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Coronavirus disease 2019 (COVID-19) is an unprecedented
pandemic caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). As of 22 February 2021, the worldwide
pandemic has resulted in more than 110 million cases and 2.4
million deaths.1 Clinical investigation of COVID-19 patients has
shown that a systemic cytokine storm can occur, especially in
severe cases.2 Treatment of the SARS-CoV-2-associated cytokine
storm with tocilizumab3 or anakinra4 has been shown to
immediately improve the clinical outcome in most severe and
critical COVID-19 patients. These data highlight the systemic
cytokine storm as an important exacerbating event in severe
COVID-19; however, our understanding of the molecular mechan-
isms involved in the initiation of the SARS-CoV-2-associated
cytokine storm is limited. In the present study, we uncovered a
reasonable explanation for cytokine storm initiation through the
analysis of 13 autopsy samples from severe COVID-19 patients.
To investigate SARS-CoV-2-associated cytokine storm processes,

we collected three control lung tissues from patients without
SARS-CoV-2 infection as a control group and six lung tissues from
COVID-19 patients as a patient group for RNA-seq transcriptome
analysis. The clinical data of the patients are presented in the
Supplementary material (Table S1). Principal component analysis
(PCA) of the RNA-seq data showed clear biological differences
between the control and patient group transcriptomes (Fig. S1a,
b). Through differential gene expression analysis, we identified
1951 upregulated genes and 1971 downregulated genes in the
patient group compared with the control group (Fig. S1c).
Functional analysis of the upregulated genes revealed enrichment
in functions related to ROS activation, virus infection-related
signaling pathways, the HIF-1α signaling pathway, the NOD-
like receptor signaling pathway, and metabolic dysregulation
(Fig. S1d–f). Previous studies have suggested that cellular “danger”
signals, including infection, ROS, and metabolic dysregulation,
could trigger the NLRP3 inflammasome signaling pathway.5 The
data presented herein demonstrate that many cellular “danger”
signals are activated in the pulmonary microenvironment of
severe COVID-19 patients and indicate that NLRP3 inflammasome
signaling is involved in the pathogenesis of COVID-19.
Notably, we found that chemokines responsible for recruiting

monocytes were significantly upregulated in the lung tissues of

COVID-19 patients (Fig. S1g), suggesting that SARS-CoV-2 infection
may lead to the recruitment of monocytes to the lungs of patients.
To further test this hypothesis, we used the xCell method to analyze
immune infiltration in our samples. We found significantly more
infiltration of monocytes, neutrophils, and plasma cells in the lung
tissues of severe COVID-19 patients than in the tissues of control
donors. There were no significant changes in the levels of other
immune cells (Fig. 1a). Immunohistochemical analysis also revealed
that many CD14+CD16+ double-positive proinflammatory mono-
cytes infiltrated the alveoli of severe COVID-19 patients (Fig. 1b),
many of which transformed into CD163-positive macrophages
(Fig. 1c). Notably, CD163 staining in infiltrating macrophages was
more evident in COVID-19 patients than in controls, indicating that
these infiltrating proinflammatory macrophages underwent activa-
tion switching.6 We also observed the infiltration of some CD4+ and
CD8+ T cells into the alveoli of COVID-19 patients (Fig. S2a, b).
We previously reported that proinflammatory monocytes play a

crucial role in the SARS-CoV-2-associated cytokine storm.7 To
determine whether these infiltrating proinflammatory macrophages
are the initiators of the SARS-CoV-2-associated cytokine storm, we
measured the levels of several key proinflammatory cytokines
associated with the clinical deterioration of COVID-19 patients,
namely, IL-1β, IL-6, and IL-18, in the lung tissues of severe COVID-19
patients and control donors. As expected, the expression of these
proinflammatory cytokines was higher in COVID-19 patients than in
control donors, suggesting that the cytokine storm originates in the
lungs of patients (Fig. S3a–c). Furthermore, costaining with CD163
revealed that IL-1β, IL-6, and IL-18 were more highly expressed in the
pulmonary macrophages of COVID-19 patients than in those of
control donors, suggesting that proinflammatory macrophages are
involved in the SARS-CoV-2-associated cytokine storm (Fig. 1d).
In addition, we found that the infiltrating macrophages had

characteristics of edema, which is a morphological feature of
pyroptosis8 (Fig. 1e). Therefore, we propose that pyroptosis may
be a possible mechanism underlying the cytokine storm in severe
COVID-19 patients. Gasdermin D (GSDMD) is a pore-forming
protein and a well-known trigger of pyroptosis. To further confirm
the role of pyroptosis in pulmonary proinflammatory macro-
phages after SARS-CoV-2 infection, we measured the levels of
cleaved GSDMD in lung tissues from COVID-19 patients and
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Fig. 1 SARS-CoV-2 promotes cytokine storms by inducing pyroptosis in proinflammatory macrophages in severe COVID-19. a Analysis of
immune infiltration in the lung samples of control donors and COVID-19 patients using xCell. b Representative images of
immunohistochemical staining of CD14 and CD16 in the lung samples of control donors and COVID-19 patients (bar= 50 μm).
c Representative images of immunohistochemical staining of CD163 in the lung tissues of control donors and COVID-19 patients. The
right panels (bar= 50 μm) are enlarged versions of the boxed areas in the left panels (bar= 50 μm). d Representative confocal microscopy
images showing the expression of CD163 (red), IL-1β, IL-6, and IL-18 (green), and the cell nuclei (blue) in the lung tissues of control donors and
COVID-19 patients (bar= 50 μm). Enlarged images are embedded in the upper right corner (bar= 10 μm). e Hematoxylin and eosin staining of
lung tissues from six severe COVID-19 patients (bar= 50 μm). f Representative images of immunohistochemical staining of cleaved GSDMD in
the lung tissues of control donors and COVID-19 patients. The right panels (bar= 50 μm) are enlarged versions of the boxed areas in the left
panels (bar= 50 μm). g Representative confocal microscopy images showing the expression of CD163 (red) and cleaved GSDMD (green) and
the cell nuclei (blue) in the lung tissue samples of control donors and COVID-19 patients. h The amount of lactate dehydrogenase (LDH)
released into the culture supernatants of M0 macrophages treated with the SARS-CoV-2 pseudovirus or untreated cells (Ctrl). i Western blot
analysis of caspase-1, cleaved GSDMD, and ACTIN in M0 macrophages incubated in the presence of SARS-CoV-2 pseudovirus for 12 h. j, k The
levels of IL-1β, IL-6, and IL-18 in cell culture supernatants of M1 macrophages incubated in the presence of SARS-CoV-2 pseudovirus or ORF3a
lentivirus for 12 h were measured by ELISA
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control donors. Immunohistochemistry revealed that the levels of
cleaved GSDMD were significantly higher in the lung tissues of
severe COVID-19 patients than in the tissues of control donors,
demonstrating exacerbated pyroptosis in the lung tissues of
COVID-19 patients (Fig. 1f). Furthermore, multiplex immunohis-
tochemistry confirmed that macrophages were the major cells
that were positive for cleaved GSDMD in the lungs (Fig. 1g).
Therefore, we hypothesize that pyroptotic macrophages are
involved in the SARS-CoV-2-associated cytokine storm.
To test this hypothesis, we examined whether SARS-CoV-2 could

activate GSDMD-mediated pyroptosis in macrophages. To this end,
we performed a series of in vitro experiments. After induction with
PMA, THP-1 cell-derived M0 macrophages were infected with SARS-
CoV-2 pseudovirus. We observed that M0 macrophages could indeed
be infected by SARS-CoV-2 pseudovirus (Fig. S3d), which triggered a
significant upregulation in the release of LDH, IL-1β, and IL-18, which
are signature pyroptosis factors (Figs. 1h and S3e). Moreover, active
caspase-1 and cleaved GSDMD bands were also observed in SARS-
CoV-2 pseudovirus-infected M0 macrophages by Western blot
analysis. These data demonstrate that SARS-CoV-2 can induce
GSDMD-mediated pyroptosis in macrophages (Fig. 1i). Our previous
study showed that interferon-γ (IFN-γ) was a key pathogenic cytokine
in COVID-19.7 Therefore, we treated M0 macrophages with IFN-γ to
convert these cells into M1 macrophages and then treated the
derived M1 macrophages with SARS-CoV-2 pseudovirus. As expected,
the levels of proinflammatory cytokines in the supernatant of M1
macrophages were higher than those in M0 macrophage supernatant
(Figs. 1j and S3e).
Chen et al. reported that the SARS-CoV 3a (ORF3a) protein could

activate pyroptosis in macrophages.9 To explore whether the
ORF3a protein of SARS-CoV-2 could trigger cytokine storms, we
treated macrophages with ORF3a lentivirus. The ORF3a protein
not only stimulated macrophages to express IL-1β and IL-18 but
also promoted IL-6 production (Figs. 1k and S3f). These data
indicated that SARS-CoV-2 could induce macrophages to produce
a series of proinflammatory cytokines through pyroptosis.
Collectively, our results confirm the increased numbers of

proinflammatory macrophages and the occurrence of GSDMD-
mediated pyroptosis in the lung tissues of severe COVID-19
patients, which causes the rapid release of proinflammatory
cytokines and cytokine storms. Accordingly, the pyroptosis-
associated pathway is a potential therapeutic target to lessen
the cytokine storm, especially in severe COVID-19 patients.
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