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Role of SARS-CoV-2 nucleocapsid protein in affecting
immune cells and insights on its molecular mechanisms
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Abstract. The present study aimed to explore the immune
regulatory function of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) nucleocapsid (N) protein and
related mechanisms. In a series of protein activity experi-
ments, SARS-CoV-2 N protein promoted proliferation of
three immune cell lines: mouse Raw264.7, human Jurkat
and human Raji in a dose-dependent manner. A total of
10 pug/ml N protein could significantly change cell cycle
progression of the aforementioned three immune cell lines
and could promote quick entry of Raw264.7 cells into G,/M
phase from S phase to achieve rapid growth. Additionally,
the N protein could also stimulate Raw264.7 cells to secrete
a number of proinflammatory factors such as TNF-a, IL-6
and IL-10. RNA sequencing analysis indicated that the N
protein changed the expression of certain genes involved
in immune-related functions and four important signaling
pathways, including JAK-STAT, TNF, NF-xB and MAPK
signaling pathways, which suggested that the N protein
may not only regulate the expression of genes involved
in the process of resisting viral infection in macrophages
of the immune system, but also change cellular signal
processing.
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Introduction

By the end of 2019, a new coronavirus strain was identified as
the cause of the coronavirus disease 2019 (COVID-19), which
swept the globe and posed a threat to public health because
infection with this coronavirus causes severe inflammatory
responses (1,2). The virus was named severe acute respira-
tory syndrome coronavirus 2 (SARS CoV-2) on February
11 2020 by the International Committee on Taxonomy
of Viruses (3). SARS-CoV-2 is an enveloped virus with a
single-stranded, positive-sense RNA genome belonging to the
[-coronavirus subfamily of Coronaviridae (4-6). The genome
size of SARS-CoV-2 is 29,903 nucleotides-long, encoding 16
non-structural proteins, 9 accessory proteins and 4 structural
proteins, including spike (S), envelope, membrane (M) and
nucleocapsid (N) proteins (7). Among them, the N protein
is one of the most important structural proteins; it is highly
conversed and its fundamental function is to package viral
RNA into ribonucleocapsid particles, and it interacts with the
M protein in viral assembly (6-9).

In addition, several previous studies show that the N protein
of SARS-CoV-2 could also be involved in the regulation of
processes of the host immune response (10-12). The immune
response to viral infection includes the innate immune response
that ensues immediately after infection as well as adaptive
immunity, which comes after a delay of 4-5 days (13). In
innate immunity, RNA interference (RNAI) is recognized as a
cell-intrinsic antiviral immune process in numerous eukaryotes,
including mammals (14). A previous study showed that the
SARS-CoV-2 N protein could act in multiple steps against RNAi
through RNA-binding activities (10). Moreover, the production
of IFN is considered the hallmark of antiviral response induced
by innate immunity (15). Studies showed that the N protein is
a potent IFN antagonist, not only by targeting the retinoic acid
inducible gene I (11), but also by suppressing the expression of
IFN-stimulated genes through inhibiting the phosphorylation
and nuclear translocation of STAT1/STAT?2 (12). The result from
these previous studies indicated that the SARS-CoV-2 N protein
may lead to the exacerbation of innate immune responses and to
increased inflammation.

Although there has been some notable research on the
SARS-CoV-2 N protein, further investigation is required,
including the ability of the N protein to regulate immunity
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and its mechanisms. The present study aimed to explore the
effect of the N protein on the activity of three types of immune
cells in vitro, including Raw264.7, a mouse leukemia macro-
phage cell line that mainly serves a role in the innate immune
response and also stimulates lymphocytes and other immune
cells in response to pathogens, Jurkat, a human lymphoblastic
leukemia T lymphocyte cell line, and Raji, a human Burkitt
Ilymphoma B lymphocyte cell line; T and B lymphocytes
mainly participate in the adaptive immune response. In addi-
tion, the current study aimed to provide a theoretical basis for
the molecular mechanism by which the N protein influences
host immunity by investigating the key signaling pathways or
molecules using RNA sequencing.

Materials and methods

Escherichia coli expression strain of the N protein. The E. coli
expression strain of the N protein of SARS-CoV-2 was donated
by the Guangdong Laboratory Animals Monitoring Institute
(Guangzhou, China).

Cell lines and culture. Raw264.7 (mouse macrophages), Jurkat
(human T lymphocytes) and Raji (human B lymphocytes)
cell lines were purchased from the Center for Excellence in
Molecular Cell Science (Shanghai, China). Cells were cultured
in RPMI-1640 (Gibco; Thermo Fisher Scientific, Inc.) with the
addition of 10% FBS (Gibco; Thermo Fisher Scientific, Inc.),
100 U/ml penicillin and 100 pg/ml streptomycin sulfate (Gibco;
Thermo Fisher Scientific, Inc.) in a humidified incubator with
5% CO, at 37°C.

Reagents. Cell Counting Kit-8 (CCK-8) was purchased from
Dojindo Laboratories, Inc. The Cell Cycle and Apoptosis
Analysis (cat. no. C1052) and His-tag Protein Purification Kit
(denaturation-resistant; cat. no. P2210) were purchased from
Beyotime Institute of Biotechnology. Lipopolysaccharide
(LPS) and concanavalin A (ConA) were purchased from
Sigma-Aldrich (Merck KGaA). PageRuler™ Prestained
protein ladder (cat. no. 26616) was purchased from Thermo
Fisher Scientific, Inc. Trypsin-EDTA (0.25%) used to
digest Raw264.7 cells for cell passage was purchased from
Gibco; Thermo Fisher Scientific Inc. TNF-a Elisa kit (Cat.
no. EK0527), IL-6 Elisa Kit (Cat. no. EK0411), IL-10 Elisa Kit
(Cat. no. EK0417) and CDI163 ELISA kit (Cat. no. EK1146)
were purchased from Boster Biological Technology co., Ltd.).

Expression and purification of the N protein of SARS-CoV-2.
The E. coli expression strain of the SARS-CoV-2 N protein
was grown in Luria-Bertani medium with 50 pyg/ml kana-
mycin at 37°C for 2.5-3.0 h with shaking speed at 220 rpm
until the optical density (OD) 600 nm reached 0.6-0.8. The
cells were subsequently induced with 0.5 mM isopropyl
[-D-1-thiogalactopyranoside for 16-20 h at 16°C with shaking
speed at 220 rpm. The induced E. coli cells were harvested
by centrifugation at 8,000 x g for 30 min at 4°C and stored at
-80°C. Purification of the N protein was performed following
the mass purification of His-tag protein under non-denaturing
conditions according manufacturer's instructions. The eluted
N protein was added into a dialysis bag [molecular weight
(MW), 7 kDa] into 2 | dialysis buffer, stirred at 4°C for ~6 h

with the dialysis buffer replaced every 2 h. Protein samples
were filtered and sterilized using 0.22 pm needle hole filter.
After the protein concentration was determined using a UV
spectrophotometer (Nova2000; Thermo Fisher Scientific, Inc.),
the N protein was analyzed by SDS-PAGE (10% SDS-PAGE,
2 ug/well, detection of protein bands by Coomassie bril-
liant blue R250 staining for 2-4 h at room Temperature),
sub-packaged (divide the filtered and sterilized N protein into
sterile 2 ml protein storage tubes, 1 ml/tube) and stored at
-80°C. The Spectra™ Multicolor High Range Protein Ladder
(cat. no. 26625; Thermo Fisher Scientific, Inc.) was used as
the protein MW standard. During the induction and purifica-
tion processes, the induced and uninduced lysis supernatants,
the N proteins eluted of different elution times, and the flow
through fluid of different elution times were used as controls
for SDS-PAGE. The results were analysed using Image Lab
6.0 (Bio-Rad Laboratories, Inc.).

Cell viability assay. Cell viability was measured by CCK-8
according to the manufacturer's instructions. Raw264.7, Jurkat
and Raji cells were cultured at a density of 8x10? cells/well in
100 gl medium in 96-well microplates with 5% CO, at 37°C.
The cells were treated with different concentrations of N protein
(0,0.3125, 1.25, 5, 10, 20 or 40 pug/ml) or with LPS (or ConA),
used as positive control, at a final concentration of 10 yg/ml
for 48 h. Then, 10 ul of CCK-8 reagent was added to the wells,
and cells were cultured for 2-6 h at 37°C to reach the optimum
color development time. All experiments were performed in
quintuplicate. The absorbance data were collected at 450 nm
using a microplate reader. The viability of these cells treated
with N protein was expressed as the absorbance.

Cell cycle assay. The cell cycle status was examined using
the Cell Cycle and Apoptosis Analysis Kit according to the
manufacturer's protocols. Raw264.7, Jurkat and Raji cells
(4x10° cells/well) were grown in culture medium on six-well
plates at 37°C for 12 h. Next, cells were treated with either O
or 10 ug/ml N protein, or with 10 yg/ml LPS at 37 °C for 24 h.
After treatment, cells were harvested, washed with cold PBS
and fixed in 70% ethanol at 4°C for 12-24 h. Fixed cells were
harvested, washed three times with cold PBS, centrifuged at
1,000 x g for 5 min at 4°C, resuspended in 500 ul propidium
iodide dye buffer and incubated for 30 min at 37°C in the dark.
Cells were stored in the dark at 4°C or in an ice bath. The
DNA content of the collected 20,000 cells was detected by
flow cytometry within 24 h. The percentage of cells in G/G,,
S and G,/M phases was then analyzed using FlowJo V10
(BD Biosciences).

Quantification of TNF-a, IL-6, IL-10 and CDI63 of treated
Raw264.7 cells. Raw264.7 cells (4x10° cells/well) were
cultured in six-well plates. After 12 h-starvation at 37°C
with 5% CO,, cells were treated with either 0 or 10 yg/ml N
protein, or with 10 zg/ml ConA for 48 h. The culture medium
obtained from the treated Raw264.7 cells was centrifuged at
600 x g for 10 min at 4°C and the supernatant was collected.
Concentrations of TNF-a, IL-6, IL-10 and CDI163 in the
cultured supernatant were measured using a mouse ELISA
kit (Boster Biological Technology Co., Ltd.) according to the
manufacturer's instructions.
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Transcriptome analysis of Raw264.7 Cell. Raw264.7 cells
were planted in 75-cm? cell culture tanks and treated with
10 pg/ml N protein or 10 ug/ml ConA, used as positive control,
at 37°C for 24 h. Untreated cells were used as blank control;
experiments were repeated three times. After incubation, cells
were harvested, washed once with cold PBS and transferred
into 1.5-ml Eppendorf tubes. It was ensured that all the pipette
tips and tubes did not contain any RNase or DNase. After
washing, the tubes of the harvested cells were snap frozen
in liquid nitrogen and transported with dry ice to Novogene
Co., Ltd. for RNA extraction, cDNA library construction
and sequencing. Total RNA was extracted using TRIzol™
(Invitrogen; Thermo Fisher Scientific, Inc.). RNA integrity and
quantity were assessed using the RNA Nano 6000 Assay Kit
of the Bioanalyzer 2100 system (Agilent Technologies, Inc.).
The cDNA library was constructed, and the library quality
was assessed on the Agilent Bioanalyzer 2100 system. After
the cDNA library was qualified, sequencing was performed
using the Illumina NovaSeq 6000 (Illumina, Inc.), S4 suite
components.

The clean reads were obtained by removing reads
containing adapter, poly-N and low-quality reads from raw
data. All downstream analyses were based on the clean data.
Reference genome (ftp.ensembl.org/pub/release-104/fasta/mus_
musculus/) and gene model annotation files (ftp.ensembl.
org/pub/release-104/gtf/mus_musculus/) were downloaded
from genome website directly. Clean reads were mapped to
the reference genome using Hisat2 (version 2.0.5; dachwan-
kimlab.github.io/hisat2/. Quantification of gene expression
was carried using featureCounts (version 1.5.0-p3) to count the
reads numbers mapped to each gene (subread.sourceforge.net/.
Fragments per kilobase of transcript per million mapped reads
(FPKM) of each gene was calculated based on the length of the
gene and read count mapped to this gene. Differential expression
analysis of two groups was performed using DESeq2 R package
(version 1.20.0; github.com/thelovelab/DESeq2. Benjamini
and Hochberg's method was used to adjust the P-value for
controlling the false discovery rate. Genes with an adjusted
P-value (P,4)<0.05 and llog,FCI>1 were set as the threshold
for significant differential expression. Gene Ontology (GO)
enrichment analysis of differentially expressed genes (DEGs)
was implemented by the cluster Profiler R package (version
3.8.1), in which gene length biases were corrected. GO terms
with P,;;<0.05 were considered significantly. Cluster profiler R
package was used to test the statistical enrichment of DEGs in
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

Statistical analysis. Statistical analysis was performed using
IBM SPSS Statistics 23 (IBM Corp.), and all the quantitative
data were presented as the mean + SD. A one-way analysis of
variance followed by Tukey's post hoc test was used to compare
data among groups when they had a normal distribution and
homogeneous variances. P<0.05 was considered to indicate a
statistically significant difference.

Results
Purification of N protein of SARS-CoV-2. SDS-PAGE analysis

revealed that the main band with MW ~47 kDa was the puri-
fied N protein of SARS-CoV-2 (Fig. 1). The purity of the
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Figure 1. Analysis of purification of the SARS-CoV-2 N protein by 10%
SDS-PAGE. Lane M, Spectra Multicolor High Range Protein Ladder; lane 1,
purified N protein of SARS-CoV-2. N, nucleocapsid protein; SARS-CoV-2,
severe acute respiratory syndrome coronavirus 2.

products was >92% estimated by analysis using Image Lab 6.0
(Bio-Rad Laboratories, Inc.).

Cellviability. The CCK-8 assay was used to determine the effects
of treatment with different concentrations of N protein for 48 h
on the viability of Raw264.7, Jurkat and Raji cells. As shown in
Fig. 2A-C, the OD,, of the viability of Raw264.7 cells treated
with N protein at =1.25 yg/ml was significantly higher than that
of the control group (P<0.01), displaying a dose-dependent trend.
In Jurkat and Raji cells, this effect appeared at =1.25 pg/ml. It was
concluded that the N protein of SARS-CoV-2 could stimulate the
viability of Raw264.7, Jurkat and Raji cells in a dose-dependent
manner. It is worth noting that when the concentration of the N
protein was either 10, 20 or 40 pg/ml, the viability of Raw264.7
cells increased by 66.98, 87.72 and 99.29% respectively; the
viability of Jurkat cells increased by 104.30, 122.05 and 123.94%
respectively; and the viability of Raji cells was increased by
110.67, 141.03 and 154.38%, respectively. Morphological changes
of these cells (Raw264.7 cells adhered to the wall and grew, with
some cells extending pseudopodia, Jurkat cells and Raji cells
grow larger and clumped) were also noted following N protein
treatment (Fig. 2D-F). Based on the aforementioned results, the
concentration of 10 yg/ml N protein was selected for subsequent
experiments.

Cell cycle analysis. The effects of N protein on cell
cycle distribution were detected by flow cytometry to
analyze cellular DNA content. After 24-h treatment with
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Figure 2. Viability effects of different doses of severe acute respiratory syndrome coronavirus 2 N protein on three cell lines. Effects of N protein on the
viability of (A) Raw264.7, (B) Jurkat and (C) Raji cells. Cell morphology observations in (D) Raw264.7, (E) Jurkat and (F) Raji cells. (a) Control group;
(b) 0.3125 pg/ml N protein; (c) 1.25 ug/ml N protein; (d) 5 ug/ml N protein; (e) 10 ug/ml N protein; (f) 20 ug/ml N protein; (g) 40 ug/ml N-protein; (h) positive
group, 10 yg/ml ConA in Raw264.7 cells or 10 yg/ml LPS in Jurkat and Raji cells. Data are presented as mean = SD (n=5). "P<0.05 and “P<0.01 vs. blank

control. ConA, concanavalin A; LPS, lipopolysaccharide; N, nucleocapsid protein; OD450, optical density values at 450 nm.
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Figure 3. Cell cycle analysis following treatment with the severe acute respiratory syndrome coronavirus 2 N protein. Results of cell cycle analysis in

(A) Raw264.7, (B) Jurkat and (C) Raji cells. Representative flow cytometry plots
N protein; (c) positive group, 10 zg/ml ConA in Raw264.7 cells or 10 y#g/m1 LPS i

of (D) Raw264.7, (E) Jurkat and (F) Raji cells. (a) Control group; (b) 10 pg/ml
n Jurkat and Raji cells. Data are presented as mean + SD. "P<0.05 and “"P<0.01

vs. blank control. ConA, concanavalin A; LPS, lipopolysaccharide; N, nucleocapsid protein.

10 pg/ml N protein, the percentage of Raji and Jurkat cells
in the G,/G, phase significantly decreased, and that of
cells in the G,/M phase significantly increased compared
with the respective control (P<0.01; Fig. 3B, C, E and F).
In Raw264.7 cells, there was a significant increase in the
percentage of cells in the G,/M phase compared with the
control (P<0.01; Fig. 3A and D). By contrast, there was
no significant change in the percentage of cells in the
G,/G, phase, and a significant decrease was observed in the
percentage of cells in the S phase (P<0.05). These data indi-
cated that 10 yg/ml N protein significantly changed the cell
cycle progression of the three immune cell lines and may
promote the rapid entry of Raw264.7 cells into the G,/M
phase from the S phase, potentially leading to increased cell
proliferation.

Quantification of TNF-a, IL-6, IL-10 and CD163. The levels
of TNF-a, IL-10, IL-6 and CD163 were determined in the
supernatant of cultured Raw264.7 cells in the control group,
N protein group (10 ug/ml) and ConA group (10 pg/ml)
(Fig. 4A-D). The SARS-Cov-2 N protein stimulated Raw264.7
cells to secrete TNF-a, IL-10, IL-6, but not CD163. This
suggested that the N protein may promote macrophages to
secrete proinflammatory factors.

Cell transcriptome analysis. Based on the results of the cell
viability and cell cycle assays, the concentration of 10 ug/ml
N protein and the Raw264.7 cell line were chosen to analyze
the cell transcriptome for further exploration of the molecular
mechanism of the N protein affecting the immune system.
An average of 6.60, 6.61 and 6.84 Gb raw data were obtained
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Figure 4. Quantification of TNF-a, IL-10, IL-6 and CD163. The concentrations of (A) TNF-a, (B) IL-10, (C) IL-6 and (D) CD163 were determined in the
supernatant of cultured Raw264.7 cells treated with the severe acute respiratory syndrome coronavirus 2 N protein. Data are presented as mean + SD (n=3).

“P<0.05 and “P<0.01 vs. blank control.

from the libraries of the control, ConA and N protein groups,
respectively. After filtering, clean data (accuracy rate, 98.18,
95.31 and 94.44%, respectively for the aforementioned three
groups) were used for subsequent analysis. The quality (Q)20
and Q30 of the samples were =95.8 and =89%, respectively.
The GC content range of all samples was 47.96-50.81%. These
results indicated that the sequencing results were of high
reliability.

Quantification of the gene expression level. Genes of FPKM
>0.3 were considered expressed, and those of FPKM >60 were
considered highly expressed. Results showed that a total of
13,899 genes (24.94%) were expressed in the control group,
with 930 genes (1.67%) expressed at high levels. A total of
13,551 genes (24.32%) were expressed in the ConA group
with 995 genes (1.79%) expressed at high levels, and a total of
13,610 genes (24.43%) were expressed in the N group with 861
genes (1.54%) expressed at high levels.

Further analysis revealed that: i) Seven genes, including
mt-Col, Lyz2, Eeflal, mt-Cytb, Rplpl, Rnl8s and mt-Nd, were
expressed at high levels in the control group (Table I); ii) eight
genes, mt-Col, Lyz2, Eeflal, Rplpl, mt-Cytb, Sppl, mt-Ndl
and Frl1, were expressed at high levels in the ConA group
(Table II); and iii) five genes, mt-Col, Eeflal, Lyz2, Rplpl and
Sppl, were expressed at high levels in the N group (Table III).
mt-Col, mt-Cytb and mt-NdI encode part of three different
multisubunit complexes located in the inner mitochondrial
membrane, which are important in high-energy electron
transfer of respiratory chain (16-18). m#-Col was expressed at

high levels in all three groups, and its FPKM was §,636.39,
6,619.55 and 4,300.42 in the control, ConA and N group,
respectively, whereas mz-Cytb and mt-NdI were not expressed
at high levels in the N group. These results suggested that
treatment with the N protein, but not with ConA, may decrease
energy-conversion processes to generate ATP during oxidative
phosphorylation of Raw264.7 cells. Spp! encodes the secre-
tory phosphoprotein 1 (19), which was expressed at high levels
in the N and ConA groups with FPKM 2,253.54 and 2,898.29,
respectively. This suggested that the N protein may stimulate
Raw264.7 cells to secrete cytokines, functionally similar
to ConA.

Differential expression analysis and functional enrichment of
DEGs. To identify the significant DEGs (P, <0.05; llog,FClI
>1), the FPKM was compared. As shown in Fig. 5A and B,
21,279 genes were significantly differentially expressed in
the ConA compared with those in the control group; of these,
177 genes were upregulated and 293 downregulated. The
top ten DEGs of log2IFCI are shown in Table IV. In addition,
20,349 genes were significantly differentially expressed in the
N protein group compared with the control group, with 626
genes upregulated and 980 downregulated. The top ten DEGs
of log,FC are shown in Table V.

To comprehensively understand the roles of these DEGs, GO
term enrichment analysis was conducted. In the ConA group,
compared with the control group, the upregulated DEGs were
significantly enriched in GO biological processes (BP) terms
‘lymphocyte migration’ and ‘lymphocyte chemotaxes’, in GO
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Table I. Quantification of gene expression in the control group (FPKM >2,000).

Gene Description FPKM Length, bp
mt-Col Mitochondrially encoded cytochrome ¢ oxidase I 8,636.39 1,545
Lyz2 Lysozyme 2 6,868.05 1,316
Eeflal Eukaryotic translation elongation factor 1 a. 1 5,144.65 2,493
mt-Cytb Mitochondrially encoded cytochrome b 3,703.39 1,144
Rplpl Ribosomal protein, large, P1 2,840.85 499
Rnli8s 18S ribosomal RNA 2,680.08 1,849
mt-Nd1 Mitochondrially encoded NADH dehydrogenase 1 2,657.22 957
FPKM, fragments per kilobase of transcript per million mapped reads.

Table II. Quantification of gene expression in the concanavalin A group (FPKM >2 000).

Gene Description FPKM Length, bp
mt-Col Mitochondrially encoded cytochrome c oxidase I 6,619.55 1,545
Lyz2 Lysozyme 2 6,467.67 1,316
Eeflal Eukaryotic translation elongation factor 1 o 1 4,945.56 2,493
Rplpl Mitochondrially encoded cytochrome b 3,726.39 499
mt-Cytb Ribosomal protein, large, P1 3,328.82 1,144
Sppl 18S ribosomal RNA 2,898.29 1,648
mt-Nd1 Mitochondrially encoded NADH dehydrogenase 1 2,594 .37 957
Ftll Ferritin light polypeptide 1 251488 1,340
FPKM, fragments per kilobase of transcript per million mapped reads.

Table III. Quantification of gene expression in the nucleocapsid group (FPKM >2,000).

Gene Description FPKM Length, bp
mt-Col Mitochondrially encoded cytochrome c oxidase I 430042 1,545
Eeflal Eukaryotic translation elongation factor 1 a 1 4239.39 2,493
Lyz2 Lysozyme 2 3791.70 1,316
Rplpl Ribosomal protein, large, P1 3647.46 499
Sppl Secreted phosphoprotein 1 2253.54 1,648

FPKM, fragments per kilobase of transcript per million mapped reads.

cellular component (CC) terms ‘side of membrane’ and ‘actin
cytoskeleton’, and GO molecular function (MF) terms ‘inte-
grin binding’ and ‘cell adhesion molecule binding’ (Fig. 5C).
Downregulated DEGs were significantly enriched in GO BP
terms ‘regulation of leukocyte activation’ and ‘positive regula-
tion of immune response’, in GO CC terms ‘external side of
plasma membrane’ and ‘side of membrane’, and in GO MF terms
‘cytokine receptor binding’ and ‘cytokine activity’(Fig. 5D).
Compared with the control, the DEGs of the N protein group
were quite different from those of ConA group (Fig. 5E and F).
Compared with the control group, the upregulated DEGs of the
N protein group were significantly enriched in 56 GO terms,
including five MF terms, such as ‘double-stranded RNA binding’

and ‘adenylyltransferase activity’, and 51 BP terms in which
there were 15 terms associated with virus, such as ‘response
to virus’ and ‘defense response to virus’, 14 terms associated
with IFN such as ‘response to interferon-beta’. Furthermore,
downregulated DEGs were most significantly enriched in GO
BP term the ‘inflammatory response’ and ‘leukocyte cell-cell
adhesion’, and in GO MF terms ‘protein tyrosine/threonine
phosphatase activity’ and ‘M AP kinase tyrosine/serine/threo-
nine phosphatase activity’. The aforementioned GO terms
indicated that the SARS-CoV-2 N protein, rather than ConA,
could not only regulate the expression of genes involved in
resisting viral infection in macrophages of the immune system,
but also change cellular signal processing.
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Figure 5. DEG analysis (A) Volcano plots showing expression level of each Gene in ConA group compared with the control group. (B) Volcano plots showing
expression level of each UniGene in the N group compared with that of the control group. Limits defined by P,,=<0.05 and llog,FCI>1. GO functional term clas-
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KEGG pathway enrichment analysis. To better understand
the interactions of the these DEGs, they were used in KEGG
pathway enrichment analysis. The results showed that the
upregulated DEGs of the ConA group were significantly
enriched in five pathways compared with the control group,
of which three are classified as ‘metabolism’ including
‘carbon metabolism’, ‘glycolysis/gluconeogenesis’ and
‘biosynthesis of amino acids’ (Fig. 6A). The downregulated
DEGs were significantly enriched in 30 pathways with 17
being disease-related such as ‘Prion diseases’ and ‘Pertussis’,
five associated with signal molecules and transduction such
as ‘TNF signaling pathway’ and ‘JAK-STAT signaling
pathway’, and eight classified as immune system such as
‘C-type lection receptor signaling pathway’ and ‘hemato-
poietic cell lineage’ (Fig. 6B). The upregulated DEGs of
the N protein group compared with the control group were

most significantly enriched in eight pathways including
five disease-related ones such as ‘Herpes simplex virus 1
infection’ and ‘Influenza A’, and two classified as signaling
molecules and interaction including ‘TNF signaling pathway’
and ‘JAK-STAT signaling pathway’, and the NOD-like
receptor signaling pathway. The downregulated DEGs were
most significantly enriched in 25 pathways of which 12 were
disease-associated such as ‘Staphylococcus aureus infec-
tion” and ‘pathways in cancer’, seven were related to signal
molecules and transduction such as ‘cytokine-cytokine
receptor interaction’ and ‘TNF signaling pathway’, and
six were categorized as immune system such as ‘comple-
ment and coagulation cascades’ and ‘C-type lectin receptor
signaling pathway’ (Fig. 6C and D). These results indicated
that the N protein, similarly to ConA, could regulate the
function of macrophages in the immune system from two
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Table I'V. DEGs of top ten log2FC in ConA group

Gene Log2FC Up/Down Description

4833415N18Rik 4.20 Up RIKEN cDNA 4833415N18 gene

Rgs16 4.14 Up Regulator of G-protein signaling 16

Serpinb9b 4.01 Up Serine (or cysteine) peptidase inhibitor, clade B, member 9b
Anpep 3.86 Up Alanyl (membrane) aminopeptidase

Atp6v0d2 3.71 Up ATPase, H+ transporting, lysosomal VO subunit D2
Adgre4 -3.48 Down Adhesion G protein-coupled receptor E4

Cdk5rl -3.78 Down Cyclin-dependent kinase 5, regulatory subunit 1 (p35)
Illa -4.03 Down Interleukin 1 alpha

I11b -4.15 Down Interleukin 1 beta

Csf3 -5.77 Down Colony stimulating factor 3 (granulocyte)

Table V. The DEGs of top ten log2FC in N group

Gene Log2FC Up/Down Description

Nos2 9.01 Up Nitric oxide synthase 2, inducible

Ghr 7.63 Up Growth hormone receptor

KIK9 7.07 Up Kallikrein related-peptidase 9

Slcob2 6.54 Up Solute carrier family 9, subfamily B (NHA2, cation
proton antiporter 2), member 2

Ptprn 6.41 Up Protein tyrosine phosphatase, receptor type, N

Rgs16 6.39 Up Regulator of G-protein signaling 16

Klk8 6.32 Up Kallikrein related-peptidase 8

Selenop -6.38 Down Selenoprotein P

Ccrl2 -6.99 Down Chemokine (C-C motif) receptor-like 2

Nr4a3 -7.09 Down Nuclear receptor subfamily 4, group A, member 3

directions (up and down); that is, the N protein could not
only upregulate the ability of macrophages to participate
in innate immunity, but also downregulate their ability to
participate in adaptive immunity. This suggested that after
activating the innate immune response, N protein can down-
regulate genes engaged in the differentiation of immune
cells such as Th17 cell and antibody production such as
intestinal immune network for IgA production in acquired
immunity (shown in Fig. 6D). These data also suggested that
the N protein may facilitate virus escape from the immune
system as genes downregulated by N protein are signifi-
cantly enriched in the acquired immune system, including
Element and Coagulation Cascades, TH17 cell differentia-
tion, Intrinsic immune network for IgA production, and Thl
and Th2 cell differentiation.

To explore the functional pathway involved in the N
protein affecting Raw264.7 cells, the pathways that were
categorized into signal transduction of KEGG enrichment
analysis were examined in the N protein group compared
with the control group. Results showed that there were four
pathways including JAK-STAT, TNF, NF-kB and MAPK
with P,;<0.05 and llog,FCI>1 (Table VI). Key DEGs
enriched were shown in Table VII. As in Table VII, the N
protein could rise /112rbl (log,FC=1.13; P,,;=3.04x10*) that

may lead to JAK-STAT signaling cascade activation, then
upregulate STAT! (log,FC=1.09; P,;=4.62x10"") and STAT2
(log,FC=1.16; P,;=5.67x10"), which was in line with a
previous study (13). Moreover, the N protein could significantly
downregulate MPK-related genes of macrophages including
Duspl (log,FC=-2.05; P,;=3.2x10""%), Dusp2 (log,FC=-1.42;
P,;=4.04x107), Dusp4 (log,FC=-1.26; P,,;=8.76x10*), Dusp5
(log,FC=-2.39; P,,;=5.81x10""%), Dusp8 (log,FC=-4.21;
P,,;=8.22x10"%), Duspl0 (log,FC=-1.33; P,,;=1.08x10")
and Duspl6 (log,FC=-1.68; P,;=9.40x10*), which was
also previously reported by several studies (20,21). The
present study showed that the N protein may downregulate
Cxcll (log,FC=-5.89; P,;=4.99x10*), Cxcl2 (log,FC=-3.77,
P,;=4.38x102"*) and Cxcl10 (log,FC=-2.63; P,;=1.54x10"),
which was inconsistent with a previous study (22). In addi-
tion, the present study also found that the N protein may not
only downregulate Maltl (log,FC=-2.25; P,;;=4.50x10"*°)
and Cardll (log,FC=-1.37; P,;=3.92x10"%), but also
upregulate Ddx58 (log,FC=1.75; P,;=3.91x10%) and Trim25
(log,FC=1.12; P,,;=2.22x10"*") in macrophages, which
suggested that the N protein may start up signal transduc-
tion that leads to the production of IFN in response to viral
infection, and it may even regulate apoptosis and survival of
macrophages through the NF-«B signaling pathway.
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Table VI. Signal transduction pathways of the N protein group.

Number of
Upregulated downregulated
KEGG ID Description genes genes P
mmu04630 JAK-STAT signaling pathway 10 19 1.14x10°
mmu04668 TNF signaling pathway 4 21 4.57x10*
mmu04064 NF-xB signaling pathway 5 17 1.26x10°
mmu04010 MAPK signaling pathway 7 31 1.12x10
KEGG, Kyoto Encyclopedia of Genes and Genomes; P,;, adjusted P-value.
A PI3K-AKT signaling pathway | B African trypanosomiasis { -
Fructose and mannose metabolism | Th17 call differentiation .
Glyoxylate and dicarboxylate metabolism { Influenza A .
Yersinia infection { Toll-like receptor signaling pathway .
HIF-1 signaling pathway | Count Complement and coagulation cascades . Count
Transcriptional mis-regulation in cancer | MNF-xB signaling pathway .
Central carben metabolism in cancer 3 Tuberculosis . . ?O
Tight junction | . JAK-STAT signaling pathway . ® 15
Hematopoietic cell lineage | : g Chagas disease (American trypancsomiasis) . ® 20
ECM-receptor interaction | Padi Malaria . ® 25
Complement and coagulation cascades { fa %00 Hematopoietic cell lineage . P‘ad]] 00
Lysosome | 0.75 Rheumatoid arthritis . m
Amoebiasis 0.50 Viral protein interaction with cytokine and cytokine receptor . g-gg
Regulation of actin cytoskelaton { L 0.25 C-type lectin receptor signaling pathway . 0.25
Viral protein interaction with cytokine and cytokine receptor . =000 Staphylococcus aureus infection . 500
Biosynthesis of amino acids{ ] Inflammatory bowel disease (IBD) . :
Focal adhesion | L] P Fd'grtussis .
Cytokine-cytokine receptor int ion { L[] rion diseases .
G}cholysisn'GIuconeogenesi 1 . _ TNF signaling pathway .
Garbon metabolism { ° Cytokine-cytokine receptor interaction o
0.025 0.050 0.075 0.100 0.050 0100 0150
Gene ratio Gene ratio
C Drug metabelism-cytochrome P450 | D Circadian rhythm |-
Viral carcinogenesis | Rheumateid arthritis .
Human papillomavirus infection { Fluid shear stress and atherosclerosis | .
Fanconi anemia pathway { Cell adhesion molecules (CAMs) .
Th1 and Th2 cell differentiation { Intestinal immune network for IgA production | «
Hepatocellular carcinoma | Count Transcriptional misregulation in cancer . Count
Cytoszolic DNA-sensing pathway { = 10 Viral protein interaction with cytokine and cytokine receptor,  « ; ;8
Meuroactive ligand-receptor interaction | : %g MAPK signaling pathway | . e 30
Biosynthesis of unsaturated fatty acids ® 40 NF-kappa B signaling pathway . : 40
Kaposi sarcor iated herpesvirus infection { A Pertussis . 50
RIG-I-like receptor signaling pathway { = 'Dad!I 00 JAK-STAT signaling pathway - . Padi
JAK-STAT signaling pathway { = Po7s Th17 cell differentiation | . wm 1.00
okine-cytokine raceptor ir tion { . 0.50 Leishmaniasis . 8;3
MOD-like receptor signaling pathway | L 0'_25 C-type lectin receptor signaling pathway | . 0.25
Epstein-Barr virus infection { . = 000 Inflammatory bowel disease (IBD)| » M 0.00
Viral protein interaction with cytokine and cytokine receptor { « Pathways in cancer. ®
Measles | . Complement and coagulation cascades .
Hepatitis C { - TNF signaling pathway . .
Influenza A | . taphylococcus aureus infection.  «
Herpes simplex virus 1 infection { LJ Cytokine-cytoki ptor interaction | .
0,050 0.100 0.150 0.200 0.025 0.050 0.075 0.100
Gene ratio Gene ratio

Figure 6. Top 20 pathways of DEGs in the different groups. (A) Upregulated and (B) downregulated DEGS in the ConA group compared with the control
group. (C) Up- and (D) downregulated DEGs in the N protein group compared with the control group. Gene Ratio is the ratio of DEGs in a pathway to the
number of all annotated genes in this pathway. Count indicates the number of DEGs annotated in the pathway, indicated by a dot; the larger the dot, the more
DEGs are enriched. The color gradient indicates the adjusted P-value by the Benjamini-Hochberg false discovery rate method. Only pathways with P,;,<1.00
are shown. ConA, concanavalin A; DEGs, differentially expressed genes; N, nucleocapsid protein.

Discussion

Infection with SARS-CoV-2 could cause acute lung injury, and
one of the most important causes is the dysregulation of the
immune system (23). In the current study, the results of in vitro
cell viability experiments showed that the SARS-CoV-2 N
protein promoted Raji (a B cell line), Jurkat (a T cell line) and
Raw264.7 (a macrophage cell line) cell viability, and cell cycle
assay showed that N protein could increase the proportion of
cells in G,/M phase in the cell population.

Among the aforementioned three immune cells, macro-
phages are considered one of the first lines in the defense
against pathogens and are an indispensable key participant

in both innate and adaptive immunity (24). The present study
showed that the N protein promoted macrophages to secrete
inflammatory factors including TNF-a, IL-6 and IL-10. This
was consistent with previous studies (23,25,26). TNF-a, an
inflammatory cytokine produced by macrophages/monocytes
during acute inflammation, is important for resistance to infec-
tion. Moreover, TNF-a could induce the production of IL-6
which serves an important role in the innate immune system
response against SARS-CoV-2 (27). Higher levels of IL-6 and
IL-10 were found to be associated with more severe cases of
COVID-19 (28). In addition, a previous study revealed that
IL-10 produced by macrophages inhibited the adjacent cells
to differentiate into classically activated macrophages, thereby
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Table VII. The Key genes enriched in the four pathway.
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Gene Log2FC Padj Description

Ddx58 1.75 3.91x10 DEAD/H box helicase 58

STAT2 1.16 5.67x107" Signal transducer and activator of transcription 2
1112rb1 1.13 1.68x1073 Interleukin 12 receptor, beta 1

Trim25 1.12 2.22x10% Tripartite motif-containing 25

STAT1 1.09 4.62x10™" Signal transducer and activator of transcription 1
Dusp4 -1.26 8.76x10%8 Dual specificity phosphatase 4

Dusp10 -1.33 1.08x10* Dual specificity phosphatase10

Card11 -1.37 3.92x10"2 Caspase recruitment domain family, member 11
Dusp2 -1.42 4.04x10° Dual specificity phosphatase2

Duspl6 -1.68 9.40x10* Dual specificity phosphatase 16

Duspl -2.05 3.20x10'"® Dual specificity phosphatase 1

Maltl -2.25 4.50x10'% MALT1 paracaspase

Dusp5 -2.39 5.81x1011° Dual specificity phosphatase 5

Cxcl10 -2.63 1.54x10% Chemokine (C-X-C motif) ligand 10

Cxcl2 -3.77 4.38x1024 Chemokine (C-X-C motif) ligand 2

Dusp8 -4.21 8.22x1071 Dual specificity phosphatase 8

Cxcll -5.89 4.99x10* Chemokine (C-X-C motif) ligand 1

Table VIII. Key mutations of the nucleocapsid protein across the severe acute respiratory syndrome coronavirus 2 major variants

of concern.

Variant Deletions Mutations

A(B.1.1.7) None D3L,R203K, G204R and S235F

B (B.1.351) None T2051

r'®1 None P80R, R203K and G204R

A (B.1.617.2) None D63G, R203M and D377Y

O (BA.1) A31E, A32R and A33S P13L, R203K and G204R

O (BA2) A31E, A32R and A33S P13L,R203K, G204R and S413R

O (BA2.12.1) A31E, A32R and A33S P13L, R203K, G204R and S413R

O (BA.2.75) A31E, A32R and A33S P13L, R203K, G204R and S413R

O (BA4) A31E, A32R and A33S P13L,P151S,R203K and G204R, S413R
O (BAYS) A31E, A32R and A33S P13L,R203K, G204R and S413R

O (BQ.1.1) A31E, A32R and A33S P13L, E136D, R203K, G204R and S413R
O (XBB.1.5) A31E, A32R and A33S P13L,R203K, G204R and S413R

allowing the macrophage population to self-regulate (29).
This suggested that the SARS-CoV-2 N protein may regulate
the proportion of macrophages of the M1/M2 type in the
macrophage population.

Consistent with the aforementioned findings, transcrip-
tome analysis showed that the N protein could upregulate spp!/
(log,FC=1.30; P,;=5.04x107%) (19) and Nos2 gene (log,FC,
9.01; P,;=2.64x10""?) (30), which also meant that the N protein
may promote microphages to secrete inflammatory cytokines
and some of them may act on macrophages to adjust their ability
to function in immune defense. Moreover, the GO enrichment
analysis showed that DEGs of the N group were significantly
enriched in the inflammatory response, positively regulating
cytokine production and other immune defense responses such

as response to ‘interferon-beta’ and ‘leukocyte differentiation’.
These findings showed that the N protein may regulate host
immunity, which is in line with previous studies (10,12).

The goal of signal transduction is to find the response that
optimally safeguards survival (31). KEGG analysis showed
that the N protein is likely to achieve its role by accurately
regulating the JAK-STAT, TNF, NF-kB and MAPK signaling
pathways. Although a number of studies have confirmed
relatively low variability of SARS-CoV-2 genomes, there are
still more variants than expected owing to the high transmis-
sion rates and the large number of infected individuals in the
pandemic (8,32). The transmission speed, infection efficiency
and clinical manifestations caused by these variants are
different (33). A number of previous studies have shown that
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the adaptive mutations of the S protein contributed to the
spread and virulence of the virus (34,35). In addition to the
mutations of the S protein, mutations in the N protein are also
important for viral spread during the pandemic (36,37). The
SARS-CoV-2 N protein expressed in the present study came
from wild-type Wuhan-1 and comprised two RNA-binding
domains, the N-and the C-terminal domains, and three
intrinsically disordered regions (IDRs), IDR1-IDR3 (38-40).
Compared with the wild-type, the N protein was mutated in
several strains of variants of concern (Table VIII) (41,42).
In the current study, three types of immune cells, Raw264.7,
Jurkat and Raji, were selected as model cells to investigate
the immune activity of the three types of immune cells and
possible molecular mechanisms of the N protein on Raw264.7
cells. These cells are not identical to primary cells found in
living organisms and may not perfectly represent the behavior
of primary cells found in organisms. However, given the
commonalities between model cells and primary cells, the
current study could provide a theoretical basis for the immune
regulatory activity and molecular mechanism of N protein at
the cellular and molecular levels. B-cell-linear epitopes and
T-cell epitopes of the N protein are conserved in the main
SARS-CoV-2 variants including A (B.1.1.7), O (BA.l), O
(XBB.1.5) (43-47), which means that the results of the current
study may have similarities with in vitro immunomodulatory
activity of the conserved N protein of the major variant strains
of SARS-CoV-2. In addition, the findings that N protein has
regulatory activity on RAW264.7, Jurkat and Raji, and can
affect the expression of genes in innate immunity and acquired
immunity supported the vaccination strategies designed to
target the N protein that could generate immune responses
which had cross-reactivity with SARS-CoV-2, as well as the
potential ability to protect or modulate disease. The present
study may also support new medical strategies developed to
targeting the SARS-CoV-2 N protein, which may moderately
alleviate immune system disorders such as excessive secretion
of cytokines which may cause cytokine storm after infection
by SARS-CoV-2. The present study has certain limitations.
Raw264.7, Jurkat and Raji cells were selected as model cells
which are not identical to primary cells found in living organ-
isms and may not represent the behavior of primary cells
found in organisms. In future research, the in vitro and in vivo
immune response activity of the N protein in primary cells will
be further explored. In conclusion, the current study provided
a hypothesis for how the N-protein may regulate gene expres-
sion changes in macrophages in innate immunity after it enters
the body and the mechanism of the N protein participating in
innate and adaptive immunity.
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