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ABSTRACT

Patients with severe coronavirus disease 2019 (COVID-19) demonstrate dysregulated immune
responses including exacerbated neutrophil functions. Massive neutrophil infiltrations
accompanying neutrophil extracellular trap (NET) formations are also observed in patients
with severe COVID-19. However, the mechanism underlying severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2)-induced NET formation has not yet been elucidated.
Here we show that 2 viral proteins encoded by SARS-CoV-2, the nucleocapsid protein and

the whole spike protein, induce NET formation from neutrophils. NET formation was ROS-
independent and was completely inhibited by the spleen tyrosine kinase inhibition. The
inhibition of p38 MAPK, protein kinase C, and JNK signaling pathways also inhibited viral
protein-induced NET formation. Our findings demonstrate one method by which SARS-
CoV-2 evades innate immunity and provide a potential target for therapeutics to treat patients
with severe COVID-19.

Severe acute respiratory syndrome coronavirus 2; Neutrophils;
Neutrophil extracellular traps; Viral protein; C-type lectin receptor; Spleen tyrosine kinase

INTRODUCTION

Patients with severe coronavirus disease 2019 (COVID-19) demonstrate excessive infiltration
of immune cells into the lung parenchyma and compromised immune cell function (I-

3). Dysregulated immune cell function leads to widespread inflammation in the lung

with diffuse alveolar damage, finally resulting in acute respiratory distress syndrome
(ARDS) in patients with severe COVID-19 (1-3). Recent studies suggest that neutrophils

are involved in the pathogenesis of severe COVID-19. Excessive infiltration of neutrophils

is found in lung parenchyma in patients with severe COVID-19 (4,5). The components of
neutrophil extracellular traps (NETs), web-like structures composed of DNA, histones, and
antimicrobial peptides, are also found in the serum of patients with severe COVID-19 (6).
Moreover, an increased presence of neutrophil precursors and mature neutrophils has been
reported in patients with severe COVID-19 (7). Since exacerbated NET formation induces
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host tissue injury (8) and thrombosis (9), NETs are considered to play a critical role in the
pathogenesis of ARDS in patients with severe COVID-19 (4,6,10). However, it is still unclear
how neutrophils generate NETs in response to severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection. In the current study, we found that the nucleocapsid (N) proteins
and spike (S) proteins of SARS-CoV-2 induce NET formation through a spleen tyrosine kinase
(syk)-dependent pathway.

MATERIALS AND METHODS

Human blood experiments were approved by the Institutional Research Board of Kyungpook
National University (KNU-2020-0029). Neutrophils were isolated using a density gradient
followed by dextran sedimentation, as previously described (11). Materials used in the current
study are summarized in Supplementary Table 1.

Neutrophils (2x10° cells) were stimulated with SARS-CoV-2 viral proteins for 2 h in RPMI-
1640 (Gibco, Grand Island, NY, USA) supplemented with 5% FBS (HyClone, Logan, UT,
USA). Recombinant viral proteins used in this study include: N protein, 40588-VO8B (Sino
Biological, Beijing, China); S protein, 40589-VO8B1 (Sino Biological); S1 subunit protein,
40591-VO8H (Sino Biological); and S2 subunit protein, 40590-VO8B (Sino Biological).
Extracellular NET formation was measured using Sytox Green (Thermo Fisher Scientific
Inc., Waltham, MA, USA) and intracellular ROS were measured using a fluorescent probe,
2'7'-dichlorodihydrofluorescein diacetate (DCF-DA; Thermo Fisher Scientific Inc.) as
previously described (12). Fluorescence was measured using Spectramax M2/e fluorescence
microplate reader (Molecular Devices, San Jose, CA, USA). For inhibition of viral protein-
induced NET formation, neutrophils were pre-treated with following inhibitors: an
antagonist for TLR 2 (MMG11, 10 uM; Tocris, Bristol, UK), an inhibitor for TLR4 (TAK242, 10
uM; Tocris), a syk inhibitor (R406, 1 uM; Cayman, Ann Arbor, MI, USA), an anti-angiotensin
converting enzyme (ACE) 2 Ab (10 pg/ml; MyBioSource, San Diego, CA, USA), a NADPH
oxidase inhibitor (diphenyleneiodonium chloride [DPI], 10 uM; Santa Cruz, Dallas, TX,
USA), a Ca* chelator (BAPTA-AM, 100 pM; Tocris), an autophagy sequestration inhibitor
(3-Methyladenine [3-MA], 10 uM; Sigma-Aldrich, St. Louis, MO, USA), autophagosome
degradation inhibitors (chloroquine, 10 uM; Abcam, Cambridge, UK; leupeptin, 20 puM;
Sigma-Aldrich), an inhibitor of autophagosome-lysosome fusion (bafilomycin, 10 uM; Santa
Cruz), an ERK MAPK inhibitor (PD90859, 10 uM; Tocris), a PI3K inhibitor (wortmannin, 1
uM; Tocris), an inhibitor of p38 MAPK (SB203580, 10 uM; Tocris), a protein kinase C (PKC)
inhibitor (GF109203, 5 pM; Sigma-Aldrich), a JNK inhibitor (SP600125, 10 uM; Sigma-
Aldrich), and a protein arginine deiminase 4 (PAD4) inhibitor (Cl-amide, 10 uM; Cayman).

For immunofluorescence microscopy analysis, neutrophils were stimulated with viral
proteins for 2 h, fixed with 4% para-formaldehyde (Biosesang, Seongnam, Korea),
permeabilized with 0.1% Triton X, and blocked with 5% donkey serum (Sigma-Aldrich) in
PBS. Cells were stained with primary Abs against myeloperoxidase (5 pg/ml; Abcam) and
citrullinated histone 3 (5 pg/ml; Abcam), stained with secondary Abs, and counterstained
with DAPI. Cells were visualized by immunofluorescence microscopy (Olympus IX83;
Olympus, Tokyo, Japan).
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Migration of neutrophils against viral proteins of SARS-CoV-2 was determined using a p-slide
chamber (ibidi, Fitchburg, WI, USA) according to the manufacturer's instruction.

Data are presented as means+SEM. Comparisons between 2 groups were performed with
2-tailed Student's -tests (parametric). Statistical data were analyzed by Graphpad Prism 7.0e
(Graphpad Software, San Diego, CA, USA).

RESULTS AND DISCUSSION

To examine whether viral proteins induced NETs formation from neutrophils, neutrophils
isolated from healthy subjects were exposed to either N protein, S proteins, or subunits

(S1 and S2) of SARS-CoV-2 for 2 h and NET formation was examined. N and S protein
significantly enhanced NET formation (Fig. 1A). Immunofluorescence microscopic analysis
showed the presence of viral protein-induced NETs (Fig. 1B). We further examined the effects
of'viral proteins from SARS-CoV-2 on effector functions of neutrophils. Viral proteins did not
significantly affect the ROS generation in neutrophils excepting S2 protein, which slightly
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Figure 1. N and S proteins of SARS-CoV-2 induce NET formation from neutrophils. (A-C) Neutrophils were incubated with various concentrations (1, 10, and
100 nM) of the N protein, whole S protein, S1 subunits of the S protein, or S2 subunits of the S protein for 2 h. (A) NET formation in response to viral proteins
was determined by Sytox Green staining. (B) Representative immunofluorescence images of NET formation in response to viral proteins of SARS-CoV-2.
Representative images of more than 5 experiments are shown (scale bar, 10 um). (C) ROS generation in response to viral proteins was determined by DCF-DA
staining. (D, E) The effects of viral proteins on chemotaxis of neutrophils. One side of chamber was coated with either N, S, S1, or S2 protein and chemotaxis
of neutrophils toward viral proteins was examined. (D) Neutrophil migration tracking analysis. The distances traveled by neutrophils were tracked for 45 min.
Representative tracking results of thirty cells per each group are shown (n=3 per group). (E) Relative mean distance and relative mean velocity of neutrophils
migrating toward viral proteins. Data are expressed as means+SEMs.

Con, control; MPO, myeloperoxidase; H3Cit, citrullinated histone 3.

*p<0.05; **p<0.01;

Hkk

p<0.001 vs. Con.
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enhanced ROS production (Fig. 1C). Neutrophils showed significantly increased migration
toward S proteins, but not N proteins (Fig. 1D). These results suggest that viral proteins of
SARS-CoV-2 directly affect effector functions of neutrophils, especially ROS-independent
NET formation.

Innate immune cells are thought to recognize SARS-CoV-2 through pattern recognition
receptors (3), and TLR2 has been reported to mediate the innate immune response of
peripheral blood mononuclear cells against S proteins of SARS-CoV (13). Therefore, we
examined whether TLRs could mediate the recognition of viral proteins by neutrophils. The
pharmacological inhibition of neither TLR2 nor TLR4 affected viral protein-induced NET
formation (Fig. 2A). However, the inhibition of syk, an intracellular signaling molecule of
downstream of C-type lectin receptors (CLRs), significantly inhibited viral protein-induced
NET formation (Fig. 2B). We also examined whether ACE2, which has been reported to
facilitate the entry of SARS-CoV-2 into cells (14), might also play a role in viral protein-
induced NET formation, but treatment with an anti-ACE2 Ab had no effect (Fig. 2C).

We further identified the mechanism underlying viral protein-induced NET formation.
Neither the treatment with DPI, an inhibitor for NADPH oxidase, nor BAPTA-AM, a Ca*
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Figure 2. Neutrophils utilize a CLR-dependent pathway in viral protein-induced NET formation. (A-G) The effects of various inhibitors on viral protein-induced
NET formation. Neutrophils were pre-treated with indicated inhibitors for 1 h, and further stimulated with viral proteins (100 nM) for 1 h. Veh; MMGT1, a TLR2
inhibitor, 10 pM; TAK242, a TLR4 inhibitor, 10 pM; R4086, a syk inhibitor, 1 uM; an anti-ACE2 Ab, 10 pug/ml; DPI, a NADPH oxidase inhibitor, 10 uM; BAPTA-AM, Ca*
chelator, 100 pM; 3-MA, an autophagy sequestration inhibitor, 10 pM; CQ, an autophagosome degradation inhibitor, 10 pM; Leup, an autophagosome degradation
inhibitor, 20 pM; Baf, an inhibitor for autophagosome-lysosome fusion, 10 pM; wortmannin, an inhibitor for PI3K, 10 pM; PD90859, an inhibitor for ERK, 10 pM;
SB203580, an inhibitor for p38 MAPK, 10 pM; GF109203, a PKC inhibitor, 10 pM; SP600125, a JNK inhibitor, 10 pM; Cl-amide, a PAD4 inhibitor, 10 pM. Data are
expressed as means+SEM.

Con, control; Veh, vehicle; 3-MA, 3-Methyladenine; Leup, leupeptin; CQ, chloroquine; Baf, bafilomycin.

*p<0.001 vs. Con; Tp<0.05; ¥p<0.01; Sp<0.001 vs. Veh.
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chelator, affected viral protein-induced NET formation (Fig. 2D). Pharmacological inhibition
of autophagic pathways, a major pathway underlying ROS-independent NET formation

(11), also had no effect (Fig. 2E). Neither did inhibition of ERK MAPK nor PI3K affect viral
protein-induced NET formation (Fig. 2F). Interestingly, the inhibition of p38 MAPK, PKC,
and JNK significantly inhibited viral protein-induced NET formation (Fig. 2F). Moreover, the
inhibition of PAD4, a key enzyme for chromatin decondensation during NETs formation,
significantly inhibited viral protein-induced NET formation (Fig. 2G).

The key findings of this study are that 1) N and S proteins of SARS-CoV-2 directly induced
NET formation from neutrophils, 2) viral proteins of SARS-CoV-2 induce NET formation
via a syk-dependent pathway, and 3) p38 MAPK, JNK, PKC, and PAD4 mediate viral protein-
induced NET formation.

Although it is still questionable whether SARS-CoV-2-induced NET formation is protective or
detrimental to patients, recent studies have emphasized the detrimental effects of excessive
NET formation in the pathogenesis of COVID-19. NETs are known to be associated with
alveolar damage in various infectious diseases, such as influenza virus infection (15) and
bacterial infection (16). Neutrophilia and extensive infiltration of neutrophils in the lung
parenchyma were found in severe COVD-19 patients (4,5,17,18), and lung parenchymal
autopsy samples revealed degenerated neutrophils representing NETs-released neutrophils
(5). We found that viral proteins of SARS-CoV-2 are able to drive NETs formation from
neutrophils directly. Recently, a correlation between the viral products of SARS-CoV-2 and
poor outcomes has been reported (19), and increased loads of viral products, including
viral proteins, were found in COVID-19 patients (19-21). Therefore, the increased load of
viral proteins shed from replicating SARS-CoV-2 might drive excessive or dysregulated NET
formation in patients with COVD-19.

We also found that viral proteins of SARS-CoV-2 induce NETs formation through a syk-
dependent pathway. Immune cells exert immune responses against fungus and viruses
through CLR recognition and syk-mediated intracellular signaling (22). Immune cells induce
syk-mediated immune response against fungus and viruses through CLRs recognition

(23). CLRs are binding receptors for SARS-CoV that are expressed in alveolar type II cells,
endothelial cells, and dendritic cell (24,25). Neutrophils are equipped with syk-associated
CLRs such as Dectin-1, Mincle, C-type lectin domain family (CLEC) 2, and CLEC5A (25), and
utilize them for recognition of diverse viruses such as the dengue virus, Japanese encephalitis
virus, and human immunodeficiency virus (20). Interestingly, we found that whole S protein
induce NET formation from neutrophils whereas each subunit of S protein did not affect
neutrophil function (Fig. 1A). Recent study suggested that immune cells might interact with
S protein of SARS-CoV-2 through CLRs such as DC-SIGN, CLEC4, CLEC5A, and CLEC10A
based on in silico study (27). The structure of trimeric S protein complex composes 22
glycosylated regions and SARS-CoV-2 utilize them for evading immune responses (28,29).
Therefore, we suggest that the structural recognition of viral proteins by neutrophils might
be critical for NETs formation. Supporting this, syk, major intracellular signaling molecule
of CLR pathway, mediated NET formation in neutrophils stimulated with S protein (Fig. 2B).
Dectin-1 and syk signaling is involved in immune response of neutrophils against fungal
infection (30) and syk induces the activation of PKC-9 in various immune cells (31,32).

In accordance with these findings, the inhibition of PKC, p38 MAPK, and JNK signaling
pathways reduced viral protein-induced NET formation (Fig. 2B and F), suggesting the
involvement of CLRs such as dectin-1 in viral protein-induced NET formation.
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In summary, our results suggest an important insight into how neutrophils respond to SARS-
CoV-2 infection. Neutrophils might recognize liberated viral proteins during SARS-CoV-2
infection through a syk-dependent pathway, leading to excessive NET formation and subsequent
tissue damage. Therefore, either the inhibition of syk-dependent viral recognition or NET
formation could represent possible candidates for therapeutics for severe COVD-19 patients.
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