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Background: SARS-CoV-2-induced acute lung injury but its nucleocapsid (N) and/or Spike (S) protein involvements in the disease
pathology remain elusive.

Methods: In vitro, the cultured THP-1 macrophages were stimulated with alive SARS-CoV-2 virus at different loading dose, N protein or
S protein with/without TICAM2-siRNA, TIRAP-siRNA or MyD88-siRNA. The TICAM2, TIRAP and MyD88 expression in the THP-1
cells after N protein stimulation were determined. In vivo, naive mice or mice with depletion macrophages were injected with N protein or
dead SARS-CoV-2. The macrophages in the lung were analyzed with flow cytometry, and lung sections were stained with H&E or
immunohistochemistry. Culture supernatants and serum were harvested for cytokines measurements with cytometric bead array.

Results: Alive SARS-CoV-2 virus or N protein but not S protein induced high cytokine releases from macrophages in a time or virus
loading dependent manner. MyD88 and TIRAP but not TICAM2 were highly involved in macrophage activation triggered by
N protein whilst both inhibited with siRNA decreased inflammatory responses. Moreover, N protein and dead SARS-CoV-2 caused
systemic inflammation, macrophage accumulation and acute lung injury in mice. Macrophage depletion in mice decreased cytokines in
response to N protein.

Conclusion: SARS-CoV-2 and its N protein but not S protein induced acute lung injury and systemic inflammation, which was
closely related to macrophage activation, infiltration and release cytokines.
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Introduction

SARS-CoV-2-induced disease is still a huge healthy burden worldwide. Although the latest variant causes less severe cases, acute
respiratory distress syndrome (ARDS) or even multi-organ failure or death due to this virus infection can still be seen daily.' >
The SARS-CoV-2 induced acute lung injury, as an initial organ injury, is characterized with diffuse alveolar damage in early
phase and epithelial cell losing repairing ability towards respiratory failure in late phase in severe cases.>* The complex
pathophysiological process suggests that SARS-CoV-2 infection dysregulates the host response and induces immuno-
inflammatory and parenchymal derangements, but the mechanistic basis of lung injury remains incompletely understood.
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The SARS-CoV-2 infects host cells via spike (S) protein binding to host cell’s surface angiotensin-converting enzyme
2 (ACE2).” The S1 subunit of S protein is involved in attaching to host cells whilst S2 subunit is involved in cell
membrane fusion, indicating that targeting S epitopes can be elicited upon vaccination.® The nucleocapsid (N) protein of
SARS-CoV-2 plays a significant role in regulation of viral gene transcription and mediating cytokine responses or organ
injury.” S and N proteins have been reported as the two key molecular in the infection and invasion of SARS-CoV-2;
however, their role in mediating acute lung injury and underlying mechanisms remain elusive.

SARS-CoV-2 infection followed acute lung injury has been repeatedly reported to be a progressing detrimental immune-
dysfunction condition, and monocytes and macrophages were considered as critical mediators of dysregulated immune
response,”**? causing consequent heart and lung injuries and even multiple organ failure.'™"" Monocytes and macrophages
are sentinel cells that sense SARS-CoV-2 and leading to potent systemic inflammation that contributes to COVID-19 pathogenesis
through virus interaction with Fey receptors, ACE2 and TMPRSS2.'*'* Moreover, histone methyltransferase MLL1/KMT2A in
monocytes also drove inflammation in SARS-CoV-2 infection.'> Monocyte-derived macrophages accumulate in the lung and
a special subset of macrophages was found to trigger lung fibrosis in COVID-19.% The cell entry mechanisms of SARS-CoV-2
have been fully clarified, but the mechanisms of how SARS-CoV-2 triggers macrophages activation and the role of monocyte/
macrophage in mediating cytokine releases following SARS-CoV-2 infection lead to inflammatory lung damage remain
unknown.

In the current study, the SARS-CoV-2 and macrophage on host immunity and pathological changes by comparison
between pathogenic S and N proteins of SARS-CoV-2 were investigated in human macrophage cell line and mice.

Materials and Methods

In vitro Study
Cell Culture and Treatment
The human monocytic cell line (THP-1) (NCACC, Shanghai, China) was cultured in RPMI medium 1640 supplemented
with 10% FBS and 50 pg/mL penicillin/streptomycin in the incubator at 37°C with 5% CO, balanced with air. THP-1
monocytic cells were treated with 100 ng/mL phorbol myristate acetate (PMA) (Solarbio, Beijing, China) for 24 h to
induce macrophage phenotype.

siRNAs targeting human MyD88 (5’-CGGAGGAGAUGGACUUUGAJdTAT; 5’-UCAAAGUCCAUCUCCUCC
GdTdT), TICAM2 (5-GGAAGAGAUGUUUGAAGAAJdTAT; 5’-UUCUUCAAACAUCUCUUCCATdT), TIRAP (5’-
UCAAAGUCCAUCUCCUCCGATAT; 5’-UCUGUUUCUAGCUUCACUCATAT) and negative control siRNAs were pur-
chased from HanBio Biotechnology (Shanghai, China). THP-1 cell suspension in 500 uL (containing 3.5x10* cells) in
antibiotic-free medium was seeded in each well of a 24-well plate. Transfection complexes were generated by vortexing and
incubating 100 nM siRNA with 3 pL of transfection reagent (RNAfit) at room temperature for 10 min in 100 uL serum and
antibiotic-free medium. The complex was used to transfect each well. The plates were incubated at 37°C for 6 h, after which
the medium was replaced with a fresh antibiotic-free complete medium. Transfection complexes were not cytotoxic to THP-1
cells, as assessed by the trypan blue exclusion assay. Cells were used for further experiments 48 h after transfection.

They were then treated with cultured alive SARS-CoV-2 (supplied by Zhejiang Center for Disease Control and Prevention
center), N protein or S protein (Purity>93%, Endotoxin free, GenScript, Nanjing, China) for 3, 24 or 48 h. The culture
supernatants were collected for cytokine measurements (see below) and cells were collected for Western blotting assessment.

Western Blotting

THP-1 macrophages lysates were separated by 5% and 10% SDS-polyacrylamide gel electrophoresis and then were transferred
onto polyvinylidene difluoride membranes. The membranes were blocked with blocking buffer (LI-COR Biosciences, Lincoln,
USA) for 1 h at room temperature and incubated with the anti-TICAM2 antibody (1:1000; mAbcam77169; Abcam, Cambridge,
USA), anti-TIRAP antibody (1:1000; LS-C747701; Lifespan, Seattle, USA), anti-MyD88 antibody (1:1000; EPR590; Abcam)
and anti-GAPDH antibody (1:2000; 60004-1-1G; Proteintech, Chicago, USA) at 4°C for 4 h. After washing, membranes were
incubated with secondary antibodies (LI-COR Biosciences) for 1 h. Protein bands were visualized using the Odyssey System
(LI-COR Biosciences).
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In vivo Study
Mice and Treatment

All experiments with virus exposure were performed in the P3-level laboratory of Zhejiang Provincial Center for Disease
Control and Prevention (CDC), Zhejiang, China. Virus was also provided by this Center. All animal experimental
protocols were reviewed and approved by the Institutional Animal Care and Use Committees of Zhejiang University
followed the Laboratory animal-Guideline for ethical review of animal welfare (GB/T 35892-2018), Zhejiang, China.

Adult C57BL/6J male mice (8 weeks old) were maintained at the Animal Facility of Zhejiang University. Mice were
intratracheally injected with recombinant N protein (4 mg/kg) and dead SARS-CoV-2 (supplied by Zhejiang CDC center)
(10%% TCID50/mL) in 80 pL PBS/mouse or equal volume of PBS, and their blood and lung samples from different
cohorts were harvested at day 1, 3 or 5 after treatment.

Macrophage Depletion

Other mice cohorts were injected with 200 pL of clodronate-conjugated liposomes or control liposomes (LIPOSOMA,
Amsterdam, the Netherlands) through tail vein. After 48 h, they were then intratracheally injected with the dose
described above of N protein, dead SARS-CoV-2 or equal volume PBS. Their blood and lung samples were then
harvested at day 5 after treatment. The macrophage depletion in the lung was assessed with flow cytometry analysis of

lung suspension cells.

Histopathology and Lung Injury Score

The harvested lung tissue was fixed and embedded in paraffin wax and then sectioned at 5 um in thickness. Sections were
stained with hematoxylin and eosin (H&E) and the lung injury score was computed.'® Images of lung sections were taken
with an Olympus VS120 microscope (Shinjuku, Tokyo, Japan).

Lung Suspension Cell Isolation

Lung suspension cell isolation was done as described previously.'” In brief, after culled under CO,, their lungs were
harvested and then filled with digestion medium [Liberase TM (50 pg/mL, Sigma-Aldrich, St. Louis, USA) and DNase
I (1 pg/mL, Sigma-Aldrich)] by intratracheal injection for 45 min at 37°C in a water bath. The tissue was mashed through
70 pum cell strainers and washed again with DMEM media supplemented with 10% FBS and 1% Penicillin/Streptomycin
(Thermo Fisher Scientific, Pittsburgh, USA). Red blood cells were lysed by RBC lysis buffer (Thermo Fisher Scientific)
and resuspended by PBS for further experiments.

Flow Cytometry Analysis

Lung suspension cells were then incubated with Alexa Fluor 700-conjugated anti-CD45 antibody (30-F11, eBioscience,
San Diego, USA), phycoerythrin (PE)-conjugated F4/80 (BM8, eBioscience) and fluorescein isothiocyanate-conjugated
CDl11c (N418, eBioscience) for 30 min. After washing, cells were then analyzed by flow cytometry (BD Biosciences,
San Jose, USA) and the data were analyzed with BD FACSDiva and FlowJo software (BD Biosciences).

Cytokine Measurement
Cell culture media and blood samples from above experiments plasma cytokines were used to measure cytokines (TNF-
o, IL-1B, IL-6, IL-10, IL-12, IFN-y and MCP-1) with cytometric bead array (BD Biosciences) according to manufac-

turer’s instructions.

Statistical Analysis

Data are presented as mean + SEM unless indicated otherwise. GraphPad Software was used to analyze data with two-
tailed unpaired Student’s t-tests or one-way analysis of variance followed by post hoc Dunn’s analysis as appropriate.
A P value less than 0.05 was considered to be of statistical significance.
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Results

Cytokine Releases from Activated Macrophage Induced by SARS-CoV-2 N Protein

We analyzed the cytokines release from human macrophages induced by alive SARS-CoV-2 virus. TNF-q, IL-1f, IL-6
and MCP-1 level were increased at 24 h and 48 h when cultured macrophages were challenged with SARS-CoV-2 in
a virus loading-dependent manner (Figure 1A-D). In line with previous reports,'”'® we demonstrated a potent inflam-
matory response of macrophage after alive SARS-CoV-2 virus infection. Moreover, in order to gain the mechanism of
SARS-CoV-2 triggers cytokine secretion from macrophage. We analyzed that the cytokines released from macrophage
after stimulated with the recombinant N protein and S protein. We found that N protein, but not S protein, induced the
increases of TNF-a, IL-1p, IL-6 and MCP-1 at 24 h and 48 h (Figure 1E-H). Interestingly, IL-6 and MCP-1 releases were
also increased when cells exposed to S protein at 48 h with the peak level that was much lower than that after N protein
stimulation. Collectively, these results indicated that SARS-CoV-2-induced macrophage activation was mainly due to

N protein.

MyD88 and TIRAP Pathway Mediated by N Protein Induced Macrophage Activation
Myeloid Differentiation Primary Response 88 (MyD88), Toll-interleukin 1 receptor domain-containing adaptor protein
(TIRAP) and TIR-containing adaptor molecule-2 (TICAM2) were involved in cytokine response after SARS-CoV-2
S protein stimulation situations,'>* but the role in SARS-CoV-2 N protein remains unclear. We next investigated whether
the N protein induced macrophage activation through MyD88, TIRAP and TICAM2. Thus, the expression of MyDS88, TIRAP
and TICAM?2 in macrophages after N protein treatment was determined. MyD88 and TIRAP but not TICAM2 expressions
were increased at 6 h, reached to the peak at 12 h after treatment (Figure 2A). Moreover, TNF-o and IL-1p in culture media of
macrophages challenged with N protein for 24 h and 48 h were significantly decreased after the inhibition with TIRAP and
MyD88 siRNA, respectively (Figure 2B and C). IL-6 was also significantly decreased after MyD88 siRNA treatment at 24
h and 48 h but this was not the case after treated with the TIRAP siRNA at 24 h (Figure 2D). Interestingly, MCP-1 was not
changed by any siRNA inhibitions of MyD88, TIRAP or TICAM2 (Figure 2E). Overall, our data demonstrated that N protein
caused macrophage activation and subsequently released cytokine through MyD88 and TIRAP modulation.
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Figure | Cytokine release from macrophage after treated with alive SARS-CoV-2, S, or N protein. THP-| macrophages were stimulated with the different load of SARS-
CoV-2 from 5x108, 10% 10 10% 10% 0 TCID50 at 3, 24 and 48 h. (A) TNF-q, (B) IL-IB, (C) IL-6 and (D) MCP-I were detected with cytometric bead array. THP-1
macrophages were challenged with N protein (4ug/mL), S protein (4pg/mL) and PBS control for 3, 24 and 48h. (E) TNF-q, (F) IL-1B, (G) IL-6 and (H) MCP-| were measured
with cytometric bead array. Data are expressed as mean * SEM, n=3-6; *P<0.05, **P< 0.0, **P< 0.001, NS=not significance.
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Figure 2 MyD88 and TIRAP pathway mediates N protein induced macrophage activation. (A) TICAM2, TIRAP and MyD88 in whole-cell THP-1 macrophage lysates at 3, 6,
12, 24 and 48h after N protein stimulation (4 pg/mL) (n=3). (B-E) TNF-a, IL-1B, IL-6 and MCP-| release from the siRNA of TICAM2, TIRAP or MyD88 inhibited THP-1
macrophages under 24 and 48 h N protein challenge (n=3-6). Data are expressed as mean + SEM; *P<0.05, **P< 0.01, **P< 0.001, NS=not significance.

N Protein Induced Systemic Inflammation in Mice

To determine the role of N protein in inducing systemic inflammation via airway administration, the dead SARS-CoV-2 or
N protein was injected intratracheally in mice. N protein intensively induced systemic inflammation in mice at post-injection
day 3 and 5; However, the inactivated SARS-CoV-2 only caused moderate responses at day 5 (Figure 3A—F). These results
suggested that SARS-CoV-2 N protein is a potent activator in inducing systemic inflammation responses of COVID-19.

N Protein Induced Systemic Inflammation Accompanied with Macrophage
Accumulation in the Lung

MCP-1, a chemokine for macrophage migration,”’ was increased in mice after N protein and dead SARS-CoV-2
stimulation (Figure 3F). Macrophage accumulation in the lung was found at day 1 up to day 5 after N protein challenge
and dead SARS-CoV-2 administration, respectively (Figure 4B). Moreover, this change was much higher with N protein
stimulation than that with dead SARS-CoV-2 challenge (Figure 4C). Acute lung injury and macrophage accumulation
induced by N protein were evident with H&E and immunohistochemistry staining assessment (Figure 4D). N protein

induced acute lung injury indicated with the injurious scores were also readily seen (Figure 4E).
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Figure 3 N protein induced systemic inflammation in mice. Serum cytokines in mice after challenged with N protein, dead SARS-CoV-2 and PBS control. (A) TNF-q, (B) IL-6,
(C) IL-10, (D) IL-12, (E) IFN- y and (F) MCP-1 were detected with cytometric bead array. Data are expressed as mean + SEM, n=3-6; *P<0.05, **P< 0.01, ***P< 0.001, NS=not
significance.

In addition, to test the role of macrophage in the systemic inflammation of mice, clodronate liposomes was used to
deplete macrophages. The cytokines of TNF-a, IL-6, IL-10, IL-12, IFN-y and MCP-1 were significantly reduced in mice
after macrophage depletion (Figures 5SA-5F).

Discussion

In this study, we found cytokine releases from activated macrophage induced by SARS-CoV-2 and its N protein, but not
S protein. These cytokine responses were mediated through MyD88 and TIRAP cellular signalling, but not TICAM?2.
Along with the activated role of N protein on macrophage demonstrated in vitro, we also noted a pronounced expansion
of macrophage in the lung after N protein stimulation and a decreased cytokine release in response to N protein
stimulation after macrophage depletion in mice. Our work suggested that macrophage activation and subsequent
infiltration mediated by SARS-CoV-2 virus and its N proteins may be the main driver of COVID-19 lung injury and
even multiple organ dysfunction and/or failure.

The S spike protein of SARS-CoV-2 mediates the cell entry.''*? Acute respiratory distress syndrome and multiple
organ dysfunction/failure with high mortality were closely related to inflammatory responses.'®* Our data reveal that
dead SARS-CoV-2 virus and recombinant N protein but not S protein triggered severe systemic inflammation. Moreover,
the cytokine release was increased rapidly after N protein stimulation within 24 h, which led to the further lung tissue
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expressed as mean * SEM; n=3; *P<0.05, **P< 0.01, ***P< 0.001, NS=not significance.

damage. We found that SARS-CoV-2 derived N protein but not S protein is likely the main mediator in inducing
hyperinflammation. Although the mixture effects of N or S proteins in inducing inflammatory cytokine responses have
been reported through activating TLR2 receptor or NLRP3 inflammasome,'*%** the potent pro-inflammatory response
due to N protein was concluded in our current study. Interestingly, the S1 subunit of S protein has been found to alter
lung vascular permeability and induce hyperinflammation,®® but it is not the case under our experiment conditions and
further study into this is needed. Moreover, previous studies also reported that immune dysregulated response rather than
hyperimmune response, namely “cytokine storm syndrome”, drove SARS-CoV-2 virus-induced lung injury.*® All these
indicate the complexity of COVID-19 but one can argue that patient’s body lacks response in severe cases at the disease
“later stage” cannot be also excluded per se.

We demonstrated that macrophages were exposed to alive SARS-CoV-2 or N protein to be activated and subsequently
released cytokines. These findings suggest that the hyperinflammation after SARS-CoV-2 infection may mainly be due to
activating macrophages. Indeed, activated macrophages were reported to be associated with “cytokine storm” and also lung
fibrosis after SARS-CoV-2 infection clinically.>'® Massive cytokines released from SARS-CoV-2-infected macrophages
and monocytes led to inflammation-mediated injurious cascades causing multi-organ injury/failure.''*” MyD88, TIRAP
and TICAM2 cellular signaling have been demonstrated to be involved in cytokine release from macrophage.”®>°
However, in our study, we only found that MyD88 and TIRAP but not TICAM?2 were involved in macrophage activation.
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MyD88 has been reported to be activated by SARS-CoV-2 S protein,'® but we found that it was mainly due to N protein
stimulation. The discrepancy was likely due to the different experimental settings but warrants further study.

Macrophage, lymphocytes and other cell infiltration in the lung were evident in COVID-19 patients.'® Accordingly,
BALF collected from patients with mild or severe COVID-19 revealed as much as 80% of mononuclear phagocyte of
total BALF cells compared with only approximately 60% and 40% in patients with mild disease or healthy controls.>!
A dysregulated macrophage response may damage the host and even led to death after SARS-CoV-2 infection."* Our
data also support this conclusion as the depletion of macrophages in lungs directly attenuated the systemic inflammation
after N protein injection shown in our study. In contrast, rapid macrophage accumulation in the lung was found at day 1
challenge of N protein. Hence, these findings may suggest that blocking N protein may be a potential therapeutic strategy
to dampen macrophage activation for COVID-19 patients.

The strength of our study is the first to demonstrate the damaging role of macrophage activation induced by live or dead
SARS-CoV-2 and N protein challenge in vitro and in vivo, respectively, and the interaction between SARS-CoV-2 and
macrophage may be mainly due to SARS-CoV-2 derived N protein. However, due to the high risk using alive SARS-CoV-2
virus infection in mice, the underlying molecular mechanisms and impact under this condition are required further study.

Conclusion

Our data suggested that SARS-CoV-2 N protein may be the main mediator to induce lung macrophage activation and
infiltration and subsequently result in dysregulated cytokine responses to further cause acute lung injury and multiple
organ dysfunction and failure. Our work implied that blocking N protein may be a potential therapeutic strategy to
dampen macrophage activation to tackle COVID-19 disease whilst developing vaccines to protect body through against
both SARS-CoV-2 S and N proteins may be more effective than those mRNA vaccines currently used clinically which
are mainly targeted on S protein.
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