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NFκB and NLRP3/NLRC4 inflammasomes
regulate differentiation, activation and
functional properties of monocytes in
response to distinct SARS-CoV-2 proteins

Ilya Tsukalov1,11, Ildefonso Sánchez-Cerrillo2,3,11, Olga Rajas4, Elena Avalos4,
Gorane Iturricastillo4, Laura Esparcia1,2, María José Buzón 5,
Meritxell Genescà 5, Camila Scagnetti2, Olga Popova1, Noa Martin-Cófreces1,2,
Marta Calvet-Mirabent1,2, Ana Marcos-Jimenez 1,2, Pedro Martínez-Fleta1,2,
Cristina Delgado-Arévalo2, Ignacio de los Santos3,6, Cecilia Muñoz-Calleja2,3,
María José Calzada1,7, Isidoro González Álvaro8, José Palacios-Calvo9,
Arantzazu Alfranca 2,10, Julio Ancochea 4, Francisco Sánchez-Madrid1,2,10 &
Enrique Martin-Gayo 1,2,3

Increased recruitment of transitional and non-classical monocytes in the lung
during SARS-CoV-2 infection is associated with COVID-19 severity. However,
whether specific innate sensors mediate the activation or differentiation of
monocytes in response to different SARS-CoV-2 proteins remain poorly char-
acterized. Here, we show that SARS-CoV-2 Spike 1 but not nucleoprotein
induce differentiation of monocytes into transitional or non-classical subsets
fromboth peripheral blood andCOVID-19 bronchoalveolar lavage samples in a
NFκB-dependent manner, but this process does not require inflammasome
activation. However, NLRP3 and NLRC4 differentially regulated CD86
expression in monocytes in response to Spike 1 and Nucleoprotein, respec-
tively. Moreover, monocytes exposed to Spike 1 induce significantly higher
proportions of Th1 and Th17 CD4 +T cells. In contrast, monocytes exposed to
Nucleoprotein reduce the degranulation of CD8 +T cells from severe COVID-
19 patients. Our study provides insights in the differential impact of innate
sensors in regulatingmonocytes in response to different SARS-CoV-2 proteins,
which might be useful to better understand COVID-19 immunopathology and
identify therapeutic targets.

In a small proportion of individuals, SARS-CoV-2 infection can lead to
an increased risk to develop severe Coronavirus Disease 2019 (COVID-
19)1, which is characterized by the progression into life threatening
conditions, including pneumonia, acute respiratory distress syndrome
(ARDS) and cardiovascular disease2–4. It has now been established that
a number of risk factors including pre-existing inflammatory clinical

conditions5, immunosuppression6–8 and genetic factors affecting the
generation of interferon (IFN)-specific autoantibodies9,10 can influence
the development of severe COVID-19 pathology. Several studies have
provided evidence supporting hyperinflammatory and dysregulated
immune responses in severe COVID-19 patients. Such inflammatory
state is characterized by increased detection of proinflammatory
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cytokines in plasma, likely produced by activated or de-regulated
myeloid cells such as monocytes (Mo) and dendritic cells (DC)11,12.

Mo are innate immune cells that differentiate from hematopoietic
precursors in the bonemarrow13 and can be divided into three groups:
classical (C-Mo), transitional or intermediate (T-Mo) and non-classical
(NC-Mo) subsets14. C-Mo are the most undifferentiated stage and
express broad range of genes related to microbial innate sensing,
proinflammatory molecules, participate in phagocytosis and are able
to differentiate into CD14+ interstitial DC15,16. T-Mo present high pha-
gocytosis potential, high ROS production and high MHC-II
expression14,17. NC-Mo are involved in complement, FcR-mediated
phagocytosis and are associated with the clearance of cell debris and
antiviral immune responses18. T-Mo and NC-Mo subsets can be
recruited to inflamed tissues14,19,20 and their proportions are increased
during bacterial and viral infection and in inflammatory diseases16. In
fact, our group and others identified the reduction in the proportions
of specific subsets of myeloid cells such as Mo, DC and neutrophils in
the peripheral blood (PB) and their enrichment in bronchial infiltrates
from severe COVID-19 patients, suggesting that these cell subsets play
a key role in the immunopathogenesis of this disease21,22. Also, T-Mo
andNC-Mo enriched in lung infiltrates of critical COVID-19 patients are
characterized by an increased activation state21. However, the influ-
ence of different SARS-CoV-2 proteins in these specificMo subsets and
the mechanisms driving their differentiation, activation and their
potential functional ability to mediate T cell activation is not well
understood yet in COVID-19 patients.

Two main molecular pathways have been proposed to play a role
in the innate response of Mo to SARS-CoV-2: Toll-like Receptors (TLR)
signaling and the inflammasome. At the steady state, Mo basally
express high levels of TLR1, 2, 4, and 523. TLR4 and TLR2 are expressed
at higher levels in C-Mo24 but are also present in T-Mo and NC-Mo
subsets. It has been shown that SARS-CoV-2 Spike (S) protein may be
able to activate TLR2 and/or TLR4 in Mo25–28. This suggests that dif-
ferent Mo subsets may differ in their ability to detect and respond to
SARS-CoV-2 components. However, whether the response of Mo to
SARS-CoV-2 involves the activation of other alternative TLR pathways
associated with viral or microbial infection such as TLR3 and TLR5 has
not been investigated.

The inflammasome is an intracellularmultiprotein complexwhich
can be assembled by the recruitment of a variety of NOD-like Recep-
tors (NLR) Upon formation, it activates caspase-1, leading to pro-IL-1β
and pro-IL-18 cleavage and secretion of their active forms. Inflamma-
some signaling plays an important role in immune defense, but it can
also lead to dysregulation in autoinflammatory diseases, infections,
and cancer29,30. Different inflammasome sensors are triggered in
response to pathogen and damage associated molecular patterns
(PAMPs and DAMPs, respectively), metabolites, potassium, and intra-
cellular nucleic acids31,32. The NLRP3 inflammasome can be induced
downstream TLR signaling33 and has also been involved in the innate
sensing of viruses, including SARS-CoV-2 S protein28. However, the
potential role of other inflammasomes in the sensing of SARS-CoV-2 in
Mo remains understudied. In this regard, the NLRC4 inflammasome
also contributes to TLR activation and participates both in anti-
microbial34 and autoimmune inflammatory responses35.

Hyperinflammation in the lung during SARS-CoV-2 infection has
been linked to dysfunctional and exhausted SARS-CoV-2-specific CD4+
and CD8 +T cells, which play an important role in viral clearance and
control of SARS-CoV-236–38. CD4 + T cells can be found in the lung
infiltrates of COVID-19 patients and have been reported to express a
variety of cytokines including IFN-γ39,40, IL-1741, Granulocyte-
macrophage colony-stimulating factor (GM-CSF)42 and IL-443 in
response to antigenic stimulation, suggesting that different CD4 +T
cell subsets might participate in the inflammation and pathogenesis of
COVID-1944. On the other hand, previous studies also suggest that
CD8 + T cell from severe COVID-19 patients possess a basal

hyperactivated and increased cytotoxicity state compared to healthy
individuals45. In line with these observations, we previously showed
that higher proportions of T-Mo correlate with higher detection of
hyperactivated CD38 +CD8+ T cells in the lung from severe COVID-19
patients21. However, the functional properties of hyperactivated
CD8 + T cells, how they become activated in the lung of COVID-19
patients and which SARS-CoV-2 proteins might trigger these
responses remain to be determined. Interestingly, cytotoxic
CD107a +CD8 +Tcells seem tobedifferentially induced in response to
nucleoprotein (NP) peptides in mild and severe COVID-19 patients46.
Additional studies report thatCD8 +T cells fromCOVID-19 patients are
characterized by lower basal levels of expression of IFN-γ, IL-2, and
CD107a and this defect may be associated with immune exhaustion47.
Therefore, the impact of SARS-CoV-2 proteins on CD8 + T cell
responses remains unclear. Also, tissue-resident CD103 +CD8 + T cells
mayplay an important role duringCOVID-19 pathogenesis in the lung46

and might display different profiles from peripheral CD103- T cells48,
which are also recruited to this tissue in severe COVID-19 patients49. In
addition, how innate sensing pathways associate with functional
properties of specific Mo subsets that might affect T cell responses
during COVID-19 has not been addressed. This study is focused on
better understanding whether different SARS-CoV-2 proteins may
modulate the differentiation and activation of distinct Mo subsets and
contribute to their activation through specific innate sensing path-
ways. We have shown that S1 and NP are both able to induce inflam-
masome activation. In addition, S1 is able to promote differentiation of
T-Mo and NC-Mo in a NFκB-dependent manner. Also, we assessed
whether the recognition of different SARS-CoV-2 proteins by Mo
influence their functional ability to modulate specific CD4+ and
CD8 + T cell subsets. Our data indicate that NP- and S1-primedMomay
contribute to reduced cytotoxic CD8 +T cell and increased IFNγ+ and
IL-17 + CD4 +T cells in COVID-19 patients, respectively.

Results
SARS-CoV-2 S1 and NP proteins differentially induce differ-
entiation and activation of T-Mo and NC-Mo subsets
To evaluate the impact of different SARS-CoV-2 proteins on the gen-
eration and activation of differentMo subsets, we used PBMC fromour
cohort of healthy donors and critical COVID-19 patients (Supplemen-
tary Table 1) and stimulated themwith pools of peptides from region 1
of S (S1) and NP SARS-CoV-2 proteins or with ligands for TLR asso-
ciated with viral (Poly I:C, TLR3 ligand) or bacterial (flagellin, TLR5
ligand) infection. Subsequently, we defined proportions of CD14hi
CD16- classical (C-Mo), CD14hi CD16+ transitional (T-Mo) and CD14lo
CD16+ non-classical (NC-Mo) Mo present in these culture conditions
(Supplementary Fig. 1A). In the presence of SARS-CoV-2 S1 peptides,
proportions of theNC-MoandC-Mo subsets present in bulk cultures of
PBMCs from healthy donors or critical COVID-19 patients were sig-
nificantly increased and decreased, respectively (Fig. 1A, Supplemen-
tary Fig. 1B). This effectwas not observed in the presenceof SARS-CoV-
2 NP or Poly I:C. Similar findings in NC-Mo were observed in bulk
cultures of bronchoalveolar lavage lung infiltrate cells (BAL) from cri-
tical COVID-19 patients (Supplementary Table 2), and in control non-
COVID-19 patients (Supplementary Table 3) (Fig. 1A, lower panels). The
frequencies of T-Mobut not C-Mo subset were significantly changed in
non-COVID19 control samples in contrast to the other healthy and
COVID-19 samples after stimulation with any of the SARS-CoV-2 pro-
teins in these assays performed in bulk (Supplementary Fig. 1B). To
confirm that changes in NC-Mo and C-Mo proportions in the presence
of S1 may underscore an active process of differentiation of Mo
in vitro, these experiments were repeated using preisolated Mo from
PB of healthy donors. In this case, we also observed a significant
increase in proportions of both NC-Mo and T-Mo accompanied by a
significant decrease in C-Mo upon S1 stimulation, which did not occur
in the presence of NP or Poly I:C (Fig. 1B). Such increase in proportions
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of T-Mo, but not in NC-Mo, was also observed in cells stimulated with
flagellin (Supplementary Fig. 1C).

We next evaluated whether, regardless of the observed Mo differ-
entiation, SARS-CoV-2 S1 and NP proteins also induced the activation of
these Mo subsets. As previously reported, T-Mo exhibited the highest
basal levels of CD40 compared to C-Mo and NC-Mo in the DMSO con-
dition, suggesting that this subset intrinsically represents the most
activated state (Supplementary Fig. 1D). In contrast, expression of CD40
and CD86 was markedly lower in the NC-Mo subset at baseline com-
pared to T-Mo and C-Mo (Supplementary Fig. 1D). Upon stimulation
with SARS-CoV-2 NP, levels of expression of CD40 did not significantly
change in T-Mo but CD86 tended to increase in this subset cultured in
the presence of this viral protein compared to the control DMSO con-
dition (Fig. 1C). No obvious effect of S1 on maturation of T-Mo was
observed (Fig. 1C). In addition, expression of both CD40 and CD86were
significantly increased on NC-Mo subset in response to SARS-CoV-2 S1
while treatment with NP only increased CD40 expression in this cell
subset (Fig. 1C). In contrast, flagellin also increased expression of CD40
on NC-Mo but did not significantly affect maturation of T-Mo (Supple-
mentary Fig. 1E). Together, these results suggest that S1 and NP are both
able to mediate activation of Mo but differ in their ability to induce
differentiation into NC-Mo and T-Mo subsets.

Differential activation of NFκB and inflammasome in Mo
exposed to SARS-CoV-2 S1 and NP
We next asked whether the previously observed effects on Mo dif-
ferentiation and activation induced by SARS-CoV-2 S1 and NP could
bemediated by redundant or independent innate sensing pathways.
In these experiments, Poly I:C and flagellin were included as two
control ligands known to induce both inflammasome50,51 and NFκB
activation52,53. The two assayed SARS-CoV-2 proteins induced the
transcriptional expression of proinflammatory cytokines linked to
TLR signaling such as IL-1β and IL-8, which was more significant in
the case of S1 in isolated Mo (Fig. 2A, Supplementary Fig. 2A).
Similar non-significant trends were observed for IL-6, while levels of
TNFα were significantly induced by NP (Supplementary Fig. 2A). In
contrast, the levels of CCL3 and IFN-β transcripts were not sig-
nificantly altered in response to viral proteins (Supplementary
Fig. 2A). As expected, transcription of these cytokines was also
induced in the presence of control TLR ligands, except for IFN-β
which was not significantly induced by Poly I:C in freshly isolated
Mo, as previously described54 (Fig. 2A, Supplementary Fig. 2A).
Transcription of the IFN-dependent cytokine IL-1855 was sig-
nificantly decreased in Mo exposed to viral proteins (Supplemen-
tary Fig. 2A). Consistent with higher levels of TLR activation through
NFκB, we observed higher levels of phosphorylation of the p65 in
Mo exposed to S1, compared to NP (Fig. 2B). In contrast, Poly I:C and
flagellin were able to induce similar levels of phosphorylated p65 in
Mo (Fig. 2B). As the inflammasome has been involved in Mo
response to SARS-CoV-2, we consistently observed upregulation of
the NLRP3 inflammasome sensor in response to viral proteins and
Poly I:C, but only significantly in response to NP (Supplementary
Fig. 2B). In contrast, we did not observe any significant induction of
NLRC4 transcripts in response to viral proteins or TLR ligands
(Supplementary Fig. 2B). To evaluate activation of the complex, we
analyzed the processing of procaspase1 into active cleaved caspase1
in Mo exposed to S1, NP and TLR ligands. Accordingly, S1 and NP
spontaneously induced significant processing of caspase1, sug-
gesting that both proteins were able to induce inflammasome
activity (Fig. 2C). Interestingly, S1 tended to bemost efficient tested
stimuli inducing active caspase 1 in Mo (Fig. 2C). In addition, a
protein involved in inflammasome activity downstream Caspase-1
such as Gasdermin D, was also detected and while cleavage of the
protein was more variable, it tended to be higher in Mo exposed to
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Fig. 1 | Impact of SARS-CoV-2 S1 and NP on Mo subset differentiation and
activation. A, B Proportions of Non-classical (NC-Mo, A–C), Transitional (T-Mo;
B, C) and classical (C-Mo, B) Mo in bulk cultures (A) of PBMC of healthy donors
(n = 6) (left upperA) (p =0.0313; 0.0313), COVID-19 patients (n = 10) (right upperA)
(p =0.0322) and of lung infiltrates (BAL) from control non-COVID-19 (n = 6) (lower
leftA) (p =0.0313) and severeCOVID-19 patients (n = 16) (lower rightA) (p =0.0110)
or in pre-isolated Mo (n = 15) (B) cultured in the presence of DMSO (gray), S1
peptide (orange), NP peptide (purple) and Poly I:C (PIC, pink) (p =0.0001; 0.0001;
0.0042).Cproportions ofCD40+ (left) andCD86+ (right) cells included in theT-Mo
subset (upper plots; n = 15) and in the NC-Mo subset (lower plots; n = 14) from each
culture condition (p =0.0200; 0.0322; 0.0479). Data are represented as box and
whiskers with bars representing maximum and minimum values and with median
highlighted as a line. Statistical significance was calculated using a one-tailed
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**p <0.01, ***p <0.001.
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S1, and Poly I:C (Supplementary Fig. 2C). In line with these obser-
vations, stimulation of Mo with S1, NP and TLR ligands significantly
increased levels of intracellular IL-1β in these cells (Supplementary
Fig. 2D). These findings were associated with a mild but significant
decrease in cell viability after exposure to S1 protein (Median 67.6%
versus 51.60% of viable cells for DMSO and S1, respectively) (Sup-
plementary Fig. 2E). To distinguish whether pro-IL1β was cleaved
into an active isoform, we performed western blot analysis of this
protein and observed that levels of both pro-IL-1β and processed IL-

1β increased after stimulation of Mo with SARS-CoV-2 proteins and
TLR ligands (Supplementary Fig. 2F). Finally, we corroborated
increased levels of secreted active IL-1β detected in culture super-
natants compared to the DMSO control condition, confirming an
inflammasome activation (Fig. 2D).

To further determine whether TLR and/or inflammasome were
differentially involved in the Mo differentiation and activation pro-
cesses observed in response to SARS-CoV-2 S1, we stimulated isolated
Mo from healthy donors with S1 protein in the presence of
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CoV-2 S1, NPpeptides or TLR ligands. GAPDHwas included as a loading control and
used for normalization purposes. Quantification of phosphorylated p65 (B; n = 5)
and cleaved caspase 1 (C; n = 7) (p =0.0313) normalized toGAPDHare shownon the
right of each panel. Statistical analyses inA,C,Dwere performedusing a two-tailed
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pharmacological inhibitors with different levels of specificity against
inflammasome and NFkB: parthenolide, a drug with a broad effect
which can inhibit both the activity of NFκB (mediator of TLR activity)
and caspase-1 (mediator of inflammasome activity)56,57, a pan-caspase
Z-VAD-FMK inhibitor58 and finally,MCC950which is a specific inhibitor
of the NLRP3 inflammasome59. All tested inhibitors significantly
reduced concentrations of IL-1β in culture supernatants ofMoexposed

to S1, indicating they efficiently inhibited inflammasomes activity
(Supplementary Fig. 3A). In these experiments, we observed that par-
thenolide significantly abrogated the increase in proportions of T-Mo
andNC-Mo after stimulationwith S1 peptides (Fig. 3A), while inhibitors
of caspases or NLRP3 inflammasome did not exert any significant
effect onModifferentiation (Fig. 3A). Importantly, a similar abrogation
of the increase of NC-Mo proportions was observed in bulk cultures of
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BAL from critically infected COVID-19 patients stimulated with S1
(Fig. 3B). As expected, the inhibitory effect of parthenolide was also
accompanied by a marked significant decrease in the IL-1β, IL-8, CCL3
mRNA levels in cells stimulatedwith S1, confirming a reductionofNFκB
activity (Supplementary Fig. 3B). Therefore, these data indicate that
Mo differentiation mediated by SARS-CoV-2 S1 depends on NFκB-
activation.

We next determined which inflammasome sensors might be
responsible for the activation of Mo in response to SARS-CoV-2 S1
and NP proteins. We focused on investigating NLRP3, previously
involved in innate immune response to SARS-CoV-260,61 and NLRC4
which is a sensor with an emerging role mediating pathogenic
inflammation35,62, and may potentially contribute to COVID-19.
Notably, high expression of caspase-1, NLRP3 and NLRC4 was found
in infiltrated CD14+ Mo present in the lung from critical COVID-19
patients (Fig. 3C). Ratios from CD14+ cells of NLRP3 + CD14+ or
NLRP3+ caspase1+ cells tended to be higher than NLRC4+CD14+ or
NLRC4+ caspase1+ cells in these tissues (Supplementary Fig. 3C).
Moreover, we observed that NLRP3 and both NLRC4 significantly
co-distributed with Caspase-1 in purified Mo exposed to SARS-Co-
V2 S1 (Fig. 3D). In contrast, no significant increase of co-distribution
these sensors and caspase-1 was observed in response to NP
(Fig. 3D). These data suggest that NLRP3 and NLRC4 may differen-
tially participate in the innate activation of Mo in response to dif-
ferent SARS-CoV-2 proteins. To further test this possibility, we used
siRNA to significantly knock down mRNA expression of NLRP3 and
NLRC4 on primary Mo isolated from healthy donors PBMC. siRNA
mediated silencing of NLRP3 and NLRC4 mRNA was effective (Min-
Max 70–90%) (Supplementary Fig. 3D). Consistent with our pre-
vious results, inhibition of NLRP3 and NLRC4 expression did not
affect the ability of Mo to differentiate into T-Mo or NC-Mo subsets
in response to S1 (Supplementary Fig. 3E). Moreover, we observed
differential effects of siRNA-mediated knock down of these sensors
in the activation of the Mo subsets in response to either S1 or NP. As
shown in Fig. 3E, we observed that NLRP3 silencing significantly
decreased the levels of CD86 in C-Mo subset upon S1 stimulation.
Similar tendencies of decreased levels of CD86 in T-Mo were
observed upon specific NLRP3 silencing and after S1 stimulation
(Fig. 3E, right). Interestingly, expression of CD86 in C-Mo and T-Mo
subsets upon NP stimulation was significantly more dependent on
NLRC4 than on NLRP3 expression, which only partially contributed
to this response (Fig. 3E). In the case of NC-Mo, siRNA-mediated
knockdown of NLRP3 or NLRC4 did not significantly affect CD86
expression (Supplementary Fig. 3F). In line with these observations,
a tendency to lower secretion of IL-1β in culture supernatants after
stimulationwith S1 andNP proteins was observed inMo treatedwith
NLRP3 and NLRC4-specific siRNAs, respectively (Supplementary
Fig. 3G). Therefore, different inflammasome-inducing sensors dif-
ferentially induce the activation of distinct Mo subsets, indepen-
dently of the differentiation from C-Mo.

Mo exposed to SARS-CoV-2 NP reduce cytotoxic CD8+T cell
responses
We assessed whether stimulation of Mo with SARS-CoV-2 S1 and NP
proteins is associated with differential functional abilities to induce T
cell activation or promote polarization patterns present in severe and
critical COVID-19 patients. We performed in vitro functional assays in
mixed lymphocyte reactions (MLR) with Mo from healthy donors
exposed to either SARS-CoV-2 S1 or NP peptides or to DMSO, in the
presence of allogeneic CD8 +T cells. We then compared these T cell
activation patterns with those SARS-CoV-2 specific CD8 +T cell
responses observed in PBMCs and BAL from severe COVID-19 patients
(Supplementary Tables 1 and 2). We previously reported that higher
levels of CD38Hi CD8+ T cells positively correlated with activation of
infiltrated Mo21. Therefore, we first focused on analyzing CD8 +T cell
activation by IFNγ secretion and accumulation of CD107a, as a marker
for cytotoxic cells in MLRs and in COVID-19 PBMC and BAL samples
(Supplementary Fig. 4A, B). Levels of CD107a were basally significantly
increased in CD8 +T cells from severe COVID-19 BAL and PBMCs
compared to PBMC from non-COVID-19 controls, and the same trend
was observed for IFNγ (Supplementary Fig. 4C). However, we detected
that proportions of CD107a +CD8+ T cells were very significantly
decreased in the presence of SARS-CoV-2 NP peptides in PBMC from
COVID-19 patients, and the same trend was observed in BAL samples
(p = 0.07) or after culture with Mo exposed to this viral protein
(p = 0.08) in contrast to myeloid cells exposed to Poly I:C or flagellin
(Fig. 4A; Supplementary Fig. 4C, D). Interestingly, expression of
CD107a and CD38 on CD8 +T cells followed opposite patterns in MLR
and in COVID-19 PBMC and BAL samples (Supplementary Fig. 4E, F). In
fact, significantly lower levels of CD107a at baseline were also found in
CD38Hi versus CD38 Low CD8 +T cells from COVID-19 BAL samples,
and the same tendency was observed after NP stimulation (Supple-
mentary Fig. 4G, left). On the other hand, similar tendencies of
decrease of CD107a expression in response to NP was found when
analyzing tissue resident CD103 +CD8+ T cells compared to CD103-
CD8 + T cells recruited from PB in COVID-19 BAL samples (Supple-
mentary Fig. 4H, left). Our findings suggest that exposure of CD8 +
T cells to NP leads to lower proportions of CD107a+ cells and that Mo
might participate in this process. In terms of IFNγ expression, we
observed thatCD38HiCD8 +T cells present inCOVID-19 BAL tended to
secrete lower levels of IFNγ than CD38low CD8+ T cells basally and in
response to NP stimulation (Supplementary Fig. 4G, right). In addition,
tissue resident CD103 +CD8 +T cells tended to produce higher levels
of IFNγ upon stimulation with S1 and NP peptides than peripheral
CD103- CD8 +T cells (Supplementary Fig. 4H, right). On the other
hand, stimulationof PBMCfromCOVID-19with S1 induced a significant
increase in the proportion of IFNγ +CD8 +T cells, which was not
observed in theMLR assays performed with S1-stimulatedMo (Fig. 4B;
Supplementary Fig. 4C, D), suggesting that priming of CD8 +T cells in
response toS1may require thepresenceof other cell types. In contrast,
Mo primed with NP induced significantly lower levels of

Fig. 3 | Impact of NLRP3 and NLRC4 inflammasome sensors in Mo response to
SARS-CoV-2 S1 and NP proteins. A, B Fold change in proportions (A) or raw
proportions (B) of transitional (T-Mo) (p =0.0078; 0.0156) and non-classical (NC-
Mo) Mo (p =0.0078; 0.0547) subsets included in cultures of pre-isolated CD14+
cells from the blood of healthy donors PB (n = 8) (A) and in bulk BAL cultures from
COVID-19 patients (n = 9) (B) (p =0.0195; 0.0547) after stimulation with S1 peptide
(S1) in the absenceor thepresenceof Parthenolide (P), Z-VAD-FMK (V) andMCC950
(M). Data were normalized to baseline levels present in control DMSO conditions.
For BAL samples only Parthenolide (P) and MCC950 (M) inhibitors were used.
C Representative 40Xmagnification confocal microscopy images showing analysis
of expression of Caspase-1 (red), NLRP3 or NLRC4 (green, upper and lower panels,
respectively), CD14 (white) and merged images including DAPI (orange) from lung
tissue from n = 3 critical COVID-19 patients. D Zoom of representative individual
isolated Mo showing different low (upper images) versus high (lower images) co-

distribution patterns between caspase-1 (red) and either NLRP3 or NLRC4 (green,
left and right panels, respectively). Quantification of co-distribution areas per field
of NLRP3 (left) (p =0.0234; 0.0078) or NLRC4 (right) (p =0.0156; 0.0078; 0.0078)
with caspase-1 normalized to number of Mo in each field in the presence of DMSO
(gray), S1 (orange) or NP (purple) proteins (n = 3 patients) are shown below.
E Impact of siRNA specific for NLRP3 and NLRC4 inflammasome sensors in the fold
change of mean fluorescence intensity (MFI) of CD86 expression of Mo from
healthy donorsMo exposed to SARS-CoV-2 S1 (left plots) (p =0.0078) andNP (right
plots) (p =0.0547; 0.0547; 0.0156) proteins in classical (C-Mo, left) and transitional
(T-Mo, right) in these assays (n = 8). Data are represented as box and whiskers with
bars representingmaximumandminimumvalues andwithmedian highlighted as a
line. Statistical significance was calculated using a two-tailed Wilcoxon test:
*p <0.05, **p <0.01.
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IFNγ +CD8 +T cells in MLR assays (Fig. 4B; Supplementary Fig. 4D).
Therefore, Mo exposed to NP but not S1 may more actively influence
SARS-CoV-2 specific CD8 +T cell responses in COVID-19 patients.

Moexposed to SARS-CoV-2 S1modulate activation of IFNγ+ and
IL-17+CD4+T lymphocytes
We additionally assessed whether exposure of Mo to different SARS-
CoV-2 proteins could also differentially affect their ability to activate
CD4 + T cells. To this end, we focused on analyzing the expression of
IFNγ, IL-17, and IL-4 in MLRs performed with Mo exposed to viral
proteins co-culturedwith allogeneic T cells, or in COVID-19 PBMC, BAL
at baseline and after SARS-CoV-2 peptide stimulation (Supplementary
Fig. 5A, B). These markers were used as a readout for Th1, Th17, and
Th2 cells, which have been reported to be induced during SARS-CoV-2
infection and vaccination41,43,63,64. In fact, we observed that basal
expression IL-17 and IL-4 was significantly higher in CD4 +T cells from
COVID-19 BAL and in PBMC from these patients (Supplementary
Fig. 5C). Basal IFNγ expression in BAL samples followed a similar pat-
tern but no significant differences were observed (Supplementary
Fig. 5C). As shown in Fig. 5A, Mo primed with S1 significantly increased
the proportions of Th1 cells defined as IFNγ + IL-17- CD4 +T in MLRs,
which alsomatched with a significant increase of these cells in COVID-
19 PBMC and BAL samples stimulated with S1 peptides (Fig. 5A, Sup-
plementary Fig. 5D). NP also seemed to induce IFNγ responses in BAL

and to some extent in MLR assays (Fig. 5A). Interestingly, a portion of
IFNγ+ cells induced in the presence of S1-primed Mo in MLR assays
cells also tended to co-expressed high levels of IL-4, suggestive of a
pathogenic phenotype (Supplementary Fig. 5E).However, despite high
basal levels of IL-4 in BAL samples, we did not observe a consistent
increase of IL-4+ cells upon SARS-CoV-2 S1 and NP peptide stimulation
(Supplementary Fig. 5C). In contrast, we observed a significant
increase in the proportion of Th17 cells defined as IL-17 + IFNγ-
CD4 + T cells induced by Mo primed with S1 but not NP in MLR assays
(Fig. 5B). In contrast, expression of IL-17 increased inCD4 +T cells from
40% of BAL samples (Fig. 5B). No induction of Th17 cells was observed
in CD4 + T cells PB fromCOVID-19 patients stimulatedwith S1 (Fig. 5B).
Therefore, Mo primed with S1 appear to be more effective inducing
polarization of pathogenic-like Th1 and Th17 CD4 +T cells. Together,
priming of Mo by SARS-CoV-2 S1 modify their functional abilities to
modulate CD4 +T cells that mimic the phenotypes observed in tissues
relevant for COVID-19 pathology.

Presence of NC Mo in the lung of COVID-19 patients associates
with severity and the activation of IL-17+CD4+T cells in
response to S1
We finally assessed whether there was an association between the
impact of different SARS-CoV-2 proteins in the differentiation and
functional specialization of Mo observed in vitro and the presence of
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(purple), Poly I:C (PIC; pink), Flagellin (FLAG, khaki) (n = 8) or induced directly by S1

(green) or NP (purple) peptide stimulation in PB (n = 14) (middle panel) and BAL
(n = 11) (right panel) of severe COVID-19 patients. Data are represented as box and
whiskers with bars representing maximum and minimum values and with median
highlighted as a line. Statistical significance was calculated using a two-tailed Wil-
coxon test: *p <0.05, **p <0.01, ***p <0.001.
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these myeloid subsets, the induction of pathogenic T cells in the lung
of COVID-19 patients or clinical parameters in these individuals. To this
end, we first analyzed the presence of IFNγ and IL-17 producing cells in
lung sections from critical COVID-19 patients. As shown in Fig. 6A, we
observed that IL-17+ and IFNγ + T cells were found in highly infiltrated
areas in the lung from critical COVID-19 patients consistent with our
previous in vitro functional assays.We next correlatedmultiple clinical
parameters as well as proportions of different Mo subsets at baseline
and after stimulation with S1, and the presence of pathogenic CD4+
and CD8+ T cells in lungs from all tested COVID-19 patients (Fig. 6B,
Supplementary Fig. 6A) and also in those BAL samples specifically
inducing IL-17 responses upon S1 or NP stimulation (Fig. 6B, Supple-
mentary Fig. 6B). Interestingly, higher basal proportions of NC-Mo
infiltrated in BAL significantly correlated with higher levels of C
Reactive Protein (CRP) and Procalcitonin (PCT) at admission as well as
with fewer days of severe COVID-19 patients from symptoms onset to
hospitalization and from hospitalization to transfer to ICU (Fig. 6B, C,
Supplementary Fig. 6A). However, NC-Moproportionswere not higher
specifically in BAL from patients that died at ICU (Supplementary
Table 6).Moreover, higher basal frequencies ofNC-Mo correlatedwith
an even higher enrichment of these cells in response to S1 peptide in
BAL samples (Fig. 6B, C, Supplementary Fig. 6A), suggesting a

preexisting trained state in this subset in the respiratory tract of
patients with the most critical conditions. Interestingly, higher detec-
tion of Th17 CD4 +T cells at baseline significantly correlated with
higher basal level of detection of IFNγ+ cells both in CD4+ and
CD8 + T cells and also, with increased Th17 cells in response to
S1 stimulation in BAL samples (Fig. 6B–D). Also, higher basal Th17 cell
detection significantly correlated with higher levels of ferritin at
admission, a clinical parameter associatedwith IL-1βhyperexpression65

(Fig. 6B). Levels of fibrinogen at admission, which has also been linked
with inflammasome during viral infections66 tended to be associated
with higher detection of PCT and CRP at this time point, and also
correlated with higher proportions of NC-Mo after stimulation with S1
(Fig. 6B). On the other hand, levels of triglycerides at admission
seemed to follow an opposite trend and inversely correlated with PCT,
CRP and increase of NC-Mo after S1 exposure but were associatedwith
higher levels of CD38 on T cells in the lung (Supplementary Fig. 6A, B).
Consistent with our previous MLR results higher detection of NC-Mo
positively correlatedwith higher IFNγ +CD4T cells after S1 stimulation,
specifically in BAL samples from patients inducing Th17 responses
(Fig. 6B). At the clinical level, when considering BAL from all critical
COVID-19 patientswe didnot observe anydirect significant correlation
of basal or S1-induced Th17 cells with inflammation plasma reactants
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such as PCT, CRP, IL-6, IL-8, TNFα or time to hospitalization (Fig. 6B,
Supplementary Fig. 6A, B). However, basal and S1- induced IL-17
expression significantly associated with the presence of fungal but not
bacterial superinfection when considering all critical COVID-19
patients at ICU using a univariate analysis (Supplementary Table 6).
Of note, fungal superinfection also tended to associate with mortality
although not significantly (Supplementary Table 6). In addition, IL-4
detection at baseline and after S1 stimulation in BAL samples sig-
nificantly correlated in patients with higher Th17 cells at baseline and

after S1 stimulation (Fig. 6B). Interestingly, significantly higher basal IL-
4 detection in BAL was detected in BAL from patients that did not
survive in our study (Supplementary Table 6) and was negatively cor-
related with levels of IL-8 in plasma (Fig. 6B). Therefore, our data
support an association between NC Mo at baseline and the Th17 and
Th2 cells in response to S1 with the severity of pathology critical
COVID-19 patients.

Finally, we also asked whether there was an association between
myeloid cell subsets and specific patterns induced by SARS-CoV-2 NP
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and S1 in CD8 +T cells from BAL of severe COVID-19 patients. Inter-
estingly, higher levels of IFNγ +CD8 + T cells in response to S1 asso-
ciated with higher plasma levels of PCT at admission, higher
concentration of TNFα in plasma and with higher relative proportions
of NC-Mo vs T-Mo at baseline (Fig. 6B, E). No significant association
between levels of CD107a induced by S1 or NP peptides were observed
formostof parameters except for a negative correlationwithCD4/CD8
ratios in BAL samples and plasma levels of TNFαduring hospitalization
(Fig. 6B, Supplementary Fig. 6A). Therefore, NC-Mo and clinical
severity may correlate with IFNγ +CD8 +T cells in BAL from COVID-19
patients.

Finally, we focused on determining whether the induction of
IFNγ + /IL17 +CD4 +T cells and IFNγ+/CD107a CD8 +T cells in
response to Mo exposed to S1 and NP was dependent on activation of
the inflammasome. To this end, we repeated the MLR in vitro func-
tional assays usingMo treated with NLRP3 and NLRC4-specific siRNAs.
As shown in Fig. 6F and Supplementary Fig. 6C, induction of IFNγ +
CD4 + T cells by Mo exposed to S1 was abrogated after knock-down of
NLRP3 expression. Similar findings were observed for Th17 cells
(Fig. 6F, Supplementary Fig. 6C). In addition, expression of IFNγ and
CD107a tended to be restored in CD8 +T cells exposed to Mo treated
with NLRC4-specific siRNAs and stimulated with NP (Supplementary
Fig. 6D). Together, these data suggest that inflammasome NLRP3/
NLRC4 sensors may participate in the functional specialization of Mo
after S1 and NP exposure.

Discussion
Our study provides missing links between molecular mechanisms
involved in the innate sensing of different SARS-CoV-2 proteins by
monocytes, the differentiation and activation patterns in different Mo
andhow these responses associatewith adaptive T cell profiles present
in COVID-19 patients. Our data indicate that SARS-CoV-2 S1 and NP
proteins can distinctly regulate Mo differentiation and activation
through independent inflammasome and NFκB pathways. Hence, S1
efficiently enhances the differentiation from the C-Mo subset into
T-Mo and then to NC-Mo subset, whose frequencies are altered in the
peripheral blood (PB) and in the lung from infected patients with dif-
ferent degree of pathology21. These data are particularly relevant since
Mo are central players regulating innate and adaptive immunity67,68.
Recruitment and mobilization of Mo play an essential role in anti-viral
and anti-bacterial immune responses, and their migration to tissues is
required for the correct priming of CD4+ and CD8 +T cells and the
control of viral and bacterial replication in these sites69,70 where they
can also differentiate into macrophages and dendritic cells14,19,20.

Mo subsets are believed to be differentiated in sequence from
C-Mo to T-Mo and eventually, NC-Mo71,72 directly in the bloodstream72

or aftermigration to tissues, and once differentiated they can return to
circulation73. In our study, comparing the efficiency of Mo differ-
entiation into T and NC subsets between cell cultures in bulk and in
Mo-enriched cultures, the differentiation in response to S1 is much
more efficientwhenMoare cultured in thepresence of other cells. This

might suggest that the differentiation from T-Mo into NC-Mo might
require additional signals provided by neighboring cells. However, we
cannot rule out that in bulk the preexisting NC-Mo could survive at a
higher rate in the presenceof S1 anddie in the absenceofother stimuli.
To address this issue, further research either performed with sorted
T-Mo in the presence or absence of cell-to-cell contact or with Mo
previously depleted of NC-Mo subsets should be conducted.
Remarkably, we observed a consistent increase in T-Mo proportions
and a reduction the C-Mo subset upon the S1 stimulation of bulk cul-
tures and isolated Mo, supporting a role in the differentiation. This
differentiation process was mediated by the NFκB signaling pathway
according to the result obtained in the presence of parthenolide. In
contrast, other inhibitors directed against inflammasome proteins did
not appear to exert any significant effect on the Mo differentiation,
thereby indicating that the differentiation process may be
inflammasome-independent. We validated these data in BAL samples
from lung infiltrates of COVID-19 patients. Therefore, NFκB pathway
may most likely regulate NC-Mo generation in the lung during SARS-
CoV-2 infection. Accordingly, it was reported thatNFκB-induced genes
are upregulated upon S-protein stimulation inmacrophages and NFκB
inhibitors are able to suppress IL-1β secretion induced by S1 protein25.
Moreover, it was previously reported that the transcription factor
NFκB was enriched in T Mo subset18. The NFκB pathway is responsible
for a vast variety of pathways including the inflammatory response
induced by TLR signaling. In this line, our results indicate that in
addition to IL-1β expression, SARS-CoV-2 S1 also induced the tran-
scription of other NFκB-induced cytokines such as IL-8, in agreement
with independent studies involving TLR2 in S protein of SARS-CoV
recognition74. Interestingly, we observed different effects of viral
proteins in transcription of other cytokines mediating inflammasome
activity such as IL-18, which was not induced in response to viral pro-
teins, in contrast to IL-1β. Such results are compatible with previous
studies suggesting that IL-18 transcription is dependent on IFN55 and
may be subject of different regulatory mechanisms compared to IL-
1β75. These findings are potentially relevant for clinical applications, as
NFκB inhibitors could be used as a therapeutic tool to limit Mo dif-
ferentiation as well as controlling inflammatory cytokine storm during
COVID-19, as recently proposed by other groups76. In fact, partheno-
lide has already been tested as an antitumor therapy to reduce NFκB
activation in cancer77. A limitation of our study is that we did not
directly addresswhichTLRmight be involved in the process or studied
inmore detail the activation of NFκB in response to SARS-CoV-2 S1.We
observed that TLR5 but not TLR3 stimulation induced a similar Mo
differentiation pattern to that inducedby S1. Previous studies reported
that S-protein can be recognized and induce innate activation via
TLR228, while others claim that TLR4 rather thanTLR2 is accounting for
such response in cooperation with CD14 and MD225. TLR4 is the
canonical receptor of LPS and signals through NF-κB pathway; it has
been described to regulate Mo differentiation into macrophage and
Mo subsets in the lung from mice infected with Streptococcus
pneumoniae78. Therefore, our observations bring up the possibility

Fig. 6 | Association of Monocyte subsets with CD4+ and CD8+T cell profiles in
the lung of COVID-19 andwith clinical parameters of severity. A Representative
confocal microscopy images showing analysis of IFNγ (left panels, green) or IL-17
(right panels, green) expression on CD3+T (red) cells present in the lung tissue of
three critical COVID-19 patients tested n = 3. B Heatmaps showing Spearman cor-
relationnetworks of relevant parameters selected fromnetworks in Supplementary
Fig. 6 including all BAL samples from n = 12 COVID-19 patients tested (upper
heatmap) or exclusively those n = 7 individuals in which IL-17 induction was
observed in response to SARS-CoV-2 S1 or NP peptide stimulation (lower heatmap).
Colors represent positive (red) or negative (green) R values of association. Asso-
ciations reaching (*p <0.05) or close (p =0.06) to statistical significance are high-
lighted in both heatmaps. C, D Individual Spearman correlations highlighting
associations between basal NC-Mo proportions with frequency of the same

population after stimulation with S1 peptide (p <0.0001) and with clinical severity
parameters such as number of days to hospitalization (p =0.0194), number of days
fromhospital admission to ICU (p =0.0208)or plasma levels of procalcitonin (PCT)
(p =0.0089) and C Reactive Protein (CRP) at admission (p =0.0169). Correlations
between detection of Th17 cells at baseline in BAL and basal detection of IFNγ +
CD4+ (p =0.0206), CD8+ (p =0.0074) T cells in BAL at baseline or S1-induced
detection of IL-17+ cells (p =0.0004) (D).EAssociations between IFNγ +CD8T cells
after S1 stimulation with plasma PCT levels at admission and with basal NC-Mo/T-
Mo ratios in tested COVID-19 BAL samples. F Fold change in proportions of IFNγ+
(left plot) and IL-17+ (right plot) CD4 + T cells after culture in the presence of
allogeneic Mo nucleofected with scramble or NLRP3-specific siRNA for 3 days
(n = 4). Data are represented as box and whiskers with bars representingmaximum
and minimum values and with median highlighted as a line.
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that alternative TLRs or additional molecules involving NFκB are
responsible for Mo differentiation in response to SARS-CoV-2 S1. Fur-
ther studies are needed to delineate which TLR are mediating the S1
effect using specific inhibitors or siRNAs directed to individual
receptors. On the other hand, the three Mo subsets differ in their
intrinsic basal expression of CD40 and CD8616, and the decrease of
CD40 expression observed in T-Mo exposed to SARS-CoV-2 could
reflect either the transition of activated CD40+ cells into the next NC-
Mo differentiation stage or be connected with the inability of T-Mo to
increase CD40 beyond their basal maximal levels. However, the
increase in costimulatory molecule levels in NC-Mo and T-Mo subsets
after the stimulationwith SARS-CoV-2 S1 andNP proteins could also be
related to the induction of alternative pathways affecting specifically
these molecules.

Regarding the involvement of the inflammasome in the response
of Mo to SARS-CoV-2, our data suggest that differential effects
observed after siRNA-mediated silencing of NLRP3 and NLRC4 may
support the view that these sensors play different roles in the innate
detectionof different viral proteins and the inductionofMoactivation.
We cannot completely rule out that the induction of the inflamma-
some and the secretion of IL-1β after exposure to S1 are independent
from the differentiation of Mo into T-Mo, as it was reported that LPS-
stimulated T-Mo andNC-Mocan produce larger amounts of TNF-α and
IL-1β16,28. Moreover, detection of TNF-α, IL-8 and clinical parameters
associated to inflammasome activation are increased in plasma from
severe COVID-19 patients and correlate with the induction of NC-Mo in
the lung in response to S1. While our findings are consistent with an
association of the inflammasome with COVID-19 severity as previously
suggested79, a recent clinical trial and metanalysis in large cohorts did
not find a consistent benefit on mortality after of the use of IL1R
antagonist (Anakinra) in COVID-19 expressing increased levels of the
biomarker soluble urokinase plasminogen activator receptor
(suPAR)80–82, a parameter which is associated with mortality and
comorbidities83. However, some studies may support some benefit of
anakinra reducing the need for invasivemechanical ventilation at ICU84

and contributing to reduce levels off inflammatory plasma
biomarkers85 and inflammasome activation in Mo86 from critical
COVID-19 patients. In fact, the use of anakinra has been approved for
COVID-19 patients in Europe and US87,88. These findings suggest that
the contribution of the inflammasome may be determinant at earlier
phases of the pathology, before hospitalization ormay require specific
targeting of cell populations in which this pathway is activated. In this
regard, our study provides important knowledge about key cell
populations, in which the inflammasome and NFκB pathways are
induced in response to different viral proteins. Therefore, the activa-
tion of these pathways could be selectively targeted in specific Mo
populations, which therefore could lead to the development of future
directed therapies against SARS-CoV-2.

In addition, we have observed increased detection of cleaved
Gasdermin D in Mo exposed to S1, which could be involved in the
secretion of IL-1β after activation of the NLRP3 inflammasome. While
these results are compatible with the canonical and non-canonical
NLRP3 activation pathways, more studies should focus on the precise
mechanisms leading to IL-1 β secretion and the involvement of
Gasdermin-D. In fact, NLRP3 inflammasome can induce IL-1 β secretion
independently of Gasdermin-D89. On the other hand, we observed that
the NP involves the inflammasome but might be more dependent on
NLRC4 than onNLRP3 to regulate CD86 expression in C-Mo and T-Mo,
which contrasts to previous studies highlighting the role of NLRP390.
This discrepancy might be related to the fact that the authors deter-
mined the participation of NLRP3 based on the oligomerization of ASC
in a fibroblast cell line transfectedwith different NLRP3 andNLRC4but
did not validate the activity of these inflammasome in response to NP
on primary innate myeloid cells such as monocytes. Nevertheless, it is
remarkable that virus-derived proteins are able to trigger a sensor such

as NLRC4, which was initially described as molecule participating in
detection of bacterial proteins such as flagellin and T3SS34. In addition,
induction of NLRP3 inflammasome could be triggered after the TLR
activation, as it was previously reported91,92, suggesting that NLR sen-
sors might have a broader repertoire of sensing than initially
anticipated25. Interestingly, induction of inflammasome and IL-1β
secretion by Mo might be dependent on previous sensibilization to
SARS-CoV-228, however, we did not address this possibility in our
study. While it has been established that TLR-dependent inflamma-
some activation requires a second activation signal such as ATP
release93, our results suggest that stimulation of Mo with S1 and NP
leads to complete cleavageof procaspase 1. In addition,we have shown
that the NLRP3 sensor co-distributes with caspase-1 after
S1 stimulation, suggesting the formation of the inflammasome com-
plex in Mo. In contrast, while we were not able to observe co-
distribution of NLRC4 with caspase-1, we did observe that siRNA-
mediated knock down of this sensor reduces activation of Mo in
response to NP. These discrepancies may be due to different kinetics
of association of this sensor with caspase-1 or other caspases, such as
caspase-494. Therefore, more detailed molecular biology studies
describing direct interactions between different caspases and inflam-
masome sensors are needed. In addition, alternative inflammasome
sensors involved in inflammation may also participate in the patho-
genesis of COVID-1995,96. Another limitation of our siRNA silencing
assays is the fact that we used mRNA levels as a readout for efficacy of
NLR gene knockdown. However, since this may exclusively affect the
newly synthesized proteins from mRNA and the turnover of these
molecules might be different, downregulation of the protein sensor
levels should be confirmed as well. In addition, since the efficiency of
NC-Mo generation from isolated Mo is lower than in bulk cultures, we
did not obtain conclusive results regarding the role of NLR in the
activation of this particular subset. Therefore, future studies using
isolated NC-Mo should be conducted. An important point to discuss is
the fact that in our study we chose to study the impact of S1 and NP on
Mo differentiation and activation individually, without considering
whole viral particles, or other viral proteins such as nsp1, ORF3b, ORF6
and ORF8, which have been shown to modulate innate immune
responses such as IFNs against SARS-CoV-2 or other coronaviruses97–99.
Despite these limitations, our study extends current knowledge on the
role of different SARS-CoV-2 proteins inducing different inflamma-
somes and NFκB pathways in primary Mo from peripheral blood and
BAL samples, providing additional information that may be relevant
for clinical management, the modification of current therapies to
severeCOVID-19 or potential side effect after immunizationwith SARS-
Co-V2 S1.

Finally, we showed that priming of Mo by either S1 or NP may
differentially affect their functional ability to modulate CD4 +T versus
CD8 + T cells. In this regard, this study provides a functional link
between innate activation of Mo in response to SARS-CoV-2 proteins
and their ability to activate T cell responses involved in the patho-
genesis of severe COVID-19. Mo can act as antigen presenting cells
(APC) and T-Mo express high levels of Human Leukocyte Antigen-class
II (HLA-DR), which allows them to mediate efficient activation and
polarization of CD4+ T cells in vitro16,17 and during viral infections37.
We have shown that S1-primed Mo promote high levels of IFN-γ
expression on CD4 +T cells. IFN-γ producing CD4 +Th1 cells are typi-
cally associated to viral control100, but they can also participate in
pathogenic inflammation of airways and in the context of
autoimmunity46,101. In fact, we have observed that Mo exposed to S1
inducepathogenic-like cells co-expressinghigh levels of IFN-γ andhigh
levels of IL-4 at least in vitro. However, we found IFN-γ secretion
induction by CD4 +T cells upon exposure to SARS-CoV-2
S1 stimulation, confirming that T-Mo and NC-Mo subsets may play a
role46. We included IL-4 in our staining panel due to the association of
IL-4 inductionwith the progression of idiopathic pulmonary fibrosis102.
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IL-4 is a cytokine enhancing the Th2 immunity and inhibits Th1
immunity, also inhibiting IFN-γ production. However, there are studies
reporting the Th2 response in COVID-19 patients103. While IL-4
expression is detected at high levels in our COVID-19 BAL samples
and also in CD4+ T cells from the lung of COVID-19 patients stimulated
with SARS-CoV-2 peptides46, we did not observe any consistent
induction of cells expressing IL-4 individually or in combination with
IFN-γ after exposure to SARS-CoV-2 proteins in our BAL and PBMC
samples from severe COVID-19 patients. A potential reason for these
discrepancies may be related to differences in the assays considering
that priming in MLR assays taking several days of culture, which may
un-specifically affect the T lymphocytes. In contrast, peptide stimula-
tion of bulk PB and BAL cultures from COVID-19 patients was induced
by antigen presentation by autologous cells for only 7 h of incubation,
while other groups have performed overnight peptide
stimulations43,104. Therefore, further optimization of the kinetics and
resolution of intracellular detection of these cytokines should be
conducted inBAL samples upon antigenic stimulation. In addition, IL-4
plays a role by limiting the influx of pathogenic T cells and it is
tempting to speculate that this mechanism could have failed in those
patients102. Supporting this possibility, we have observed an associa-
tion between basal detection of IL-4 in BAL samples and PCT levels in
critical COVID-19 at ICU. Moreover, Th2 polarized response is asso-
ciatedwith the pulmonary fibrosis development105. It alsowas reported
that Th2 pathogenic cells participate in pathogenesis of bronchial
asthma and chronic dermatitis by expression of IL-5 that recruits
eosinophiles and IFN-γ producing cells in viral infections105–107. There-
fore, the role of IL-4 in pathogenicCD4 +T cell responses during SARS-
CoV-2 infection needs to be studied in more detail. Importantly, we
have observed that proportions of CD4 +T cells secreting other
inflammatory cytokines such as IL-17, were induced upon the stimu-
lation with S1-primed Mo in MLR assays which is highly expressed at
baseline in BAL from COVID-19 patients and induced at least in half of
these samples after S1 peptide stimulation, suggesting the role of
primedMo in the induction of such pathogenic T cells. Of note, siRNA
mediated-knock down of NLRP3 abrogated the activation of IFNγ+ an
and IL-17 + CD4 +T cells inMLR assays, providing amechanistic link for
the functional specialization of Mo in response to S1. These data are in
accordance with previous works reporting a role of Th17 cells in lung
injury and an upregulation of this subset in ARDS, suggesting it as a
biomarker of severe COVID-1941,108,109. Moreover, our results also sug-
gest that higher enrichment on NC-Mo in BAL samples associates with
induction of Th17 responses, which also matches our previous obser-
vations in MLR assays, suggesting a pathogenic role of NC-Mo during
critical COVID-19. In this regard, although NC-Mo were initially con-
sidered suppressive with tissue healing functions110,111, they also display
high levels of expression of Tumor Necrosis Factor α (TNF-α) and IL-1β
in response to Lipopolysaccharide (LPS) stimulation17,112. NC-Mo have
been previously linked to high TNF expression and immune hyper-
activation during Human Immunodeficiency Virus (HIV) infection113.
However, the induction of IL-17 responses in cells from BAL samples
may be in part due to activation of gamma-delta T cells, which are not
present in our MLR assays but have been reported to play a role in
severe COVID-1964,114. In addition, our data is not incompatible with the
potential implication of additional immune cell types present in the
blood and in the lungduring thepathogenesis of severeCOVID-19 such
as neutrophils115,116, DCs117 and B cells118. In this regard, future studies
should address the connections between innate sensing of SARS-CoV-2
by Mo and the pathogenic responses potentially induced by these
additional cell types.

Finally, our study suggests that the impact exerted by Mo on
CD8 + T cells is more limited andmight be restricted to modulation of
cytotoxic T cells after priming in response to NP. We observed a
reduction of CD107a in CD8+ cells in response to NP, implying the
reduction of the cytotoxic activity. The same effect was also observed

in PB and BAL from critical COVID-19 patients, which suggest that this
phenomenonmight be also related to the immune exhaustion of those
cells119. This interpretation is in line with lower expression of CD107a
on CD8 +T cells expressing high levels of CD38 enriched in COVID-19
lung21. Interestingly, CD38 is a marker associated with hyperactivation,
immune exhaustion and higher expression of checkpoint receptors in
COVID-19120 and inHIV-1121 infections. In addition, our data of reduction
of CD107a expression of CD8 +T cells from PB and BAL from severe
COVID-19 patients is consistent with previous data from other studies
that report decreased CD107a expression in CD8+ from these patients
after stimulation with SARS-CoV-2 NP peptides46. Importantly, we
detected that the decrease of IFN-γ- CD107a+ cells is marked both in
CD103+ and CD103- CD8 +T cells, which seems to validate previous
reports highlighting the importance of tissue resident cells in the
antiviral response. However, CD103- CD8 + T cells from BAL infiltrates
mayalso participate in thepathology and shouldbe further explored48.
In contrast, we did not observe a consistent effect of NP on IFN-γ
expression after stimulation with NP. In contrast, S1 did increase IFN-γ
production in CD8 +T cells from COVID-19 PBMC and BAL which
seemed to correlate with Th17 responses induced by this viral protein.
Thus, enhanced regulatory cytokine secreting function CD8 +T cells
may be differentially promoted by S1 and NP proteins and may affect
the induction pathogenic CD4 +T cells. Future studies should eluci-
date the connections between the two adaptive immune responses.

Together, this study shows that SARS-CoV-2 proteins such as S1
and NP differentially contribute to the Mo differentiation and activa-
tionpatterns. Thedifferentiationdrivenby S1 requires activationof the
NFκBpathway, while the activation ofC-Mo andT-Mo in response to S1
and NP is mainly dependent on NLRP3 and NLRC4 inflammasome
signaling, respectively. Finally, these differentiation and activation
patterns affect the Mo functionality by differentially promoting their
ability to induce the activation of different subsets of CD4+ versus
CD8 + T lymphocytes that might be relevant for COVID-19 pathology.

Methods
Study cohorts
n = 17 samples of peripheral blood mononuclear cells (PBMC) and
n = 17 bronchoalveolar lavage (BAL) from severe and critical COVID-19
patients, a total of n = 100 PBMC samples from healthy donors (n = 70
Buffy Coats provided by Centro de Transfusiones de Comunidad de
Madrid, andn = 30 volunteers fromour hospital) and n = 6non-COVID-
19 control BAL samples from cancer (50%) and interstitial lung disease
(50%) patients were recruited for the study using informed consent
(reference 4381) approved by the bioethical committee from Hospital
Universitario La Princesa deMadrid followingprinciples of theHelsinki
declaration. COVID-19 patient and control donor samples were used in
different sets of experiments. Clinical parameters including plasma
inflammatory reactants, parameter associated with hypoxia such as
PaO2/FiO2 (PaFiO2), microbial superinfection, mortality, and demo-
graphic data of recruited COVID-19 patients were collected in a data-
base created by the Immunology and the Pneumology Units from
Hospital de la Princesa (Supplementary Tables 1–3).

Immunomagnetic isolation of Mo
Circulating CD14+ Mo were purified from PBMC of healthy donors by
incubation with CD14 Microbeads (Myltenyi Biotec) for 30min in
Running Buffer (autoMACS® Running Buffer – MACS® Separation
Buffer, Miltenyi Biotec) and positively magnetic selection using MS
Columns (Miltenyi Biotec).

Stimulation of PBMC or isolated Mo with SARS-CoV-2 proteins
Preisolated CD14+Mo orMo present in bulk PBMC or BAL from healthy
donors and COVID-19 patients, were cultured in RPMI medium (Gibco™
RPMI 1640 Medium, GlutaMAX™ Supplement, Fisher Scientific) sup-
plementedwith penicillin and streptomycin andwith 10% of bovine fetal
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serum (Fetal Bovine Serum,Collected in SouthAmerica, HyClone™) with
either 0.75μg/ml SARS-CoV-2 Spike-1 peptide (S1, PepMix™ SARS-CoV-2
(Spike Glycoprotein), JPT Peptide Technologies) or 1μg/ml Nucleopro-
tein (NP, PepMix™ SARS-CoV-2 (NCAP), JPT Peptide Technologies) pools
of peptides or with the equivalent volume of filtrated dimetilsulfoxid
(DMSO, Panreac) for 16 h. For comparison purposes, Mo were also
cultured in the presence of ligands for different TLRs including 1.25μg/
ml TLR5 (Flagellin, Invivogen), 2.5μg/ml TLR3 (Poly I:C, MERCK). In
some experiments, isolated Mo were also cultured in the presence of
1μM Parthenolide (NF-κB and Caspase-1 inhibitor, Invivogen), 2μM
MCC950 (NLRP3 inhibitor, Invivogen), 2μg/mL Z-VAD-FMK (Pan-cas-
pase inhibitor, Santa Cruz Biotechnology).

SiRNA mediated knock down of inflammasome sensors
Primary Mo preisolated from PBMC of healthy donors were nucleo-
fected with siRNA specific for NLRP3 and NLRC4 and non-targeting
control pool (Dharmacon) using a Nucleofector™ 4D and P3 Primary
Cell kit (Lonza) using the manufacturer’s protocol. Nucleofected Mo
were cultured overnight with medium containing 10% FBS without
antibiotics and gene knockdown was confirmed by RT-qPCR.

RT-qPCR quantification of transcriptional expression of proin-
flammatory cytokine and inflammasome sensors
Mowere lysedwithRLTbuffer (RNAKITRNeasyMicroKitQiagen), and
total RNAwas extracted using the RNA KIT RNeasy Micro Kit (Qiagen).
cDNA was synthetized by using Promega kit in total volume of 25μl.
The resulting cDNA was then amplified by qPCR with primers specific
for ACTB (β-actin) Fw: 5′ CTGGAACGGTGAAGGTGACA 3′ Rv: 5′
CGGCCACATTGTGAACTT 3′, IL1Β (IL-1β) Fw: 5′ ATGATGGCTTATTA-
CAGTGGCAA 3′ Rv: 5′ GTCGGAGATTCGTAGCTGGA 3′, IL6 Fw: 5′
CCTGAACCTTCCAAAGATGGC 3′ Rv: 5′ TTCACCAGGCAAGTCTCCTCA
3′, CXCL8 (IL-8) Fw: 5′ TCTGTG TGA AGGTGCAGTTTTG 3′ Rv: 5′GGG
GTG GAA AGG TTT GGA GT 3′, IL18 Fw: 5′ TCTTCATTGACCAAG-
GAAATCGG 3′ Rv: 5′TCCGGGGTGCATTATCTCTAC 3′, TNF Fw: 5′
CAGCCTCTTCTCCTTCCTGAT 3′ Rv: 5′ GCCAGAGGGCTGATTAGAGA
3′, IFNΒ1 (IFNβ) Fw: 5′ GAATGGGAGGCTTGAATACTGCCT 3′ Rv: 5′
TAGCAAAGATGTTCTGGAGCATCTC 3′, NLRP3 Fw: 5′ GATCTTC
GCTGCGATCAACA 3′ Rv: 5′ GGGATTCGAAACACGTGCATTA 3′ and
NLRC4 Fw: 5′ GGCAATTGGATTGCTCAGCC 3′ Rv: 5′ GGAAAGGT-
CAAAGGTGATCCCA 3′ using GoTaq® qPCR Kit (Promega) and data
was obtained and analyzed by StepOne™ Software V2.3 (Applied
Biosystems).

Mo protein quantification by Western Blot assays
Isolated Mo cultured at 500,000 cells/well in the presence of dif-
ferent stimuli were lysed using RIPA buffer 1% of phosphatase and
protease inhibitors (Roche Diagnostics) with 10min of sonication.
Protein lysates were resolved in a 10% acrylamide (30% Acrylamide/
Bis Solution 29:1, Bio Rad) gel with SDS and transferred to a nitro-
cellulose membrane (Fisher Scientific). Afterwards, membranes
were blocked with 4% BSA (Sigma-Aldrich) in Tris-Buffered saline
and incubated at 4 °C overnight with primary antibodies directed
either to phospho-p65 (Cell Signaling ref 3039), anti-p65 (ab32536,
E379, Abcam;), anti-caspase-1 (AF6215; R&D Systems), anti-
Gasdermin D (69469, E5O4N; Cell Signaling), anti-IL-1β (12242,
3A6; Cell Signaling) or anti-GAPDH (FF26A/F9; BioLegend) follow-
ing manufacturer’s specifications. Each primary antibody was used
at a 1:1000 dilution. Subsequently, the membranes were washed
and incubated at RT for 1 h with the respective anti-rabbit (31460;
Thermofisher; dilution 1:2000), anti-goat (81–1620; Thermofisher;
dilution 1:2000) or anti-mouse (31430; Thermofisher; dilution
1:5000) secondary antibodies. Chemiluminescence of protein band
intensity was quantified by ImageQuant 800 system (Amersham)
using the IQ800 V1.2.0 Software.

Cytokine quantification
IL-1β concentration in culture supernatants of Mo exposed to dif-
ferent SARS-CoV-2 proteins was evaluated using the Human IL-1
beta/IL-1F2 Quantikine ELISA Kit (Biotechne, R&D Systems) and
analyzed in a GloMax® Discover Microplate Reader (Promega). To
determine to concentration of cytokines as IL-8 and TNFα from
plasma of COVID-19 patients, Human Inflammatory Cytokine CBA
(BD™ Cytometric Bead Array) was used following the manu-
facturer’s instructions.

Mixed Lymphocyte Reaction assays
IsolatedMoex vivoor nucleofectedwith scramble orNLRP3orNLRC4-
specific siRNAs and previously cultured with different SARS-CoV-2
proteins or DMSOwere co-culturedwith allogenic total T lymphocytes
isolated from the PBMC from healthy donors by negative selection
using theDynabeads™Untouched™HumanTCells Kit (Invitrogen) at a
1:5 ratio in the presence of RPMImedium with antibiotics and 10% FBS
supplemented with 100 IU/ml recombinant human IL-2 (Stem Cell
Technologies). Fresh medium and cytokines were added every 2 days
and phenotype of T cells was analyzed at day 3 of culture by flow
cytometry.

Flow cytometry analysis of Mo and co-cultured CD4+ and
CD8+T Lymphocytes
For the phenotypical characterization of Mo isolated from PBMC
and BAL, cells were blocked with 100 μg/ml of IgG antibody
(Sigma) and subsequently stained with a panel of fluorochrome-
marked mAbs including anti-CD14-PE (BioLegend; 1:50 dilution),
anti-CD40-FITC (BioLegend; 1:50 dilution), anti-CD86-PECy7 (Bio-
Legend; 1:50 dilution), anti-CD16-Pacific Blue (BioLegend; 1:50
dilution) and APC-Cy7 Ghost red viability Dye 780 (Tombo Bios-
ciences; 1:100 dilution) for 15 min at 4 °C. Samples were fixed and
preserved in 2% paraformaldehyde for flow cytometry analysis. In
some experiments, intracellular expression of IL-1β (anti-IL-1β-FITC
BioLegend; 1:100 dilution) was assessed in Mo exposed to SARS-
CoV-2 peptides, TLR ligands or DMSO after 16 h of culture in the
presence of 2.5 μg/ml Brefeldin A (MERCK) and 2.5 μg/ml Mon-
ensin (Sigma).

For analysis of T cells polarization from MLR assays, lympho-
cytes were incubated for 1 h in presence of 0.05 μg/ml of PMA
(MERCK) and 0.25 μg/ml of Ionomycin (Peprotech), and then for 4 h
in presence of 5 μg/ml Brefeldin A (MERCK), 5 μg/ml Monensin
(Sigma) and anti-CD107a-APC (BioLegend; 1:300 dilution). Cells
were subsequently stained in different panels including Ghost Red
viability Dye 780, anti-CD3 (Immunostep; 1:50 dilution), anti-CD8
(BioLegend; 1:50 dilution), anti-CD103 (BioLegend; 1:50 dilution),
anti-CD3 (Immunostep; 1:50 dilution), anti-IFN-γ (BD Biosciences at
1:100 dilution or BioLegend at 1:50 dilution), anti-IL-4 (BD Bios-
ciences; APC at a 1:100 dilution and PE at 1:30 dilution) and anti-IL-17
(BioLegend or Invitrogen, both at a 1:100 dilution) mAbs (Supple-
mentary Table 4). Samples were acquired using a BD FACSCanto™ II
(BD FACSDiva Software V9.0) and FACSLyric™ (BD FACSuite Soft-
ware V1.5.0.925) cytometers (BD Biosciences). Data was analyzed by
FlowJo™ Software (version 10.7.).

Flowcytometryanalysis of SARS-CoV-2-specificTcell responses in
COVID-19 patients. Cryopreserved PBMC and BAL samples from
severe COVID-19 patients were stained at 300,000–500,000 cells/
well plated in a 96 Well Flat Bottom plaque. Cells were rested in
RPMI culture media and 10% FBS at 37 °C for 1 h and subsequently
exposed to 0,5 μg/well of a mix of overlapping SARS-CoV-2 S1 or NP
peptides or the same volume of DMSO as a negative control in the
presence of 3 μg/mL of BD FastImmune aCD28/aCD49d mAbs (BD-
Biosciences). Additional cell samples stimulated in parallel with
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50 ng/ml PMA and 0.25 μg/ml Ionomycin were included as a positive
control of cytokine induction. Those cells were incubated in the
presence of the peptides for 2 h and subsequently, 5 μg/ml Brefeldin
A, 5 μg/ml Monensin and 0.2 μg of anti-CD107a-BV510 (1:200 dilu-
tion) (Supplementary Table 4) were added per well in the culture.
After 4 h, cells were stained and analyzed by flow cytometry using
the intracellular staining panel for cultured T cells described in the
section above.

Immunofluorescence in Mo
105 isolated Mo cultured for 16 h in DMSO or S1 or NP SARS-CoV-2
proteins were placed in Poly L Lysine covered glasses and expres-
sion inflammasome components was carried out by immuno-
fluorescence. Briefly, adhered Mo were fixated with 4% PFA,
blocked with a PHEM solution containing 50μg/mL human immu-
noglobulins and 3% Bovine Serum Albumin (BSA). Then, cells were
stained with rabbit anti-human NLRC4 (abcam; 1:500 dilution) or
rabbit anti-human NLRP3 (Cell Signaling; 1:50 dilution) and with
goat anti-human Caspase-1 (Bio-Techne RyD Systems; 1:200 dilu-
tion) as primary antibodies for 16 h at 4 °C. Subsequently, cells
were incubated with donkey anti-goat AlexaFluor™ 568 (Invitro-
gen; 1:200 dilution), donkey anti-rabbit AlexaFluor™ 488 (Invitro-
gen; 1:400 dilution) secondary antibodies and DAPI (1:400
dilution) for 1 h at 37 °C (Supplementary Table 5). Images were
obtained with a Leica TCS SP5 confocal microscope and processed
with the LAS AF software. Images were analyzed using ImageJ
software. The areas of co-distribution of NLRP3/NLRC4 sensors
with caspase-1 was calculated combining values from each of 43
planes and 4-6 microscopy fields. Numbers of Mo on each field
were identified by DAPI staining and used to normalize the data
obtained for each field.

Histological analysis of COVID-19 lung tissue
Lung biopsies from deceased critical COVID-19 patients embedded in
paraffin and segmented in 3μm fragments were provided by Dr.
Palacios-Calvo. Tissue sections deparaffinization, hydration and anti-
gen retrieval were performed with a PT-LINK (Dako) prior to Ab
staining. Tissue sliceswere then stainedwith either a rabbit anti-human
NLRC4 (abcam; 1:400 dilution), rabbit anti-human NLRP3 (Cell Sig-
naling; 1:50 dilution) goat anti-human Caspase-1 (Bio-Techne RyD
Systems; 1:100 dilution), mouse anti-human CD14 (abcam; 1:200 dilu-
tion), rabbit anti-human IFNγ (abcam; 1:100 dilution), goat anti-human
IL-17a (Bio-Techne RyD Systems; 1:50 dilution) and mouse anti-human
CD3 (Dako; 1:50 dilution) as primary antibodies; and donkey anti-
rabbit AlexaFluor™ 488 (Invitrogen; 1:200 dilution), donkey anti-goat
AlexaFluor™ 488 (Invitrogen; 1:200 dilution), and donkey anti-mouse
AlexaFluor™ 647 (Invitrogen; 1:200 dilution) were used as secondary
antibodies (See Supplementary Table 5). Images were obtained with a
Leica TCS SP5 confocal microscope and processed with the LAS AF
software. Co-localizations, visualization and quantifications of NLRP3
or NLRC4 inflammasomes with CD14 and caspase 1 or IL-17a or IFNγ
and CD3 staining in histological images were analyzed in with ImageJ
software.

Statistical analysis
Statistical significance effects of different experimental conditions in
the same experiment or the same donors compared to a control/basal
condition, were analyzed using a non-parametric two tailed Wilcoxon
pairs-matched test. When comparing samples from different cohorts
weused a two tailedMann–Whitney test. In some cases, Kruskal–Wallis
followed by Dunn’s post-hoc tests were used for multiple comparison
analyses. Data from experiments in which technical or low viability
issues occurredwere excluded from the analysis. All statistical analyses
were performed using the GraphPad Prism Software (version 8.0.0,
www.graphpad.com).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The experimental data and the results that support the findings of this
study are available in this paper and the Supplementary Figs. and
source data are provided. Source data are provided with this paper.
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