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Abstract: Glaesserella parasuis (G. parasuis) can elicit meningitis in pigs; however, the pathogenic mech-
anisms of meningitis induced by G. parasuis remain unclear. Long non-coding RNAs (lncRNAs)
have been proven to play key roles in a variety of physiological and pathological processes. How-
ever, whether lncRNAs are involved in meningitis triggered by G. parasuis has not been investigated.
In this study, we performed an integrative analysis of lncRNAs expression profiles in the porcine
brain infected with G. parasuis using RNA-seq. The results showed that lncRNA expressions in
G. parasuis-induced meningitis were modified, and a total of 306 lncRNAs exhibited significant differ-
ential expression, in which 176 lncRNAs were up-regulated and 130 lncRNAs were down-regulated.
KEGG enrichment analysis demonstrated that the differentially expressed target mRNAs of affected
lncRNAs in G. parasuis-infected porcine brain were mainly involved in the cell adhesion molecules
(CAMs), Jak-STAT signaling pathway, PI3k-Akt signaling pathway, and TNF signaling pathway.
The expression relationship between the most affected differential lncRNAs and their differential
target mRNAs was visualized by a co-expression network. A protein-protein interaction network
consisting of 12 differential targets was constructed using STRING analysis. In addition, differen-
tial expressions of important lncRNAs were validated by qRT-PCR. lncRNA ALDBSSCT0000007362,
ALDBSSCT0000001959, ALDBSSCT0000005529, MSTRG.2939.1, and MSTRG.32374.1 showed the same
expression pattern with the lncRNA sequencing data. Our results demonstrated that G. parasuis could
modify the lncRNA expression profiles in the porcine brain. To the best of our knowledge, this is the
first report revealing the integrative analysis of lncRNA expression profiles in G. parasuis-induced
meningitis, which could enhance important information to understand the inflammatory functions of
lncRNAs involved in swine meningitis, and also provide a foundation for finding out novel strategies
to prevent and treat meningitis in piglets triggered by G. parasuis.
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1. Introduction

Glaesserella parasuis (G. parasuis), a Gram-negative bacterium, colonizes the upper
respiratory tract of swine and is the etiological agent of Glässer’s disease [1]. The typical
characteristic of this disease is fibrinous, meningitis, and polyserositis [2]. G. parasuis can
induce serious inflammatory responses and contributes to big economic losses in the swine
industry worldwide. To date, 15 serotypes of G. parasuis have been identified based on the
Kielstein-Rapp-Gabrielson serotyping scheme [3]. Serotype 5 is the most prevalent serotype,
and can be used as a virulence marker for G. parasuis infection [4]. Previous research has
reported that G. parasuis can invade the central nervous system through the blood-brain
barrier (BBB), resulting in meningitis [5]. However, the pathogenesis of meningitis caused
by G. parasuis is not clear.

Long non-coding RNAs (lncRNAs), part of non-coding RNAs, are larger than
200 nucleotides and lack protein-coding ability [6]. It has been documented that lncRNAs
are involved in epigenetic regulation, transcription modulation, and post-transcription mod-
ulation [7]. lncRNAs mainly function by regulating the expression of genes in the same chro-
mosome (cis-acting lncRNAs) or genes in other chromosomes (trans-acting lncRNAs) [8].
Recent studies have shown that lncRNAs play key roles in a variety of physiological and
pathological processes, including mammalian embryo development, bacteria-induced in-
flammatory responses, as well as tumorigenesis and metastasis [9–12]. lncRNA-MEG3 can
modulate miR-210/TLR4 expression, leading to inflammatory responses and apoptosis of
porcine alveolar macrophages infected with G. parasuis [10]. lncRNA SNHG8 promoted
tumorigenesis and metastasis by sponging miR-149-5p in hepatocellular carcinoma [11]. In
addition, lncRNA C11orf54-1 modulated the neuroinflammatory responses by activating
the NF-κB signaling pathway during meningitic Escherichia coli infection [12]. However,
whether lncRNA is involved in meningeal inflammation during G. parasuis infection re-
mains unclear.

In the present study, the lncRNA expression profiles in the porcine brain were explored
in a meningitis model induced by G. parasuis-infection. An integrated analysis of the
differentially expressed lncRNAs and their putative target genes was conducted. Our
results will help to better understand the functions and roles of lncRNAs in G. parasuis-
induced meningitis, and might also provide some novel therapeutic targets by which to
control swine meningitis.

2. Materials and Methods
2.1. Ethics Approval

This study was conducted in strict accordance with the recommendations of the China
Regulations for the Administration of Affairs Concerning Experimental Animals 1988 and
the Hubei Regulations for the Administration of Affairs Concerning Experimental Animals
2005. The protocol was approved by the Department of Science and Technology of Hubei
Province (permit number SYXK (ER) 2010-0029). All experimental animals were euthanized
before dissection. The animal study was reviewed and approved by the Animal Care
and Use Committee of Wuhan Polytechnical University, Hubei Province, China (EM316,
15 October 2019).

2.2. Bacterial and Animals

The G. parasuis SH0165 strain, serotype 5, a high virulent isolate, was isolated from a
commercial pig lung with arthritis, fibrinous polyserositis, hemorrhagic pneumonia, and
meningitis [1]. The SH0165 strain was grown in tryptic soy broth (TSB) (Difco laboratories,
Detroit, MI, USA) or tryptic soy agar (TSA) (Difco laboratories, Detroit, MI, USA) at 37 ◦C,
with 10 µg/mL of nicotinamide adenine dinucleotide (NAD) (Sigma, St.Louis, MO, USA)
and 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY, USA).
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Six 28-day-old naturally farrowed early-weaned piglets (Duroc × Landrace × Large
White), weighing 8–10 kg, were purchased from Wuhan Wannianqing Animal Husbandry
Co., Ltd. (Wuhan, China) for in vivo experiments.

2.3. Experimental Design

The piglets were randomly divided into two groups, which were the control group
and the infection group. The infection group was intraperitoneally injected with 1 mL of
normal saline, including 2 × 109 CFU G. parasuis. The control group was intraperitoneally
injected with the equivalent amount of normal saline. Following infection, the piglets from
both groups were monitored for 7 days. The cerebrum tissues from both groups were
obtained and immediately frozen in liquid nitrogen and used for RNA isolation.

2.4. RNA Extraction and Illumina Sequencing

Total RNA was extracted from porcine cerebrum tissues using a miRNeasy Mini Kit
(Qiagen, Dusseldorf, Germany). First, the frozen samples were ground in liquid nitrogen
and added with QIAzol lysis solution (supplied in miRNeasy Mini Kit, Qiagen, Dusseldorf,
Germany). Then, the lysates were processed following the manufacturer’s instructions.
Qualified total RNA was further purified using an RNAClean XP Kit (Beckman Coulter,
Inc. Kraemer Boulevard Brea, CA, USA) and a RNase-Free DNase Set (QIAGEN, Hilden,
Germany). The quality of total RNA was verified using a NanoDrop ND-2000 spectropho-
tometer and an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Only
RNA with an RIN of = 7.0 and a 28S/18S ratio of = 0.7 were selected for deep sequencing.
Libraries were generated using the VAHTS Total RNA-seq Library PrepKit for Illumina
(Vazyme Biotech Co., Ltd., Nanjing, China) and were subsequently sequenced by using the
Illumina HiSeq X-Ten platform.

2.5. Transcriptome Data Analysis

The Raw Reads were filtered using the Seqtk sequence processing tool (https://
github.com/lh3/seqtk, accessed on 15 March 2022) to obtain the clean reads for data
analysis. Genome mapping was performed for the clean reads by using the spliced mapping
algorithm of Hisat2 [13]. The number of fragments per gene after the Hisat2 alignment
was counted using Stringtie [14], and then was normalized using the TMM (trimmed mean
of M values) [15]. The FPKM (fragments per kilobase of exon model per million mapped
fragments) value for each gene was calculated using the Perl script. FPKM was used to
calculate the fold change. A read count was used to perform differential gene analysis
by using edgeR [16]. A gene with a fold change of >2 and an adjusted p-value of <0.05
(q < 0.05) was thought to be significantly differentially expressed.

2.6. lncRNA Prediction

The splicing results of the Stringtie [17] were compared with the reference annotation
using gffcompare (version: 0.9.8). The transcription length ≤ 200 bp and exon ≤ 2 or
the predicted ORF > 300 bp were removed [18]. The non-coding potentials of lncRNAs
were predicted using the combination of Pfam Scan [19], the Coding Potential Calculator
(CPC) [20], and the Coding-Non-Coding Index (CNCI) [21]. The transcripts with a CPC
score < 0, a CNCI score < 0, and an insignificant Pfam Scan alignment were selected as the
potential lncRNAs.

2.7. Prediction of lncRNA Targets

Trans regulation and cis regulation were used to predict target genes. For the trans-
acting prediction, in the adoption database, blast was first used to select the sequences
with complementary or similar sequences, and then RNAplex [22] was utilized to calculate
the complementary energy between the two sequences and select the sequences above the
threshold (identity > 85%, e value < 1 × 10−20). For the cis-acting prediction, coding genes
with a distance of <100 bp to lncRNAs were screened.

https://github.com/lh3/seqtk
https://github.com/lh3/seqtk
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2.8. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Enrichment Analysis

The target gene function was determined by Gene Ontology (GO) and Kyoto Gene
Genome Encyclopedia (KEGG) enrichment analysis. The selected genes were mapped to
each term in the GO database. GO terms with a q-value 5 0.05 were defined as significantly
enriched by query genes. The KEGG pathways with a q-value 5 0.05 were thought to be
significantly enriched.

2.9. Protein-Protein Interaction Network Construction

The interactions between differentially expressed target genes of DElncRNAs were
explored by STRING software (https://cn.string-db.org, accessed on 23 March 2022). After
the input of a gene list to the website, interaction scores ranging from 0 to 1 were generated.
An interaction score > 0.15 was considered the threshold for interaction. Cytoscape software
was used to construct protein-protein interaction (PPI) networks (https://cytoscape.org,
accessed on 22 March 2022).

2.10. Co-Expression Analysis of lncRNA and mRNA

lncRNAs regulate gene expression by interacting with the target mRNAs. A co-
expression network was constructed based on the integrated analysis of the expression
levels of DElncRNAs and their differential target genes. We detected similar expression
patterns of DElncRNAs and the differentially expressed targets by screening the transcript
levels from RNA-seq data. The Pearson’s correlation coefficient and corresponding p-value
were calculated using the WGCNA R software package (https://horvath.genetics.ucla.
edu/html/CoexpressionNetwork/Rpackages/WGCNA/index.html, accessed on 23 March
2022), and only the strongest correlations (correlation coefficient > 0.9 or < −0.9, p < 0.05)
were retained and visualized by Cytoscape software 3.10.1 (https://cytoscape.org, accessed
on 23 March 2022).

2.11. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from porcine cerebrum tissues using TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA). The frozen samples were ground in liquid nitrogen and lysed
with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The RNA was reverse transcribed
into cDNA by utilizing reverse transcriptase (TaKaRa, Dalian, China). The obtained cDNA
was further quantified by using a SYBR Green PCR Kit (TaKaRa, Dalian, China) following
the manufacturer’s protocol. For the amplification of individual transcripts, three technical
repeats were set for each biological sample, with β-actin as the reference gene. The primer
sequences used in this study are shown in Table 1.

Table 1. Primers used for quantitative RT-PCR.

Gene Nucleotide Sequence (5′-3′) Tm (°C) Length (bp)

ALDBSSCT0000001959
Forward GGGAGGTTGTTCAGTCGCTAT

62 120Reverse GCCCTGGCTTGTTTCTTGC

ALDBSSCT0000007362
Forward GTTGGAATTAGCCGCTTCG

58 152Reverse GTTGTCTGCTCGTCTCCTGTT

ALDBSSCT0000005529
Forward TCAGGGGTAAACGGCAACAA

60 138Reverse ACCAGGTGACAACGAAGCAA

MSTRG.2939.1
Forward CTCTGGTAGGTCCTCGGTCA

60 182Reverse ATTGTGCCAAGTGCGGTCT

MSTRG.32374.1
Forward CCTGTCCTGTCCTTGAGAGC

62 137Reverse TCCCCTCAGAGTGACTGCTT

β-actin
Forward TGCGGGACATCAAGGAGAAG

59 216Reverse AGTTGAAGGTGGTCTCGTGG

https://cn.string-db.org
https://cytoscape.org
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/index.html
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/index.html
https://cytoscape.org
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3. Results
3.1. Statistics of lncRNA Sequencing Data

The Illumina HiSeq X-Ten platform was utilized to profile the transcriptome in
G. parasuis-infected porcine brain. An average of 69,720,059 ± 5,589,663 raw reads were
obtained from the infection group, compared to 64,959,443 ± 4,370,318 raw reads from
the control group (Table 2). The raw reads were filtered through quality control to ob-
tain the clean reads ratio, which ranged from 95.95% to 96.94% (Table 2). In addition,
56,760,761 ± 4,147,585 and 52,534,850 ± 3,556,276 uniquely mapped reads were gained
from the infection group and the control group, respectively (Table 2). The unique mapping
ratio ranged from 86.38% to 86.73% after rRNA trimming (Table 2), which indicated that
the sequencing data would be qualified for further analysis.

Table 2. Statistical summary of lncRNA sequencing datasets.

Sample Raw Reads Clean Reads Clean Ratio No rRNA
Pair

Mapped
Reads

Mapping
Ratio

Mapped
Unique
Reads

C-1 64,124,710 61,586,207 96.04% 60,412,722 52,262,851 86.51% 51,951,853
C-2 69,686,926 66,887,581 95.98% 65,559,666 56,684,179 86.46% 56,346,602
C-3 61,066,694 58,592,815 95.95% 57,427,572 49,605,377 86.38% 49,306,096
H-1 63,440,584 61,501,011 96.94% 60,510,314 52,479,035 86.73% 52,159,338
H-2 74,152,268 71,256,636 96.10% 69,862,342 60,585,217 86.72% 60,211,534
H-3 71,567,326 68,667,614 95.95% 67,215,096 58,278,436 86.70% 57,911,410

The control group: C-1, C-2, C-3; The infection group: H-1, H-2, H-3.

3.2. Differentially Expressed lncRNAs

Transcriptome analysis was performed to profile the global changes occurring in
meningitis induced by G. parasuis-infection (Supplemental Figure S1). Through unsuper-
vised hierarchical clustering, porcine brain samples were clustered into two unique groups
with distinct signatures (Figure 1A), indicating the reliability of the data for the follow-
ing analysis. Transcriptome differential expression analysis showed that 306 lncRNAs
were significantly differentially expressed in G. parasuis-infected porcine brain, with a
fold change > 2 (q < 0.05) (Figure 1B). Among these differential lncRNAs, 176 lncRNAs
were up-regulated and 130 lncRNAs were down-regulated following G. parasuis infection,
compared to the control group (q < 0.05) (Figure 1B, Supplemental Table S1).
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3.3. Target Prediction and Functional Enrichment

In order to reveal the potential function of lncRNAs involved in the pathogene-
sis of G. parasuis-induced meningitis, target genes of lncRNAs were predicted by cis-
and trans-acting, respectively. A total of 2846 targets were revealed by cis-prediction,
and 299,618 targets were revealed by trans-prediction for all the lncRNAs in our data
(Supplemental Tables S2 and S3). For differentially expressed lncRNAs (DElncRNAs), a
total of 17,575 target genes were revealed, of which 107 were predicted by cis and 17,468 by
trans (Supplemental Table S4).

These 17,575 candidate target genes of DElncRNAs were utilized for the subsequent
GO and KEGG enrichment analysis. GO analysis showed that cellular processes, metabolic
processes, and individual organism processes were dominant terms in the category of bio-
logical processes (Figure 2A). In the cellular component category, cell and cell part were the
most abundant terms, while binding was the top term in the molecular function category
(Figure 2A). KEGG enrichment revealed that the TNF signaling pathway, platelet activa-
tion, B cell receptor signaling pathway, and N-glycan biosynthesis were the predominant
pathways, in which the potential targets of the DElncRNAs were involved (Figure 2B).
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Furthermore, the 17,575 candidate target genes of DElncRNAs were narrowed down
to 116 differential mRNAs, based on their differential expression between the GPS group vs.
the control group (Supplemental Table S5). These 116 differentially expressed target genes
were subsequently used for GO and KEGG enrichment analysis. GO analysis identified
similar affected processes (Figure 3A). KEGG enrichment showed that the differentially
expressed targets of DElncRNAs were mainly enriched in the cell adhesion molecules
(CAMs), the Jak-STAT signaling pathway, the PI3k-Akt signaling pathway, and the TNF
signaling pathway (Figure 3B).
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3.4. Protein-Protein Interaction Network

To reveal the protein interactions between protein-coding genes regulated by
G. parasuis, a PPI network was constructed using differentially expressed target genes
of the most affected DElncRNAs (ALDBSSCT0000007362, ALDBSSCT0000001959, ALDB-
SSCT0000008196, and ALDBSSCT0000005529). The PPI network consisted of 12 differentially
expressed targets (node) and 13 interactions (edges) (Figure 4A, Supplemental Table S6).
The node degree was utilized to evaluate the crucial roles of proteins in the network and the
top connected proteins were FCGR2B and IL7R (Figure 4B). Then, KEGG pathway analysis
was performed on these interacted protein-coding genes, indicating that these genes were
mainly involved in the primary immunodeficiency, Jak-STAT signaling pathway, HTLV-I
infection, and cytokine-cytokine receptor interaction (Figure 4C).
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3.5. Co-Expression Analysis of DElncRNAs and DEmRNAs

We performed co-expression analysis to further explore the potential functions and
regulatory mechanisms of DElncRNAs, and also to determine the associations between
DElncRNAs and their differentially expressed targets. Under the stimulation of G. parasuis,
correlations between the two gene sets (DElncRNAs and DEmRNAs) were calculated using
WGCNA R, and only the strongest correlations were utilized to construct a co-expression
network (Figure 5), in which four DElncRNAs and thirty-six differential targets were
preserved and correlated with each other.
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3.6. Validation of the Expression of lncRNAs

The expression of selected lncRNAs was validated by qRT-PCR. The results showed
that the expression of the selected lncRNAs was similar to the lncRNA sequencing results
(Figure 6). Compared with the control group, the expression of ALDBSSCT0000001959 and
ALDBSSCT0000005529 were significantly up-regulated, whereas ALDBSSCT0000007362,
MSTRG.2939.1, and MSTRG.32374.1 were significantly down-regulated in the infection
group (Figure 6). It is known that most of lncRNAs lack species conservation. There-
fore, we searched the sequences of these validated lncRNAs in the NONCODE database
(http://www.noncode.org/index.php, accessed on 12 April 2022), but failed to find any
homology in humans or mice.

http://www.noncode.org/index.php
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4. Discussion

G. parasuis infection can cause severe inflammatory responses. Meningitis is one of the
most common complications of G. parasuis infection [23]. However, the pathogenesis of
meningitis caused by G. parasuis remains unclear. Therefore, the key to Glässer’s disease
treatment is to understand the pathogenic mechanism of G. parasuis infection with menin-
gitis. In recent years, high-throughput lncRNAs sequencing has been able to quickly screen
out potential therapeutic targets for disease [24]. In this study, the aim was to identify
important lncRNAs and genes involved in meningitis during G. parasuis infection. The
results suggested that lncRNAs were potentially involved in the regulatory mechanism
of bacterial meningitis and this study could provide some new insights into the better
prevention and treatment of meningitis.

Meningitis refers to inflammation of the meninges surrounding the brain and the
spinal cord [25]. The blood-brain barrier (BBB) consists of brain microvascular endothelial
cells (BMECs), astrocyte, pericytes, and microglia that maintain the homeostasis of the
central nervous system [26]. G. parasuis was proven to adhere to and invade porcine BMEC
contributing to bacterial meningitis [5]. A previous study showed that lncRNAs play im-
portant roles in epigenetic regulation, transcriptional regulation, and post-transcriptional
regulation, as well as diseases [27]. It has been reported that some lncRNAs could ame-
liorate ischemic/reperfusion (I/R) injury by interacting with the nuclear factor erythroid
2-related factor 2 (Nrf2) and could serve as important therapeutic targets for I/R injury [28].
In this study, lncRNA ALDBSSCT0000001959 and ALDBSSCT0000005529 were significantly
up-regulated in brains infected with G. parasuis, while lncRNA ALDBSSCT0000007362,
MSTRG.2939.1, and MSTRG.32374.1 were significantly down-regulated. There has been
increasing evidence that shows that lncRNAs are involved in inflammatory processes and
regulating central nervous system-related diseases [12]. lncRNA DDIT4-AS1 could regu-
late neuroinflammation induced by meningitic Escherichia coli through promoting DDIT4
mRNA stability [29]. lncRNA SPH9-4 could promote BBB disruption caused by menin-
gitic Escherichia coli via the miR-17-5p/MMP3 axis [30]. In addition, lncRNA C11orf54-1
modulated neuroinflammatory responses by activating NF-κB signaling during meningitic
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Escherichia coli infection [12]. Therefore, we speculated that dysfunction of lncRNAs in pig
brains might be involved in the process of meningeal inflammation caused by G. parasuis,
but special mechanisms need to be further studied.

It has been documented that the protein-protein interaction network could be used
to screen potential associations in the molecular mechanisms of the biological processes
of proteins [31]. Thus, in this study, the STRING database was used to construct protein-
protein interaction (PPI) networks using the differentially expressed genes, and then was
visualized using Cytoscape software. According to the network analysis, the top hub genes
were FCGR2B, IL7R, CD3E, CRTAM, IL15, SLAMF1, and SLCO1A2, most of which were
important immunological factors. Fc gamma receptor 2b (FCGR2B) is the only inhibitory Fc
gamma receptor implicated in both antibody production and effector responses to antibody
complexes [32], and has been reported to participate in many autoimmune diseases as an
anti-inflammatory IgG receptor [33,34]. Previous research has reported that inhibiting the
expression of the inflammatory cytokine receptor IL7R reduced the inflammatory responses
in mouse colonic epithelial cells [35]. The class I-restricted T cell-associated molecule
(CRTAM), an activation marker expressed on the cell surface of activated invariant natural
killer T (iNKT) cells, CD8+, T cells, and a small subset of CD4+ T cells, has been proven to
be associated with a proinflammatory profile in murine CD4+ T cells and the production of
IFN-γ in human iNKT cells [36]. Through a pro-pathogen inflammatory response, CRTAM
increases susceptibility to salmonella in mice [37]. The signaling lymphocytic activation
molecule family 1 (SLAMF1) is an Ig-like receptor and initiates signal transduction networks
in a variety of immune cells [38]. According to research, SLAMF1 regulated inflammatory
reactions and was up-regulated in preclinical ulcerative colitis compared to the controls [39].

Further KEGG analysis of these top hub genes demonstrated that the primary im-
munodeficiency, Jak-STAT signaling pathway, HTLV-I infection, and cytokine-cytokine
receptor interaction were the main affected pathways. Studies have demonstrated that
inhibiting the activation of the Jak-STAT signaling pathway is implicated in the patho-
genesis of inflammation and autoimmune diseases, and can reduce neurological damage,
lessen brain edema and blood-brain barrier permeability, and enhance the production of
tight junction proteins [40,41]. Human T-cell lymphotropic virus (HTLV) infection is the
first discovered retrovirus to cause malignancy in humans, and it is also a main cause of
encephalitis [42,43]. The interplay in cytokine-cytokine receptor interaction is crucial for
a number of inflammatory processes [44]. Therefore, we inferred that these core genes
and signaling pathways might be involved in the meningitis caused by G. parasuis, but the
specific functions and mechanisms need to be further explored.

Identifying the target genes of lncRNAs is very important to explore the functions of
lncRNAs in biological processes, which may be achieved via the interaction of lncRNAs
and their relevant target genes [45]. Thus, the co-expression interaction network was
constructed to assess the correlation between lncRNAs and their target genes. Further-
more, a total of 17,575 DElncRNA target genes in G. parasuis-induced porcine meningitis
were identified and we will choose some important target genes to study their function
in meningitis in our future study. The co-expression network was constructed with four
DElncRNAs and thirty-six differential targets. Among the 36 differential targets, we found
that FCGR2B, CD3E, SLAMF1, IL15, IL 7R, SLCO1A2, CRP, MS4A2, SLAMF7, and CH242-
113D13.1 were overlapped with genes presented in the PPI network. FCGR2B, CD3E, CRP,
and SLAMF1 were at the core position of the network, with the highest connection being
with the four DElncRNAs. As mentioned above, FCGR2B and SLAMF1 are important
immune molecular-regulating inflammatory responses. FCGR2B participates in many au-
toimmune diseases as an anti-inflammatory IgG receptor [33,34] and SLAMF1 can initiate
signal transduction networks in a variety of immune cells [38]. In addition, Fcgr2b, as an
inhibitory receptor in humans and mice, is expressed throughout B cell development [46].
A study of Fcgr2b-conditional KO mice demonstrated that Fcgr2b regulates autoantibody
responses by limiting marginal zone B cell activation [46]. Fcgr2b has also been reported
to control antibody-mediated target cell depletion through three therapeutically relevant
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surface receptors (CD20, CD25, and OX40), rather than immunoreceptor tyrosine-based
inhibition motif (ITIM) signaling [47]. For SLAMF1, it has been demonstrated that human
neutrophils express SLAMF1 upon Mycobacterium tuberculosis (Mtb)-stimulation and the
activation of SLAM1 induces neutrophil autophagy, which indicates that SLAMF1 par-
ticipates in neutrophil autophagy during active tuberculosis induced by Mtb [48]. It has
been reported that a depletion of SLAMF1 suppressed autophagy and induced apoptosis
in methotrexate (MTX)-treated JEG3/MTX and JAR/MTX cells, indicating that SLAMF1
might promote MTX resistance via activating protective autophagy in choriocarcinoma cell
lines [49]. The CD3 epsilon subunit of the T-cell receptor complex (CD3E), which, together
with CD3-gamma, -delta and -zeta, and the T-cell receptor alpha/beta and gamma/delta
heterodimers, forms the T-cell receptor-CD3 complex. This complex plays an important
role in coupling antigen recognition with several intracellular signal-transduction path-
ways [50]. The C-reactive protein (CRP) is an acute-phase protein that can be used as an
early diagnostic marker for inflammation, which is evolutionarily conserved and has been
identified in a range of organisms, from arthropods to mammals [51,52]. A study of Nile
tilapia (Oreochromis niloticus) indicated that the recombinant protein of CRP improved the
phagocytic activity of monocytes/macrophages, and possessed a bacterial agglutination
activity in a calcium-dependent manner [52]. In our future study, we will focus on confir-
mation of the interactions between the DElncRNAs and these core target genes, as well
as a functional validation of FCGR2B, SLAMF1, CD3E, and CRP in the pathogenesis of
G. parasuis-induced meningitis.

5. Conclusions

Taken together, our results suggest that G. parasuis could modulate lncRNA expression
profiles in porcine meningitis triggered by G. parasuis. Key molecular signatures and
associated signaling pathways were identified. Our results enhance the knowledge of the
functions of lncRNAs during meningitis elicited by G. parasuis, which might lay a theoretical
foundation for finding novel therapeutic targets for bacterial meningitis treatment.
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