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Abstract

SARS-CoV-2 nucleocapsid protein (N-protein) rises early in body fluids during infection 

and has recently been identified as a direct inducer for lung injury. However, the signal 

mechanism of N-protein in lung inflammatory response remains poorly understood. The goal 

of this study was to determine whether receptor for advanced glycation endproducts (RAGE) 

participated in N-protein-induced acute lung injury. The binding between N-protein and 

RAGE was examined via assays for protein-protein interaction. To determine the signaling 

mechanism in vitro, cells were treated with recombinant N-protein and assayed for the 

activation of RAGE/mitogen-activated protein kinase/NF-ĸB pathway. RAGE deficiency 

mice and antagonist were applied to study N-protein-induced acute lung injury in vivo. 

Binding between N-protein and RAGE was confirmed via flow cytometry-based binding 

assay, surface plasmon resonance, and enzyme-linked immunosorbent assay. Pull-down and 

co-immunoprecipitation assays revealed that N-protein bound RAGE via both N-terminal and 

C-terminal domains. In vitro, N-protein activated RAGE-ERK1/2-NF-ĸB signaling pathway 

and induced proinflammatory response. RAGE deficiency subdued N-protein-induced 

proinflammatory signaling and response. In vivo, RAGE was upregulated in the 

bronchioalveolar lavage and lung tissue after recombinant N-protein insult. RAGE deficiency 

and small molecule antagonist partially protected mice from N-protein-induced acute lung 

injury. Our study demonstrated that RAGE is a receptor for N-protein. RAGE is partially 

responsible for N-protein-induced acute lung injury and has the potential to become a 

therapeutic target for treating Coronavirus disease 2019.
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Introduction

Coronavirus disease 2019 (COVID-19) pandemic, caused by infection of SARS-CoV-2, 

has resulted in profound public health and socioeconomic consequences around the globe (1). 

Acute lung injury and acute respiratory distress syndrome (ARDS) are the most serious and 

frequent complications of COVID-19. The mortality rate of COVID-19 ARDS is estimated to 

be about 45%, while the incidence of ARDS among COVID-19 non-survivors is 

approximately 90% (2). Both classical and COVID-19 ARDS are characterized by increased 

endothelial permeability, infiltration of inflammatory cells, and elevated proinflammatory 

cytokines such as interleukin (IL)-6, IL-8, and tumor necrosis factor (TNF)-α (3).

SARS-CoV-2 is an enveloped, positive sense, single-stranded RNA virus with a 

genome size of approximately 30,000 nucleotides. The virion envelop is anchored with three 

of the four structural proteins: the spike (S), the membrane (M), and the envelope (E) proteins 

(4). The fourth, the nucleocapsid protein (N-protein), is located inside of the viral envelope. It 

packages RNA genome into helical ribonucleoprotein complex enclosed within the capsid, 

which is essential for viral replication and infection (5). The N-protein is composed of two 

RNA-binding domains, the N-terminal domain (NTD) and C-terminal domain (CTD), which 

are connected by a Ser/Arg-rich linker region (LR) (6). Several studies have documented that 

SARS-CoV-2 N-protein is directly involved in lung inflammation and acute lung injury. Gao 

et al. reported that N-protein aggregated lipopolysaccharide (LPS)-induced lung injury via 

binding to MASP-2, leading to complement activation (7). Pan et al. found that N-protein 

boosted NLRP3 inflammasome activation to induce lung inflammation (8). Our results 

showed that recombinant N-protein induced acute lung injury in mice via NF-ĸB activation 
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(9). However, the upstream mechanism of NF-ĸB activation is unknown.

One of the upstream mediators of NF-ĸB activation is receptor for advanced glycation 

endproducts (RAGE). RAGE is a transmembrane glycoprotein and belongs to the 

immunoglobulin superfamily. In addition to binding with advanced glycation endproducts, 

RAGE is also a receptor for many other ligands such as LPS, family of S100 proteins, and 

high mobility group box 1 (HMGB1) (10). Compared with other tissues, RAGE is most 

highly expressed in the lung, particularly in the alveolar type I cells, type II cells, and 

macrophages (11, 12). A potential role of RAGE in the pathogenesis of COVID-19 has been 

proposed by several groups (13). However, the role of RAGE in N-protein-induced acute 

lung injury has not been reported. In the present study, we aimed to examine whether RAGE 

is a receptor for N-protein and determine the consequent impact on acute lung injury of N-

protein-RAGE interaction.  

Methods

Detailed METHODS are provided in the online supplement.

Plasmids and fusion proteins

N-protein N-terminal domain (NTD, 1-174 AA), linker region (LR, 175-246 AA), and C-

terminal domain (CTD, 247-419 AA) constructs were amplified from a full-length N-protein 

cDNA via PCR, confirmed via sequencing, and subcloned into pcDNA3.1-GFP plasmid in 

frame for mammalian expression. Human RAGE cDNA construct was amplified from a full-

length RAGE cDNA via PCR, confirmed via sequencing, and subcloned into pcDNA3.1-Flag 
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plasmid. The construct for full-length pET28a-His-N-protein for bacterial expression was 

generously provided by Dr. Feng Cong from Guangdong Laboratory Animals Monitoring 

Institute. Recombinant His-protein constructs for NTD, LR, and CTD were amplified from an 

N-protein cDNA via PCR, confirmed via sequencing, and inserted into pET28a vector. 

Recombinant RAGE protein was purchased from SinoBiological (Beijing, China).

Preparation of recombinant N-protein

The proteins were purified from bacterial lysate via nickle affinity chromatography (BBI 

Life Sciences) and dialyzed to remove extra salt and imidazole. To remove the contaminated 

endotoxin, the recombinant proteins were passed through a column from ToxinEraser 

Endotoxin Removal Kit (GenScript). The endotoxin levels were < 0.1 EU/μg protein (<0.01 

ng/μg) as determined by ToxinSensor Chromogenic LAL Endotoxin Assay Kit (GenScript). 

To neutralize the possible protein-bound LPS, recombinant proteins were pretreated with 

polymyxin B (250 µg/ml, MilliporeSigma) for 1 h at room temperature (RT) before all in 

vitro and in vivo experiments. 

Flow cytometry-based binding assay 

Cells were detached by cell scrapers and rinsed with flow cytometry buffer (PBS, 0.5 % 

BSA) to block non-specific binding. Cells were then incubated with His-tagged full-length N-

protein (5 µg/ml) at 37 oC for 1 h. Cells were washed with flow cytometry buffer for 3 x 5 

min and incubated with an Alexa Fluor 488-conjugated anti-His antibody (Biolegend) diluted 

1:100 for 30 min. Then, cells were rinsed, detected by a BD LSRFortessa™ flow cytometer, 

and analyzed using FlowJo V10 software. 

Surface plasmon resonance (SPR)

SPR was performed using a Biacore 3000 system (Cytiva). N-protein was diluted in PBS 
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to generate a series of concentrations (6.25-400 nM). After immobilizing RAGE at 100 RU 

level on the surface of a CM5 sensor chip (Cytiva), N-protein samples were injected for 4 

min across the sensor surface at a flow rate of 20 μL/min. At the end of the sample injection, 

PBS was flowed over the sensor surface for 4 min to promote dissociation. The response was 

monitored as a function of time at RT. Sensorgrams were obtained by subtraction of zero 

concentration curve. The binding data was fitted to a 1:1 binding model using BIAevaluation 

software (Cytiva). 

N-protein-induced lung injury model 

C57BL/6 mice were acquired from Shanghai Laboratory Animal Center (Shanghai, 

China). RAGE knockout mice with C57BL/6 background was generated by Nanjing 

Biomedical Research Institute of Nanjing University via CRISPR/Cas9 technology 

(Project#：XM709828). Animal experimental protocols were approved by the Institutional 

Animal Care and Use Committee at Zhejiang University School of Medicine. Mice were 

anesthetized with an injection of phenobarbital (50 mg/kg) intraperitoneally. Acute lung 

injury was induced via intratracheal instillation of recombinant full-length N-protein (75 μg 

per mouse in 50 µL) as reported previously (9). To study the effect of RAGE inhibition on N-

protein-induced lung injury, mice were subjected to intraperitoneal injection of RAGE 

antagonist RAP (50 or 100 μg/mouse) 1 h before N-protein administration. Based on our 

experience, the optimal time point for assessing N-protein-induced lung injury was 24 h after 

insult. Serum, lung, and bronchioalveolar lavage (BAL) samples were harvested at 24 h from 

mouse groups (48 h for Supplemental Figure 1).

Western blot
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Antibodies for phosphor-ERK1/2 and ERK1/2 were purchased from Abcam. Antibodies 

for phosphor-JNK1/2, JNK1/2, phosphor-p38, p38, phosphor-NF-ĸB p65, and NF-ĸB p65 

were purchased from Cell Signaling Technology. Equal amount of cell lysates (30 μg) were 

separated on 12% SDS-PAGE gels, transferred via polyvinylidenefluoride membranes, 

blocked in tris-buffered saline with Tween-20 containing 5% non-fat milk (blot buffer), and 

probed with the primary antibodies. After washing with blot buffer, membranes were 

incubated with specific secondary antibodies linked to horseradish peroxidase. Signal 

detection was conducted using enzyme-linked chemiluminescence kit. Blot images were 

analyzed by ImageJ software.

Statistical methods

Data are presented as mean ± standard deviation of the mean (SD). Data normality was 

examined using the D′Agostino-Pearson Omnibus normality test, the Shapiro-Wilk normality 

test, or Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor corrected p value. 

Student’s t test, one-way analysis of variance (ANOVA) with Tukey’s post hoc test, or two-

way AVOVA with Tukey’s post hoc test was conducted for parametric values. In data sets 

with non-parametric values (Figure 2F and TNF-α of Figure 3B), Kruskal-Wallis test 

followed by Dunn’s post hoc test was performed for analysis. Statistical analysis was 

conducted using the GraphPad Prism 8.0.2. Results were deemed significant if p < 0.05.
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Results

RAGE is a receptor for N-protein

RAGE is constitutively expressed in A549 human alveolar epithelial cells (14). The first 

experiment was to test whether recombinant full-length N-protein could bind to the surface of 

A549 cells using flow cytometry-based binding assay. Detached cells were incubated with or 

without His-tagged N-proteins and then analyzed by flow cytometry after incubation with an 

anti-His antibody. The results suggested that N-protein bound with surface molecules of 

A549 cells (Figure 1A). To determine whether N-protein could specifically bind with RAGE 

on cell surface, bone marrow-derived macrophages (BMDMs) were isolated from RAGE 

knockout mice with C57BL/6 background (RAGE-/-) and wild-type (WT) C57BL/6 mice. We 

observed that full-length N-protein bound BMDMs from WT mice, while the binding was 

substantially reduced in BMDMs from RAGE-/- mice (Figure 1B). Surface plasmon 

resonance (SPR) analysis demonstrated that N-protein had a strong binding affinity with 

RAGE, with equilibrium dissociation constant (Kd) of 34.5 ± 10.6 nM (Figure 1C). It has 

been documented that the binding between receptor binding domain (RBD) of SARS-CoV-2 

S protein and angiotensin-converting enzyme 2 (ACE2) has a Kd in the range of 6–133 nM 

(15). To demonstrate that RAGE possesses potent binding with N-protein, N-protein was 

coated on plates and the binding of various concentrations of RAGE was assayed via ELISA. 

The half-maximal effective concentration (EC50) was 3.87 ± 0.57 μg/mL for N-protein 

(Figure 1D). Lopez et al. reported that ACE2 bound with RBD of SARS-CoV2 S protein with 

an EC50 value of 13.5 μg/mL (16).   

To provide more evidences for N-protein and RAGE association, His-tagged proteins 

expressing full-length, N-terminal domain (N-NTD), linker region (N-LR), and C-terminal 
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domain (N-CTD) (Figure 1E) were utilized in pull-down assay of mouse lung lysate. Full-

length N-protein, N-NTD, and N-CTD were able to pull down considerable amount of RAGE 

as detected by Western blot, while N-LR did not show binding activity (Figure 1F). To 

confirm the physical association of N-protein and RAGE in a cellular context, constructs of 

GFP-N-protein and Flag-RAGE were expressed in HEK-293 cells either alone or in 

combination via transient transfection. When cell lysates were immunoprecipitated with an 

anti-FLAG antibody, the co-transfected full-length N-protein, N-NTD, and N-CTD, but not 

N-LR, was robustly co-immunoprecipitated (Figure 1G). These results indicate that N-protein 

has two binding sites for RAGE, one at CTD and the other at NTD. Similarly, it has been 

reported that HMGB1 has two RAGE-binding domains (17). 

N-protein activates RAGE-ERK1/2-NF-ĸB pathway 

Previously, our group reported that recombinant N-protein induced lung injury and NF-

ĸB activation, independent of endotoxin (9). To investigate the upstream signaling 

mechanism of NF-ĸB activation, RAW 264.7 macrophages were treated with recombinant 

full-length N-protein for a series of time points. Cell lysates were examined for the 

phosphorylation of mitogen-activated protein kinases (MAPK) (ERK1/2, p38 MAPK, and 

JNK1/2) via Western blot analysis. The results showed that phosphorylation of ERK1/2, p38 

MAPK, and JNK1/2 was elevated in a time-dependent manner, reaching a peak between 30 

min to 1 h (Figures 2A-2C). Pretreatment of cells with RAGE antagonist (RAP, 20 µM) 

blocked N-protein-induced ERK1/2 activation, indicating that RAGE is upstream of ERK1/2 

(Figure 2D). The phosphorylation of p38 MAPK and JNK1/2 evoked by N-protein was 

unaltered by RAGE antagonist, suggesting that the activation of p38 MAPK and JNK1/2 is 

independent of RAGE (Figures 2E-2F). This phenomenon is similar to a previous report that 
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S100B increased phosphorylation of p38 MAPK and JNK1/2 independent of RAGE (18). 

Compared with the phosphorylation pattern of MAPK induced by N-protein (Figures 2A-2C), 

NF-ĸB p65 phosphorylation lasted longer, reaching a peak between 1 h to 4 h (Figure 2G). 

Similar to that of ERK1/2, N-protein-induced NF-ĸB p65 phosphorylation was blocked by 

RAGE antagonist (Figure 2H). Furthermore, ERK1/2 inhibition (SCH772948, 500 nM) 

abolished the effect of N-protein on NF-ĸB activation, suggesting ERK1/2 is upstream of NF-

ĸB (Figure 2I). These findings support that N protein induces signaling through RAGE-

dependent activation of ERK1/2-NF-ĸB pathway.

N-NTD and N-CTD mimic full-length N-protein in signaling and inflammatory 

response

It has been reported that HEK 293 cells do not express or express low levels of RAGE 

(19). To examine whether N-NTD and N-CTD could promote RAGE-mediated signaling, 

HEK 293 cells were transfected with Flag-tagged RAGE and stimulated without or with 

recombinant proteins expressing full-length, N-NTD, N-CTD, or N-LR (5 μg/mL) for 30 

min. Without stimulation, the phosphorylation of ERK1/2 and NF-ĸB p65 as detected by 

Western blot was almost undetectable. Treatment with full-length N-protein, N-NTD, and N-

CTD, but not N-LR, elevated the phosphorylation of ERK1/2 and NF-ĸB p65 (Figure 3A). 

To study whether N-NTD and N-CTD could enhance RAGE-mediated inflammatory 

response, transfected HEK293 cells were stimulated without or with recombinant proteins 

expressing full-length, N-NTD, N-CTD, or N-LR (5 μg/mL) for 24 h. Full-length N-protein, 

N-NTD, and N-CTD significantly elevated both mRNA expression (Figure 3B) and cellular 
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release (Figure 3C) of proinflammatory cytokines IL-1β, IL-6, and TNF-α as determined by 

qRT-PCR and ELISA, respectively. 

RAGE deficiency reduces N-protein-induced ERK1/2-NF-ĸB signaling and 

proinflammatory response

To further explore the role of RAGE in N-protein-induced proinflammatory pathway, 

BMDMs were isolated from RAGE-/- and WT C57BL/6 mice and treated with recombinant 

full-length N-protein for different time points. Compared with WT BMDMs, phosphorylation 

of ERK1/2 and NF-ĸB p65 was abolished in RAGE-/- BMDMs in response to N-protein 

(Figure 4A). Compared with WT, RAGE deficiency significantly decreased the effect of N-

protein on mRNA expression and cellular release of IL-1β, IL-6, and TNF-α at 24 h (Figure 

4B). However, RAGE deficiency did not totally wipe out the proinflammatory effect of N-

protein. To further support the role of ERK1/2 in regulation of N-protein-induced 

proinflammatory response, WT BMDMs were treated with ERK1/2 inhibitor (SCH772948, 

500 nM) prior to N-protein insult. ERK1/2 inhibition significantly inhibited the mRNA 

expression and cellular release of proinflammatory cytokines IL-1β, IL-6, and TNF-α at 24 h 

(Figure 4C). Taken together, these findings indicate that RAGE-ERK1/2-NF-ĸB pathway is 

essential in N-protein-induced proinflammatory response. 

RAGE deficiency and inhibition alleviate N-protein-induced acute lung injury 

Previously, our group reported that recombinant N-protein-induced lung injury was dose-

dependent. Intratracheal administration of a low dose of N-protein (3 µg/mouse) failed to 

trigger acute lung injury at 24 h, while a high dose (75 µg/mouse) had more pronounced 
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effect than a medium dose (15 µg/mouse) (9). To study whether N-protein induces RAGE 

expression in vivo, WT C57BL/6 mice were treated intratracheally with recombinant full-

length N-protein (75 µg/mouse) or PBS. At 24 h, N-protein insult significantly increased 

RAGE levels in the bronchioalveolar lavage (BAL) and serum relative to the control in 

ELISA assay (Figure 5A). The treatment also elevated total RAGE mRNA levels in BAL 

cells (Figure 5B). In addition, lungs with N-protein insult showed extensive RAGE reactivity 

in immunohistochemistry (Figure 5C), indicating that N-protein upregulates both membrane 

and soluble RAGE. 

To examine the role of RAGE in N-protein-induced acute lung injury, RAGE-/- and WT 

C57BL/6 mice were treated intratracheally with recombinant full-length N-protein (75 

µg/mouse) or PBS. Lung samples and BAL were harvested at 24 h. Treatment of N-protein 

elicited edema and higher cellularity in WT mice compared with control. However, 

inflammatory cell infiltration and septal thickening was remarkable less prominent in treated 

RAGE-/- mice compared with WT mice (Figure 5D). Total protein levels, number of total 

cells, and number of neutrophils in the BAL were significantly reduced (by 42.4%, 49.5%, 

and 50.8 %, respectively) in treated RAGE-/- versus WT mice (Figure 5E). Proinflammatory 

cytokines including IL-1β, IL-6 and TNF-α in the BAL were substantially decreased (by 

49.1%, 59.1%, and 43.7%, respectively) in treated RAGE-/- mice versus WT mice (Figure 

5F). However, lung injury was not totally abolished in RAGE-/- mice compared with control 

(Figures 5E-5F). Reduced lung injury in treated RAGE-/- versus WT mice was still observed 

at 48 h after N-protein insult. However, increased protein leakage in BAL was no longer 

present in treated RAGE-/- mice versus control (Supplemental Figure 1). These results show 
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that N-protein-induced acute lung injury is partially protected by RAGE deficiency. Using a 

lentivirus-mediated N-protein expression system, Pan et al. reported that N-protein mediated 

NLRP3 inflammasome activation and prompted hyperinflammation in the lung (8). 

Intraabdominal administration of NLRP3 inhibitor MCC950 (10 mg/kg) alleviated lung 

injury induced by recombinant N-protein (Supplemental Figure 2), indicating NLRP3 

activation is also partially responsible for N-protein-induced acute lung injury. 

To determine the therapeutic potential of RAGE inhibition in N-protein-induced lung 

injury, C57BL/6 mice were treated with recombinant full-length N-protein intratracheally (75 

µg/mouse), N-protein + RAGE antagonist RAP (100 μg/mouse intraperitoneally 1 h before 

N-protein insult), or PBS. RAGE inhibition alleviated the effect of N-protein on lung 

pathology (Figure 6A). It also significantly reduced total protein concentration (by 51.1%), 

total cell count (by 49.1%), and neutrophil infiltration (by 51.2 %) in the BAL (Figure 6B). 

Proinflammatory cytokines including IL-1β, IL-6, and TNF-α in the BAL were significantly 

decreased (by 53.1%, 62.6%, and 45.2%, respectively) by RAGE inhibition (Figure 6C). 

RAGE inhibition with a lower dose of RAP (50 μg/mouse) had similar effect as the 100 μg 

dose in alleviating protein leakage in the BAL while failing to reduce neutrophil infiltration 

(Supplemental Figure 3). Several studies have reported that RAGE ligands such as S100A8 

and S100A9 were upregulated in COVID-19 patients (20). S100A8 and S100A9 were shown 

to exacerbate lung inflammation via neutrophil accumulation in tuberculosis (21). Our results 

revealed that N-protein had similar effect as S100A8 and A9 in inducing acute lung injury 

(Supplemental Figure 4). These findings suggest RAGE inhibition might be beneficial in 

alleviating lung injury from both N-protein and other RAGE agonists in COVID-19.
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Discussion

It has been well established that the association between SARS-CoV-2 S protein and 

ACE2 mediates the viral entry to cells. To our knowledge, this is the first study to report the 

binding between N-protein and RAGE, linking the second SARS-CoV-2 structural protein 

with a membrane receptor. This conclusion is substantiated by the following findings. (1) 

There was a direct high-affinity physical association between N-protein and RAGE (Figure 

1A-1D). (2) N-protein bound RAGE via both N-terminal domain and C-terminal domains 

(Figure 1F-1G). (3) N-protein activated ERK1/2-NF-ĸB pathway through RAGE (Figure 2). 

(4) N-NTD and N-CTD mimicked full-length N-protein to induce inflammatory response 

(Figure 3). (5) Genetic deletion of RAGE significantly decreased N-protein-induced signaling 

and proinflammatory response in vitro (Figure 4A-4B). (6) In mice, N-protein treatment 

elevated RAGE levels in the BAL and lung (Figure 5A-5C). (7) RAGE deficiency protected 

again N-protein-induced acute lung injury in mice (Figure 5E-5F). (8) Inhibition of RAGE 

signaling via antagonist significantly alleviated N-protein-induced acute lung injury (Figure 

6). 

Previously, our group reported that N-protein induced acute lung injury in mice via 

activation of NF-ĸB (9). We speculated that a membrane receptor may mediate the binding 

with N-protein and activation of NF-ĸB. In the preliminary experiments using pull-down and 

co-immunoprecipitation assays, we found that N-protein was unable to physically associate 

with Toll-like receptor 4, the receptor for LPS (data not shown). Then, we turned our 

attention to explore the binding between N-protein to RAGE. Our results demonstrated that 

NTD and CTD of N-protein, but not LR, bound with RAGE. Similarly, HMGB1 has two 
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RAGE-binding domains, one in the box A domain (23–50 AA) (22) and the other in the box 

B domain (150–183 AA) (23). It has been documented that both NTD and CTD of N-protein 

possess the ability of RNA binding (24). The presence of two domains with similar functions 

may help to reinforce the activation of RAGE-mediated signaling pathway. However, we did 

not examine the ligand-binding domains for N-protein in RAGE. The mature human RAGE 

is a glycoprotein with 404 amino acids. It consists of an extracellular domain (1–342 AA), a 

single transmembrane domain (amino acids 343–363), and a cytoplasmic tail (amino acids 

364–404). The extracellular part consists of one variable domain (V) and two constant 

domains (C1 and C2). The majority of binding studies showed that ligands bind with V 

domain of RAGE, however the C1 domain also participates in the recognition of ligands (25). 

The molecular mechanism underlying the binding between N-protein and RAGE warrants 

further investigation.

The association between RAGE and COVID-19 has been reported in the literature. Lim 

et al. showed that serum sRAGE is a biomarker for predicting disease severity of COVID-19 

and the need for mechanical ventilation (26). mRNA and protein levels of RAGE ligands 

such as S100A8, S100A9, S100A11, S100A12, and S100 P were significantly higher in the 

lung of COVID-19 fatal cases compared with healthy controls (27). Serum S100B levels 

were elevated in COVID-19 patients and correlated with disease severity (28). In addition, 

serum levels of S100A8/A9 and HMGB1 at admission had prognostic value for ICU 

admission and hospital death in COVID-19 patients (20). Furthermore, Jessop et al. found 

that RAGE antagonist improved the survival of SARS-CoV-2 infected mice and alleviated 
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lung inflammation and perivascular pathology (29). The present study brings new light to the 

role of RAGE in COVID-19.  

Using immunohistochemistry, Massoth et al. found that N-protein localized 

predominantly extracellularly and within hyaline membrane in a big percentage of patients 

died of COVID-19 (3). During SARS-CoV-2 infection, N-protein can be released into 

extracellular space and blood via several mechanisms. First, N-protein can be naturally 

secreted from SARS-COV-2-infected cells. When transfected alone in HEK 293 cells, N-

protein and S protein, but not E and M proteins, were readily detected in the cell lysate (30). 

Secondly, several studies showed that SARS-CoV-2 infection induced cell necrosis, leading 

to passive release of virions, viral proteins, cytoplasmic components into extracellular space 

and blood (31). Thirdly, one report showed that extracellular vesicles carrying S protein were 

generated by host cells and budded from the plasma membrane, indicating that N-protein 

might also be released via the same machinery (32). Clinical studies showed that serum N-

protein concentration was closely correlated to disease severity and had a peak value from 1 

ng/ml to 2.7 µg/ml in COVID-19 patients (33, 34). The present study revealed that N-protein 

activated membrane receptor RAGE on target cells and mediated inflammatory response, 

providing the mechanism of N-protein in SARS-CoV-2-induced lung injury. 

In the present study, inhibition or knockout of RAGE did not completely abolish the 

effects of N-protein on acute lung injury, which suggests that N-protein may have other 

binding partners. It has been reported that N-protein interacted directly with NLRP3 and 

promoted NLRP3 inflammasome activation to induce inflammatory response in the lung (8). 

Here we showed that N-protein-induced lung injury was partially blocked by NLRP3 
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inhibitor MCC950. Another study showed that N-protein bound with Smad3 and enhanced 

TGF-β/Smad3 signaling to induce acute kidney via G1 cell cycle arrest mechanism (35). 

Moreover, interaction between N-protein and α-synuclein accelerated amyloid formation and 

cell death, which might explain the reported correlation between COVID-19 and 

Parkinsonism (36).  

There are also a couple of findings worth mentioning. In the SDS-PAGE analysis, we 

noticed that N-NTD migrated slightly slower than the predicted 20 kDa, while the N-CTD 

(also expected 20 kDa) moved even slower than NTD (Figure 1D). The same phenomenon 

was also seen in the report from Nakayama et al (37). This finding suggests that N-NTD and 

N-CTD have differences in post-translation modification. Secondly, our study demonstrated 

that N-protein induced activation of ERK1/2, p38 MAPK, and JNK1/2. However, the 

activation of p38 MAPK and JNK1/2 was not affected by RAGE inhibition, suggesting that 

this effect is independent of RAGE. Ishihara et al. found that RAGE bound specifically with 

ERK but not with JNK or p38 MAPK (38). Somensi et al. documented that heat shock 

protein 70 induced activation of ERK1/2, p38 MAPK, and JNK. However only ERK1/2 

activation was blocked by RAGE knockdown (39).  

In conclusion, the present study reveals that RAGE is a cell surface receptor for N-

protein. N-protein activates RAGE-ERK1/2-NF-ĸB pathway and promotes the production of 

proinflammatory cytokines. N-protein-induced acute lung injury is partially mediated by 

RAGE. Therapeutic interventions targeting at RAGE may alleviate cytokine storm and 

ARDS in COVID-19. 
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Figure legends

Figure 1. N-protein bound to RAGE. (A) Detached A549 cells were incubated with or 

without His-tagged full-length N-protein under unpermeablized condition for 1 h and washed 

with PBS + 0.5% BSA for 3 times. Binding of N-protein to A549 cells was measured by flow 

cytometry using an Alexa Fluor 488-conjugated anti-His antibody. (B) Detached BMDMs 

from RAGE-/- and WT C57BL/6 mice were incubated with or without His-tagged full-length 

N-protein under unpermeablized condition for 1 h and washed with PBS + 0.5% BSA for 3 

times. Binding of N-protein to BMDMs was measured by flow cytometry using an Alexa 

Fluor 488-conjugated anti-His antibody. (C) SPR sensorgrams showed the binding of 

immobilized RAGE to N-protein at concentrations of 400, 200, 100, 50, 25, 12.5 and 6.25 

nM. The data was fitted to the one-to-one kinetic model. (D) Recombinant RAGE of different 

concentrations (0.1 - 25.6 g/ml) was applied to ELISA plates coated with N-protein. Bound 

RAGE was detected using a rabbit anti-RAGE antibody followed by a goat anti-rabbit 

secondary antibody conjugated to horseradish peroxidase. After adding substrate, optical 

density (OD) was measured at 450 nm and normalized against negative control. (E) A 

schematic diagram showed full-length and truncated N-proteins. (F) Lung lysates were 

prepared from C57BL/6 mice and pulled down with His-tagged full-length N-protein, N-

NTD, N-CTD, or N-LR. The lysates and pull-down products were examined via Western blot 

using an anti-RAGE antibody. The two bands detected in the pull-down assay represent the 

RAGE protein pre and post glycosylation (upper panel). Bait proteins were visualized with 

Coomassie staining (lower panel). (G) Cell lysates from HEK 293 cells expressing FLAG-

RAGE and GFP-N-proteins of full-length, N-NTD, N-CTD, or N-LR were subjected to 

immunoprecipitation using an anti-FLAG antibody. The cell lysates and immunoprecipitation 
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fractions were examined by Western blot using an anti-GFP or anti-Flag antibody. Data are 

presented as mean ± SD (D). Data shown are representative of three independent 

experiments.

Figure 2. N-protein prompted ERK-mediated NF-ĸB phosphorylation via RAGE. (A-C) 

RAW 264.7 cells were treated with recombinant full-length N-protein (5 μg/mL) for the 

indicated times. Cell lysates were analyzed via Western blot using antibodies specific to 

phosphorylated (upper panels) or total (lower panels) of ERK1/2 (A), p38 MAPK (B), or 

JNK1/2 (C). (D-F) RAW 264.7 cells were pretreated with RAGE antagonist (RAP, 20 μM) 

for 1 h and then incubated with recombinant full-length N-protein (5 μg/mL) for the indicated 

times. Cell lysate was examined via Western blot using specific antibodies to detect 

phosphorylation of ERK1/2 (D), p38 MAPK (E), or JNK1/2 (F). (G-H) RAW 264.7 cells 

were pretreated without (G) or with (H) RAGE antagonist RAP (20 μM) for 1 h and then 

stimulated with recombinant full-length N-protein (5 μg/mL) for the indicated times. Cell 

lysate was assessed via Western blot using antibodies specific to phospho-NF-ĸB p65 (upper 

panel) or total NF-ĸB p65 (lower panel). (I) RAW 264.7 cells were pretreated with ERK 

inhibitor (SCH772948, 500 nM) for 1 h and then stimulated with recombinant full-length N-

protein (5 μg/mL) for the indicated times. Cell lysate was examined via Western blot using 

antibodies specific to phospho-NF-ĸB p65 (upper panel) or total NF-ĸB p65 (lower panel). 

N-protein for all groups was pretreated with polymyxin B (250 µg/ml) for 1 h at RT before 

all experiments to neutralize endotoxin. The band density of phosphorylation was quantified 

with ImageJ software, normalized to that of total protein, and expressed as relative fold 
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change compared with time 0. Data are presented as mean ± SD, n = 3. *p < 0.05, **p < 0.01, 

***p < 0.001 versus time 0. One-way analysis of variance with Tukey’s post hoc test (A-E, 

G-I) or Kruskal-Wallis test with Dunn’s post hoc test (F) was used for the analysis. NS: not 

significant. n: number of independent experiments.

Figure 3. N-NTD and N-CTD induced proinflammatory signaling and immune response. (A) 

HEK293 cells were transiently transfected with RAGE for 24 h and treated with recombinant 

N-proteins expressing full-length, N-NTD, N-CTD, or N-LR (5 μg/mL) for 30 min. Cell 

lysates were analyzed via Western blot using antibodies specific to phosphorylated (upper 

panels) or total (lower panels) of ERK1/2 or NF-ĸB p65. The levels of phosphorylation were 

quantified with ImageJ software (n = 3). (B-C) HEK293 cells were transiently transfected 

with RAGE for 24 h and treated with recombinant proteins expressing full-length, NTD, 

CTD, or LR of N-protein (5 μg/mL) for 24 h. (B) The mRNA expression of proinflammatory 

cytokines IL-1β, IL-6, and TNF-α in HEK293 cells was quantitated by qRT-PCR (n = 8-9). 

(C) Culture supernatants were analyzed by ELISA for IL-1β, IL-6, and TNF-α (n = 6). Data 

are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus no N-protein 

treatment. One-way analysis of variance with Tukey’s post hoc test (A, B and C, except B-

TNF-α) or Kruskal-Wallis test with Dunn’s post hoc test (B-TNF-α) was used for the 

analysis. NS: not significant. n: number of independent experiments.  

Figure 4. RAGE knockout reduced inflammatory response induced by N-protein in BMDMs. 

(A) BMDMs from WT and RAGE knockout mice were treated with recombinant full-length 
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N-protein (5 μg/mL) for the indicated times. Cell lysate was analyzed via Western blot using 

antibodies specific to phosphorylated (upper panels) or total (lower panels) of ERK1/2 or NF-

ĸB p65. The levels of phosphorylation were quantified with ImageJ software (n = 3). (B) 

BMDMs from WT and RAGE knockout mice were treated with N-protein (5 μg/mL) for 24 

h. The mRNA expression of proinflammatory cytokines IL-1β, IL-6, and TNF-α in BMDMs 

was quantitated by qRT-PCR (upper panel, n = 6). Culture supernatants were analyzed by 

ELISA for IL-1β, IL-6, and TNF-α (lower panel, n = 6). (C) BMDMs from WT mice were 

pretreated with ERK1/2 inhibitor (SCH772948, 500 nM) for 1 h and then stimulated with 

recombinant N-protein (5 μg/mL) for 24 h. The mRNA expression of proinflammatory 

cytokines IL-1β, IL-6, and TNF-α was quantitated by qRT-PCR (upper panel, n = 9). Culture 

supernatants were analyzed by ELISA for IL-1β, IL-6, and TNF-α (lower panel, n =6). Data 

are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. One-way AVOVA with 

Tukey’s post hoc test versus time 0 (A). Two-way AVOVA with Tukey’s post hoc test (B). 

One-way AVOVA with Tukey’s post hoc test (C). NS: not significant. n: number of 

independent experiments.

Figure 5. RAGE mediated N-protein-induced acute lung injury. (A-C) WT C57BL/6 mice 

were administered intratracheally with His-tagged full-length N-protein (75 µg/mouse in 50 

µl) or PBS. (A) BAL and serum samples were harvested at 24 h. RAGE levels in the BAL 

and serum were determined by ELISA (n = 8). (B) Total RAGE mRNA expression in BAL 

cells was examined via qRT-PCR (n = 9). (C) RAGE expression in lung tissue was detected 

via immunohistochemistry (n = 3). (D-F) RAGE-/- mice with C57BL/6 background and WT 
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C57BL/6 mice were treated with PBS or N-protein (75 µg/mouse in 50 µl) intratracheally. 

Lung tissue and BAL samples were collected at 24 h after N-protein insult. (D) Tissue 

sections were stained with H&E (n = 3). (E) Total protein, total cells, and neutrophils in the 

BAL were assayed to evaluate lung injury (n =8). (F) Levels of IL-1β, IL-6, and TNF-α in the 

BAL were determined via ELISA (n = 8). Data are presented as mean ± SD. **p < 0.01, ***p 

< 0.001. Student’s two-tailed t test (A-B). Two-way AVOVA with Tukey’s post hoc test (E-

F). NS: not significant. n: number of independent experiments.  

Figure 6. RAGE antagonist reduced N-protein-induced acute lung injury. (A-C) WT 

C57BL/6 mice were treated with PBS, full-length N-protein (75 µg/mouse), or N-protein + 

RAGE antagonist RAP (100 μg/mouse, intraperitoneal injection 1 h before N-protein 

administration). Lung tissue and BAL samples were collected at 24 h after N-protein insult. 

(A) Tissue sections were stained with H&E (n = 3). (B) Total protein, total cells, and 

neutrophils in the BAL were determined to evaluate lung injury (n = 8). (C) Levels of IL-1β, 

IL-6, and TNF-α in the BAL were analyzed via ELISA (n = 8). Data are presented as 

mean ± SD. **p < 0.01, *** p < 0.001. One-way AVOVA with Tukey’s post hoc test (B-C). 

n: number of independent experiments.

Page 28 of 48

 AJRCMB Articles in Press. Published July 21, 2023 as 10.1165/rcmb.2022-0351OC 
 Copyright © 2023 by the American Thoracic Society 



Figure 1

A

C
ou

nt

Control

N-protein

A549 cells

His - AF488 His - AF488

C
ou

nt

Control 
(WT)Control (RAGE-/-
)N-protein (WT)
N-protein (RAGE-/-
)

BMDMs
B

NTD
LR

CTD
1

176

419247

246

175

CTD
LR

NTD

N-full length

N-NTD

N-LR

N-CTD

(1-419 
aa)

E

KD

50

70

40

GFP-N-protein
Flag-RAGE

GFP-N-NTD
GFP-N-LR
GFP-N-CTD

IB:Flag

IB:GFP 50

+
+ + + + +- - --
- - - - - - -+

+ - -- +- ---

+- -- +- ---

+- -- +- ---

IP:Flag

+
+ + + + +- - --
- - - - - - -+

+ - -- +- ---

+- -- +- ---

+- -- +- ---

Input

KD

His-N-protein

His-N-NTD
His-N-LR
His-N-CTD

+
+

+

-

-
-

-
-

-

-
-
-

-
-
-

+

Input Pull-down

RAGE

C
oo

m
as

si
e 

bl
ue

   
   

   
 s

ta
in

in
g

50
40
50
40
35

25

15

F G

C D

Page 29 of 48

 AJRCMB Articles in Press. Published July 21, 2023 as 10.1165/rcmb.2022-0351OC 
 Copyright © 2023 by the American Thoracic Society 



Figure 2
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Figure 3
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Figure 4
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RAGE is a receptor for SARS-CoV-2 N protein and mediates N protein-induced acute lung 

injury

Jie Xia, Jiangmei Wang, Liyang Ying, Ruoqiong Huang, Kai Zhang, Ruoyang Zhang, Wenqi 

Tang, Qi Xu, Dengming Lai, Yan Zhang, Yaoqin Hu, Xiaodie Zhang, Ruoxi Zang, Jiajie Fan, 

Qiang Shu, Jianguo Xu
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Methods

Plasmids and fusion proteins

N-protein N-terminal domain (NTD, 1-174 AA), linker region (LR, 175-246 AA), and C-

terminal domain (CTD, 247-419 AA) constructs were amplified from a full-length N-protein 

cDNA via PCR, confirmed via sequencing, and subcloned into pcDNA3.1-GFP plasmid in frame 

for mammalian expression. Human RAGE cDNA construct was amplified from a full-length 

RAGE cDNA via PCR, confirmed via sequencing, and subcloned into pcDNA3.1-Flag plasmid. 

The construct for full-length pET28a-His-N-protein for bacterial expression was generously 

provided by Dr. Feng Cong from Guangdong Laboratory Animals Monitoring Institute. 

Recombinant His-protein constructs for NTD, LR, and CTD were amplified from a N-protein 

cDNA via PCR, confirmed via sequencing, and inserted into pET28a vector. Recombinant 

RAGE protein was purchased from SinoBiological (Beijing, China). The constructs for full-

length pET28a-His-S100A8 and pET28a-His-S100A9 for bacterial expression were purchased 

from GenScript (Piscataway, NJ). 

Cell culture, transfection, and treatment for HEK293 and RAW 264.7 cells

The HEK293 and RAW 264.7 cell lines were obtained from ATCC (Manassas, VA). Cells 

were maintained in DMEM supplemented with 10% fetal bovine serum (Biological Industries, 

Cromwell, CT) and 1x Penicillin/Streptomycin in a 37 °C, 5% CO2 incubator. For transient 

transfection, HEK293 cells were cultured until ∼60–80% confluency in 12-well plates. Then, 1 

µg of DNA and 2 µl of Lipofectamine™ 3000 (Thermo Fisher, Waltham, MA) were mixed and 

added to 1 ml serum-free medium per well. Following a 12 h incubation, fresh medium was 

added to the culture plates. The cells were harvested 24 h post-transfection and lysed in a buffer 

containing 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM 
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Na3VO4, and 1 mM PMSF. The lysates were clarified by centrifugation at 14000 rpm for 15 min 

at 4 °C. The clarified supernatants were applied for co-immunoprecipitation and Western blot 

experiments. For treatment experiments, HEK293 and RAW 264.7 cell (5 x 105 cells) were 

seeded in a standard 12-well plate and treated with N-protein (5 µg/ml) or PBS for different time 

periods. Alternatively, RAGE antagonist RAP (20 μM, MilliporeSigma, St. Louis, MO) or ERK 

inhibitor (SCH772948, 500 nM, Selleck Chemicals, Houston, TX) was added to the culture 

medium 1 h before N-protein treatment. Then, cells were collected for Western blot,analysis at 

different time points and qRT-PCR analysis at 24 h. Culture supernatant at 24 h was analyzed for 

levels of interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α via ELISA following 

manufacturer’s instruction (Lianke Biotech, Hangzhou, China). 

Preparation of recombinant N-protein

Plasmids for full-length and partial-length pET28a-His-N-proteins as well as S100A8 and 

S100A9 were transformed into competent E. coli. BL21 (DE3). A single colony of bacteria was 

inoculated into 10 mL LB medium with 50 μg/ml of kanamycin at 37 °C, with gentle shaking at 

200 rpm for overnight. The culture was then applied to inoculate 1 liter of LB medium. When 

OD600 of culture reached approximately 0.6, protein expression was induced by adding IPTG 

(BBI Life Sciences, Shanghai, China) at 1 mM for 4 h. The proteins were purified from bacterial 

lysate via nickle affinity chromatography (BBI Life Sciences) and dialyzed to remove extra salt 

and imidazole. To remove the contaminated endotoxin, the recombinant proteins were passed 

through a column from ToxinEraser Endotoxin Removal Kit (GenScript). The endotoxin levels 

were < 0.1 EU/μg protein (<0.01 ng/μg) as determined by ToxinSensor Chromogenic LAL 

Endotoxin Assay Kit (GenScript). To neutralize the possible protein-bound LPS, recombinant 

proteins were pretreated with polymyxin B (250 µg/ml, MilliporeSigma) for 1 h at room 
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temperature (RT) before all in vitro and in vivo experiments. 

Isolation and treatment of mouse bone marrow-derived macrophages (BMDMs)

Bone marrow was harvested from femurs and tibias of wild-type C57BL/6 and RAGE 

knockout mice. Cell clumps were dispersed with a 10 ml syringe attached with a 19-gauge 

needle. Then, cells were harvested via centrifugation and incubated with 1x lysis buffer (10 mM 

KHCO3, 155 mM NH4Cl, 0.1 mM EDTA) for 3 min to lyse red blood cells. Cells were pelleted 

again and differentiated in DMEM supplemented with GM-CSF (20 ng/ml, PeproTech, Rock 

Hill, NJ), 10% fetal bovine serum for 7 days. BMDMs (5 x 105 cells) were seeded in a standard 

12-well plate and treated with N-protein (5 µg/ml) or PBS for different time periods. For 

ERK1/2 inhibition experiment, BMDMs from wild-type C57BL/6 mice were pretreated with 

ERK inhibitor (SCH772948, 500 nM) for 1 h before adding N-protein (5 µg/ml). Cells were 

collected for Western blot at different time points and qRT-PCR analysis at 24 h. Culture 

supernatant at 24 h was analyzed for levels of IL-1β, IL-6, and TNF-α via ELISA . 

Flow cytometry-based binding assay 

For flow cytometry, A549 cells and BMDMs were detached by cell scrapers and rinsed with 

flow cytometry buffer (PBS, 0.5 % BSA) to block non-specific binding. Cells were then 

incubated with His-tagged full-length N-protein (5 µg/ml) at 37 oC for 1 h. Cells were washed 

with flow cytometry buffer for 3 x 5 min and incubated with an Alexa Fluor 488-conjugated anti-

His antibody (Biolegend, San Diego, CA) diluted 1:100 for 30 min. Then, cells were rinsed and 

resuspended with flow cytometry buffer for detection of protein bound to A549 cells and 

BMDMs. Data were collected by a BD LSRFortessa™ flow cytometer and analyzed using 

FlowJo V10 software. 

Pull-down assay 
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Pull-down assay was performed per the instruction of Pierce Pull-Down PolyHis Protein: 

Protein Interaction Kit (Thermo Fisher). “Baits” were His-tagged proteins expressing full-length, 

NTD, LR, and CTD. “Prey” was lung lysate from 6 to 8-week-old C57/BL6 mice. Briefly, 

purified His-tagged bait proteins were immobilized to cobalt chelate column by incubation for 

1 h at 4 °C. Prey proteins from lung lysate were captured by applying to the column and 

incubated at 4 °C with gentle shaking for 2 h. Bait–prey protein complexes were eluted by the 

elution buffer with 290 mM imidazole. The eluted proteins were resolved on 12% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and detected by Western blot 

with a rabbit anti-RAGE antibody (Abcam, Waltham, MA). 

Immunoprecipitation

After transient transfection for 24 h, cell lysates were prepared in lysis buffer (10 mM Tris-

HCl, pH 7.4, 1 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM Na3VO4, and 1 mM 

PMSF). Protein concentrations in cell lysates were determined using a BCA protein assay kit 

(Thermo Fisher), exhibiting strong absorbance at 562 nm. An aliquot of lysates was saved as 

Input. The rest of the lysates (500 μg) was subjected to incubation with anti-Flag M2 affinity gel 

(MilliporeSigma) at 4 °C for 2 h with gentle end-over-end rotation. After 5 washes with lysis 

buffer, the bound proteins were eluted from the beads with SDS-PAGE sample buffer. The cell 

lysates and immunoprecipitation fractions were loaded onto SDS-PAGE gels after boiling for 5 

min and subjected to Western blot analysis with an anti-GFP antibody (Abcam) or anti-Flag 

antibody.

Surface plasmon resonance (SPR)

To determine the specific affinity of real-time binding between N-protein and RAGE, SPR 

was performed using a Biacore 3000 system (Cytiva, Marlborough, MA). N-protein was diluted 
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in PBS to generate a series of concentrations (6.25-400 nM). After immobilizing RAGE at 100 

RU level on the surface of a CM5 sensor chip (Cytiva) using amine coupling procedure, N-

protein samples at concentrations of 400, 200, 100, 50, 25, 12.5 and 6.25 nM were injected for 4 

min across the sensor surface at a flow rate of 20 μL/min. At the end of the sample injection, 

PBS was flowed over the sensor surface for 4 min to promote dissociation. The response was 

monitored as a function of time at RT. After each analytic injection, sensor surface was 

regenerated with 1 min injection of 10 mM glycine-HCl (pH 2.5). Sensorgrams were obtained by 

subtraction of zero concentration curve. The binding data was fitted to a 1:1 binding model using 

BIAevaluation software (Cytiva). 

ELISA assay for EC50

ELISA plates were coated with His-tagged full-length N-protein (1 g/ml) alongside 

negative control wells with 100 µL PBS. Plates were incubated overnight at 4 oC and washed 

with 0.05% v/v Tween-20 in PBS (PBS-T) for 3 times. The plates were then blocked with 

blocking buffer (3% BSA in PBS) at RT for 1 h and washed with PBS-T for 3 times. Blocked 

wells were incubated with a series of concentrations of RAGE (0.1 - 25.6 g/ml) or PBS in a 

volume of 100 μL/well for 1 h at 37°C. Wells were then rinsed 3 times with PBS-T and 

incubated 1 h at RT with 100 µL of a rabbit anti-RAGE antibody diluted 1:1000 in blocking 

buffer. After washing 3 times with PBS-T, wells were incubated for 1 h at RT with 100 µL of a 

goat anti-rabbit antibody conjugated to horseradish peroxidase (Abcam) diluted 1:5000 with 

blocking buffer. After another washing 3 times with PBS-T, 100 μL/well 3,3',5,5'-

tetramethylbenzidine (TMB) substrate was added to each well and incubated for 30 min at RT in 

the dark. Absorbance was read at 450 nm with SpectraMax 190 Microplate Reader (Molecular 

Devices, San Jose, CA) after the reaction was terminated by adding 100 μL of 2 N HCl. The 
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EC50 value was calculated from linear regression analysis. 

N-protein-induced lung injury model 

C57BL/6 mice (6-8 weeks old) were acquired from Shanghai Laboratory Animal Center 

(Shanghai, China). RAGE knockout mice with C57BL/6 background was generated by Nanjing 

Biomedical Research Institute of Nanjing University via CRISPR/Cas9 technology (Project#：

XM709828). All animals were kept in cages at a temperature-controlled facility of the Zhejiang 

University Laboratory Animal Center. Animal experimental protocols were approved by the 

Institutional Animal Care and Use Committee at Zhejiang University School of Medicine. All 

mice were simultaneously assigned into the treatment groups in a random order. Mice were 

anesthetized with an injection of phenobarbital (50 mg/kg) intraperitoneally. Acute lung injury 

was induced via intratracheal instillation of recombinant full-length N-protein (75 μg per mouse 

in 50 µL). To study the effect of RAGE inhibition on N-protein-induced lung injury, mice were 

subjected to intraperitoneal injection of RAGE antagonist RAP (50 or 100 μg/mouse) 1 h before 

N-protein administration. To study the effect of NLRP3 inhibition on N-protein-induced lung 

injury, mice were treated with intraperitoneal injection of MCC950 (10 mg/kg, Selleck 

Chemicals, Houston, TX) 1 h before N-protein administration. Based on our experience, the 

optimal time point for assessing N-protein-induced lung injury was 24 h after insult. Serum, 

lung, and bronchioalveolar lavage (BAL) samples were harvested at 24 h from mouse groups 

(BAL samples were harvested at 48 h in Supplemental Figure 1). RAGE levels in serum and 

BAL were determined by ELISA (Lianke Biotech). Total RAGE mRNA expression in BAL cells 

was examined via qRT-PCR. 

Inflammatory cell counts, protein, and cytokines in BAL

Mice were anesthetized with an injection of phenobarbital (50 mg/kg) intraperitoneally. To 
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obtain BAL from mice, the tracheas were canulated with 18G blunt-end needles and the lungs 

were flushed with 0.5 ml of cold PBS for 3 times. BAL was centrifuged for 5 min at 400 x g at 

4 °C to collect the pellet and supernatant. The cell pellet was resuspended with PBS and 

enumerated for total white blood cell counts using a hemocytometer. An FITC-conjugated anti-

mouse Ly-6G (Gr-1) antibody (Thermo Fisher) was applied to examine the percentage of 

neutrophils in the BAL via flow cytometry. Total neutrophil counts in the BAL were calculated 

by multiplying the percentage of neutrophils by the total counts of white blood cells. Protein 

level in the BAL supernatant, an index of lung capillary permeability, was examined using a 

Pierce BCA Protein Assay Kit (Thermo Fisher). BAL supernatant was also measured for 

cytokines including IL-1β, IL-6, and TNF-α via ELISA per manufacturer’s protocol.

Histopathology

Lung tissue pathology was performed on mice without lavage. To harvest the lungs for 

histological analysis, the trachea was cannulated with a 18G blunt-end needle and the lungs 

inflated with 1 ml of 4% buffered paraformaldehyde. After fixation for 24 h, the lungs were 

processed in a tissue processor overnight, embedded in paraffin, and cut at 5 μm in thickness. 

After deparaffinization and rehydration, lung sections were then stained with hematoxylin and 

eosin (H&E) to examine cellular and morphological structures. RAGE expression in lung tissue 

was examined using a Vectastain ABC elite kit (Vector Laboratories, Newark, CA)). Briefly, 

deparaffined sections were treated with 0.3% hydrogen peroxide for 30 min to quench 

endogenous peroxidase activity. Sections were then incubated with rabbit anti-RAGE antibody 

(Abcam) for 30 min at room temperature. After that, the sections were rinsed with PBS and 

probed with biotinylated secondary antibody for 30 min. After washing with PBS again, sections 

were incubated with ABC reagent for 30 min and peroxidase substrate solution for 1 min. 
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Finally, the sections were counterstained with hematoxylin, cleared with alcohol-xylene, and 

mounted.

Western blot

Cells seeded in 12-well cluster plates were harvested and lysed in cell lysis buffer. The 

protein concentration of cell lysates was examined using BCA protein assay. Equal amount of 

cell lysates (30 μg) were separated on 12% SDS-PAGE gels, transferred via 

polyvinylidenefluoride membranes (Millipore, Billerica, MA), blocked in tris-buffered saline 

with Tween-20 (TBST) containing 5% non-fat milk (blot buffer), and probed with the primary 

antibodies to phosphor-ERK1/2 (ab76299, Abcam), ERK1/2 (ab184699, Abcam), phosphor-

JNK1/2 (#4668, Cell Signaling Technology, Danvers, MA), JNK1/2 (#9252, Cell Signaling 

Technology), phosphor-p38 (#4511, Cell Signaling Technology), p38 (#8690, Cell Signaling 

Technology), phosphor-NF-ĸB p65 (#3033, Cell Signaling Technology), and NF-ĸB p65 (#8242, 

Cell Signaling Technology). After washing with blot buffer, membranes were incubated with 

specific secondary antibodies linked to horseradish peroxidase (Thermo Fisher). Signal detection 

was conducted using enzyme-linked chemiluminescence kit (Biological Industries, Kibbutz Beit-

Haemek, Israel). Blot images were analyzed by ImageJ software.

Quantitative real-time PCR (qRT-PCR)

Cells were extracted for total RNA with Trizol reagent (Thermo Fisher) following the 

manufacturer’s instructions. The concentration of RNA samples was examined with a Nanodrop 

Spectrophotometer (ND-2000; Thermo Fisher). RNA (1 µg) was reversely transcribed to cDNA 

using Primescript RT reagent kit (Takara Bio, Kusatsu, Japan). cDNA template was amplified 

using TB Green Premix Ex Taq II (Takara Bio). mRNA raw data (Ct) were normalized to the 

levels of β-actin mRNA to allow comparisons between samples and expressed as fold change 
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relative to control sample. The sequences of PCR primer pairs were the following: IL-1β forward 

5'GAAATGCCACCTTTTGACAGTG3', reverse 5'TGGATGCTCTCATCAGGACAG3'; IL-6 

forward 5′CTGCAAGAGACTTCCATCCAG3′, reverse 

5′AGTGGTATAGACAGGTCTGTTGG3′; TNF-α forward 5'CAGGCGGTGCCTATGTCTC3', 

reverse 5'CGATCACCCCGAAGTTCAGTAG3'; RAGE forward 5' 

CTTGCTCTATGGGGAGCTGTA3', reverse 5'CATCGACAATTCCAGTGGCTG3'; β-actin 

forward 5'CGTTGACATCCGTAAAGACC3', reverse 5'AACAGTCCGCCTAGAAGCAC3'. 

Statistical methods

Data are presented as mean ± standard deviation of the mean (SD). Data normality was 

examined using the D′Agostino-Pearson Omnibus normality test, the Shapiro-Wilk normality 

test, or Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefor corrected p value. Student’s t 

test, one-way analysis of variance (ANOVA) with Tukey’s post hoc test, or two-way AVOVA 

with Tukey’s post hoc test was conducted for parametric values. In data sets with non-parametric 

values (Figure 2F and TNF-α of Figure 3B), Kruskal-Wallis test followed by Dunn’s post hoc 

test was performed for analysis. Statistical analysis was conducted using the GraphPad Prism 

8.0.2. Results were deemed significant if p < 0.05.
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Supplemental Figure 1

Supplemental Figure 1. Effect of RAGE deficiency on N-protein-induced 
acute lung injury at 48 h after N-protein insult. RAGE-/- mice with C57BL/6 
background and WT C57BL/6 mice were treated with PBS or N-protein (75 
µg/mouse in 50 µl) intratracheally. BAL samples were collected at 48 h after 
N-protein insult. Total protein, total cells, and neutrophils in the BAL were 
assayed to evaluate lung injury (n = 6). Data are presented as mean ± SD. **p 
< 0.01, ***p < 0.001. Two-way AVOVA with Tukey’s post hoc test. NS: not 
significant. n: number of independent experiments.
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Supplemental Figure 2

Supplemental Figure 2. Effect of NLRP3 inhibitor MCC950 on N-protein-
induced acute lung injury. C57BL/6 mice were treated with PBS, MCC950 
intraperitoneally (10 mg/kg, 1 h before N-protein treatment), N-protein (75 
µg/mouse in 50 µl) intratracheally, or MCC950 + N-protein. BAL samples 
were collected at 24 h after N-protein insult. Total protein, total cells, and 
neutrophils in the BAL were assayed to evaluate lung injury (n = 6). Data are 
presented as mean ± SD. **p < 0.01, ***p < 0.001. One-way AVOVA with 
Tukey’s post hoc test. NS: not significant. n: number of independent 
experiments.
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Supplemental Figure 3

Supplemental Figure 3. Effect of different doses of RAGE antagonist on N-
protein-induced acute lung injury. WT C57BL/6 mice were treated with 
PBS, full-length N-protein (75 µg/mouse), N-protein + RAGE antagonist 
RAP (50 μg/mouse, intraperitoneal injection 1 h before N-protein 
administration), or N-protein + RAGE antagonist RAP (100 μg/mouse). 
BAL samples were collected at 24 h after N-protein insult. Total protein, 
total cells, and neutrophils in the BAL were determined to evaluate lung 
injury. Data are presented as mean ± SD, n = 6-8. *p < 0.05, **p < 0.01, 
*** p < 0.001. One-way AVOVA with Tukey’s post hoc test. NS: not 
significant. n: number of independent experiments.
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Supplemental Figure 4

Supplemental Figure 4. Comparison the effects of S100A8, S100A9, and N-
protein on acute lung injury. Recombinant His-tagged S100A8 and S100A9 
proteins were prepared as N-protein. C57BL/6 mice were treated with PBS, N
-protein (75 µg/mouse in 50 µl), S100 A8 (75 µg/mouse in 50 µl), or S100 
A9 (75 µg/mouse in 50 µl) intratracheally. BAL samples were collected at 24 
h after insult. Total protein, total cells, and neutrophils in the BAL were 
assayed to evaluate lung injury (n = 6-8). Data are presented as mean ± SD. 
**p < 0.01, ***p < 0.001 versus PBS control. One-way AVOVA with 
Tukey’s post hoc test. n: number of independent experiments.
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