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Identification of hub genes related to the innate immune
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Abbreviations

Spinal cord injury (SCI) often leads to sensory and motor dysfunction.
Two major factors that hinder spinal cord repair are local inflammation
and glial scar formation after SCI, and thus appropriate immunotherapy
may alleviate damage. To characterize changes in gene expression that
occur during SCI and thereby identify putative targets for immunother-
apy, here we analyzed the dataset GSE5296 (containing one control
group and six SCI groups at different timepoints) to identify
differentially-expressed genes. Functional enrichment analysis was per-
formed and a protein—protein interaction network was created to identify
possible hub genes. Finally, we performed quantitative PCR to verify
changes in gene expression. The CIBERSORT algorithm was used to
analyze innate immune cell infiltration patterns. The dataset GSE162610
(containing one control group and three SCI groups at different time-
points) was analyzed to evaluate innate immune cell infiltration at the
single-cell level. The dataset GSE151371 (containing one control group
[n = 10] and an SCI group [n = 38]) was used to detect the expression of
hub genes in the blood from SCI patients. Differentially-expressed innate
immune-related genes at each timepoint were identified, and the func-
tions and related signaling pathways of these genes were examined. Six
hub genes were identified and verified. We then analyzed the expression
characteristics of these hub genes and characteristics of innate immune

C3, complement 3; Ccl2, C-C motif chemokine ligand 2; Ccr2, C-C motif chemokine receptor 2; CXCL10, C-X-C motif chemokine ligand 10;
Cxcl10, C-X-C motif chemokine ligand 10; DCs, dendritic cells; GEO, Gene Expression Omnibus; GO, Gene Ontology; /L-1R, interleukin 1
receptor type 1; ITGAM, integrin subunit alpha M; /tgam, integrin subunit alpha M; /tgb2, integrin subunit beta 2; KEGG, Kyoto Encyclopedia
of Genes and Genomes; MAPK14, mitogen-activated protein kinase 14; Mapk14, mitogen-activated protein kinase 14; Mapk8, mitogen-acti-
vated protein kinase 8; MYD88, myeloid differentiation primary response 88; Myd88, myeloid differentiation primary response 88; NCBI,
National Center for Biotechnology Information; NF«B, nuclear factor of kappa light polypeptide gene enhancer in B cells; NK, natural killer;
OPC, oligodendrocyte progenitor cell; PCs, principal components; PPIN, protein—protein interaction network; gPCR, quantitative polymerase
chain reaction; SCI, spinal cord injury; SEM, standard error of the mean; STATT, signal transducer and activator of transcription 1; Stat7,
signal transducer and activator of transcription 1; STAT3, signal transducer and activator of transcription 3; Stat3, signal transducer and
activator of transcription 3; STRING, Search Tool for Retrieval of Interacting Genes/Proteins; TLR, Toll-like receptor; TLR2, Toll-like receptor
2; TIr2, Toll-like receptor 2; TLR4, Toll-like receptor 4; UMAP, uniform manifold approximation and projection.
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infiltration in SCI; finally, we examined ligand expression in the context
of the CCL signaling pathway and COMPLEMENT signaling pathway
networks. This study reveals the characteristics of innate immune cell
infiltration and temporal expression patterns of hub genes, and may aid
in the development of immunotherapies for SCI.

Spinal cord injury (SCI) often leads to sensory and
motor dysfunction. SCI is accompanied by a series of
complications and psychological problems, and places
a heavy burden on individuals, families, and society
[1]. Reportedly, the global incidence of SCI is about
23 per million and mainly involves adult men, most
of whom are victims of motor vehicle accidents and
falls [2-4]. Despite great progress made in under-
standing the pathophysiological changes and regenera-
tion mechanisms of SCI, the cure for SCI remains a
medical problem. Two major factors that hinder
spinal cord repair are local inflammation and glial
scar formation after SCI. The inflammatory response
in SCI can not only aggravate SCI, but also promote
its repair. Human SCI is defined as a primary injury
and can be divided into the immediate phase (< 2 h),
acute phase (<48 h), subacute phase (48 h to
14 days), intermediate phase (14 days to 6 months),
and chronic phase (> 6 months) [3,5]. Reportedly, the
levels of proinflammatory cytokines increase in the
spinal cord a few minutes after SCI in mice [6].
Inflammatory cells in blood vessels, such as neu-
trophils and macrophages, infiltrate the SCI area due
to local vascular damage and cause inflammation dri-
ven by inflammatory chemokines [7-9]. These phe-
nomena are inherent in this process, and the
expressions of some innate immune-related genes also
change [10-12].

Based on the above findings, we obtained
differentially-expressed immune-related genes in SCI
tissues of mice through dataset analysis, analyzed the
changes in related functions and signaling pathways,
and identified hub genes and their temporal expres-
sion characteristics. We also performed SCI modeling
of mice and quantitative PCR (qPCR) to verify the
temporal expression changes of hub genes. After that,
the communication relationship between some cells,
as well as the temporal expression characteristics of
hub genes in various cells, were obtained at the
single-cell level through dataset analysis. The expres-
sions of hub genes in the blood of human SCI were
explored through dataset analysis. The temporal char-
acteristics of immune infiltration in SCI were also
explored. The workflow of this study is shown in
Fig. 1.

Materials and methods

Animals in our validation experiments

Twenty-one female C57BL/6 mice weighing 20-22 g, 6 weeks
old, were purchased from Baishitong Biological Technology
(Zhuhai, China). All animals were kept in the Laboratory Ani-
mal Center of Sun Yat-Sen University, with the animal use
permit number SYXK (Guangdong) 2015-0107. The animal
experiments were approved by the Institutional Animal Care
and Use Committee of Sun Yat-Sen University on April 19,
2021 (approval number: SYSU-IACUC-2021-000196). The
address is Laboratory Animal Center, Sun Yat-Sen Univer-
sity, No. 74, Zhongshan Road II, Guangzhou, 510080, P.R.
China. All mice were kept in an environment with controlled
temperature and humidity, with a 12-h light/dark cycle, fed on
time, watered, and the litter changed. All breeding and experi-
mental operations followed relevant guidelines provided by
the Ethics Committee. Then we performed some experiments
using these mice under isoflurane inhalation anesthesia, and
constructed a moderate spinal cord contusion model at the T8
spinal segment according to Allen’s blow method in the SCI
group [13]. The control samples only received laminectomy
and the T8 spinal segment was not injured. RNAs from the
injured spinal cord tissues were extracted for verification of
expression levels of hub genes.

Dataset source and basic information

First, datasets GSE5296 microarray, GSE162610, and
GSE151371 were downloaded from the Gene Expression
Omnibus (GEO, https://www.ncbi.nlm.nih.gov/gds), and their
platforms were GPL1261 (Affymetrix Mouse Genome 430 2.0
Array, San Francisco, CA, USA)), GPL19057 (Illumina Next-
Seq 500, San Diego, CA, USA) and GPL20301 (Illumina
HiSeq 4000, San Diego, CA, USA), respectively. In GSE5296,
C57BL/6 mice were used to construct SCI models under isoflu-
rane anesthesia based on Allen’s method [13]. Six SCI groups
were given moderate injury at the T8 spinal segment, which
was not injured in the control group. Then the injured seg-
ments, about 4 mm of spinal cord tissues, were obtained at cer-
tain timepoints for sequencing. Data were collected from the
control group (n = 2) and six SCI groups at different time-
points (0.5, 4, 24, and 72 h and 7 and 28 days; n = 3/time-
point). Then GSES5296 was normalized using the function
normalizeBetweenArrays in the package BIOCONDUCTOR LIMMA,
and the correction method was “quantile” [14]. In GSE162610,
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Fig. 1. Workflow of this study.

C57BL/6 female mice of 8-10 weeks were also used to con-
struct a moderate spinal cord contusion model at the T8 spinal
segment according to Allen’s blow method in the SCI group
[13], and the T8 spinal segment was not injured in the control
group. This dataset included one control group (n = 5) and
three SCI groups at different timepoints (1, 3, and 7 days, from
5, 3, and 3 mice, respectively). This dataset used the canonical
correlation analysis algorithm in the package SEURAT R to cor-
rect the batch effect. GSE151371 was normalized before down-
loading and included one control group (blood from 10 health
people) and one SCI group (blood from 38 SCI patients).
Blood of humans was collected at 30.3 4 18.9 h after SCI, but
there were no special requirements for the time to collect blood
from healthy volunteers in the control group. Lastly, the list of
innate immunity-related genes was downloaded from the Innate
DB database (https://www.innatedb.com) to obtain the expres-
sion matrix of these genes using the package “LiIMMA.”

Identification of differentially-expressed genes
and differentially-expressed innate immune-
related genes

The differentially-expressed genes and innate immune-
related genes in the control group and experimental groups
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Federation of European Biochemical Societies.

were identified using the package BIOCONDUCTOR LIMMA [15].
These genes were screened out using adjusted P < 0.05 as
the significance threshold. The results were visualized using
the packages “LIMMA” and “PHEATMAP.”

Gene Oncology and KEGG enrichment analysis of
differentially-expressed innate immune-related
genes

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analyses of differentially-
expressed innate immune-related genes and the selected
innate immune-related hub genes were performed with the
busing packages “ORG.MM.EG.DB,” “CLUSTERPROFILER,” “GG-
pLOT2,” and “ENRICHPLOT” [16]. The cutoff criterion was
P <0.05.

LEITs

Protein—protein interaction network and hub
genes

Protein—protein interaction network (PPIN) analysis of
innate immune-related genes was performed using the
Search Tool for Retrieval of Interacting Genes/Proteins
(STRING)  (https://www.string-db.org/), and the
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minimum required interaction score was set to be
0.400. The nodes that were disconnected in the network
were hidden in the PPIN. Then four genes of the top
four degrees at the timepoint 0.5 h and 10 genes of the
top 10 degrees at the timepoints 4, 24, and 72 h and 7
and 28 days were visualized using bar plots. Among
the genes screened above, those that appeared at least
at three timepoints were identified as hub genes. The
genes that appeared at least at three timepoints were
identified as hub genes. Then dynamic changes in the
hub genes at different timepoints were visualized using
R packages “cGgpLor” and “rReEsHAPE” (Vienna, Austria).
Then National Center for Biotechnology Information
(NCBI) (https://www.ncbi.nlm.nih.gov/gene/) and Uni-
Prot (https://www.uniprot.org/) were searched to find
the full names and functions of the hub genes.

Quantitative PCR of gene expression

We constructed a similar mouse SCI model according to
GSES5296 by using Allen’s method. There were three mice
in the blank group and the injury group at each timepoint.
All animal operations were performed under general anes-
thesia after inhalation with isopentane (RWD Life Science,
Shenzhen, China). Then spinal cord tissues were collected
from the injured areas, and RNA was extracted from these
tissues using an RNAeasy animal RNA extraction kit (Bey-
otime, Shanghai, China). The RNA was reverse-transcribed
into DNA using PrimeScript RT Master Mix (TAKARA,
Dalian, China). Then the expression levels of hub genes at
various timepoints after SCI were verified through qPCR.
PowerUp SYBR reagents (Thermo Fisher Scientific, Wal-
tham, MA, USA) and a qPCR platform (Bio-Rad, Her-
cules, CA, USA) were used. The primer sequences used for
qPCR were listed in Table 1.

Assessment of innate immune cell infiltration

The mouse reference gene file to define 11 subgroups of
innate immune cells was downloaded [17]. The CIBER-
SORT algorithm was used to evaluate the infiltration of
innate immune cells from the peripheral blood to injured
spinal cord tissues [18]. R packages including “LiMMA,”
“GGPLOT2,” “GGPUBR,” and “GGEXTRA” and Spearman corre-
lation tests were used to evaluate the relationship between
the expressions of hub genes and the proportion of innate
immune cells. Then P < 0.05 was set as the cutoff criterion
to judge the correlations between them.

Single-cell sequencing dataset analysis of SCI
innate immunity

GSE162610 was analyzed using some R packages, including
“SEURAT,” “GGPLOT2,” “COWPLOT,” “MATRIX,” “DPLYR,”

J. Lietal

Table 1. Primers used for RT-qPCR.

Gene Sequences (5-3)

Gapdh Forward TGGAATCCTGTGGCATCCATGAAAC
Reverse TAAAACGCAGCTCAGTAACAGTCCG
Cel2 Forward TAAAAACCTGGATCGGAACCAAA
Reverse GCATTAGCTTCAGATTTACGGGT
Forward GACCGTGAGGATATACTGAAGGA
Reverse GGCCACCTGTAAAGGCTTCTC
Stat3 Forward CACCTTGGATTGAGAGTCAAGAC
Reverse AGGAATCGGCTATATTGCTGGT
Forward CCAAGTGCTGCCGTCATTTTC
Reverse GGCTCGCAGGGATGATTTCAA
Tir2 Forward primer TCTAAAGTCGATCCGCGACAT
Reverse primer CTACGGGCAGTGGTGAAAACT

MyD88

Cxcl10

Mapk8 Forward primer GTGGAATCAAGCACCTTCACT
Reverse primer TCCTCGCCAGTCCAAAATCAA

ltgam Forward primer GGCTCCGGTAGCATCAACAA
Reverse primer ATCTTGGGCTAGGGTTTCTCT

Mapk14 Forward primer ACCTAGCTGTGAACGAAGACT

Reverse primer GTAGCCACGTAGCCTGTCATC
Stat1 Forward primer TCACAGTGGTTCGAGCTTCAG
Reverse primer CGAGACATCATAGGCAGCGTG

EETS

“Gascl,” “ceLLCHAT,” and “SINGLER.” We filtered the data
to retain cells with more than 400 genes and 1000 tran-
scripts to exclude genes expressed in fewer than 10 cells.
Cells with more than 5% of mitochondrial genes were also
filtered out. The Uniform Manifold Approximation and
Projection (UMAP) and 16 significant principal compo-
nents (PCs) used in dimensionality reduction and cluster-
ing. Annotation of cell types was based on the package
“SINGLER” [19], database CellMarker (http://bio-bigdata.
hrbmu.edu.cn/CellMarker/), and related articles [20-22].
All immune cell populations were extracted, reclustered and
annotated according to GO function analysis and definition
methods [20]. Then the proportion of cell subpopulations
was calculated, and the expression levels of some hub genes
in various cell subpopulations were displayed.

Analysis of expressions of hub genes in the
blood of SCI patients

The R package “GGpuBr” was used to detect the expression
statuses of hub genes in GSE151371, and human SCI blood
transcriptome sequencing data. Then P < 0.05 was used as
the significance threshold to screen differentially-expressed
genes.

Statistical analysis

The qPCR data are expressed as mean + SEM from at
least three independent experiments. Student’s r-test was
used for two-group comparison of qPCR data. P < 0.05
was considered significant.
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Results

Identification of differentially-expressed genes
and innate immune-related genes

Through dataset analysis, differentially-expressed genes
and innate immune-related genes were identified. The
number of differentially-expressed genes peaked at
72 h after SCI, but the number of downregulated
genes from 24 h to 28 days after SCI was larger than
that of upregulated genes (Fig. 2A). The number of
differentially-expressed immune-related genes maxi-
mized at 72 h, and maintained a high level until
28 days, but the number of upregulated genes was far
greater than that of downregulated genes (Fig. 2B).
Then, eight differentially-expressed innate immune-
related genes at 0.5 h after SCI and 20 differentially-
expressed innate immune-related genes with the lowest
adjusted P value at other timepoints were visualized
using heatmaps (Fig. 2C). All differentially-expressed
innate immune-related genes are listed in Table S1.

GO and KEGG enrichment analysis of
differentially-expressed innate immune-related
genes at each timepoint after SCI

kGO enrichment analysis showed the functions mainly
included positive regulation of response to external
stimulus, regulation of immune cell chemotaxis and
migration, immune cell activation, regulation of DNA-
binding transcription factor, and negative regulation
of angiogenesis. Ten GO terms with the lowest P value
at each timepoint and related innate immune-related
genes are listed in Table S2. KEGG enrichment analy-
sis demonstrated the complement and coagulation cas-
cades. The /L-17 signaling pathway changed at 0.5 h
after SCI. Some pathways, such as the TNF, NF-kB,
I1L-17, Toll-like receptor, and NOD-like receptor sig-
naling pathways changed in the 4th hour to 28 days.
Ten KEGG pathway terms of upregulated or down-
regulated immune-related genes with the lowest P val-
ues at each timepoint are listed in Table S3.

Construction of PPIN and screening of hub genes
by dataset analysis

The PPIN at each timepoint was made. Four genes at
0.5 h and 10 genes at other timepoints were the top
degrees (Fig. 3). Then nine hub genes that appeared in
at least three timepoints were identified, including C-C
motif chemokine ligand 2 (Cc/2), signal transducer and
activator of transcription 3 (Stat3), mitogen-activated
protein kinase 14 (Mapkl4), signal transducer and

Hub genes identification of spinal cord injury

activator of transcription 1 (Statl), Toll-like receptor 2
(Tlr2), C-X-C motif chemokine ligand 10 (Cxcli0),
myeloid differentiation primary response 88 (MydSs8),
integrin subunit alpha M (ltgam) and mitogen-
activated protein kinase 8 (Mapk8). The full names
and functions of these genes are listed in Table S4.

Timing expression of hub genes of injured spinal
cord tissue

The dataset analysis showed that the dynamic expres-
sion characteristics of the hub genes were different
(Fig. 4A). Among them, Ccl2, Stat3, Mapkl4, Cxcli0,
and TIr2 peaked at the 4th hour, Stat! and Myd88
peaked at the 24th hour, T/r2 and Itgam peaked at the
72nd hour, and Mapk8 was downregulated after SCI.
However, Statl, Tir2, and Cxcll0 still had relatively
high expression levels at 7 h and 28 days after SCI.

The verification results of qPCR showed that the
changes in the expression levels of Ccl2, Stat3, Cxcli0,
and TIr2 at each timepoint were consistent with the
data analysis. The Myd88 expression levels were con-
sistent with the change before the 72nd hour in the
data analysis. The MapkS8 expression level was consis-
tent with the data analysis from 4th hour to 28th day
after SCI. However, the expression levels of Itgam,
Statl, and Mapkl4 were not consistent with the data
analysis (Fig. 4B).

Dataset analysis captures characteristics of
innate immune cell infiltration in SCI tissues

The infiltration levels of 11 types of innate immune
cells in SCI were evaluated. The infiltration level of
activated dendritic cells (DCs) increased and peaked at
the 4th hour. The infiltration level of neutrophils
maintained relatively high within 24 h of SCI, then
declined and remained low. The infiltration level of
M2-type macrophages decreased from 0.5 to 24 h after
SCI but increased after 72 h and remained at a high
state. M1 macrophages began to appear 24 h after
SCI and remained until the 28th day. The infiltration
of innate immune cells in spinal cord tissues at each
timepoint is shown in Fig. SA.

The relationship among the infiltration of 11 types
of innate immune cells was also evaluated. Neu-
trophils, monocytes, and resting natural killer (NK)
cells all were significantly and positively correlated
with mast cells, while activated DCs, mast cells, mono-
cytes, neutrophils, and resting NK cells were all nega-
tively correlated with MO macrophages. Neutrophils
were significantly and positively correlated with resting
NK cells and activated DCs. Monocytes were

FEBS Open Bio 12 (2022) 1839-1856 © 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 1843
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obviously and positively correlated with NK cells
(Fig. 5B).

Dataset analysis captures correlation between
hub innate immunity-related genes and innate
immune cells

The correlations between the hub innate immune-
related genes and the infiltration level of innate
immune cells were analyzed (Fig. 6). Ccl2 was posi-
tively correlated with activated DCs. Myd88 was pos-
itively correlated with MO macrophages, MI
macrophages, immature DCs, and activated NK cells.
TIr2 was correlated positively with MO macrophages,
but negatively with activated DCs, NK resting cells,
mast cells, monocytes, and neutrophils. Cxc/I0 was
negatively correlated with mast cells. Itgam was posi-
tively correlated with immature DCs, MO macro-
phages, M1 macrophages, and activated NK cells.
Mapk8 was positively correlated with neutrophils,
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NK resting cells, mast cells, monocytes, and activated
DCs.

Single-cell sequencing dataset analysis

After batch correction of the data, the cell population
was clustered and labeled (Fig. 7A,B). The percentage
of homogeneous cells in different samples and the
time-series changes in the number of some innate
immune cells were analyzed (Fig. 7C,D). The numbers
of DCs, monocytes, and neutrophils all increased sig-
nificantly on the first day after SCI. The number of
neutrophils decreased significantly on the third day,
the numbers of macrophages and mitotic myeloid cells
peaked on the third day, and the number of microglia
peaked on the seventh day.

The communication relationships among different
cells after SCI were analyzed. In the CCL signaling

pathway network, the ligand Cc/2 was mainly
expressed in microglia, macrophages, monocytes,
1845
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fibroblasts, and Dividing-Myeloid cells. Receptor Ccr2
was mainly expressed in DCs, monocytes, and
Dividing-Myeloid cells (Fig. 8A,C). In the COMPLE-
MENT signaling pathway network, ligand complement
3 (C3) was mainly expressed in neutrophils and
Dividing-Myeloid cells, while its receptor Itgam was

mainly expressed in microglia, macrophages, neu-
trophils, monocytes, and Dividing-Myeloid cells
(Fig. 8B,D).
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***%P < 0.005; **P < 0.01; *P < 0.05. A P value < 0.5 was regarded as

According to the annotated map of cell clusters
(Fig. 7A), the Ccl2 expression increased significantly at
1 day after SCI, and mainly occurred in macrophages,
monocytes, and microglia. After that, the expression
decreased and mainly occurred in monocytes and
macrophages (Fig. 9A). Itgam was also significantly
expressed in microglia, macrophages, monocytes, and
neutrophils at 1 day after SCI, and the expression
decreased significantly thereafter (Fig. 9B). Tlr2 was
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mainly expressed in microglia, monocytes, macro-
phages, and neutrophils at 1 day after SCI, but on the
3rd and 7th day, it was mainly expressed in microglia
(Fig. 9C). Cxc/10 was mainly expressed in microglia
after SCI (Fig. 9D).

Expressions of hub genes in the blood of human
ScCl

Analysis of blood immune changes of human SCI
showed that the expressions of integrin subunit alpha
M (ITGAM), mitogen-activated protein kinase 14
(MAPKI14), myeloid differentiation primary response
88 (MYDSS), signal transducer and activator of tran-
scription 3 (STAT3), Toll-like receptor 2 (TLR2) in
human blood were higher, and the expressions of
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signal transducer and activator of transcription 1
(STATI) and C-X-C motif chemokine ligand 10
(CXCL10) were lower compared with the control
group. These results suggest that these hub genes may
also play an important role in human SCI (Fig. 10).

Discussion

The blood-brain barrier is destroyed after SCI. The
innate immune cells derived from peripheral blood can
quickly participate in the regulation of the local
microenvironment after SCI and play important roles
in secondary SCI and repair [23,24]. In our study, the
differentially-expressed innate immune-related genes
and hub genes were identified. Then the dynamic
changes in the expression levels of these hub genes
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were analyzed and verified to identify the optimal time
to target these genes. Furthermore, the infiltration of
innate immune cells and their relationship with hub
genes were characterized. Two hub genes related sig-
naling pathways and receptor-ligand pairs were identi-
fied in the cells of SCI. These hub genes were also
highly expressed in human blood after SCI. This result
also reveals that finding characteristic blood immune-
related genes related to the severity of SCI may be of
great significance for research, auxiliary diagnosis, and
treatment of human SCI.

Dataset analysis showed the number of upregulated
innate immune-related genes was much larger than
that of downregulated genes, which indicates a clear
innate immune response after SCI. The infiltration
levels of DCs and neutrophils increased rapidly within

Hub genes identification of spinal cord injury

addition, the Ccl2 expression remained at a relatively
high level within 24 h of SCI and was positively corre-
lated with the infiltration level of activated DCs, indi-
cating that Ccl2 may play a relatively important role
in the infiltration of activated DCs. Single-cell
sequencing data analysis demonstrated that hub genes
were mainly expressed in innate immune cells, such as
microglia, macrophages, monocytes, DCs, and neu-
trophils, but less expressed in glial cells, neurons,
endothelial cells, and ependymal cells from spinal cord
tissues. This result clarifies the relationship between
cells in SCI tissues and the expression of hub genes,
and indicates that the innate immune cells derived
from peripheral blood and microglia constitute the
main innate immune components in SCI.

Due to the breakdown of the blood-brain barrier

24 h of SCI, and significantly reduced after 24 h. In after human SCI, the peripheral circulation
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communicates with the SCI area. When immune cells
in the blood infiltrate the SCI area, the immune status
in the circulating blood also changes [25,26]. The
blood—brain barrier is also destroyed after SCI in mice
[27,28]. Our dataset analysis shows that genes such as
Ccl2, Tir2, Itgam, and Cxcll0 are highly expressed not
only in microglia after SCI in mice, but also in periph-
eral blood-derived immune cells such as macrophages,
monocytes, and neutrophils. Due to the absence of
sequencing data for mouse SCI blood in the database,
there is also no sequencing data for human SCI tis-
sues. Therefore, we analyzed the blood sequencing
dataset of human SCI to explore the expression of hub
genes in peripheral circulating blood after SCI. The
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blood of these patients was collected at 30.3 + 18.9 h
after SCI to detect the expression of hub genes. Most
of the hub genes were also highly expressed in the
blood of SCI patients, but only CXCLI0 was down-
regulated. These results suggest the expression of these
genes may also play an important role in the tissues of
human SCI, but the current research on the sequential
expression of blood genes in human SCI is not com-
prehensive. Exploring the temporal expression charac-
teristics of hub innate immune-related genes in the
blood of human SCI may have important significance
for the diagnosis and treatment of SCI.

From the characteristics of the temporal expressions
of hub genes verified above and the infiltration of
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Fig. 9. The expression of hub genes in the cells of spinal cord after SCI at different timepoints. (A) Expression of Ccl2 in spinal cord tissue
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expression is represented by the color intensity in the UMAP graph. d, days.

innate immune cells, we can find a potential suitable
time for immunotherapy of SCI in mice, which may
experimentally underlie the immunotherapy of SCI.
Ccl2 acts through expressing the C-C motif chemokine
receptor 2 (Ccr2), thereby regulating the migration
and infiltration of monocytes, T-lymphocytes, and NK
cells into inflammation areas [29,30]. Our dataset anal-
ysis showed that the Cc/2-Ccr2 receptor ligand pair in

FEBS Open Bio 12 (2022) 1839-1856 © 2022 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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the CCL signaling pathway network plays a regulatory
role between microglia, macrophages, monocytes,
fibroblasts, Dividing-Myeloid cells and DCs, mono-
cytes, and Dividing-Myeloid cells. In addition, Cc/2
can promote the polarization of M2-type macrophages
and enhance the growth of axons in peripheral nerve
injury [9]. Inhibiting Cecr2 after SCI can alleviate SCI
in mice [31]. Both our dataset analysis and qPCR
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validation showed the Ccl2 expression level quickly
peaked at 4 h after SCI, indicating regulating Cc/2 or
its receptor Ccr2 within 4 h of SCI may promptly pro-
mote the recovery of SCI. In addition, Staz3 controls
different pathways of emergency granulocyte produc-
tion and mature neutrophils [32,33], the migration of
neutrophils [34], and the differentiation of DCs in the
innate immune response [35]. Both our dataset analysis
and qPCR validation showed that the Stat3 expression
level peaked at the 4th hour after SCI and remained at
a high level before the 24th hour. In addition, the
dataset analysis showed that the infiltration level of
neutrophils and activated DCs also increased rapidly
and remained at a higher level within 24 h after SCI,
indicating that Stat3 may play a role in urgently regu-
lating the migration of neutrophils and the activation
of DCs. Therefore, regulating Stat3 within 4 h may
better improve SCI recovery.

After peripheral nerve injury, TLR2 induces the
expressions of proinflammatory cytokines in the nerve
injury area, then induce the activation and infiltration
of macrophages into the nerve injury area, and plays a
certain neuroprotective effect [36,37]. Application of
TIlr2 agonists in the acute phase of SCI can promote
spinal cord repair [11]. However, our dataset analysis
and qPCR validation both showed that the T/r2 expres-
sion level not only increased within 4 h after SCI, but
also reached higher levels on the 7th and 28th day after
SCI. Therefore, regulating T/r2 expression in the acute,
subacute, and intermediate phases of SCI may help
with spinal cord repair. Cxc/lI0 mainly mediates Thl-
type inflammatory responses as well as the chemotaxis
of monocytes and T cells, prompting these immune cells
to migrate to the injury site, strengthen Thl response,
and destroy Th2 response [38]. Anti-Cxc/I0 treatment
of SCI in mice can increase neuronal survival and axo-
nal sprouts, reduce cell apoptosis, and promote revascu-
larization of the damaged spinal cords [39-41].
However, our dataset analysis and qPCR validation
both showed that the Cxcll0 expression level reached a
small peak at the 24th hour after SCI but reached a
higher level on the 28th day. Therefore, modulating
Cxcll0 in acute, subacute, and intermediate phases may
promote the repair of SCI.

Myd88 is an anchored adaptor protein primarily
responsible for directing intracellular signal transduc-
tion, integrating, and transducing intracellular signals
generated by the Toll-like receptor (TLR) and inter-
leukin 1 receptor type 1 (IL-1R) superfamily. MyD88
can promote the migration of white blood cells to the
damaged area, which is essential for innate immune reg-
ulation [42-44]. Inhibition of the Toll-like receptor 4
(TLR4)/Myd88/nuclear  factor of kappa light

Hub genes identification of spinal cord injury

polypeptide gene enhancer in B cells (NF-kB) signaling
pathway can reduce apoptosis and inflammation during
SCI [45,46]. In our study, both dataset analysis and
gPCR validation showed that the Myd88 expression
level also reached a peak at the 24th hour and remained
high at the 72nd hour. The dataset analysis also showed
that Myd88 was also positively correlated with the infil-
tration level of M1 macrophages and NK activation,
suggesting that Myd88 plays a relatively important role
in the proinflammatory response during the acute and
subacute phases of SCI. Therefore, inhibiting Myd88
expression in these two phases of SCI may suppress
inflammation and have a better treatment effect on
reducing secondary SCI. Interestingly, both dataset
analysis and qPCR validation showed that the Mapk8
expression was downregulated after SCI, and minimized
at 72 h after SCI. Only a few articles have studied the
Mapk8 gene in SCI. Therefore, the important role of
Mapk8 in SCI is worthy of further study. Regulating
the Mapk8 expression at about 72 h in the subacute
phase may be a focus of research.

Itgam , an integrin o-M, can form a dimer with inte-
grin subunit beta 2 ([rgh2) to participate in various
adhesion interactions of monocytes, macrophages, and
granulocytes, and to mediate the uptake of
complement-coated particles as well as the migration of
immune cells to infected or injured areas [47-49]. Itgam
can also promote the polarization of microglia and
macrophages to the M2 type. Our dataset analysis
showed that the C3-(ltgam+Itgh2) receptor ligand pair
in the COMPLEMENT signaling pathway network
played a regulatory role between neutrophils, Dividing-
Myeloid cells and microglia, macrophages, neutrophils,
monocytes, and Dividing-Myeloid cells. The dataset
analysis also showed that the Ilrgam expression level
peaked at 72 h, and then gradually decreased. This
result also indicates that regulating Itgam before 72 h
after SCI may improve spinal cord repair.

However, our data were mainly obtained from anal-
ysis of sequencing data, with a brief experimental vali-
dation of gene expression using qPCR. In addition,
the sample size is relatively small. Although we identi-
fied hub genes and found that some hub genes played
a certain role in spinal cord repair, intervention only
on one gene may not lead to more ideal spinal cord
repair results. In the future, in vivo and in vitro experi-
ments with larger sample sizes are required to analyze
and verify the roles of these hub genes in SCI repair.

Conclusion

This study revealed the characteristics of innate
immune cell infiltration and identified hub innate
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immune-related genes. The characteristics of temporal
expression of these genes after SCI may have certain
significance in allowing us to intervene in these hub
genes and innate immune cells at the right time to
reduce secondary SCI and promote spinal cord repair.
These hub innate immune-related genes are also highly
expressed in human blood, and the temporal changes
of the innate immunity of human SCI blood are wor-
thy of further study. Therefore, this study provides
certain ideas and the basis for immunotherapy of SCI.
We anticipate that our research can provide certain
experimental basis and ideas for the research and
treatment of SCI.
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