) were permeabilized, stained
with unconjugated primary antibodies against ASC (1:200, rabbit),
NLRP3 (1:200, goat), then stained with secondary antibodies (donkey
anti-rabbit or goat conjugated with AlexaFluor 546 or 647,at1:1,000).
Cells datawere acquired using the ImageStream X MKII (Amnis) system
with x63 magnification and analysed using Ideas software (Amnis). ASC,
NLRP3 specks were gated and quantified on the basis of fluorophore
intensity/maximum pixels. For FLICA-caspase-1colocalization, mac-
rophages were pretreated with FLICA before sorting.

Invitro infection of human macrophages with SARS-CoV-2

Using aseptic techniques under sterile conditions, bone marrow cells
were isolated from femurs of immune-reconstituted MISTRG6 mice.
For differentiation into human macrophages in vitro, bone marrow
cellswereincubated in medium supplemented with10% FBS, 1% penicil-
lin-streptomycin and recombinant human M-CSF (50 ng mlI™), GM-CSF
(50 ng mI™) and IL-4 (20 ng ml™) at 1 x 10° per ml concentration for
6 days in an incubator under 5% CO, and at 37 °C. Medium supple-
mented with 10% FBS was replenished with new medium every 3-4
days. Before infection with SARS-CoV-2, these bone-marrow-derived
macrophages were monitored for granularity, elongated morphol-
ogy and stronger adherence to the plate. Purity of cultures was con-
firmed by flow cytometry. Human macrophages were then cultured
with SARS-CoV-2-mNG in the presence or absence of the plasma of
patients with COVID-19 or healthy individuals, monoclonal antibod-
ies (mix of clones 135 and 144, described as therapeutics), remdesivir,
anti-CD16 antibodies, anti-ACE2 antibodies, control isotype antibodies,
caspase-linhibitor (VX-7657) or NLRP3 inhibitor (MCC950).

Human BMDMs in vitro or human lung macrophages ex vivo were
cultured with a viral inoculum at 10* PFU of SARS-CoV-2-mNG (multi-
plicity of infection of around 0.1). These macrophage cultures were
thenincubated at 37 °C under 5% CO, for 24,48 and 72 hat which time
cellswere collected. Cells were dissociated from the culture plate with
10 mM EDTA or Accutase (Thermo Fisher Scientific) cell dissociation
reagent (10-20 min). For studies pertaining to the mechanism of viral
entry, viral replication and inflammasome activation, infected mac-
rophages were treated with remdesivir (10 pM), anti-CD16 (Abcam
clone, 10 pg mI™) and anti-ACE2 (10 pg ml™), caspase-linhibitor (VX765,
20 uM) and NLRP3 inhibitor (MCC950, 20 pg mI™) in culture. Cellswere
stained when applicable and fixed for 30 min with 4% PFA. Convales-
cent plasma samples from the top 30 neutralizers in a cohort of 148
individuals were pooled to create a mixture with an NT, titre 0of 1,597
against HIV-1 pseudotyped with SARS-CoV-2 S protein®. We used this
pooled serumataconcentration of 5 pul plasma per ml for in vitro experi-
ments and refer to it as plasma from patients with COVID-19. Healthy
plasmawas collected from healthy volunteers and pooled before the
COVID-19 pandemic and was used at a concentration of 5 pl plasma per
ml. Monoclonal antibodies (a mix of clones 135 and 144) were used at
4 pg per ml concentration.

Zombie Aqua and annexin V staining

Single-cell suspensions fromin vitro cultures or enzymatically disso-
ciated lungs were washed and stained for viability with Zombie Aqua
(BioLegend, 423101) in PBS (1:400) for 15 min at 4 °C. Without wash-
ing the cells, cell surface antibody cocktail was added, and cells were
incubated for another 15 min. Cells were then washed with PBS twice
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and resuspended in annexin V binding buffer. Cells were stained with
annexin VPE (1:400) in binding buffer for 15 min at4 °C. Cellswere then
washed with annexin V buffer and fixed in 4% PFA.

FLICA assay

Single-cell suspensions from in vitro cultures or enzymatically disso-
ciated lungs were resuspended in RPMI110% FBS with FLICA substrate
(BioRad-FLICA 660 caspase-1kit-1CT9122) and cultured for 1 h (for
microscopy) or 30 min (for flow cytometry) at 37 °C. Cells were then
washed twice with PBS and stained with Zombie Aqua and annexin V
as described. Cells were then fixed with 1x Fixative (provided in the
BioRad-FLICA caspase-1kit) for at least 1 h, but not exceeding 16 h.
Cells were kept at 4 °C until further staining and analysis. The FLICA
660 caspase-1kit uses atarget sequence (YVAD) sandwiched between
afar-red fluorescent 660 dye (excitation max 660 nm, emission max
685nm).

LDH measurement

LDH levels were measured from freshly collected supernatant of
infected cells (BMDMs) or freshly collected serum using the CyQUANT
LDH Cytotoxicity Assay (Thermo Fisher Scientific, C20300) according
to the manufacturer’s instructions under BSL3 conditions.

Human samples

For this study we acquired six control uninfected, and two SARS-
CoV-2-infected deidentified lung (4 different cuts) samples as
paraffin-embedded tissues from autopsies of individuals admitted
to Yale New Haven Hospital. Lungs were fixed in 10% formalin (details
of patient samples are provided in Supplementary Table 5).

Cytokine, chemokine and IgG quantification

Human IL-18 (Sigma-Aldrich or RND), human CXCL10 (RND), human
IL-IRA (Abcam), human gasdermin D (MyBioSource) were quantified
from supernatants of BMDMs infected (or not) with SARS-CoV-2-mNG
or from serum or lung homogenates of SARS-CoV-2-mNG-infected (or
not) MISTRG6 or MISTRG6-hACE2 mice according to the manufacturer’s
instructions. Human IL-1p was quantified from supernatants of BMDMs
infected with SARS-CoV-2-mNG using the cytometric bead array for
humanIL-1B (BD) according to the manufacturer’sinstructions. Human
anti-spike-RBD IgG (BioLegend) was quantified from sera and lung
homogenates of infected or uninfected MISTRG6-hACE2 mice.

Antibodies
Flow cytometry. All antibodies used in flow cytometry were obtained
from BioLegend, unless otherwise specified.

Antibodies against the following antigens were used for charac-
terization or isolation of cells by flow cytometry. Mouse antigens:
CD45 (30-F11,103130), CD45 (30-F11,103108), CD45 (30-F11, 103147),
CD326 (G8.8,118218), F4/80 (BMS, 123117). Human antigens: CD45
(HI30,304044), CD45 (HI30,304029), CD3 (UCHTI, 300408), CD14
(HCD14, 325620), CD16 (3G8,302030), CD16 (3G8,302006), CD19
(HIB19,302218), CD19 (HIB19, 302226), CD33 (WM53, 983902), CD20
(2H7,302313),CD20 (2H7,302322),CD206 (Clonel5-2,321106), CD206
(15-2,321109), CD86 (BU63, 374210), CD123 (6H6,306006), CD11B
(M1/70,101242), CD11C (3.9,301608), HLA-DR (LN3,327014), HLA-DR
(LN3, 327020), HLA-DR (LN3, 327005), CD183 (G025H7, 353720),
CD335-NKp46 (9E2,331916), CD4 (OKT4, 317440), CD8 (SK1, 344718),
CD8(SK1,344748), CD68 (Y1/82A, 333828).

Immunofluorescence. Anti-dsRNA antibodies (rJ2) were purchased
from Sigma-Aldrich (MABE1134) or Antibodies online (Ab01299-23.0).
Polyclonal SARS-CoV-2 RNA-dependent RNA polymerase antibodies
were purchased from Cell Signaling (67988S). Monoclonal SARS-CoV-2
RNA-dependent RNA polymerase antibodies were purchased from
Kerafest (ESGO04). Anti-spike (spike 1) antibodies (1A9, GTX632604)

were obtained from GeneTex. Anti-spike (spike 2) antibodies (TO1Khu,
703958) were obtained from Thermo Fisher Scientific.

Imaging flow cytometry. Mouse anti-human PE-Cy7 CD16 (3G8) was
purchased from BioLegend (302016). Rabbit anti-human ASC (poly-
clonal) was purchased from Santa Cruz (sc-22514-R). Goat anti-human
NLRP3 (polyclonal) was purchased from Abcam (ab4207). Donkey
anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody (Poly-
clonal) was purchased from Thermo Fisher Scientific (A-31573). Donkey
anti-rabbitIgG (H+L) cross-adsorbed secondary antibody (polyclonal)
was purchased from Thermo Fisher Scientific (A-10040). Donkey
anti-goat IgG (H+L) cross-adsorbed secondary antibody (polyclonal)
was purchased from Thermo Fisher Scientific (A-21447).

Therapeutic antibodies. Monoclonal antibodies against human CD16
used in blocking experiments were purchased from Abcam (SP175).
Monoclonal antibodies against human ACE2 were purchased from Ab-
cam. Anti-CD16 antibodies usedin depletion experiments was purchased
from Thermo Fisher Scientific (3G8). Monoclonal antibodies (clones 135
and 144) were acquired from M. Nussenzweig as previously described®.
Anti-IFNAR2 antibodies were purchased from PBL Assay science (21385-1).

Gene expression

RNA was extracted using the RNeasy mini kit (Qiagen) according to the
manufacturer’s protocol. The High-Capacity cDNA Reverse Transcrip-
tion Kit was used to make cDNA. Quantitative PCR with reverse tran-
scription was performed using the SYBR FAST universal qPCR kit (KAPA
Biosystems). Predesigned KiCqStart primers for DDX58, IL6, IFITM3,
IRF7,IFIH1,IFNA6,IFNG and HPRT1were purchased from Sigma-Aldrich.

Bulk whole-tissue RNA-seq analysis

RNA isolated from homogenized lung tissue, also used for viral RNA
analysis, was prepared for whole-tissue transcriptome analysis using
low input (14 d.p.i.) or conventional (28 d.p.i.) bulk RNA sequencing
(RNA-seq). Libraries were generated with the help of the Yale Center
for Genomic Analysis. In brief, libraries were prepared using the Illu-
mina rRNA depletion kit and sequenced on a NovaSeq system. Raw
sequencingreads were aligned to the human-mouse combined genome
with STAR™, annotated and counted with HTSeq”, normalized using
DESeq2” and graphed using the Broad Institute Morpheus web tool.
Heat maps visualize normalized counts of duplicates as minimum-
maximum-transformed values, calculated by subtracting the row mean
and diving by the s.d. for each gene. Rows (genes) were clustered by
hierarchical clustering (1 - Pearson) or k-means clustering as indicated
in the figure legends. Differential expression analysis was also per-
formed with DESeq2. For IFN-stimulated gene identification, http://
www.interferome.orgwas used with parameters-In Vivo,-Mus musculus
or Homo sapiens -fold change up 2 and down 2.

10x Genomics scRNA-seq

Sorted human lung immune cells (hCD45" in uninfected, 14 d.p.i. and
28 d.p.i.) were stained with TotalSeq (TotalSeq, BO251, anti-human
hashtaglantibody, GTCAACTCTTTAGCG; TotalSeq, B0252, anti-human
hashtag 2 antibody, TGATGGCCTATTGGG) antibodies (BioLegend)
before processing for droplet-based single-cell RNA-seq (scRNA-seq).
Single-cell transcriptomes and associated protocols of 4 d.p.i. lungs
(total lung cells as opposed to sorted human immune cells analysed)
were previously described”. Duplicates from each condition/time point
were pooledinequal numberstoensure 10,000 cellswere encapsulated
into droplets using 10x Chromium GEM technology. Libraries were pre-
pared in house using the Chromium Next GEM Single Cell 3’ Reagent
Kits v.3.1 (10x Genomics). scRNA-seq libraries were sequenced using
the Nova-Seq system. Raw sequencing reads were processed with Cell
Ranger v.3.1.0 using a human-mouse combined reference to generate
agene-cell count matrix. To distinguish between human and mouse
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cells, we counted the number of human genes (nHuman) and mouse
genes (nMouse) withnon-zero expressionineach cell, and selected cells
withnHuman >20 x nMouse as human cells. The count matrix of human
cells and human genes was used in the downstream analysis using Seu-
rat (v.3.2)%. Specifically, this matrix was filtered to remove low-quality
cells, retaining cells with >200 and <5,000 detected genes and <20%
mitochondrial transcripts. We then log-normalized each entry of the
matrix by computing log[CPM/100 + 1], where CPMis the counts per mil-
lion. To visualize the cell subpopulations in two dimensions, we applied
principal component analysis followed by ¢-SNE, a nonlinear dimen-
sionality reduction method, to the log-transformed data. Graph-based
clustering was then used to generate clusters that were overlaid on the
t-SNE coordinates to investigate cell subpopulations. Marker genes for
each cluster of cells were identified using the Wilcoxon test (two-tailed,
rank-sum) with Seurat. For adjusted Pvalues, Bonferroni correction was
used. Inthis analysis, 438 cells (uninfected), 336 cells (4 d.p.i.), 793 cells
(14 d.p.i.) and 1,368 (28 d.p.i.) cells were included.

Toidentify DA subpopulations that were not restricted to clusters, we
applied DA-seq®, atargeted, multiscale approach that quantifies alocal
DA measure for each cell for comprehensive and accurate comparisons
of transcriptomic distributions of cells. DA measure defined by DA-seq
shows how much a cell’s neighbourhood is enriched by the cells from
either uninfected or infected lungs. DA-seq analysis of our datarevealed
that T cells, monocytes and macrophages were responsible for most of
thechronicinfection driven changes. Red colouring marks enrichment at
28 d.p.i.lungs and blue colouring marks enrichment in uninfected lungs.

To combine cells from different d.p.i. (uninfected, 4 d.p.i., 14 d.p.i.,
28 d.p.i.), we applied the integration method® in Seurat to remove
batch effects. We then performed principal component analysis and
retained thetop 30 PCs as theinputto ¢-SNE, anonlinear dimensionality
reduction method, to embed the data onto two-dimensional space for
visualization. Graph-based clustering with aresolution of 0.8 was then
used to generate clusters that were overlaid on the ¢-SNE coordinates
to investigate cell subpopulations. Marker genes for each cluster of
cells were identified using the Wilcoxon test (two-tailed, rank-sum)
with Seurat (for the adjusted Pvalues, Bonferroni correction was used).
After cell type identification, we separated out macrophage popula-
tions from all d.p.i., and applied the same procedures as described
abovetorepreprocess and visualize the data. Clusters were redefined
based on aresolution of 0.3.

Statistics and reproducibility

Unpaired or paired t-tests (always two-tailed) were used to determine
statical significance for changesinimmune cell frequencies and num-
bers while comparing infected mice with uninfected control mice or
treated mice with untreated mice. To determine whether the viralRNA
quantification was statistically significant across treatment groups or
timepoints, two-tailed Mann-Whitney U-tests were used. Unpaired
t-tests (two-tailed) or ratio paired t-tests (two-tailed) were used to deter-
mine whether the viral titre quantification of the untreated condition
was significantly different from the treated groups. For the Pearson
test, significance was deemed using t-test. The test statistic is based
on Pearson's product-moment correlation coefficient cor(x, y) and
follows a ¢-distribution with length(x) — 2 d.f. For Spearman tests,
Pvalues were computed using algorithm AS 89 with exact = TRUE. All
micrographs presented in the study were representative of at least 3
animals or samples. Each experiment was repeated independently at
least twice. All attempts yielded similar results. In the in vivo studies,
each dot represents a biologically independent mouse.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Extended DataFig.1| Targeting viral replication and the downstream
interferonresponse attenuates the hyperactiveimmune/inflammatory
response (matched tofigurel).a.Representative gating strategy of human
immune cellsinthe lungs of SARS-CoV-2 infected MISTRG6-hACE2 mice. Cells
isolated from lungs or bronchioalveolar lavage (BAL) were stained with
antibodies againsthuman CD45, HLA-DR, CD68, CD16, CD14, CD206, CD86,
CD11B, CD11C, CD123, CD3, and mouse CD45. Cell numbers were calculated
using counting beads. b. Humanimmune cells (numbers) in BAL (14 d.p.i.) or
lungs (14 and 28 d.p.i.) of SARS-CoV-2 infected MISTRG6-hACE2 mice treated
with dexamethasone (Dex), Remdesivir (RDV), anti-IFNAR2 or acombined
therapy of Remdesivir (RDV) and anti-IFNAR2.14 d.p.i., BAL: CTRL-infected
n=>5;Dex, RDV, anti-IFNAR2 n = 3; anti-IFNAR2+RDV n = 4 biologically
independent mice examined over 2independent experiments. 14 d.p.i., Lung:
CTRL-infected n=7; Dex, RDV, anti-IFNAR2, anti-IFNAR2+RDV n = 4 biologically
independent mice examined over 3independent experiments.28 d.p.i., Lung:
CTRLinfectedn=5,Dexn=4,RDVn=3,anti-IFNAR2n =3, anti-IFNAR2+RDV
n=6biologicallyindependent mice examined over 3 independent
experiments. Means with individual datapoints plotted. Unpaired, two-tailed
t-test. P <0.0001=8.19x107°. c. Representative flow cytometry plots and
frequencies of alveolar macrophages (AMs) (middle: hCD206"hCD86*hCD68*)
orinflammatory macrophages (bottom: hCD206'*"hCD86'hCD68")in14 d.p.i.
or28d.p.i.lungs of treated or untreated MISTRG6-hACE2 mice.14 d.p.i.: CTRL

infectedn=5,Dexn=4,RDVn=4,anti-IFNAR2n =4, anti-IFNAR2+RDVn=4
biologicallyindependent mice examined over atleast 2independent
experiments.28d.p.i.: CTRLinfectedn=5, Dexn=4,RDVn=3, anti-IFNAR2
n=3,anti-IFNAR2+RDV n = 6 biologically independent mice examined over 3
independent experiments. Means with individual datapoints. Unpaired, two-
tailed t-test. P < 0.0001 = 4.67x10°. d. Frequencies (left) and numbers (right) of
lung pDCs at14 d.p.i. CTRL-infected n=6,Dexn=4,RDV, anti-IFNAR2n =3,
anti-IFNAR2+RDV n = 6 mice examined over at least 2 experiments. Means with
datapoints. Unpaired, two-tailed t-test. P < 0.0001=7.29x107°. e [FNA
transcriptlevels measured by qPCRin treated or control untreated MISTRG6-
hACE2 mice infected with SARS-CoV-2: Uninfected n=5; CTRL infected: 4 d.p.i.
n=8,14d.p.i.n =9,28d.p.i.n=6;Dex:14 d.p.i.n=4,28 d.p.i. n=4;RDV 14 and
28d.p.i.n=3;anti-IFNAR214 and 28 d.p.i.n = 3; anti-IFNAR2+ Remdesivir 14
and 28 d.p.i.n=4biologicallyindependent mice examined over atleast 2
independent experiments. Normalized to HPRTI. Violin plots with individual
datapoints. Unpaired, two-tailed t test. f. Representative histograms and
frequencies of HLA-DR"activated T cellsin treated or control mice. 14 d.p.i.:
CTRL-infectedn=5,Dex, RDV, anti-IFNAR2, anti-IFNAR2+RDV n=4;28 d.p.i.:
CTRLinfected, Dex, anti-IFNAR2+RDV n =4, RDV, anti-IFNAR2 n = 3 biologically
independent mice examined over 3independent experiments. Means with
datapoints. Unpaired, two-tailed t-test. Some of the data associated with
dexamethasone therapy used here as a control have been reported®”.
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Extended DataFig.2|Anti-IFNAR2 and Remdesivir therapy reverses
infectioninduced transcriptional changes (matched tofigurel).
a.Similarity comparison of uninfected, infected, and therapeutically
manipulated lungs based on dexamethasone suppressed genes. Pearson
correlation. Duplicates analysed for each condition. b. Genes suppressed by
both dexamethasone and combined therapy of Remdesivir and anti-IFNAR2
(log,, foldchange < -1, P adj < 0.05). P adj: For the adjusted P values the
Bonferronicorrection was used. Duplicates analysed for each condition.
Dexamethasone suppressed genes significantly overlapped withgenes
significantly suppressed by combined anti-IFNAR2 and Remdesivir therapy
(64% overlap).See Supplementary Table 1for a full list of genes and their
normalized expression. c. Network analysis (STRING v11.0) of genes
suppressed by both dexamethasone and combined therapy of Remdesivir and

anti-IFNAR2 (asshownin Extended DataFig. 2b). Duplicates analysed for each
condition. K- means clustering (n = 4). d. Pathway (Ingenuity) analysis of genes
suppressed by both dexamethasone and combined therapy of Remdesivir and
anti-IFNAR2 (asshown in Extended Data Fig. 2b). Duplicates analysed for each
condition. Fisher's Exact Test was used to determine statistical significancein
theoverlap between the dataset genes and the genes suppressed by therapy.e.
Transcriptional landscape of humanimmune cells at single cell levelin
uninfected orinfected (28 d.p.i.). MISTRG6-hACE2 mice. Cluster identifying
genes comparing humanimmune cells frominfected (28 d.p.i.) or uninfected
lungs for17 clusters shown in Fig. 1e. Marker genes for each cluster of cells were
identified using the Wilcoxon rank-sum test with Seurat. Pooled duplicates
analysed for each condition.
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Extended DataFig.3|Deeper characterization of monocyte/macrophage
clustersatearly (4 d.p.i.)orlate (14and28 d.p.i.) SARS-CoV-2infection
(matched tofigure1). a. Heatmap visualizing cluster identifying genes
comparing human monocytes and macrophages frominfected (4,14 or

28 d.p.i.) oruninfected lungs (as shownin Fig.1g). Pooled duplicates.
Uninfected: 438 cells, 4 d.p.i.: 336 cells, 14 d.p.i.: 793 cells, 28 d.p.i.: 1368 cells
were analysed. This analysis allowed step by step characterization of the
inflammatory macrophage response. Marker genes for each cluster of cells
wereidentified using the Wilcoxon rank-sum test (two-tailed) with Seurat.

b. Temporal distribution of transcriptional changes associated with
monocytesand macrophagesininfected (4,14 or28 d.p.i.) or uninfected lungs
(asshowninFig.1g). Pooled duplicates analysed. Uninfected: 438 cells, 4 d.p.i.:
336cells, 14 d.p.i.: 793 cells, 28 d.p.i.: 1368 cells included in analysis. c. Top:
Heatmap of representative genes that are differentially regulated (DEGs) in
human macrophages from4,14,28 d.p.i. lungs compared with uninfected
lungs. Uninfected: 438 cells, 4 d.p.i.: 336 cells, 14 d.p.i.: 793 cells, 28 d.p.i.: 1368
cellsincluded in analysis. Bottom: Distribution of interferon stimulated genes
within these DEGs. Pooled duplicates analysed.



Article

V nocyie's &
- Macrophages

DDX58

IFIH1

IFITM3

IRF7

tSNE_2

IL6

tSNE_1

Extended DataFig. 4 |See next page for caption.

“Plasma cell
L

g’éTK 'I—\}h'molry Alyeolar Macs
J Men;ory, f'/S,CD“‘T e Miébﬁhages
- 0081:“\ \J.\la'ivé:(’; DATMonucytes/
Treg - \‘:;:\:\ macrophages
o s CD8 agells = =
3
N
w 2
P4
2 i 1
-60 -30 0 30 60 0
tSNE_1
3
N
w 2
P4
€ sl 1
60 -30 0 30 60 0
tSNE_1
4
3
;2
1
60 -30 0 30 60 0
tSNE_1
3
2
i 1
-60 -30 0 30 60 0
tSNE_1
N )
P2
2] 1
60 -30 0 30 60 0

tSNE_1

Normallzed to HPRT1 Normallzed to HPRT1

Normallzed to HPRT1

Normallzed to HPRT1

Normallzed to HPRT1

DDX58
ns
0.017 0.038
20 0023 T s
154 0.014 ns
OEA s
109 00045
5
N SRR . B ey
-5 T T T T T T T
uninfected 14dpi 28dpi
IFIH1
0.0157
0.043 0.0175
20+ 0.0496 B
ns
154 o017 0.0421
104 oos—— 00163
54
B B
-5 T T T T T T
uninfected 14dpi 28dpi

IFITM3

uninfected

14dpi 28dpi
IRF7
0.037
ns
ns —_—
20 ns -
ns bl
154 0.048
ns

10 oo498™

uninfected

14dpi 28dpi
IL6

0.016

" 008
20+ T ns
154 ns ns

s T o008

104 ns —— [ ——
5
0. ...“‘ o Do wtn B
-5 T T T T T T T
uninfected 14dpi 28dpi

3 uninfected

3 Infected CTRL
B Dex

W RDV

@ anti-IFNAR

Il anti-IFNAR+RDV

[ uninfected

@ Infected CTRL
Bl Dex

| RDV

B anti-IFNAR

Bl anti-IFNAR+RDV

3 uninfected

@ Infected CTRL
BN Dex

B RDV

3 anti-IFNAR

Bl anti-IFNAR+RDV

3 uninfected

3 Infected CTRL
B Dex

B RDV

B anti-IFNAR

Bl anti-IFNAR+RDV

3 uninfected

3 Infected CTRL
B Dex

Il RDV

@ anti-IFNAR

Il anti-IFNAR+RDV



Extended DataFig. 4 |Therapeutics reduced expression of arepresentative
list ofinterferonstimulated genes-1SGs (DDXS8, IFIH1, IFITM3, IRF7) or
inflammatory markers (/L6) (matched to figure1). Relative expression of
interferoninducible orinflammatory genesin treated or untreated MISTRG6-
hACE2 mice infected with SARS-CoV-2 mice at 14 d.p.i. or 28 d.p.i. Uninfected
baselineexpressionvalues are presented as reference. The distribution of cells
that preferentially express these genesis overlayed on the tSNE plots showing
14 d.p.i.and 28 d.p.i. humanimmune cells. /FITM3 and /L6 were particularly
enriched in human macrophage/monocyte clusters, while /IRF7, DDX58 and
IFIHI were enriched in multiple humanimmune cellssuchas T cells, B cells, and
myeloid cells. Normalized to HPRT1. DDX58: uninfected n = 3; CTRL-infected:
14d.p.i.n=8,28d.p.i.n=:5;Dex14 d.p.i.n=3,28 d.p.i.n=6;RDV14and 28 d.p.i.
n=3;anti-IFNAR214 and 28 d.p.i.n =3, anti-IFNAR2+ Remdesivir 14 and

28 d.p.i.n=5biologicallyindependent mice examined over at least 2
independent experiments. /FIHI: uninfected n=5; CTRL-infected: 14 d.p.i.
n=11,28d.p.i.n=:3; Dex14 and 28 d.p.i.n=4;RDV 14 and 28 d.p.i. n = 3; anti-

IFNAR214 and 28 d.p.i.n =3, anti-IFNAR2+Remdesivir14 d.p.i.n=4and
28d.p.i.n=5biologicallyindependent mice examined over at least 2
independent experiments. /FITM3: uninfected n=4; CTRL-infected: 14 d.p.i.
n=7,28d.p.i.n=:4;Dex14 and 28 d.p.i.n=4;RDV 14 and 28 d.p.i. n = 3; anti-
IFNAR214 and 28 d.p.i.n =3, anti-IFNAR2+Remdesivir14 and 28 d.p.i.n=4
biologicallyindependent mice examined over atleast 2independent
experiments./RF7:uninfected n=4; CTRL-infected: 14 d.p.i.n=7,28d.p.i.n=:5;
Dex14and 28 d.p.i.n=4;RDV14and 28 d.p.i.n=3; anti-IFNAR214 and 28 d.p.i.
n=3,anti-IFNAR2+ Remdesivir14 d.p.i.n=4,28 d.p.i.n = 5biologically
independent mice examined over atleast2independent experiments./L6:
uninfected n=5; CTRL-infected:14 d.p.i.n=9,28 d.p.i.n=:4; Dex14 d.p.i.n=3,
28d.p.i.n=4;RDV14and 28 d.p.i.n=3; anti-IFNAR214 and 28 d.p.i. n =3, anti-
IFNAR2+Remdesivir14 d.p.i.n=4,28 d.p.i.n=5biologically independent mice
examined over atleast 2independent experiments. Unpaired, two-tailed t-test.
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Extended DataFig. 5| Anti-IFNAR2 and Remdesivir combined therapy
reverses fibrotic transcriptional signature and prevents the transition to
fibrosisseenin theinfected mice (matched tofigurel). a.Relative
expressionof IFNGintreated or untreated MISTRG6-hACE2 mice infected with
SARS-CoV-2miceat14 d.p.i.or 28 d.p.i. Uninfected baseline expression values
arepresented as reference. Normalized to HPRT1. Uninfected n=7; CTRL
infected:14 d.p.i.n=7,28 d.p.i.n=:6; Dex14 d.p.i.=3,28 d.p.i.=5; anti-IFNAR2+
Remdesivir14 d.p.i.n=4,28 d.p.i. n = 6 biologicallyindependent mice
examined over atleast 2independent experiments. Unpaired, two-tailed t-test.
b.Heatmap of AT2 cell self-renewal and AT1differentiation and pre-alveolar
type 1transitional cell state (PATS) associated genes atin uninfected or
infected (14 d.p.i.) lungsinresponse to therapeutics. AT2 cell self-renewal and
ATldifferentiation gene signature was inhibited while PATS gene signature was

enriched in autopsy lungs of patients with severe COVID-19”. Top differentially
expressed genes in epithelial cluster 7 of autopsy lungs’ were used in the
analysis. Duplicates were analysed for each condition. Normalized counts of
duplicates visualized as min-max transformed values, calculated by
subtracting row mean and diving by SD for each gene. Rows (genes) clustered
by hierarchical clustering (one-minus Pearson). c. Representative images of
trichrome staining and box and whisker plot (min to max, with all datapoints) of
thetrichrome scoring of MISTRG6-hACE2 mice treated witha combined
therapy of Remdesivirand anti-IFNAR2 or not (CTRL infected). The whiskers go
down to the smallest value (minimum) and up to the largest value (maximum).
Thebox extends from the 25th to 75th percentiles. The medianis shownasa
lineinthe center of thebox. N =4 biologicallyindependent mice examined over
2independentexperiments. Unpaired, two-tailed t-test.
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Extended DataFig. 6 | Cellular source of persistent SARS-CoV-2 viral RNA
andsustained viralreplicationinlungs (matched tofigure2).a.
Quantification of genomic (gRNA) and subgenomic (sgRNA) viral RNA (E-gene)
inwhole homogenized lungtissueat4,14and 28 d.p.i.4d.p.i..n=7,14 d.p.i.
n=5,28d.p.i.n=4Dbiologicallyindependent mice examined over 3
independent experiments. Means with all datapoints and SD. b. Quantification
of genomic (gRNA) and subgenomic (sgRNA) viral RNA (E-gene) inwhole
homogenized lungtissue at 14 d.p.i.in mice treated with combined therapy of
Remdesivirand anti-IFNAR2.CTRL: n =4, anti-IFNAR2+RDV: n = 4 biologically
independent mice examined over 2 independent experiments. N.D.=not
detected. c. Quantification of genomic (gRNA) and subgenomic (sgRNA) viral
RNA (E-gene) inwhole homogenized lungtissue at 28 d.p.i.in mice treated with
Remdesivir, anti-IFNAR2 or combined therapy of Remdesivir and anti-IFNAR2.
N =3biologicallyindependent mice representative of 2independent
experiments.N.D.=notdetected. d. Representative gating strategy for sorting
humanimmune cells (human CD45") or mouse epithelial cells (mouse EPCAM)
from lungs of mice infected with SARS-CoV-2 and quantification of viral RNA (E
andNgenes)inthesesorted cells.Ngene:4 d.p.i.n=3,14 d.p.i.n = 6(epithelial),
n=>5(immune), 28 d.p.i.n =4 (epithelial) n =3 (immune) biologically
independent mice analysed over 3independent experiments. Egene: 4 d.p.i.
n=3,14 d.p.i.n=7 (epithelial), n = 6 immune), 28 d.p.i. n =4 (epithelial) n=3
(immune) biologicallyindependent mice analysed over 3independent
experiments. e. mNG signal in epithelial (EPCAM) cells from lungs and BAL of
mice infected with reporter SARS-CoV-2-mNG or control wild type SARS-CoV-2/
WAL mNGisexpressedininfected cells following viral replication.
Representative of n =4 biologically independent mice examined over 2
independent experiments. f. Representative histograms of mNG expressionin

human or mouse lung macrophagesisolated from BAL of infected MISTRG6-
hACE2miceat4 d.p.i.Representative of n = 3 biologically independent mice
examined over2independent experiments. g. Frequencies of mNG+ cells
within human lung immune cells (hCD45*) of SARS-CoV-2-mNG infected
MISTRG6-ACE2 miceat4 d.p.i.and14d.p.i.4d.p.i.n=4,14d.p.i.n=6
biologicallyindependent mice examined over at least 2 experiments.
Unpaired, two-tailed t-test. P value = 0.066. h. Viral titres measured as PFU
using Vero ACE2'TMPRSS2’ cells that over express human ACE2 from lung
homogenates of MISTRG6 mice transduced with AAV-hACE2 (+AAV) or not
(-AAV) and infected with SARS-CoV-2. MISTRG6-hACE2 (+AAV):2d.p.i.n=2,
4d.p.i.n=5,7d.p.i.n=2,14d.p.i.n=6 MISTRG6(-AAV):2d.p.i.n=4,4 d.p.i.
n=10and7,14 d.p.i.n=2, biologicallyindependent mice representative of at
least2independent experiments. Viral titres using standard Vero E6 cells do
not have any detectable titres (previously reported”) in MISTRG6 mice without
AAV-hACE2.Some of the MISTRG6-hACE2 data presented here have been
previously reported as part of the characterization of the model®. i.
Frequencies of mNG* cells within human macrophages (human CD68) isolated
fromlungs of infected MISTRG6 mice transduced with AAV-hACE2 (AAV+) or
not (AAV-). MISTRG6 mice with and without AAV-hACE2 were reconstituted
with human progenitor cells fromthe same donor. AAV+n=6,AAV-n=5
biologicallyindependent mice examined over 3independent experiments.j.
Representative gating strategy for sortingmNG*and mNG~ humanimmune
cells, MNG*and mNG™ mouse epithelial cells and mouseimmune cells. Lung
cellsfrom SARS-CoV2-mNG infected MISTRG6-hACE2 mice were stained with
antibodies against human CD45, mouse CD45,and mouse EPCAM. Sorted cells
were used for viral RNA quantification (Fig. 2) and characterization of the
inflammasome pathway (Fig. 3).
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Extended DataFig. 8| Viral RNA dependent RNA polymerase (RdRp) and
Spikein human lung macrophages of MISTRG6-hACE2 mice infected with
SARS-CoV-2 (matched tofigure2).a. Representative fluorescent microscopy
images of Spike (S), human CD68, and DAPI staining in fixed lungs of SARS-
CoV-2-infected MISTRG6-hACE2 mice. Yellow rectangle provides a higher
magnificationview of the selected area. Pseudo-colours were assigned for
visualization. Representative of n = Sbiologically independent mice examined
over 3independent experiments. b. Quantification of viral replication
products or machineryin human lung macrophages from SARS-CoV-2 infected
MISTRG6-hACE2 mice measured by immunofluorescence staining.
Quantification was performed based on representative high-power images
(40x) inareas showing diffuse alveolar damage. Frequencies of dSRNA, mNG,
RdRp, and Spike positive human macrophages out of hCD68*DAPI" cells are
plotted. dsRNA:20, 81,133,135, 52 human macrophages were counted. mNG:
30,103,110 human macrophages were counted. RdARp monoclonal: 187,59, 85,
106,142, 63,59 human macrophages were counted. RARp polyclonal: 134, 21,

22,218,44 human macrophages were counted. Spike (antibody1): 21,22, 218,
44 total human macrophages were counted. Spike (antibody 2): 63, 83,163,101,
57 human macrophages were counted.N =5 (dsRNA"), N=3 (mNG),N=7
(RdRp*, monoclonal), N =5(RdRp*, polyclonal), N = 4 (Spike*-1), N =5 (Spike*-2)
biologicallyindependent micerepresentative of atleast 2independent
experiment. Means with all datapoints are shown. See Methods for details of
antibodies used. c.Representative fluorescent microscopy images and
quantification of colocalization of Spike (S), RNA dependent RNA polymerase
(RdRp), human CD68, and DAPI stainingin fixed lungs of SARS-CoV-2- infected
MISTRG6-hACE2 mice. Top panel:isotype control staining of SARS-CoV-2-
infected lungs. Middle panel: control lungs with Non-SARS-CoV-2, bacterial
pneumonia. Bottom panels: SARS-CoV-2-infected MISTRG6-hACE2 mice.
Yellow rectangle provides a higher magnification view of the selected area.
Pseudo-colours are assigned for visualization. Representativeof n=5
biologicallyindependent mice over 3independent experiments.
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Extended DataFig.9|Viral RNA dependent RNA polymerase (RdRp) and
Spike inhumanmacrophages of human autopsy lungs with SARS-CoV-2
pneumonia (matched tofigure 2). Representative fluorescent microscopy
images and quantification of colocalization of Spike (S), RNA dependent RNA
polymerase (RdRp), human CD68 and DAPIstaining in fixed human autopsy
lungs with SARS-CoV-2 pneumonia or non-SARS-CoV-2 pneumonia.
Quantification was performed based on representative high-power images

(40x) inareas showing diffuse alveolar damage. Top panels: Representative of
RdRp staining with human CD68; middle panels: Representative of Spike
staining with CD68; bottom panels: RdARp and Spike staining in SARS-CoV-2-
infected autopsy lungs. Yellow rectangle provides a higher magnification view
oftheselectedarea.Pseudo-colours are assigned for visualization. SARS-CoV-2
pneumonian =4,non-SARS-CoV-2 pneumonian =3biologicallyindependent
specimens.
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Extended DataFig.10 | Human macrophage infection was enhanced by
antibodies and reduced by CD16, ACE2, or RdRp blockade invivo and
invitro (matched tofigure2). a. Viral titresin lung homogenates of
Remdesivir (RDV) treated or control untreated MISTRG6-hACE2 mice infected
with SARS-CoV-2-mNG. CTRLinfected n = 6, RDV treated n = 6 biologically
independent mice examined over 3independent experiments. b.
Representative histograms and mean florescent intensity (MFI) for

human ACE2 expressioninmNG*or mNG™ epithelial cells from MISTRG6-
hACE2 (AAV+) mice or total epithelial cells from MISTRG6 (AAV-) mice infected
with SARS-CoV-2-mNG. AAV+n =10, AAV-n = 6 biologically independent mice
examined over atleast 3independent experiments. Paired, two-tailed t-test.c.
Representative histograms for human ACE2 expressioninmNG* or mNG~
human macrophages, human B cells (CD19") or mouse immune cellsisolated
from MISTRG6-hACE2 mice infected with SARS-CoV-2-mNG. Representative of
N =10 mice for epithelial cells,n =7 mice for human macrophages examined
over atleast3independent experiments. d. MFlof human ACE2 expressionin
mNG*or mNG~ human macrophages or mouse epithelial cellsisolated from
SARS-CoV-2-mNG infected MISTRG6-hACE2 mice. Epithelial cells n =10, human
macrophages n =7biologicallyindependent mice examined over atleast3
independent experiments. Paired, two-tailed t-test. e. MFl of human ACE2
expressioninmNG*" or mNG~human macrophagesisolated from MISTRG6
(AAV-) mice infected with SARS-CoV-2-mNG. Epithelial cells are virtually not
infected with SARS-CoV-2-mNG in MISTRG6 mice without transduced

human ACE2. N =8biologicallyindependent mice examined over atleast 3
independent experiments. Paired, two-tailed t-test. f. Representative
fluorescent microscopy images showing colocalization of human ACE2 and
human CDé68 cellsin SARS-CoV-2 infected MISTRG6-hACE2 mice.
Representative of 3independent mice over 2independent experiments. g.
Anti-Spike (RBD) IgG levels measured by ELISAin serum or lung homogenates
of SARS-CoV-2infected (4 and 14 d.p.i.) or uninfected MISTRG6-hACE2 mice
treated therapeutically with monoclonal antibodies (mAbs) against SARS-
CoV-2spike protein (treated at 35 h.p.i.or 7 d.p.i.) or not. Lung homogenates:
Uninfectedn=5,4d.p.i.n=8,14d.p.i.n=8,4 d.p.i.tmAbn=2,14 d.p.i.+mAb
n=2biologicallyindependent micerepresentative of atleast 2 experiments.
Serum: Uninfectedn=3,4d.p.i.n=3,14d.p.i.n=3,4d.p.i.tmAbn=3,

14 d.p.i.+mAbn=2biologicallyindependent mice representative of at least 2
experiments. Unpaired, two-tailed t-test. h. Frequencies of mNG signal in
humanimmune cellsininfected mice (14 d.p.i.) treated therapeutically with
monoclonalantibodies*** (mAb) at 7 d.p.i. CTRLinfected n =5, mAb treated
n=4biologicallyindependent mice examined over 2independent
experiments. Means with datapoints and SD. Paired, two-tailed t-test. i. Two-
way plot showing anti-Spike (RBD) IgG levels and corresponding mNG* human
immune cell proportionsinlungs of infected MISTRG6-hACE2 mice at 4 d.p.i.
Pearson’s correlation value = 0.70. N = 8 biologically independent mice
examined over 4 independent experiments.j. Frequencies of mMNG* human
macrophagesinhumanimmune cellsin SARS-CoV-2-mNG infected MISTRG6-
hACE2 mice treated with anti-CD16 antibody (Abcam-clone SP175) at 7 d.p.i.
and11d.p.i.and analysed at14 d.p.i.n = 6 biologically independent mice
examined over 3independent experiments. Unpaired, two-tailed t-test. k.
Representative histograms and frequencies of mMNG" cellsin human BMDMs
cultured (or not) with SARS-CoV-2-mNG for 48 h. Human

BMDMs were differentiated in vitro from bone marrow cells of immune-

reconstituted uninfected MISTRG6 mice. BMDMs were treated with pooled
plasma from healthy controls (prior to COVID-19 pandemic) or convalescent
COVID-19* patients during the course of SARS-CoV-2 infection in vitro.
Uninfected n =3, infected+ healthy plasman =7, infected+ COVID plasman =10
independent samples cultured and analysed over at least 3 experiments. Means
with datapoints. Unpaired t-test. P <0.0001 =1.57x107°. 1. Quantification of
genomic (gRNA) and subgenomic (sgRNA) viral RNA (E gene) ininfected
BMDMs at48 h.p.i. Cells were treated with plasma from healthy controls or
convalescent COVID-19 patients. Healthy plasma:n =4, COVID plasman =6,
RDV:n =6, anti-CD16+anti-ACE2 n = 4 independent samples analysed over at
least2independent experiments. Means with datapoints. Mann-Whitney, two-
tailed, t-test. m. Representative histograms and frequencies of mNG" cells in
BMDMs and lung macrophages cultured with SARS-CoV-2in presence of
plasma of convalescent COVID-19 patients. mMNG* macrophages were analysed
at48 h.p.BMDMsn=6,Lung macrophages n=4independentsamples analysed
over2independent experiments. Unpaired, two-tailed t-test. n. Frequencies of
mNG* cellsinBMDMs cultured with SARS-CoV-2 or notin presence of healthy
patient plasma, COVID plasma, monoclonal antibodies (clones 135 and 144) or
noantibodies. COVID plasman =5, mAbn =4, healthy plasman=4,noAbn=35
independent samples analysed over 2independent experiments. Means with
datapoints and SD. The same monoclonal antibody cocktail used was used
invivo (Figs.2and 3). Unpaired, two-tailed t-test. 0. Representative histograms
and frequencies of mMNG* cells in BMDMs cultured with SARS-CoV-2-mNG (or
not)in presence or absence of COVID plasma. Cultures were treated with
Remdesivir, anti-human CD16 antibody and/or anti-human ACE2 antibody.
Healthy plasman=35,COVID plasman=10,RDVn =5, anti-CD16 n = 6, anti-ACE2
n=4,anti-CD16+ACE2 n =4 independent samples analysed overatleast2
independent experiments. Means with datapoints. Unpaired two-tailed t-test.
Pvalues <0.0001: anti-CD16 vs. COVID plasma=1.98x10 5, RDV vs. COVID
plasma=5.24x10"%. p. Viral titres and representative plaque images from
supernatants of human or mouse BMDMs infected with SARS-CoV-2 mNG
invitro (without COVID plasma). Infectious virus from supernatants of infected
macrophage cultures collected at 24,48 and 72 h.p.i. was plaqued using Vero
ACE2'TMPRSS2’ cells. Supernatant collected from Vero E6 cell cultures were
provided asreference. Human: 24 h.p.i.n=9,48h.p.i.n=13,72h.p.i.n=4.
Mouse:24 h.p.i.n=6independent samples analysed over atleast2
independent experiments. q. Viral titres from supernatants of BMDMs
infected with SARS-CoV-2mNG in vitro and treated with Remdesivir (RDV) or a
combination of anti-CD16 and anti-ACE2 antibodies. Cultures were not
supplemented with COVID plasma. Infectious virus from supernatants of
infected macrophage cultures collected at 24 h.p.i. was plaqued using Vero
ACE2'TMPRSS2" cells. CTRLn=9,RDV n =4, anti-CD16 and anti-ACE2n =4
independent samplesrepresentative of2independent experiments. Means
with datapoints.r. Viral titres measured as PFUs using supernatants containing
concentrations of Remdesivir (1 pm) or anti-ACE2 (1 pg/ml) and anti-CD16
antibodies diluted to (1:10) allow quantification of PFUs at 24 h.p.i. from
macrophage cultures. Supernatants were applied on Vero ACE2'TMPRSS2*
cellswhich were theninfected withamatchedinoculum of SARS-CoV-2 mNG
(10°PFU quantified in Vero-E6 cells) to test carry over effect in plaque
quantification. Untreated N=9,RDV N = 6, anti-ACE2+anti-CD16 n = 4
independent datapoints collected over 3independent experiments. Means
withdatapoints. Unpaired, two-tailed, t-test.
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Extended DataFig.11|SARS-CoV-2infected human macrophageshavea
unique transcriptional signature (matched to figure 3). a. Representative
gating strategy of CXCL10 or TNF producing human macrophagesin
MISTRG6-hACE2 mice infected with SARS-CoV-2-mNG. b. Representative flow
cytometry plots of CXCL10 and TNF staining in mice therapeutically treated

SARS-CoV-2invitro.Infected BMDM cultures were supplemented with pooled
plasmafrom COVID-19 patients and were treated with Remdesivir or not.
Uninfectedn=5,CTRLinfectedn=12,RDV n=4over3independent
experiments. Means with individual values are plotted. Unpaired, two-tailed
t-test.c.Spearman correlation values of eachgene based onits correlation with
withmAb or control untreated mice. Representative of n = 4 biologically CXCL10or TNFor TLR7.d.Expression and distribution of CXCL10, TNFand TLR7
independent mice examined over 2 independent experiments. c. CXCL10 inhumanimmune cells frominfected (4,14 and 28 d.p.i.) MISTRG6-hACE2
production measured by ELISA in supernatants of BMDMs infected with mice.
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Extended DataFig.12 | CXCL10-associated genes (matched to figure 3). macrophages. Unpaired, two-tailed t-test. N = 6 biologically independent mice
a.Network (STRING v11.0) analysis of top CXCL10-associated genes (top 200 examined over 3independent experiments. MISTRG6-hACE2 mice were
genes). K-means clustering. Clusters and their corresponding pathway analysis  infected with SARS-CoV-2-mNG and lungs were analysed at4 d.p.i.d.
areavailableas source files. Top genes that correlate with CXCL10 (4 d.p.i., Distribution of CXCL10 or TNF associated genes at4,14,28 d.p.i.inlungs
Pearson and Spearmen correlation combined) are enriched for distinct infected with SARS-CoV-2 or not. Analysis performed on macrophages of
inflammatory molecules. b. Network (STRING) analysis of genes that are 4 d.p.i.lungsinFig.3d was extended to more timepoints. Pearson (top) and
preferentially associated with CXCLIO but not with TLR7 or TNF. Disconnected Spearman (bottom) correlation values were calculated for each genefor its
nodesinthenetworkare not displayed. K-means clustering. Clusters and their correlation with CXCL10 or TNFin human monocytes and macrophages
corresponding pathway analysis are presented as source files. c. Proportions isolated fromuninfected and infected (4,14 and 28 d.p.i.) lungs of MISTRG6-

of TNF or CXCL10 producing macrophages among alveolar (CD206"CD68") hACE2 mice.K-means clustering analysis.
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Extended DataFig.13|See next page for caption.
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Extended DataFig.13|SARS-CoV-2infection of human macrophages
activatesinflammasomes and leads to death by pyroptosisinvivo and
invitro (matched tofigure 3). a. Representative images of single stained cells
for ASCspecks, NLRP3, human CD14, human CD45, mouse CD45 and mouse
EPCAM. Cells from SARS-CoV-2 infected humanized mice were sorted based on
(Extended DataFig. 6j): humanimmune cells (hCD45"); mouse immune cells
(mCD45%) orepithelial mouse cells (EPCAM®). Sorted cells were stained with
single antibodies against ASC, CD14 or NLRP3. Left panel shows human
immune cells and right panel shows mouse immune cells (mCD45*) and mouse
epithelial cells (EPCAM"). Representative of n = 5independent mice examined
over3independent experiments. b. Visualization of ASC specks as ameasure
of inflammasome activation in mNG* (SARS-CoV-2") or mNG™ (SARS-CoV-2")
humanimmune cellsat4 d.p.i. Humanimmune cells were sorted from SARS-
CoV-2infected humanized mice were sorted based on expression of human
CD45and mNG and lack of mouse CD45 and EPCAM expression (Extended Data
Fig. 6j). Representative of n = 5biologically independent mice examined over 3
independent experiments. c. Left: Representative flow cytometry plot
displaying SARS-CoV-2-mNG and Caspl-FLICA staining of CD11b" human
immune cells. Right: quantification of FLICA* cells (%) as ameasure of active
caspase-lininfected (MNG*) and uninfected (mNG") human lung macrophages
(CD11b*'hCD45%) at4 d.p.i.and 14 d.p.i. 4 d.p.i.:.n =3 biologically independent
mice examined over 2independent experiments, 14 d.p.i.n =5biologically
independent mice examined over 3independent experiments. Lung cells were
incubated with FLICA-Casplsubstrate for 30 min. Means with individual
datapoints plotted. Paired, two-tailed t-test. P <0.0001=4.29x107°. d.
Quantification of Caspl-FLICA staining as ameasure of active caspase-1in
infected (MNG*) human or totalmouse CD11b" cells at 4 d.p.i. Mouse cells:
mCD45'CD11b"hCD45™. Human cells: mCD45 CD11b*hCD45"'mNG". N=6
biologically independent mice examined over 3independent experiments.
Means withindividual datapoints plotted. Paired, two-tailed t-test.
P<0.0001=1.79x10"°.e. HumanIL-18 (measured by ELISA) in lungs and serum
and corresponding mNG levels (measured as percent within humanimmune
cellsby flow cytometry) inlungs of infected MISTRG6-hCE2 mice at4 d.p.i.
Lung: Pearson’s correlation value = 0.69. N = 8 biologically independent mice
examined over 3independent experiments. Serum: Pearson’s correlation
value =0.75.n=7biologicallyindependent mice examined over 3 independent
experiments. Unpaired, two-tailed t-test.f. Human IL-1RA (measured by ELISA)
inlungs and serum and corresponding mNG levels (measured as percent within
humanimmune cells by flow cytometry) in lungs of infected MISTRG6-hCE2
mice at4 d.p.i. Lung: Pearson’s correlation value = 0.82 n = 8 biologically
independent mice examined over 3independent experiments. Serum:
Pearson’s correlation value = 0.46 n = 8 biologicallyindependent mice
examined over 3independent experiments. Unpaired t-test, two-tailed.g. LHD
levels measured as absorbance at OD 490nmin serum of uninfected or infected
MISTRG6-hACE2 miceat4 d.p.i.and 14 d.p.i. Fresh serumwas assayed for LDH.
Uninfectedn=3,4d.p.i.n=4,14 d.p.i.n=4biologically independent mice

examined over 2independent experiments. Means with individual datapoints.
Unpaired, two-tailed t-test. h. Zombie Aquaincorporationininfected (MNG®)
oruninfected (MNG") CD16°CD11b" or CD16 CD11b* human myeloid cells.
Frequencies of Zombie® cells were measured in Annexin V- cells.N=5
biologicallyindependent mice examined over 2independent experiments.
Means withindividual datapoints. Paired, two-tailed t-test.i. Representative
histograms and quantification of Caspl-FLICA staining as ameasure of active
caspase-linbone marrow derived macrophages (BMDMs) infected with SARS-
CoV-2invitroor not for48 h. BMDM cultures were either supplemented with
healthy or COVID plasma or monoclonal antibodies for the duration of the
infection. Cultures were treated with Remdesivir, anti-ACE2 and anti-CD16 to
block viralreplication or viral entry. Colouring on the histograms matches the
bargraphlegend. Uninfected n =4; healthy plasma CTRL infected n =9, anti-
ACE2n=4,RDVn=4;mAbn=4;COVID plasmaCTRLinfected n=12, anti-
ACE2+anti-CD16 n=6,RDV n =5independent datapoints collected over at least
2independentexperiments. Means with all datapoints. Unpaired, two-tailed
t-test. P-values <0.0001: COVID plasmavs. RDV: 5.85x10°°.j.Representative
histograms and quantification of IL-1B in supernatants of BMDMs infected with
(or not) SARS-CoV-2invitrofor48or72h.Uninfectedn=7,48 h.p.i.n=10,
72h.p.i.n=5independent datapoints collected over 3independent
experiments. Means with SD and individual datapoints. Unpaired, two-tailed
t-test. P-values < 0.0001: uninfected vs. 72 h.p.i. =4.96x107, 48 h.p.i. vs.
72h.p.i.=1.17x10"%. k. Human IL-18 levels at 48 h.p.i. in supernatants of BMDMs
infected or not with SARS-CoV-2in vitro. BMDM cultures were supplemented
with COVID plasma for the duration of the infection. Uninfected n =4, 48 h.p.i.
n=7independentdatapoints collected over atleast2independent
experiments. Unpaired, two-tailed t-test. Means with individual datapoints.
Unpaired, two-tailed t-test.l. Human IL-IRA levels at 48 h.p.iin supernatants of
BMDMs infected with SARS-CoV-2in vitro or not. Uninfected n = 3, infected
n=7independentdatapoints collected over atleast2independent
experiments. Means with individual datapoints. Unpaired, two-tailed t-test. m.
Gasdermin D (GSDMD) levelsinsupernatants of BMDMs infected with (or not)
SARS-CoV-2invitrofor48 h. BMDM cultures were supplemented with COVID
plasma for the duration of the infection. Cultures were treated with Remdesivir
toblockviral replication. Uninfected N =3, CTRLinfectedn=10,RDVn=3
independent datapoints collected over atleast 2independent experiments.
Means withindividual datapoints. Unpaired, two-tailed t-test. n. LHD levels
measured by absorbance at OD 490 nminsupernatants of infected or
uninfected BMDMs. Uninfected n = 6, Infected n =11independent datapoints
collected over 3independent experiments. Means with individual datapoints.
Unpaired, two-tailed t-test. P-value = 7.38x10°. 0. Zombie Aqua incorporation
inuninfected or SARS-CoV-2-mNG infected BMDMs. Frequencies of Zombie*
cellswithin Annexin V- populationat48h.p.i.are presented. Uninfectedn=4,
infected n=7independent datapoints collected over 3 independent
experiments. Means with individual datapoints. Unpaired, two-tailed t-test.



a. b. c.
Human IL-18 Human IL-1RA Human CXCL10 Human IL-18
800 00076  « CTRL infected 5000 00159« CTRLinfected 400 ooaes * CTRLinfected
. - + anti-CD16 - « anti-CD16
— 2 anti-CD16 4000 Py 200
. s
E . £ 3000 —=
5 400 e 5 " £ 200
2000 -
200 e
1000 100
0 0 r . 0 CTRL AntiCD16
—— i o S infected
Lung, 4dpi Lung, 4dpi Serum 4dpi Serum, 14dpi
e. HumanIL-18 f. Lung -4dpi 9. mNG+ human macrophages
<0.0001
500 <0.0001 , ’i v
[ Uninfected i 10
400 [ CTRLinfected b b 3
2 %0 Anti-ACE2 ‘,1 .,,1 %?E .
< | 2
2 200 a ‘f,L 83,
o o €2
" SEETY T aE :
0 SARS-Cov2-mNG _ 0-—
CTRL CD16dep
Serum t
MISTRG-6 (n0 AAV) Fung=topt
h. L k.
Human IL-18 Human IL-1RA Human IL-18 CXCL10+
macrophages
1000 eiiec = 50 0.0030
k)
800 0.0002 e g 40
g
% 600 § 30
.
400 & 20
3
2004 ,, 50
0 =
SARS2-CoV-2: - + + CTRL mAb CTRL  mAb
MAS: . infected infected
Serum - 4dpi ) Serum, 14dpi Lung 14dpi
I H&E score m. H&E score n. Human IL-18
57 ] CTRLinfected “2-5““ B3 CTRLinfected 250 00008
g o 1 mAB(35hpi) s i | B mAB (7dpi)
2 3 ani-CD16(2dp) o B3 anti-CD16(7814dpi)
To s §
3% 3 E
° 593
£ E 24 g - i
g 2E,
k7] 1 g’
T B
o
0- SARS-CoV-2(mNG): + + +
0 COVID plasma: + + o+
Lung, 4dpi Lung, 14dpi anti-ACE2: T
anti-CD16: -+ -
Remdesivir: - - *
o. Human IL-18 p- Human IL-1RA q. Human CXCL10
00069 0.0268 2000
4000 00052
25 1500 o
3000
20 %
s E o004 *
% 15 2 2000 a é
10 1000 500
5
0 0=
[ e SARS-CoV-2(mNG): + + + SARS-CoV-2(mNG): + +
SARS-CoV-2(mNG): + + + + + COVID plasma: + o+ o+ COVID plasma: + +
COVID plasma: + 0+ o+ o+ o+ Anti-CD16: S + - Anti CD16: - ®
anti-ACE2: s O = o Anti-ACE2: -+ - Anti-ACE2: - +
anti-CD16: - - t: * 2= Remdesivir: A = +
Remdesivir: - - - - -

Extended DataFig. 14 |See next page for caption.



Article

Extended DataFig. 14 | Promoting or blocking viral entry or replicationin
human macrophagesinvivo andinvitroimpactsinflammatory profile of
macrophages (matched tofigure 3). a. HumanIL-18 levels measuredin lung
homogenates of infected (4 d.p.i.) MISTRG6-hACE2 mice treated (or not) with
CD16 blocking antibody (Abcam). CTRL infected n=7,anti-CD16 n=5
biologicallyindependent mice examined over 3independent experiments.
Means with datapoints. Unpaired, two-tailed t-test. b. Human IL-1RA levels
measured inlung homogenates of infected (4 d.p.i.) MISTRG6-hACE2 mice
treated (or not) with CD16 blocking antibody (Abcam). N = 4 biologically
independent mice examined over 2 independent experiments. Means with all
datapoints. Unpaired, two-tailed t-test. c. Human CXCL10 levels measured in
serumofinfected (4 d.p.i.) MISTRG6-hACE2 mice treated (or not) with CD16
blocking antibody (Abcam). CTRL infected n =7,anti-CD16 n =4 biologically
independent mice examined over atleast 2 experiments. Means with individual
datapoints. Unpaired, two-tailed t-test.d. Human IL-18 levels measured in
serumofinfected (14 d.p.i.) MISTRG6-hACE2 mice treated (or not) with CD16
blocking antibody (Abcam). Mice were treated with anti-CD16 blocking
antibodyat7d.p.i.and11d.p.i. CTRLinfected n =4, anti-CD16 n = 4 biologically
independent mice examined over 2independent experiments. Means with
individual datapoints. Unpaired, two-tailed t-test.e. HumanIL-18 levels
measured inserum of infected (4 d.p.i.) MISTRG6 mice treated (or not) with
anti-ACE2 antibody (Abcam). Mice were treated with anti-ACE2 antibody at
1,2,3d.p.i.Uninfected n=4, CTRL infected n =5, anti-ACE2 n = 4 biologically
independent mice examined over 2independent experiments. Means with
individual datapoints. Unpaired, two-tailed t-test. P < 0.0001= uninfected vs.
CTRL-infected =1.43x10°, CTRL-infected vs. anti-ACE2 = 6.95x10 7. f.
Representative flow cytometry plots of CD14 staining on total humanimmune
cells (hCD45+) asa proxy for myeloid cellsininfected MISTRG6-hACE2 mice
(4 d.p.i.) treated (or not) withadepleting antibody against CD16
(ThermoFisher, clone 3G8). MISTRG6-hACE2 mice were infected with SARS-
CoV-2-mNG. Representative of n = 4 biologically independent mice examined
over2independent experiments. g. Frequencies of mNG" cellsininfected
MISTRG6-hACE2 mice at 4 d.p.i. treated (or not) with a depleting antibody
against CD16 (ThermoFisher, clone 3G8). N = 4 biologically independent mice
examined over 2 independent experiments. Means with datapoints. Unpaired,
two-tailed t-test. h. HumanIL-18 levelsin serum of infected or uninfected
MISTRG6-hACE2 mice that were therapeutically treated withmonoclonal
antibodies (mAb) at 36 h.p.i. or not. Serafrominfected mice were analysed at
4 d.p.i.N=4biologicallyindependent mice examined over 2independent
experiments. Means with datapoints. Unpaired, two-tailed t-test.i. HumanIL-
1RAlevelsinserum of infected (4 d.p.i.) or uninfected MISTRG6-hACE2 mice
that were therapeutically treated withmAbat36 h.p.i. or not. Uninfected and
mAbtreated n=4, CTRLinfected n =3 (matched to mAb treatment)
biologically independent mice examined over2independent experiments.

Means with datapoints. Paired, two-tailed t-test. j. Human IL-18 levels measured
inserumofinfected (14 d.p.i.) MISTRG6-hACE2 mice treated (or not) with mAb
(clone135+clone144)at7 d.p.i.and analysed at 14 d.p.i. N =3 biologically
independent mice examined over 2independent experiments. Mean with
individual datapoints. Unpaired, two-tailed t-test. k. Frequencies of CXCL10+
macrophages within total human macrophages (hCD45'hCD68") in lungs of
infected MISTRG6-hACE2 mice treated (or not) with mAb (clone 135, clone 144)
at7d.p.i.and analysed at14 d.p.i. Mean with individual values. Unpaired, two-
tailed t-test, not significant (ns). CTRL-infected n =5, mAb n = 4 biologically
independent mice examined over 2independent experiments. l. Box and
whisker plot (min to max, with all datapoints) of the histopathological scoring
ofthe H&E staining of infected MISTRG6-hACE2 lungs at 4 d.p.i. Mice were
either treated with monoclonal antibodies at 35 h.p.i. or anti-CD16 at 2 d.p.i.
CTRLinfectedn=9, mAbtreated n =6, anti-CD16 treated n = 3 biologically
independent mice examined over atleast 2independent experiments. The
whiskers go down to the smallest value (minimum) and up to thelargest value
(maximum). The box extends from the 25th to 75th percentiles. The medianis
shownasalineinthe center of the box. Unpaired t-test not significant. m. Box
and whisker plot (min to max, with all datapoints) of the histopathological
scoring of the H&E staining of infected MISTRG6-hACE2 lungs at 14 d.p.i. Mice
were either treated with monoclonal antibodies at 7 d.p.i. or anti-CD16 at 7 and
11 d.p.i. CTRLinfected n =4, mAb treated n =4, anti-CD16 treatedn=4
biologically independent mice examined over 2independent experiments. The
whiskers go down to the smallest value (minimum) and up to the largest value
(maximum). The box extends from the 25th to 75th percentiles. The medianis
shownasalineinthe center of the box. Unpaired, two-tailed t-test, not
significant.n. HumanIL-18 levels in supernatants of SARS-CoV-2 infected
BMDMs treated with anti-CD16 and anti-ACE2 antibodies toblock viralentry or
with Remdesivir toblock viral replication. CTRL infected n = 8, anti-CD16+anti-
ACE2n=5,RDVn=5independentdatapoints over 3independent experiments.
Means withall datapoints. Unpaired, two-tailed t-test. P < 0.0001=5.0x10"°. 0.
HumanIL-1B levelsin supernatants of SARS-CoV-2 infected BMDMs treated
with anti-CD16 and anti-ACE2 antibodies to block viral entry or with Remdesivir
toblockviralreplication.N=4independent datapoints over 2independent
experiments. Means with all datapoints. Unpaired, two-tailed, t-test. p. Human
IL-1IRAinsupernatants of SARS-CoV-2infected BMDMs treated with anti-CD16
and anti-ACE2 antibodies to block viral entry or with Remdesivir to block viral
replication. CTRLinfected n=7,anti-CD16+anti-ACE2n=3,RDVn=3
independent datapoints over 2independent experiments. Means with all
datapoints. Unpaired, two-tailed, t-test. q. Human CXCL10 levelsin
supernatants of BMDMs infected in vitro in presence or absence of anti-CD16
and anti-ACE2 antibodies to block viral entry. CTRL infected N=12, anti-ACE2+
anti-CD16 treated n = 6independent datapoints over 2independent
experiments. Means with all datapoints. Unpaired, two-tailed, t-test.
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Extended DataFig.15|Blockade ofinflammasome activationleads to
reduced cytokine productioninvitro (matched tofigure 4).
a.Representative flow cytometry plots of CXCL10 and TNF staining in

total human macrophages and histograms of CXCL10 expressionininfected
(mNG*) and uninfected (mNG-~) macrophages from lungs of SARS-CoV-2-mNG
infected MISTRG6-hACE2 mice treated with caspase-1(Caspl) or NLRP3
inhibitorsinvivo. Mice were treated on days 6,8,10,12 post-infection and
analysed at14 d.p.i. Representative of n = 5biologically independent mice. b.
Mean fluorescentintensity (MFI) of CXCL10 expressionin human macrophages
isolated frominfected MISTRG6-hACE2 mice treated with caspase-linhibitor
orleftuntreated. N =3 biologicallyindependent mice. Representative of 3
independent experiments. Means with all datapoints and SD. Unpaired, two-
tailed t-test.c. CXCL10 levels in serum of SARS-CoV-2-mNG infected MISTRG6-
hACE2 mice (14 d.p.i.) treated with caspase-1or NLRP3 inhibitors. N =4
biologicallyindependent mice examined over 2independent experiments.
Means withall datapoints and SD. Unpaired, two-tailed t-test. d. Frequencies of
mNG*bone marrow-derived macrophages (BMDMs) infected with SARS-CoV-2-
mNG invitro. BMDMs were treated with caspase-1 (Caspl) or NLRP3 inhibitors
orleftuntreated and analysed at48 h.p.i. CTRLinfected n =22, Casplinhibitor-
treated n =17, NLRP3inhibitor-treated n = 6 independent datapoints collected
over atleast3-experiments. Means with all datapoints and SD. Unpaired, two-
tailed t-test.e.Frequencies of FLICA* BMDMs infected with SARS-CoV-2in vitro
for48 h.BMDMs were treated with caspase-1or NLRP3 inhibitors or left
untreated. CTRLinfected n =13, Casplinhibitor-treated n =12, NLRP3 inhibitor-
treated n = 6independent datapoints collected over atleast 3independent
experiments. Means with all datapoints. Unpaired, two-tailed t-test.

P <0.0001=3.33x10"°.f. Human IL-18 levels in supernatants of SARS-CoV-2-
mNG infected BMDMs treated with caspase-1(Caspl) inhibitor or left
untreated. CTRLinfected n =8, Casplinhibitor-treated n =6 independent
datapoints collected over 2independent experiments. Means with all
datapoints and SD. Unpaired, two-tailed t-test. g. Representative histograms
and quantification of IL-1B in supernatants of BMDMs infected with SARS-CoV-2
invitro. Cultures were treated with caspase-1(Caspl) inhibitor. Uninfected
n=7;48h.p.i. CTRLinfected n =10, Casplinhibitor-treated n=9, NLRP3
inhibitor-treated n=3;72h.p.i. CTRLinfected n = 5Casplinhibitor-treated
n=3,NLRP3inhibitor-treated n = 3independent datapoints collected over at
least 2 experiments. Means with all datapoints and SD. Unpaired, two-tailed
t-test.P <0.0001=4.96x10 7. h. Human Gasdermin D (GSDMD) levels at 48 h.p.i.
insupernatants of SARS-CoV-2-mNGinfected BMDMs treated with caspase-1
inhibitor or left untreated. CTRL infected n =10, Casplinhibitor-treatedn=6

independent datapoints collected over atleast 3independent experiments.
Means with all datapoints. Unpaired, two-tailed t-test.i. LDH levels measured
asabsorbance at OD490nmin supernatants of uninfected or SARS-CoV-2-mNG
infected BMDMs treated with Caspl or NLRP3 inhibitor or left untreated
invitro.Uninfectedn=6, CTRL infected (48 h.p.i.) n=11, Casplinhibitor-
treated (48 h.p.i.)n=9,NLRP3inhibitor-treated (48 h.p.i.)n=5independent
datapoints collected over 2independent experiments. Means with all
datapointsand SD. Unpaired, two-tailed t-test. P < 0.0001 = 7.38x10°%.j.
Zombie Aquaincorporationin SARS-CoV-2-mNG infected BMDM treated with
caspase-1or NLRP3inhibitors or leftuntreated (CTRL infected). Frequencies of
Zombie" cells within Annexin V- populationat48 h.p.i.arereported.
Uninfectedn=4,CTRLinfected n =7, Casplinhibitor n=4,NLRP3inhibitor
n=3over2experiments. Means with all datapoints. Unpaired, two-tailed t-test.
k.Human CXCL10 levelsinsupernatants of infected BMDMs treated with
caspase-1or NLRP3inhibitors or left untreated. Supernatants were collected at
48h.p.i.Uninfectedn=5, CTRLinfected n=12, Casplinhibitor n=5,NLRP3
n=4independentdatapoints over atleast 2independent experiments. Means
with all datapoints and SD. Unpaired, two-tailed t-test. . Human IL-IRA levelsin
supernatants of SARS-CoV-2-mNG infected BMDMs treated with caspase-1
inhibitor or not. Supernatants were collected at 48 h.p.i. CTRLinfectedn=7,
Casplinhibitor-treated n =6, NLRP3 inhibitor-treated n =4 independent
datapoints collected over atleast 2independent experiments. Means with all
datapoints. Unpaired, two-tailed t-test. m. Viral titres measured as PFU in lung
homogenates of MISTRG6-hACE2 mice infected with SARS-CoV-2 and treated
with caspase-linhibitorinvivo.Infected MISTRG6-hACE2 mice were treated
with caspase-linhibitor on days 6,8,10,12 post-infection and analysed at

14 d.p.i.Lunghomogenates were plaqued using Vero ACE2'TMPRSS2" cells. of
CTRLinfected:n =7, Casplinhibitor-treated: n = 6 biologically independent
mice examined over 3independent experiments. Box and whisker plot (min to
max, with all datapoints) The whiskers go down to the smallest value
(minimum) and up to the largest value (maximum). The box extends from the
25thto 75th percentiles. The medianis shown asalinein the center of the box.
Ratiopaired, two-tailed t-test. n. Representative images of plaque assays used
to quantify infectious virus in supernatants of BMDMs infected with SARS-CoV-
2-mNG and treated with caspase-1or NLRP3 inhibitors. Supernatants of
infected macrophage cultures were collected at 48 h.p.i.and plaqued using
Vero ACE2'TMPRSS2" cells. Plaques were resolved at 48 h.p.i. Representative of
CTRLinfected:n=13, Casplinhibitor-treated: n=8, NLRP3 inhibitor-treated:
n=>5independentdatapoints collected over3independent experiments.



natureresearch

Last updated by author(s): 4-13-22

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

=
Q
—+
C
=
@)
=
(D
W
Q)
Q
=
(@)
o
=
1)
o
[}
=
>
(@]
wn
c
3
3
Q
=
S

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Flow cytometric data was collected in BD-LSRII instrument using Diva software.

Data analysis Single Cell RNA Sequencing 10X Genomics:
Raw sequencing reads were processed with Cell Ranger 3.1.0 using a human-mouse combined reference to generate a gene-cell count matrix.
To distinguish human and mouse cells, we counted the number of human genes (nHuman) and mouse genes (nMouse) with nonzero
expression in each cell, and selected cells with nHuman > 20 * nMouse as human cells. The count matrix of human cells and human genes was
used in the downstream analysis with Seurat 3.260. Specifically, this matrix was filtered to remove low quality cells, retaining cells with > 200
and < 5,000 detected genes and < 20% mitochondrial transcripts. We then log normalized each entry of the matrix by computing log
(CPM/100 + 1), where CPM stands for counts per million. To visualize the cell subpopulations in two dimensions, we applied principal
component analysis followed by t-SNE, a nonlinear dimensionality reduction method, to the log-transformed data. Graph-based clustering
was then used to generate clusters that were overlaid on the t-SNE coordinates to investigate cell subpopulations. Marker genes for each
cluster of cells were identified using the Wilcoxon test with Seurat. For the adjusted P values the Bonferroni correction was used. In this
analysis, uninfected: 438 cells, 4dpi: 336 cells, 14dpi: 793 cells, 28dpi: 1368 cells were included.

To identify differentially abundant (DA) subpopulations not restricted to clusters, we applied DA-seq59, a targeted, multiscale approach that
quantifies a local DA measure for each cell for comprehensive and accurate comparisons of transcriptomic distributions of cells. DA measure
defined by DA-seq. shows how much a cell’s neighborhood is enriched by the cells from either uninfected or infected lungs. DA-seq analysis
where on our data revealed that T cells, monocytes and macrophages were responsible for most of the chronic infection driven changes. Red
coloring signify enrichment at 28dpi lungs and blue coloring mark enrichment in uninfected lungs

To combine cells from different DPIs (uninfected, 4dpi, 14dpi, 28dpi), we applied the integration method60 in Seurat to remove batch effects.
We then performed principal component analysis and retained top 30 PCs as the input to tSNE, a nonlinear dimensionality reduction method,
to embed the data onto 2-dimensional space for visualization. Graph-based clustering with a resolution of 0.8 was then used to generate




clusters that were overlaid on the t-SNE coordinates to investigate cell subpopulations. Marker genes for each cluster of cells were identified
using the Wilcoxon test (two-tailed) with Seurat (For the adjusted P values the Bonferroni correction was used). After cell type identification,
we separated out macrophage populations from all DPIs, and applied the same procedures as described above to re-preprocess and visualize
the data. Clusters were redefined based on a resolution of 0.3.

Bulk whole tissue lung RNA-sequencing:

RNA isolated from homogenized lung tissue, also used for viral RNA analysis, was prepared for whole tissue transcriptome analysis using low
input (14dpi) or conventional (28dpi) bulk RNA sequencing. Libraries were made with the help of the Yale Center for Genomic Analysis. Briefly,
libraries were prepared with an Illumina rRNA depletion kit and sequenced on a NovaSeq. Raw sequencing reads were aligned to the human-
mouse combined genome with STAR68, annotated and counted with HTSeq69, normalized using DESeq270 and graphed using the Broad
Institute Morpheus web tool. Differential expression analysis was also performed with DESeq2. For IFN-stimulated gene identification, http://
www.interferome.org was used with parameters -In Vivo, -Mus musculus or Homo sapiens -fold change up 2 and down 2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data that support the findings of this study are available within the paper, its supplementary Information files, and source files. The data supporting this
publication and presented as part of the supplementary information is available at Figshare.com under the project entitled, “Viral replication in human
macrophages enhances an inflammatory cascade and interferon driven chronic COVID-19 in humanized mice” (https://doi.org/10.6084/m39.figshare.19401335). All
10x Genomics single cell RNA sequencing and bulk RNA sequencing data that support the findings of this study are deposited in the Gene Expression Omnibus (GEO)
repository with accession codes GSE186794 and GSE199272.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Littermate MISTRG6 mice transplanted with fetal liver derived CD34+ cells were infected (livermate) or left as uninfected controls. At least
three fetal liver samples (purchased) were used to account for variability and at least 8-10 mice were transplanted and analyzed to account
for reproducibility.

Data exclusions  Humanized mice which had lower than 30% humanization in blood were not included in the study or data collection.
Replication All experiments described were repeated at least two times, mostly three or four times with matching littermate and livermate (engrafted
with HSPCs isolated from the same donor) controls. These matched controls were carried for across infection time points or control and

treated groups.

Randomization  Mice with humanization comparable (+/- 10% of mean) humanization value (% of human immune cells/ total immune cells) in blood were
included in control vs treated groups. All these mice had >30% humanization at 8 weeks post-engraftment.

Blinding All histopathological assessment and scoring of H&E and trichrome stained slides were performed on blinded samples by a board certified

pathologist. Experimenters were not blinded to group allocation during sample collection of flow cytometric studies but were blinded during
data analysis. For all other assays experimenters were blinded to group allocation for both data collection and analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used Flow cytometry:
All antibodies used in flow cytometry were obtained from Biolegend, unless otherwise specified.
Antibodies against the following antigens were used for characterization or isolation of cells by flow cytometry:
Mouse antigens: CD45(Clone: 30-F11, Cat #103130), CD45(Clone: 30-F11, Cat #103108), CD45(Clone, 30-F11, Cat #103147),
CD326(Clone: G8.8, Cat #118218), F4/80 (Clone: BM8, Cat #123117).
Human antigens: CD45(Clone: HI30, Cat #304044), CD45(Clone: HI30, Cat #304029), CD3(Clone: UCHT1, Cat #300408), CD14(Clone:
HCD14, Cat #325620),CD16(Clone: 3G8, Cat #302030), CD16(Clone: 3G8, Cat #302006), CD19(Clone: HIB19, Cat #302218),
CD19(Clone: HIB19, Cat #302226), CD33(Clone: WM53, Cat #983902), CD20(Clone: 2H7, Cat #302313), CD20(Clone: 2H7, Cat
#302322), CD206(Clone: 15-2, Cat #321106), CD206(Clone: 15-2, Cat #321109), CD86(Clone: BU63, Cat #374210), CD123(Clone: 6H6,
Cat #306006), CD11B(Clone: M1/70, Cat #101242), CD11C(Clone: 3.9, Cat #301608), HLA-DR(Clone: LN3, Cat #327014), HLA-
DR(Clone: LN3, Cat #327020), HLA-DR(Clone: LN3, Cat #327005), CD183(Clone: GO25H7, Cat #353720), CD335-NKp46(Clone: 9E2, Cat
#331916), CD4(Clone: OKT4, Cat #317440), CD8(Clone: SK1, Cat #344718), CD8(Clone: SK1, Cat #344748), CD68(Clone: YI/82A, Cat
#333828).

Immunofluorescence: Anti-dsRNA antibody (Clone: rJ2,) was purchased from Sigma(Cat# MABE1134) or Antibodies online(Cat#
Ab01299-23.0). Polyclonal SARS-CoV-2 RNA-dependent RNA Polymerase antibody was purchased from CellSignaling (Cat # 67988S).
Monoclonal SARS-CoV-2 RNA-dependent RNA Polymerase antibody was purchased from Kerafest. Anti-Spike (Spike 1) antibody
(clone: 1A9, Cat# GTX632604) was obtained from GeneTex. Anti-Spike (Spike 2) antibody (clone: TO1Khu, Cat# 703958) was obtained
from ThermoFisher.

Image Flow Cytometry:

Mouse anti-human PE-Cy7 CD16(Clone 3G8) was purchased from Biolegend (Cat# 302016). Rabbit anti-human ASC(Polyclonal) was
purchased from Santa Cruz (Cat# sc-22514-R). Goat anti-human NLRP3(Polyclonal) was purchased from Abcam(Cat# ab4207).
Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody(Polyclonal) was purchased from ThermoFisher (Cat#
A-31573). Donkey anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody (Polyclonal) was purchased from ThermoFisher (Cat#
A-10040). Donkey anti-Goat 1gG (H+L) Cross-Adsorbed Secondary Antibody(Polyclonal) was purchased from ThermoFisher(Cat#
A-21447).

Therapeutic antibodies:

Monoclonal antibody against human CD16 used in blocking experiments were purchased from Abcam (SP175). Monoclonal antibody
against human ACE2 was purchased from Abcam. Anti-CD16 antibody used in depletion experiments was purchased from
ThermoFisher (3G8). Monoclonal antibodies (clones 135 and 144) were acquired from M. Nussenzweig as has been previously
described44. Anti-IFNAR2 antibody was purchased from PBL Assay science (Cat #21385-1).

Mouseantigens(clone) Fluorochrome Supplier Cat # Concentration
CD45(30-F11) PerCP Biolegend 103130 1:200

CD45(30-F11) FITC Biolegend 103108 1:200

CD45(30-F11) Brilliant Violet (BV) 711 Biolegend 103147 1:400
CD326(G8.8) APC/Cyanine7 Biolegend 118218 1:200

F4/80 (BM8) APC Biolegend 123117 1:200

Humanantigens(clone) Fluorochrome Supplier Cat # Concentration
CD45(HI30) BV605 Biolegend 304044 1:100
CD45(HI30) Pacific Blue Biolegend 304029 1:100
CD3(UCHT1) PE Biolegend 300408 1:200
CD14(HCD14) APC/Cyanine7 Biolegend 325620 1:100
CD16(3G8) PerCP Biolegend 302030 1:200
CD16(3G8) FITC Biolegend 302006 1:100
CD19(HIB19) APC/Cyanine? Biolegend 302218 1:100
CD19(HIB19) Alexa Fluor 700 Biolegend 302226 1:100
CD33(WM53) APC Biolegend 983902 1:100
CD20(2H7) APC/Cyanine7 Biolegend 302313 1:100
CD20(2H7) Alexa Fluor 700 Biolegend 302322 1:100
CD206(15-2) PE Biolegend 321106 1:100
CD206(15-2) APC Biolegend 321109 1:100
CD86(BU63) PE/Cyanine? Biolegend 374210 1:100
CD123(6H6) PE Biolegend 306006 1:100
CD11B(M1/70) BV711 Biolegend 101242 1:100




Validation

CD11C(3.9) PE/Cyanine? Biolegend 301608 1:200
HLA-DR(LN3) Alexa Fluor 700 Biolegend 327014 1:100
HLA-DR(LN3) PerCP Biolegend 327020 1:400
HLA-DR(LN3) FITC Biolegend 327005 1:100
CD183(G025H7) PE/Cyanine7 Biolegend 353720 1:100
CD335-NKp46(9E2) PE/Cyanine7 Biolegend 331916 1:100
CD4(OKT4) BV711 Biolegend 317440 1:100

CD8(SK1) Pacific Blue Biolegend 344718 1:100

CD8(SK1) BV421 Biolegend 344748 1:200

CD68(YI/82A) BV421 Biolegend 333828 1:200

Antibodies used in vivo: Fluorochrome Supplier Cat # concentration
anti-CD16 (SP175) unconjugated Abcam ab183354 20ug per mouse
anti-IFNAR2 (MMHAR-2) unconjugated pbl assay science 21385-1 1.5mg/kg
anti-CD16 (3G8) unconjugated Thermo 16-0166-82 20ug per mouse
anti-ACE2 (MMO0073-11A31) unconjugated Abcam ab89111 20ug per mouse

IF staining Fluorochrome Supplier Cat # concentration

Anti-dsRNA antibody (rJ2) (Mouse) 1 mg/ml unconjugated Sigma-Aldrich MABE1134 1:100 dilution (100ug/ml)

Anti-dsRNA antibody (rJ2) (Rabbit) 1 mg/ml unconjugated Antibodies online Ab01299-23.0 1:100 dilution (100ug/ml)
anti-SARS-CoV-2 RNA-dependent RNA Polymerase unconjugated Cell signaling 67988S 1:100

Anti-Spike antibody (1A9) 1 mg/ml unconjugated GeneTex. GTX632604 1:100 dilution (100ug/ml)

anti-human CD68 (mouse) FITCI-conjugated Biolegend 333805 1:100

anti-human CD68 polyclonal (rabbit) 0.05 mg/ml unconjugated ThermoFisher/Invitrogen PA5-83940 1:100 dilution (5ug/ml)
anti-human CD68 monoclonal (mouse) 0.5 mg/ml unconjugated Invitrogen MAS5-13324 1:100 dilution (50ug/ml)
anti-SARS-CoV-2 RNA-dependent RNA Polymerase unconjugated Kerafest ESG004 1:300

Anti-spike unconjugated ThermoFisher 703958 1:50 (5ug/ml)

|IF staining Fluorochrome Supplier Cat # concentration

Mouse anti-human PE-Cy7 CD16(Clone 3G8) PE/Cyanine7 BioLegend 302016 1:200

Rabbit anti-human ASC(Polyclonal) unconjugated Santa Cruz sc-22514-R 1:200

Goat anti-human NLRP3(Polyclonal) unconjugated Abcam ab4207 1:200

Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody(Polyclonal) Alexa Fluor 647 ThermoFisher A-31573 1:1000
Donkey anti-Rabbit 1gG (H+L) Cross-Adsorbed Secondary Antibody (Polyclonal) Alexa Fluor 546 ThermoFisher A-10040 1:1000
Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody(Polyclonal) Alexa Fluor 647 ThermoFisher A-21447 1:1000

Validation:

All antibodies used in this study are commercially available (except for monoclonal antibodies), and all have been validated by the
manufacturers and/or used by other publications. Likewise, we titrated these antibodies based on requirements of our samples. The
following were validated in the following species:

Flow cytometry:

Antibody (clone)/ Source/ Reactivity

CD45 (30-F11) -Biolegend- mouse

CD326 (G8.8) -Biolegend- mouse

CD45 (HI30) -Biolegend- Human, Chimpanzee

CD3 (UCHT1) -Biolegend- Human, Chimpanzee

CD14 (HCD14) -Biolegend- Human

CD16 (3G8) -Biolegend- Human, African Green, Baboon, Capuchin Monkey, Chimpanzee, Cynomolgus, Marmoset, Pigtailed Macaque,
Rhesus, Sooty Mangabey, Squirrel Monkey

CD19 (HIB19) -Biolegend- Human, Chimpanzee, Rhesus

CD33 (WM53) -Biolegend- Human

CD206 (15-2) -Biolegend- Human

CD86 (BU63) -Biolegend- Human

CD123(6H6) -Biolegend- Human, Rhesus

CD11B (M1/70) -Biolegend- Mouse, Human, Chimpanzee, Baboon, Cynomolgus, Rhesus, Rabbit

CD11C (3.9) -Biolegend- Human, African Green, Baboon, Chimpanzee, Cynomolgus, Rhesus, Squirrel Monkey
HLA-DR(LN3) -Biolegend- Human, Rhesus

CD183 (G025H7) -Biolegend- Human, African Green, Baboon, Cynomolgus, Rhesus

CD335-NKp46 (9E2) -Biolegend- Human

CD4(OKT4) -Biolegend- Human, Chimpanzee, Cynomolgus, Rhesus

CD8(SK1) -Biolegend- Human, African Green, Chimpanzee, Cynomolgus, Pigtailed Macaque, Rhesus, Sooty Mangabey
CD68(YI/82A) -Biolegend- Human

Antibodies used in vivo:

anti-IFNAR2 (MMHAR-2)-pbl assay science-Human
anti-CD16 (SP175)-Abcam- Human

anti-CD16 (3G8)-ThermoFisher-Human

anti-ACE2 (ab89111)-Abcam-Human

Antibodies used in IF:

Anti-dsRNA antibody (rJ2) -Sigma-Aldrich-double stranded RNA produced by positive sense genome viruses, greater than 40 bp in
length.

Anti-SARS-CoV-2 RNA-dependent RNA Polymerase -Cell signaling- virus
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Anti-Spike antibody (1A9)-GeneTex-SARS Coronavirus

Anti-Spike antibody(TO1KHu)- ThermoFisher -SARS Coronavirus

Anti-SARS-CoV-2 RNA-dependent RNA Polymerase (4E6) -Kerafest- SARS Coronavirus
Anti-human CD68 (polyclonal)-ThermoFisher- Human

Anti-human CD68 monoclonal (KP1)-Invitrogen- Cat, Human, Non-human primate, Rat
Anti-human CD68(Y1/82A)-Biolegend-Human

Imaging Flow Cytometry:
Mouse anti-human PE-Cy7 CD16(Clone 3G8)- BioLegend- Human, African Green, Baboon, Capuchin Monkey, Chimpanzee,
Cynomolgus, Marmoset, Pigtailed Macaque, Rhesus, Sooty Mangabey, Squirrel Monkey

anti-human ASC(Polyclonal)- Santa Cruz-Human, Mouse, Rat

anti-human NLRP3(Polyclonal)- Abcam-Human

anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody(Polyclonal)- ThermoFisher Rat (IgG), Rabbit

anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody (Polyclonal)- ThermoFisher- heavy chains on mouse 1gG and light chains on
all rabbit immunoglobulins.

anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody(Polyclonal)- ThermoFisher-goat

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

VERO C1008 (Vero 76, clone E6, Vero E6) were obtained from ATCC. Vero ACE2+ TMPRSS2+ cells were obtained from B.
Graham (NIAID).

None of the cell lines were authenticated

Mycoplasma contamination Cell lines were not tested for mycoplasma contamination

Commonly misidentified lines Commonly misidentified cell lines were not used in the study.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

The studies described here involve the engraftment of human hematopoietic stem and progenitor cells in immunocompromised
MISTRG6 mice. MISTRG6E was generated by R. Flavell based on the Rag2-/- IL2rg-/-129xBalb/c background with genes for human M-
CSF, IL-3, SIRPa, thrombopoietin, GM-CSF and IL6 knocked into their respective mouse loci. CD1 strain of mice were used for cross-
fostering to stabilize healthy microbiota. Mice were housed in 14 hour light and 10 hour dark cycle maintained at 40-60% humidity
and 72 degrees F +/- 2 degrees. All of the animals in this project were housed in the animal care facility at Yale University School of
Medicine under appropriate biosafety level conditions (1,2,3). These facilities are specifically designed for this purpose and are
administered by the Departments of Comparative Medicine according to National Institutes of Health guidelines.

The study did not involve wild animals.
The study does not involve field-collected samples.

Departments of Comparative Medicine according to National Institutes of Health guidelines; Institutional Animal Care and Use
Committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Mouse Model:

This humanized mouse COVID-19 model faithfully recapitulates the innate and adaptive human immune responses during
infection with SARS-CoV-2. We achieve this by adapting recombinant adeno-associated virus (AAV)-driven gene therapy to
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deliver human ACE2 (hACE2) to the lungs of engrafted MISTRG6 mice (MISTRG6-hACE2) and infecting these mice with SARS-
Cov-2 . All samples including uninfected controls were prepared in Biosafety level 3 facilities. Human immune cell
reconstitution is achieved by transplantation with human CD34+ HSPCs into newborn MISTRG6 mice.

Therapeutics:

SARS-CoV-2 infected MISTRG6-hACE2 were treated intraperitoneally daily with dexamethasone at 10mg/kg for 3 days
starting at 7dpi. Mice were treated subcutaneously with Remdesivir at 25mg/kg dosing as has been previously described22
for 3 consecutive days starting at 7dpi (Fig. 1) or 1dpi (Fig. 2- for human macrophage infection studies mice were treated
twice, daily). Mice were treated with anti-IFNAR2 antibody at 1.5mg/kg dosing on days 7 and 11 post infection.

Infected MISTRG6-hACE2 mice were treated with two different clones of anti-human CD16 antibodies. For CD16 blockade
experiments, mice were treated with anti-CD16 (Abcam, cloneSP175) antibody at 2dpi with a single dose (20ug per mouse)
or at 7dpi and 11dpi. For depletion experiments mice were treated with anti-CD16 (ThermoFisher, clone 3G8) antibody with
a daily dose of 20ug for 3 days starting 1dpi.

Infected MISTRG6 (without AAV-hACE2) mice were treated with monoclonal antibody against human ACE2 (Abcam-ab89111)
for 3 days i.p. with a daily dose of 20ug starting at 1dpi.

Infected MISTRG6-hACE2 mice received a mixed cocktail of monoclonal antibodies clone 135 (m135) and clone 144(m144) at
20mg/kg at 35hpi or 7dpi. Monoclonal recombinant antibodies (mAbs) used in this study were cloned from the convalescent
patients (whose plasma was used for in vitro studies infecting BM-macropahges) and had high neutralizing activity against
SARS-CoV-2 in vitro and in vivo in mouse adapted SARS-CoV-2 infection and ancestral stain of SARS-CoV-2/WA1 12,27,54.

For NLPR3 inhibitor experiments, Infected MISTRG6-hACE2 mice were treated with MCC950 (R&D Systems) at a dose of 8
mg/kg intraperitoneally on days 6, 8, 10,12 post infection and euthanized on day 14.For caspase 1 inhibitor experiments,
Infected MISTRG6-hACE2 mice treated with VX-765 (Invivogen) at a dose of 8 mg/kg on days 6, 8, 10,12 post infection and
euthanized on day 14. Control infected mice were treated with PBS.

All mice were analyzed at approximately 9-14 weeks of age. Single cell suspensions were prepared from BAL and lung. Mice
were euthanized with 100% isoflurane. BAL was performed using standard methods with a 22G Catheter (BD). Blood was
collected either retro-orbitally or via cardiac puncture following euthanasia. BAL was performed using standard methods with
a 22G Catheter (BD)61. Lungs were harvested, minced and incubated in a digestion cocktail containing 1 mg/ml collagenase D
(Sigma) and 30 ug/ml DNase | (Sigma-Aldrich) in RPMI at 37°C for 20 min. Tissue was then filtered through a 70-um filter.
Cells were treated with ammonium- chloride-potassium buffer and resuspended in PBS with 1% FBS. Mononuclear cells were
incubated on ice with human (BD) and mouse (BioxCell, BEO307) Fc block for 10 min. After washing, surface antibody staining
was performed at 4C for 20 min. After washing with PBS, cells were fixed using 4% paraformaldehyde. For intracellular
staining, cells were washed with BD permeabilization buffer and stained in the same buffer for 45 min at room temperature.
Samples were analyzed on an LSRII flow cytometer (BDBiosciences).

RNA isolated from homogenized lung tissue used for viral RNA analysis was also used for whole tissue transcriptome analysis.
Libraries were made with the help of the Yale Center for Genomic Analysis. Briefly, libraries were prepared with an Illumina
rRNA depletion kit and sequenced on a NovaSeq.

Single cell suspensions from digested lungs were processed for droplet based scRNA-seq and 10000 cells were encapsulated
into droplets using 10X Chromium GEM technololgy. Libraries were prepared in house using Chromium Next GEM Single Cell
3' Reagent Kits v3.1 (10X Genomics). scRNA-seq libraries were sequenced using Nova-Seq.

In vitro infection with SARS-CoV-2:

Using aseptic techniques under sterile conditions, bone marrow cells were isolated from femurs of reconstituted MISTRG6
mice. For differentiation into macrophages, bone marrow cells were incubated in media supplemented with 10% FBS, 1%
penicillin/streptomycin and recombinant human M-CSF (50ng/ml), GM-CSF (50ng/ml) and IL-4 (20ng/ml) at 1x106 per ml
concentration for 6 days in 5% CO2 incubator at 37°C. Media supplemented with 10% FBS was replenished with new media
every 3—4 days. Prior to infection, cells were monitored for granularity, elongated morphology, and stronger adherence to
the plate. Human macrophages were then cultured with SARS-CoV-2 in presence or absence of COVID patient plasma,
healthy plasma, monoclonal antibodies, Remdesivir, anti-CD16 antibody, anti-ACE2 antibody, control isotype antibody,
caspase-1 inhibitor (VX-765) or NLRP3 inhibitor (MCC950). Ex vivo lung macrophage cultures: to enrich for human
macrophages and monocytes lung cells from uninfected MISTRG6 mice were sorted based on CD11b and human CD45
expression. These cells were then incubated with GM-CSF and IL-4 for 48 hours to mature macrophages. Non-adherent cells
were aspirated prior to culturing with SARS-CoV-2. BM-macrophages in vitro or lung macrophages ex vivo were cultured with
a viral inoculum at 1074 PFU of SARS-CoV-2-mNG (~ MOI=0.1). These macrophage cultures were then incubated at 37 C, 5%
CO2 for 24, 48 and 72 hours at which time cells were harvested. Cells were dissociated from culture plate with 10 mM EDTA
or Accutase (ThermoFisher) cell dissociation reagent(10-20 minutes). For studies pertaining to the mechanism of viral entry,
viral replication and inflammasome activation, infected macrophages were treated with Remdesivir (10uM), anti-CD16
(Abcam clone, 10pg/ml) and anti-ACE2 (10 ug/ml), caspase-1 inhibitor (VX765, 20uM) and NLRP3 inhibitor (MCC950, 20ug/
ml) in culture. Cells were stained when applicable and fixed for 30 min with 4% PFA. Convalescent plasma samples from the
top 30 neutralizers in a cohort of 148 individuals were pooled to create a mixture with an NT50 titer of 1597 against HIV-1
pseudotyped with SARS-CoV-2 S protein30. We used this pooled serum at a concentration of 5ul-plasma/ml for in vitro
experiments and refer to it as COVID patient plasma. Healthy plasma was collected from healthy volunteers and pooled prior
to COVID-19 pandemic and used at a concentration of 5ul-plasma/ml. Monoclonal antibodies were used at 4 pg per ml
concentration.

Imaging flow cytometry:

For imaging flow cytometry, cells from SARS-CoV-2 infected humanized mice were sorted based on: human immune cells
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(hCD45+); mouse immune cells (MCD45+) or epithelial mouse cells (EPCAM+). A- mNG+ epithelial cells (SARS-CoV-2-mNG+
mCD45(PE)- EPCAM(APC)+ hCD45(PB)-; B-total mouse immune cells (MCD45(PE)+ EPCAM(APC)- hCD45(PB-); C- mNG+
human immune cells (SARS-CoV-2-mNG+ mCD45(PE)- EPCAM(APC)- hCD45(PB)+); D- mNG- human immune cells (SARS-
CoV-2-mNG- mCD45(PE)-EPCAM(APC)- hCD45(PB)+). These sorted cells (epithelial orimmune cells) were fixed in 4% PFA for
at least 30 minutes and permeabilized with 0.1% Triton X-100 for 10 min and washed twice with PBS + 3% FBS. Cells were
then blocked for 30 min with PBS + 5% FBS, washed twice and then stained with unconjugated primary antibodies for ASC
(1:200, mouse or rabbit), NLRP3 (1:200, goat) for 2 h, followed by 3 washes with PBS + 3% FBS. Cells were then stained with
secondary antibodies (donkey anti-mouse, rabbit or goat conjugated with AlexaFluor 488, 546 or 647, at 1:1000) for 1 h in
PBS + 3% FBS, followed by 3 washes. Cells were resuspended in PBS + 3% FBS for analysis. Data were acquired using an
ImageStream X MKII (Amnis) with 63x magnification and analyzed using Ideas software (Amnis). 1000 cells per each condition
were analyzed ASC, NLRP3 specks were gated and quantified based on fluorophore intensity/max pixels. For FLICA-Caspasel
colocalization, macrophages were pretreated with FLICA prior to sorting.

Instrument BD LSRII (with yellow-green laser), 10x Chromium, NovaSeq, BD FACS Aria Il contained in a Baker BioProtect IV Biological
Safety Cabinet, Keyence BZ-X800 Fluorescence Microscope or Nikon ECLIPSE Ti Series Confocal Microscope.

S
Q
=
<
=
)
=
@
wn
)
QO
2
(@)
>
-
®
5o,
o)
=
>
Q@
(%2
c
3
3
QO
S
<

Software FlowlJo 9.3.2 version; Morpheus (https://software.broadinstitute.org/morpheus); Prism v9. STRING v11.0.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Cells were analyzed using 5 different staining panels based on the cell of interest. Cells were gated on live cells. Human
immune cells within the live gate were selected by excluding mouse CD45+ and including human CD45+ cells. Human
macrophages were gated by CD68, CD11b and high HLA-DR co-expression. Alveolar macrophages were identified by high
expression of CD206 and CD86. Inflammatory macrophages had low or no expression of CD206 but expressed high levels of
CD86 within the CD68+ population. Monocytes were gated within CD68 negative gate and identified based on expression of
CD14 and/or CD16. T cells were gated based on CD3+ expression within human immune cells. Activation and polarization of
T cells were measured by HLA-DR and CXCR3 expression within CD3+ cells. Plasmacytoid dendritic cells were selected by
exclusion of CD16+, CD14+, CD11B+ cells within human immune cells and had low or no expression of CD11c and high
expression of CD123. CXCL10 and TNF producing macrophages were identified within human macrophages as described.
Infected macrophages and epithelial were identified based on mNG expression. All frequencies are either reported out of
hCD45+ cell populations or their parent gate. Live cells were identified by using a fixable viability dye (Biolegend). Cell
numbers were calculated by using counting beads (Biolegend). Sequential gating strategies for cell-sorting and analysis are
provided in Extended data figures: 1a, 6d, 6j, 11a, 15a.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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