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Impact statement

This research aimed to analyze the effect of
M2 macrophage adoptive transfer on the
local expression of gene transcription after
SCI by RNA-Seq. The results showed that
M2 adoptive immunity can down-regulate
many well-studied gene expressions
associated with signaling pathways of
inflammatory. These may explain the
mechanism of our previous adoptive
immunization of M2 cells to provide neu-
roprotection for SCI. In addition, a novel
pathway, RIG-I-like receptor signaling
pathway was also found to involve in the
pathological process of SCI and the
response to M2 adoptive immunity. This
will provide a new explanation for the
pathological mechanism of SCI and a new
theoretical and experimental basis for its
clinical treatment.

Abstract

The previous studies showed that alternatively activated anti-inflammatory macrophage
(M2) adoptive immunity can improve the proportion of local M2 cells and play the neuro-
protective effect after spinal cord injury (SCI). Its molecular mechanism is not yet very clear.
Therefore, this study aims to analyze the effect of the M2 adoptive transfer on the local
expression of gene transcription. Sprague-Dawley (SD) rats were used for culture of macro-
phages and establishment of SCI models. After SCI, the polarized M2 macrophages were
transferred to the injured rats by tail vein injection. Seven days after operation, the differ-
entially expressed genes (DEGs) in the spinal cords were analyzed by RNA-sequencing
(RNA-Seq). Then, the functional enrichment analysis and pathways were performed by
using gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), respec-
tively. RNA-Seq showed that M2 adoptive immunity can down-regulate many well-studied
gene expressions associated with signaling pathways of inflammatory, such as antigen
processing and presentation, phagosome, cell adhesion molecules, natural killer cell-
mediated cytotoxicity, endocytosis, proteasome, and Toll-like receptor signaling pathway.

These may explain the mechanism of our previous adoptive immunization of M2 cells to provide neuroprotection for SCI.
In addition, a novel pathway, retinoic acid-inducible gene-1 (RIG-I)-like receptor signaling pathway was found to be involved in
the pathological process of SCI and the response to M2 adoptive immunity as well. This will provide a new explanation for the
pathological mechanism of SCI and a new theoretical and experimental basis for its clinical treatment. The raw lllumina data are
available at http://www.ncbi.nim.nih.gov/sra (accession number PRINA517238).
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Introduction treatment. Therefore, the significance of finding new treat-

ment methods for patients with SCI is self-evident. It has
been a great challenge for researchers in related fields to
deeply explore its pathogenesis and find the effective treat-
ment strategies.

Macrophages play a very important role in the innate
immune response.” In the light of different functions, they

Spinal cord injury (SCI) refers to various injuries to the
spinal cords. According to the severity of injury, it may
cause a variety of symptoms, ranging from pain to com-
plete loss of movement and sensory function. SCI affects
millions of people worldwide and usually affects patients’
quality of life.! However, there is still no effective
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are divided into two different subtypes, namely pro-
inflammatory (M1) and anti-inflammatory (M2) macro-
phages.®> After SCI, the ratio of M1 and M2 is related
to aggravating secondary injury or promoting traumatic
repair.® M1 cells can produce nitric oxide and pro-
inflammatory cytokines, which often induce cytotoxic
processes.” In contrast, M2 cells can produce anti-
inflammatory cytokines, promote angiogenesis, clear
debris, and participate in tissue remodeling and repair.® It
is reported that after acute SCI, decreasing the quantity of
M1 or increasing M2 cells can promote tissue repair and
exercise recovery.>”™'! Our previous study confirmed that
in the local microenvironment after SCI injury, the M1 mac-
rophages and the neuroprotective M2 macrophages could
be detected at the early stage, but the M1 macrophages
were dominant one week after injury, and the proportion
of M2 macrophages was very small."*> Adoption of adoptive
immunity can improve the ratio of M2 macrophages in
damaged spinal cords and play a neuroprotective role."?
However, the exact mechanism is not entirely clear.
Therefore, this study intends to use the bone marrow-
derived M2 macrophages adoptive immunity at seven
days after SCI, to analyze their influence on the local gene
transcription by using RNA-Seq. Then, through bioinfor-
matics analysis and RT-qPCR, key molecular and signal
pathways were screened and identified, providing new the-
oretical and experimental basis for SCI clinical treatment.

Methods

Animals

This study was conducted in accordance with the Guide for
the Care and Use of Laboratory Animals and the Association for
Assessment and Accreditation of Laboratory Animal Care inter-
national. The protocol was approved by the Institutional
Committee on Animal Care, Use and Research (Approval
no. 2017037) of the Bengbu Medical College. A total of 10
healthy and clean, six weeks old, Sprague-Dawley (SD)
female rats (150-180 g) were used for culture of primary
macrophages. A total of 20 healthy, clean adult SD female
rats (220-250 g, 8 weeks old) were used to SCI model. All
rats were purchased from Vital River Laboratory Animal
Technology Co. Ltd. (Beijing, China).

Table 1. The antibodies used in this study.
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Bone marrow-derived macrophages culture and
polarization

The culture and polarization of bone marrow-derived mac-
rophages were based on the earlier reports.">'* The rats
were anesthetized with 50 mg/kg pentobarbital by intra-
peritoneal injection. After disinfecting with 75% alcohol,
the skin was cut from the root of the rat’s thigh, then the
muscle, until completely exposed and remove femoral,
then soaked in 75% alcohol and phosphate-buffered
saline (PBS, pH 7.4) twice, each time for 6 min. Using the
surgical scissors the two ends of the femur were carefully
cut, and 20 mL syringe was used to absorb the culture
medium, the bone marrow was flushed from one end of
the femur to the other end and put in medium in a 10-mL
dish, and the medium was changed every 2-3 days. After
seven days of culture, we defined it as MO macrophages.
After incubating with IL-4, -10, and TGF-f1 (all 10 ng/mL,
R&D systems) for 24 h, the cells were defined as M2 macro-
phages. The cells were identified by immunocytochemistry
and flow cytometry (FCM).

Immunocytochemistry

After washing three times with PBS (pH 7.4), the polarized
macrophages were fixed for 15 min in 4% paraformalde-
hyde (PFA). After three times of washing with PBS at 10
min intervals, the cells were blocked with blocking buffer
(PBS added 10% goat serum and 0.1% tritonx-100). After 2
h, the cells were incubated with the primary antibodies as
shown in Table 1 at 4°C for 12 h. Then, the cells were
washed three times with PBS, incubated with the
fluorescein-conjugated secondary antibodies (Table 1) for
30 min at room temperature. After washing with PBS for
three times, the cells were mounted with glycerol contain-
ing Hoechst33342 (0.5 uM, Sigma). The staining was exam-
ined under a ZEISS Axio Observer microscope.

FCM

The cells were digested with trypsin, collected, and washed
three times with PBS. Then, the cells were put in staining
buffer containing CD68-FITC, CD86-PE, and CD163-APC
(Table 1) at 4°C for 30 min. The cells were washed three
times using staining buffer; the cells were centrifuged
at 4°C, then 2% PFA was added to fix the cells.

Application
Antigen Host Manufacturer Catalog number (dilution) Fluorescence
Arginase | (Arg1) Rabbit  Thermo Fisher Scientific Inc., Rockford, IL PA5-22009 IHC (1:200)
C-C chemokine receptor Rabbit Abcam Cambridge Chemical Co., Cambridge, MA  ab32527 IHC (1:250)
type 7 (CCR?7)
cD68 Mouse AbD Serotech, Oxford, UK MCA341GA IHC (1:200)
Mouse IgG Goat Jackson Immuno Research Lab., West Grove, PA  115-095-003 IHC (1:200) Rhodamine
Rabbit IgG Goat Jackson Immuno Research Lab., West Grove, PA  111-025-144 IHC (1:200) FITC
CcD68 Mouse AbD Serotech, Oxford, UK MCA341F FCM (1 ug/10° cells) FITC
CD86 Mouse Thermo Fisher Scientific Inc., Rockford, IL 12-0860-82 FCM (0.2 ug/10® cells) PE
CD163 Mouse AbD Serotech, Oxford, UK MCA342A647 FCM (1 ug/10° cells) APC
1gG1 Mouse Bio-Rad, Hercules, CA MCA1209F FCM (1 ug/10° cells) FITC
IgG1 kappa Mouse Thermo Fisher Scientific Inc., Rockford, IL 12-4714-82 FCM (0.2 ug/108 cells) PE
1gG1 Mouse Thermo Fisher Scientific Inc., Rockford, IL MA5-18093 FCM (1 ug/10° cells) APC
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The non-specific staining was detected by isotype control
antibodies (Table 1). The results were examined with flow
cytometer (FACS Verse, Becton Dickinson, San Diego, CA),
and analyzed with FlowJo 7.6.1 (TreeStar, Ashland, OR).

Contusive SCI

Contused T9 SCI was made by using a New York
University impactor according to our previous method.™
The rats only received a laminectomy were classified as
sham-operated (sham) group. After injury, the rats were
placed in a room with constant temperature and humidity
and were given rats’ fluid infusion (normal saline 6-9 mL)
and antibiotics (gentamicin 2100-2600 U/rats) every morn-
ing for a week to prevent electrolyte disturbance and infec-
tion. Three times a day, the rats were given urination care
until they were able to urinate autonomously.

Macrophage labeling and adoptive transfer

After the operation, the polarized M2 macrophages were
prepared to transfer to the injured rats. To track the trans-
ferred M2 cells in the injured spinal cords, we labeled some
cells with carboxyfluorescein diacetate-succinimidyl ester
(CFSE), a fluorescent staining dye (Invitrogen, Carlsbad,
CA) according to the previous method."”” For adoptive
transfer, the cell concentration was adjusted to 1 x 107
cells/mL by PBS. Each rat was given 1 x 10’ M2 macro-
phages by tail vein injection within 1 h after SCI. The
blank control group was replaced with PBS. All the exper-
imental groups for RNA-Seq are as follows: sham group
with only infusion of PBS (sham [PBS]), M2 transferred
sham group (sham [M2]), SCI group with only infusion of
PBS (SCI [PBS]), and M2 macrophage transferred SCI group
(SCI [M2]).

Detection of transferred cells in injured
spinal cords

Three days after the operation, the CFSE-labeled cell trans-
ferred rats were anesthetized, perfused, and fixed accord-
ing to our previous method."® The 1-cm long spinal cords
containing the injury center were removed, and the 6-um
thick longitudinal frozen sections were obtained. The
CFSE-labeled cells were observed under a ZEISS Axio
observer microscope.

RNA isolation, quantification, and
qualification

After perfusion with 200 mL PBS, spinal cords (1 cm includ-
ing the injury center) were removed on seventh day after
operation. In order to extract total RNA from the spinal
cords, TRIzol reagent (Invitrogen, New Jersey, NJ) was
used. DNase I was used to remove genomic DNA. RNA
purity, concentration, and integrity were evaluated accord-
ing to the previous method.'®

Library preparation and
transcriptome sequencing

For RNA preparation, we used 3 ug RNA as input material
for every sample according to the previous method.'®
Finally, the 125 bp/150 bp paired-end reads were obtained
and sequenced by using an Illumina Hiseq platform. The
raw Illumina data are available at http://www.ncbi.nlm.
nih.gov/sra (accession number PRJNA517238).

Data analysis

Gene expression statistics and cluster analysis

The number of reads per gene was calculated using RSEM
software (http://deweylab.biostat.wisc.edu/rsem/). In
RNA-Seq, methods for gene expression levels are typically
estimated by using fragments per kilogram base (FPKM) of
transcript sequences per million base pairs. So, we con-
verted the read count to FPKM. After obtaining the
FPKM value of each sample, cluster analysis was per-
formed to obtain a gene set with similar expression pat-
terns. The data similarity and difference were studied by
using principal component analysis (PCA). The samples
were clustered based on Pearson correlation system.

Analysis of DEGs

DESeq software (http://www.bioconductor.org/) was
used to analyze the DEGs in three groups. In order to con-
trol the false discovery rate and adjust the P value,
Benjamin and Hodgeberg’s method was used. The adjusted
P value <0.05 was defined as the criterion for the difference
in significance.

GO and KEGG enrichment analysis of DEGs

In DEGs GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analyses were performed by using the
GOseq R package and KOBAS software, respectively. The
significantly enriched pathways in DEGs compared to the
genome-wide background were identified by hypergeo-
metric test.

RT-gPCR

In order to verify the reliability of RNA-Seq data, eight
DEGs were randomly selected and verified by RT-qPCR.
A reverse transcription system from Promega (Madison,
WI) was used to convert cDNA. The qPCR was performed
on the ABI 7900 PCR detection system using SYBR™ Green
PCR Master Mix (Applied Biosystems, Foster City, CA).
PCR primers are shown in Table 2. According to the results
of fluorescence quantitative PCR, the relative quantitative
results of each group of genes were calculated according to
the formula of “*Ct."”

Results

M2 macrophage identification

FCM and immunohistochemical staining showed that
almost all cells expressed CD68, the marker of
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Table 2. Real-time PCR primers used in the study.
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Gene GenBank accession no. Forward primer 5-3' Reverse primer 5'-3'

Msr1 NM_001191939.1 CACAGACCGCTTCCAGAACT GCTTTGCTGTAGATTCGCGG

Rrp1b XM_017601874.1 GCAGACCGTGAATCGAGAGT GTGGGATCTCACTCCGTTGG
Vwaba NM_198755.1 TCAAAAACATCGCCCGGGTA CTCTCCGCTTGAGGCATAGG
Rrp7a NM_001130568.1 GAAGATTCCGTGCTGGACCC AAGCTGAGCAGCTCCTTTCG

Rrp1 NM_001012073.1 GATGGTCCTGAGTGAGTCGC GGCTGTCAGGGCTCAGTATC
Rrp8 NM_001008346.1 GGCCCGATTTCGCTACCTTA GTCTCTGAAAGCCACGGTGA
Rrp9 NM_001108778.1 CCAGCTCTCCATTACGTGCT AATGAGCTTGCTCCGGTCTC

Nop2 NM_001191785.1 GTTCCCGCTGTCTGAGTTGA GTCCAGCTAGGTACTCGGGA

macrophages (Figure 1(a,b)). Only less than 20% of cells
expressed CD86, and more than 80% of cells expressed
CD163 (Figure 1(a)). Almost no cells expressed CCR7,
while almost all cells expressed Argl (Figure 1(b)).

Detection of transferred M2 cells in the injured
spinal cords

To track whether the transferred M2 cells infiltrated into
injured spinal cords, we labeled some cells with CFSE.
The infiltration of CFSE-labeled M2 macrophages was
detected under a fluorescence microscope. As shown in
Figure 2, CFSE-labeled M2 macrophages could be found
in injury center and surrounding tissues. And almost all
these cells were CD68 positive.

Identification of expressed transcripts

For the quality assessment of sequencing data, 12 cDNA
libraries were established, including A (sham [PBS]: Al,
A2 and A3), B (sham [M2]: B1, B2 and B3), C (SCI [PBS]:
C1, C2 and C3), and D (SCI [M2]: D1, D2 and D3). As shown
in Table 3, RNA-Seq produced 45,943,812 to 59,219,924 raw
reads for each library. The clean reads were from 43,842,872
to 58,216,752 (97.14-97.49%) after filtering out the low-
quality reads. This demonstrated that the data could be
used for the next analysis. In order to elaborate the source
of variation in our original data, we conducted PCA. As
shown in Figure 3, PC1, PC2, and PC3 were 51.72%,
9.29%, and 7.10%, respectively. In order to ensure the reli-
ability of the follow-up analysis results, through PCA anal-
ysis, we determined to remove a set of data in each group
which is far from the overall deviation.

The effect of M2 macrophage adoptive immunity on
gene expression

The gene expression level and differential expression pro-
files were analyzed by RPKM and DEGSeq, respectively.
Comparing with the sham (PBS) group, there were only
64 DEGs in sham (M2) group, including 30 up-regulated
and 34 down-regulated (Figure 4(a)), there were 5812 DEGs
in SCI (PBS) group, 3196 of which were up-regulated and
2616 down-regulated (Figure 4(b)). Comparing with SCI
(PBS) group, there were 311 DEGs in SCI (M2) group, 88
of which were up-regulated and 223 down-regulated
(Figure 4(c)).

Identification of DEGs by RT-qPCR

To verify the RNA-Seq results, eight DEGs were randomly
selected from SCI (M2) compared with SCI (PBS) group,
namely Msrl, Rrplb, Vwaba, Rrp7a, Rrpl, Rrp8, Rrp9,
and Nop2. As shown in Figure 5, the mRNA expression
patterns in RNA-Seq and RT-qPCR were similar.

Cluster analysis of DEGs

The DEGs in different groups were analyzed by FPKM hier-
archical cluster analysis. As shown in Figure 6, 6459 DEGs
were classified into expression cluster groups. In the whole
SCI process, these clusters contained genes up-regulated or
down-regulated. Comparing to the sham (PBS) group (A)
in lower clusters, the majority of the genes in SCI (PBS)
group (C) were up-regulated while down-regulated in
upper clusters. Some genes were up-regulated in SCI
(M2) group (D) comparing with SCI (PBS) group (C) in
upper clusters, while down-regulated genes were found
in lower clusters.

K-means clustering of DEGs

We performed K-mean clustering to further study the bio-
logical characteristics of 6459 DEGs. In the analysis, DEGs
were divided into four subgroups according to the expres-
sion patterns of DEGs in spinal cords (Figure 7). There were
92 in subcluster_1, the gene expression levels showed the
highest expression in sham (PBS) group (A) and sham (M2)
group (B), the lowest expression in SCI (PBS) group (C).
Subcluster_2 had 2136 genes, the gene expression levels
showed a trend with highest expression in groups A and
B, the lowest expression in group C. Although, in subclus-
ters 1 and 2, most of the genes in SCI (M2) group (D)
expressed lower than those in groups A and B, there were
still some genes higher than those in group C. Subclusters 3
and 4 had 1538 and 605 genes, respectively. There were
similar trends in gene expression in subcluster_4, with
highest expression in C and lowest expression in groups
A and B. Although, most of the genes in group D expressed
higher than those in groups A and B, there were still some
genes expressed lower than those in group C.

GO enrichment analysis of DEGs

Comparing with sham (PBS) group, no significant terms
were found in sham (M2) group (data not show).
Comparing with sham (PBS), there were 2171 in
up-regulated (Figure 8(a)) and 610 GO terms in down-
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Figure 1. The identification of M2 macrophages. (a) Representative FCM pictures of the expressions of CD163, CD86, and CD68; (b) representative IHC images of the
expressions of CCRY7 (red), Arg1 (red), and CD68 (green) in cultured M2 cells. Scale bars: 25 um. (A color version of this figure is available in the online journal.)

regulated genes (Figure 8(b)) in SCI (PBS) group. In SCI (PBS) versus sham (PBS), the down-regulated
Comparing with SCI (PBS), there were nine in DEGs were most enriched in neuron part synapse,
up-regulated (Figure 9(a)) and 182 GO terms in down- neuron projection, axon, nervous system development,
regulated genes (Figure 9(b)) in SCI (M2) group. synaptic transmission, myelin sheath, presynapse, postsy-
Comparing with sham (M2), there were 1844 in napse, neurogenesis, dendrite, cell-cell signaling, neuron
up-regulated (Figure 10(a)) and 689 GO terms in differentiation, generation of neurons, synaptic membrane,
down-regulated genes in SCI (M2) group (Figure 10(b)). = neuronal cell body, ion transport, etc.; the up-regulated



DEGs were most enriched in immune system process, reg-
ulation of immune system process, immune response,
defense response, response to stress, leukocyte activation,
cytokine production, response to cytokine, immune effector
process, positive regulation of response to stimulus, lym-
phocyte activation, innate immune response, cellular
response to cytokine stimulus, inflammatory response,
etc. In SCI (M2) versus SCI (PBS), the down-regulated
DEGs were most enriched in immune response, immune
system process, defense response, response to cytokines,
immune effector process, antigen processing and presenta-
tion, etc. The up-regulated DEGs were enriched in

Figure 2. Detection of transferred M2 cells. The infiltration of CFSE-labeled M2
cells into injured spinal cords was detected by fluorescence microscopy three
days after transfer. Scale bars: 500 um (left) and 20 um (right). (A color version of
this figure is available in the online journal.)

Table 3. Summary of sequence assembly.

Chen et al. RNA-Seq of injured spinal cords

ribosome biogenesis, IRNA processing, non-coding RNA
(ncRNA) metabolic process, rRNA metabolic process, ribo-
nucleoprotein complex biogenesis, ncRNA processing, pre-
ribosome, nucleolus and RNA processing.

KEGG enrichment analysis of DEGs

We used scatter plot to express KEGG enrichment analysis
of DEGs. There were no enriched signaling pathways
between sham (PBS) and sham (M2) groups (data not
show). In SCI (PBS) versus sham (PBS), the up-regulated
DEGs were most enriched in ribosome, phagosome,
natural killer cell-mediated cytotoxicity, extracellular
matrix-receptor interaction, nuclear factor-kappa B, Toll-
like receptor, tumor necrosis factor, nucleotide-binding
oligomerization domain-like receptor, chemokine, p53 sig-
naling pathway, etc. (Figure 11(a)); the down-regulated
DEGs were most enriched in gamma-aminobutyric acider-
gic synapse, glutamatergic synapse, dopaminergic synapse,
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Figure 3. PCA analysis. The source of variance in our expressed transcripts was
performed by PCA analysis which includes three principal components (PC1, 2
and 3; n=23). (A color version of this figure is available in the online journal.)

Sample name Raw reads Clean reads Clean bases Error rate (%) Q20 (%) Q30 (%) GC content (%)
A1 53,383,658 52,419,698 7.86G 0.01 97.4 93.27 50.14
A2 50,923,964 50,030,710 7.5G 0.01 97.38 93.23 50.58
A3 56,134,690 55,287,494 8.29G 0.01 97.49 93.48 50.13
B1 50,343,142 47,585,268 7.14G 0.02 97.3 92.97 50.49
B2 53,408,260 52,325,820 7.85G 0.01 97.4 93.29 50.36
B3 56,982,908 56,069,948 8.41G 0.01 97.48 93.46 49.65
C1 54,054,354 53,200,158 7.98G 0.01 97.48 93.48 49.51
c2 59,219,924 58,216,752 8.73G 0.01 97.46 93.45 49.77
C3 51,550,942 50,598,802 7.59G 0.01 97.43 93.34 50.03
D1 54,171,418 51,240,838 7.69G 0.02 97.14 92.68 50.7
D2 45,943,812 43,842,872 6.58G 0.01 97.47 93.38 50.56
D3 55,208,884 52,509,814 7.88G 0.01 97.46 93.39 50.54

A1, A2, A3: sham (PBS); B1, B2, B3: sham (M2); C1, C2, C3: SCI (PBS); D1, D2, D3: SCI (M2).
Q20: The percentage of bases with a Phred value >20; Q30: the percentage of bases with a Phred value >30.
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of this figure is available in the online journal.)

retrograde endocannabinoid signaling, gap junction, cho-
linergic synapse, cyclic adenosine 3',5'-monophosphate sig-
naling pathway, axon guidance, etc. (Figure 11(b)). In SCI
(M2) versus SCI (PBS), no enriched signaling pathways
were found in the up-regulated DEGs (Figure 12(a)); the
down-regulated DEGs were most enriched in cell adhesion
molecules (CAMs), antigen processing and presentation,
phagosome, natural Kkiller cell-mediated cytotoxicity,
endocytosis, proteasome, retinoic acid-inducible gene-1

(RIG-I)-like receptor, and Toll-like receptor signaling path-
ways (Figure 12(b)).

Discussion

Our previous studies showed that M2 macrophage adop-
tive immunity can improve the proportion of local M2 mac-
rophages and play the neuroprotective effect.'* Therefore,
in this study, we would like to use M2 cell adoptive immu-
nity as an intervention and RNA-Seq as a detection method
to explore the relevant molecules or signaling pathways for
neuroprotection after SCI.

As a result, our cultured macrophages expressed CD68,
Argl, and CD163 (the markers of M2),'® hardly expressed
CD86 and CCRY (the markers of M1).'? These indicate that
the cultured M2 cells are successful and can be used for
adoptive immunization. To track whether the transferred
M2 cells infiltrated into the injured spinal cord, we labeled
some cells with CFSE, a fluorescent staining dye for label-
ing of living cells,'® and the result showed that CFSE™" cells
could be found at the injury center and surrounding tissue.
This indicates that adoptive immunization of M2 cells is
successful. Next, the effects of adoptive immunization
with M2 cells on the transcription level of local genes in
injured spinal cords were characterized by RNA-Seq.
Before analyzing the data, we examined the cDNA library
quality and found the clean tags were more than 97%. The
PCA analysis also showed that the variation was low. In
order to ensure the reliability of the follow-up analysis, we
determined to remove a set of data in each group which is
far from the overall deviation.

The results of RNA-Seq showed that comparing with the
sham (PBS) group, there were only 64 DEGs in sham (M2)
group, including 30 up-regulated and 34 down-regulated,
and there were 5812 different genes in SCI (PBS) group,
including 3196 up-regulated and 2616 down-regulated.
These are consistent with others and our previous
reports.”’*2 It also shows that the results of this experiment



Figure 6. Hierarchical cluster analysis of DEGs. The 6459 DEGs were classified
into different cluster groups basing on gene expression similarity. The red to blue
gradation represented the up to down of gene expressions. A: Sham (PBS); B:
sham (M2); C: SCI (PBS); D: SCI (M2). (A color version of this figure is available in
the online journal.)

are reliable. Comparing with SCI group, there were 311
DEGs in SCI (M2) group. This is the focus of our research.
In these genes, 223 were down-regulated and 88 were up-
regulated. We selected eight DEGs (Rrpl, Rrplb, Nop2,
Msr1, Rrp8, Rrp9, Rrp7a and Vwaba) to verify the RNA-
Seq results. The RT-qPCR results demonstrated that our
RNA-Seq analysis is reliable.

In order to further analyze these DEGs, we used GO
enrichment which can directly reflect the distribution of
DEGs in cell components, molecular functions, and biolog-
ical processes.” The analysis showed that the down-
regulated DEGs in SCI (M2) versus SCI (PBS) were most
enriched in immune response, immune system process,
defense response, antigen processing and presentation,
immune effector process, etc. Interestingly, these GO
terms were also found in up-regulated DEGs in SCI (PBS)
versus sham (PBS), which is also consistent with a number
of well-known reports which have demonstrated a large
number of immune and inflammatory responses to
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Figure 7. K-means clustering of DEGs. The biological characteristics of 6459
DEGs were studied by K-mean clustering. In the analysis, DEGs were divided
into four subgroups according to their expression patterns. Their expression
trends were analyzed. A: sham (PBS); B: sham (M2); C: SCI (PBS); D: SCI (M2). (A
color version of this figure is available in the online journal.)

SCL****” These suggest that M2 cell adoptive immunity
inhibits the local immune response and the response to
inflammatory factors in the injured spinal cords.

In SCI (M2) versus SCI (PBS), the 88 up-regulated DEGs
were totally enriched in nine GO terms, which included
rRNA processing, ribosome biogenesis, ribonucleoprotein
complex biogenesis, ncRNA metabolic process, rRNA met-
abolic process, ncRNA processing, preribosome, nucleolus,
and RNA processing. Ribosomes are ribonucleoprotein
particles in cells, mainly composed of rRNA and proteins.
The function of ribosomes is to synthesize amino acids into
protein polypeptide chains according to the instructions of
mRNA *® Here, we can find ribonucleoprotein complex bio-
genesis, ribosome biogenesis, preribosome, rRNA process-
ing, nucleolus RNA processing, and rRNA metabolic
process are all related to ribosome. This is consistent with
our previous report.'®

Ribosome biosynthesis is very important for neural
development, and nucleolus is a principal site of this bio-
logical process.” Besides regulating ribosome biosynthesis,
nucleolus also has the function of inhibiting cell apoptosis
by inhibiting p53, a pro-apoptotic transcription factor.?**
Therefore, M2 cell transfer may also inhibit p53-dependent
neuronal death and promote neural development in
injured spinal cords by regulating nucleolus and ribosome
biogenesis.

RNA processing is the process of processing various pre-
cursor RNA molecules into mature and active RNA. It has
been reported that RNA processing is an important biolog-
ical process and may participate in synaptic plasticity in the
spinal cord.®! Therefore, we speculate that M2 adoptive
immunity may affect the local synaptic plasticity of injured
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Figure 8. GO analysis of DEGs in SCI (PBS) vs. sham (PBS). The 30 most
enriched GO terms were shown. The significantly enriched categories were
indicated by asterisks (P < 0.05). (A color version of this figure is available in the
online journal.)

spinal cord by regulating the maturation and activation of
various precursor RNA.

ncRNA is an emerging transcript with a genomic coding
domain but most of which are not translated into proteins.
The ncRNAs, including miRNAs, piRNAs and IncRNAs,
play important roles in the physiological functions of var-
ious cells, such as chromatin dynamics, gene expression,
cell growth, and differentiation.>>>® More and more evi-
dence shows that ncRNAs, especially miRNAs and
IncRNAs, are involved in the pathophysiology of central
nervous system injury.”*>* Therefore, restoration or inhibi-
tion of ncRNA activity represents a treatment strategy for
SCI. Though still in animal experiment stage, an increasing
number of studies have confirmed this hypothesis.**™*
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Figure 9. GO analysis of DEGs in SCI (M2) vs. SCI (PBS). The 30 most enriched
GO terms were shown. The significantly enriched categories were indicated by
asterisks (*P < 0.05). (A color version of this figure is available in the

online journal.)

In this study, the transferred M2 cells could promote
ncRNA metabolic process and ncRNA processing. This
may be a reasonable explanation for the adoptive immuni-
zation of M2 cells to promote SCI repair.

Next, we used KEGG to analyze signaling pathways
associated with adoptive immunization of M2 cells.
KEGG is a method for analysis of genomic information
database by measuring Rich factor Q and the gene numbers
enriched into this pathway.* Our analysis found that in the
down-regulated DEGs in SCI (M2) versus SCI (PBS), the
most enriched pathways included CAMs, natural killer
cell-mediated cytotoxicity, antigen processing and presen-
tation, endocytosis, proteasome, phagosome, RIG-I-like
receptor, and Toll-like receptor signaling pathways.
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Figure 10. GO analysis of DEGs in SCI (M2) vs. sham (M2). The 30 most
enriched GO terms were shown. The significantly enriched categories were
indicated by asterisks (*P < 0.05). (A color version of this figure is available in the
online journal.)

No enriched signaling pathways were found in the up-
regulated DEGs. Similar to GO analysis, most of these
down-regulated signaling pathways are associated with
immune and inflammatory responses. Interestingly, these
signaling pathways were also found in up-regulated
DEGs in SCI (PBS) versus sham (PBS). These analyses
once again suggest that M2 adoptive immunity provides
neuroprotective effects on injured spinal cord by inhibiting
immune and inflammatory responses. These just support
the previous reports,®'* the M2 cells aggregated at the site
of injury can secret anti-inflammatory cytokines (such as
IL-4, IL-10, IL-13 and TGF-f) which may mediate changes
in the expression of the above-mentioned genes and
signal pathways.
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Figure 11. KEGG analysis of DEGs in SCI (PBS) vs. sham (PBS). The scatter
plots were used to express the 20 most enriched KEGG pathways. “Rich factor”
is the ratio of DEGs and genes in numbers which has been annotated in a certain
pathway. The greater the value the higher the enrichment degree. (A color ver-
sion of this figure is available in the online journal.)

By combining those signal pathways inhibited by M2
cells, we found that some pathways have been reported
to be involved in SCI. For example, CAMs,*>43 antigen
processing and presentation,”** phagosome,*® natural
killer cell-mediated cytotoxicity,***” endocytosis,*®*’ pro-
teasome,”*”! and Toll-like receptor signaling pathway.”>*
These are related to the pathological mechanism of SCI. M2
adoptive immunity just inhibits these signaling pathways,
suggesting that targeting M2 cells is a feasible strategy for
treating SCI.

In addition to these well-studied pathways, we also
found RIG-I-like receptor signaling pathway involved in
the pathological process of SCI and the response to M2
adoptive immunity. RIG-I is the abbreviation of “retinoic
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acid inducible gene-1”, and RIG-I like receptors (RLR) are a
family of cytoplasmic pathogen recognition receptors that
detect pathogen-associated molecular patterns. Activation
of RIG-I-like receptor signaling pathway results in the pro-
duction of type I interferons and proinflammatory cyto-
kines.> Although these products can initiate innate
immunity against invading pathogens, they can also
cause the tissue damage of the host itself. In our study,
RIG-I-like receptor signaling pathway was enriched in
up-regulated DEGs of SCI and down-regulated DEGs
after M2 cell adoptive immunity. This suggests that SCI
may induce tissue injury by activating RIG-I-like receptor
signaling pathway to produce inflammatory factors, and
increasing M2 cell proportion in the injured area may inhib-
it this signaling pathway and providing neuroprotection.

Conclusions

Adoptive immunization of M2 macrophages can lead to
gene expression changes of injured spinal cords. These
changed genes and their associated signaling pathways
may explain the mechanism of our previous adoptive
immunization of M2 cells to provide neuroprotection for
SCI. M2 cell adoptive immunity not only inhibit the local
immune response and the response to inflammatory
factors, but also inhibit neuronal death, promote neural
development, affect the local synaptic plasticity of injured
spinal cord by regulating the maturation and activation of
various precursor RNA, and promoting ncRNA metabolic
process and ncRNA processing. In addition to well-studied
signaling pathways associated with inflammatory, a novel
pathway, RIG-I-like receptor signaling pathway is pre-
dicted to be related to the pathological process of SCI and
the response to M2 adoptive immunity. This will provide a
new theoretical and experimental basis for the pathological
mechanism and clinical treatment of SCI.
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