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Objectives: The underlying mechanism of the inflammatory response against Brucellosis
caused by Brucella remains poorly understood. This study aimed to determine the role of
long non-coding RNAs (IncRNAs) in regulating of inflammatory and anti-Brucella
responses.

Materials and methods: Microarray analysis was performed to detect differentially
expressed INcRNAs in THP-1 cells infected with an S2308 Brucella strain. The candidate
INncRNAs were screened using bioinformatic analysis and siRNAs; bioinformatic prediction
and luciferase reporter assay were also conducted, while inflammatory responses was
assessed using RT-gPCR, western blot, immunofluorescence, ELISA, HE, and
immunohistochemistry.

Results: The IncRNA Gm28309 was identified to be involved in regulating inflammation
induced by Brucella. Gm28309, localized in the cytoplasm, was down-expressed in
RAW264.7 cells infected with S2308. Overexpression of Gm28309 or inhibition of miR-
3068-5p repressed p65 phosphorylation and reduced NLRPS inflammasome and IL-1(3
and IL-18 secretion. Mechanistically, Gm28309 acted as a ceRNA of miR-3068-5p to
activate NF-kB pathway by targeting kB-Ras2, an inhibitor of NF-kB signaling. Moreover,
the number of intracellular Brucella was higher when Gm28309 was overexpressed or
when miR-3068-5p or p65 was inhibited. However, these effects were reversed by the
mMiR-3068-5p mimic.
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Conclusions: Our study demonstrates, for the first time, that LncRNAs are involved in
regulating immune responses during Brucella infection, and Gm28309, an IncRNA, plays
a crucial role in activating NF-kB/NLRP3 inflammasome signaling pathway.

Keywords: LncRNA Gm28309, Brucella, inflammation, miR-3068-5p, NF-xB

INTRODUCTION

The Gram-negative facultative intracellular bacteria Brucella spp.
(B. spp.) cause brucellosis, a systemic infectious zoonotic disease.
In animals (1), brucellosis leads to abortion, infertility, and
lameness, causing serious economic losses. While in humans,
(2) B. spp. causes symptoms such as undulant fever, endocarditis,
arthritis, and osteomyelitis. Brucellosis poses a a serious threat
for both livestock and human since B. spp. can be transmitted
from animals to humansthrough various infection sources,
including meat, unpasteurized milk, animal byproducts from
infected animals, which lead to economic loss (3) and are public
health concerns (4).

It has been reported that the interactions between macrophage
cells and Brucella alters the macrophage gene expression profile (5).
Thus, the investigation of transcriptional and post-transcriptional
changes in macrophages may help to further elucidate the anti-
Brucella immune mechanisms. Although Brucella possesses immune
subversion mechanisms (6) to evade recognition by toll-like receptors
(TLRs) and the immune system activation (7), more than 90% of
internalized Brucella are eliminated by the innate immune response
(8), indicating that the non-specific inflammatory response against
pathogens plays a critical role in controlling Brucella infection.
Nucleotide-binding oligomerization domain-like receptors (NLRs)
are innate cytosolic receptors that can recognize different pathogen-
associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs) (9). NLRP3 is the best-characterized
inflammasome primarily induced by TLR activation, cytokine
stimulation, and other signaling molecules (10). A recent study has
demonstrated that Brucella ligands activate NLRP3 inflammasomes,
leading to infection control (11). The activation of the NLRP3
inflammasome is regulated at the transcriptional level through the
NF-xB pathway (12), which induces the synthesis of the pro-
inflammatory interleukin pro-IL-1B and increases NLRP3
expression (13).

Non-coding RNAs (ncRNAs), including long non-coding RNAs
(IncRNAs) and microRNAs (miRNAs), regulate various innate and
adaptive immune processes (14). IncRNAs are defined as transcripts
longer than 200 nucleotides lacking an obvious open reading frame
(15). Recently, IncRNAs have been shown to regulate gene expression
in various physiological and pathological immune processes (16),
through a variety of mechanisms, such as behaving as RNA-binding
proteins (RBPs), function as decoys, and microRNA sponges. For
instance, the IncRNA, Neatl, stabilizes caspase-1 form and increases
inflammasomes assembly by binding to pro-caspase-1 (17); NKILA,
an NF-kB-interacting IncRNA, inhibits NF-kB activity to regulate the
activation-induced cell death of T cell (18). The most well-studied
ncRNAs are miRNAs, which during immune response, typically
target mRNA transcripts for inflammasome complexes components

to regulate inflammation (19). For example, the microRNA miR-223-
3p directly targets two components of the NLRP3 inflammasome,
namely, caspase-1, and caspase-8 (20), the miR-145a-5p activates the
NLRP3 inflammasome by targeting CD137 and NFATcl (21).
Despite these discoveries, a comprehensive view of the role of
ncRNAs in the regulation of host-Brucella interactions is currently
lacking. Furthermore, the IncRNAs-mediated molecular
mechanisms underlying the innate immune response against
Brucella is largely unknown.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

Brucella abortus wild-type strain 2308 (S2308) (The Center
of Chinese Disease Prevention and Control, Beijing, China) was
cultured in tryptic soy broth (TSB) or tryptic soy ager (TSA) (Difco,
MI, USA) at 37°C in 5% CO, incubator, the Brucella strain was
manipulated in a biosafety level 3 laboratory. Escherichia coli DH50
(The Center of Chinese Disease Prevention and Control, Beijing,
China) was cultured in Luria-Bertani medium, when appropriate,
100 pg/mL of ampicillin or kanamycin was added to the culture
medium. pcDNA3.1 (Youbio,Wuhan, China) and pGL3 plasmid
(Promega, Beijing, China), and other constructed plasmids were
extracted using Endotoxin-free plasmid extraction kit (TianGen,
Beijing, China) for cells transfection.

Cells Culture and Infection

RAW 264.7 and THP-1 cell lines were purchased from Cell
Resource Center(Beijing, China) and incubated in the incubator
under 37°C and 5% CO, conditions. RAW 264.7 cells were cultured
in DMEM (Hyclone) supplemented with 10% fetal bovine serum
(Gibco). Prior to infection, RAW 264.7 were seeded to proper
culture plates at a density of 10° cells/mL in complete culture
medium without penicillin and streptomycin. THP-1 cells were
cultured in RPMI-1640 medium (Hyclone) containing 10% fetal
bovine serum (Gibco); THP-1 monocytes were differentiated into
macrophages with 200 nM PMA (Beyotime, Shanghai, China) for
24 h. All cells were infected with S2308 strain ata MOI of 50. Culture
plates were centrifuged at 350 x g for 5 min atroom temperature and
incubated at 37°C for 60 min. After washing twice with PBS, the
infected cells were incubated for an additional 45 min in the
presence of 50 pg/mL of gentamicin to kill extracellular bacteria.
Then, the cultures were placed in fresh DMEM containing 25 g/
mL of gentamicin (defined as time zero) and incubated at 37°C.

Animal Experiments

The animal experiments were performed according to published
methods (22), six-week-old female BALB/c mice (n = 20 per group)
were inoculated intraperitoneally either with 200 UL of PBS alone or
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containing 1x10° CFU of $2308. Every week until 4 weeks post-
inoculation, mice (n = 5 per time point per group) were euthanized
and their liver and spleen were removed aseptically and used for
histopathological observation and immunohistochemistry
experiments, the animal experiments were manipulated in a
biosafety level 3 laboratory.

Microarray Analysis of IncRNA and mRNA
Expression

Three biological replicates samples of THP-1 cells infected by S2308
at 4 and 24 h were lysed with Trizol reagent (Thermo Fisher
Scientific) to extract the total RNA. Microarray hybridization was
then conducted according to the standard Arraystar protocols with
minor modifications using the Human LncRNA Microarray V3.0
(Arraystar, Rockville, MD, USA). The Agilent Array platform was
used for the microarray analysis. Acquired array images were
analyzed using the Agilent Feature Extraction software (version
11.0.1.1, Agilent Technologies). Quantile normalization and further
data processing were performed using the Agilent GeneSpring GX
v11.5 software package (Agilent Technologies). Differentially
expressed IncRNAs and mRNAs were identified by performing a
Volcano Plot filtering and a Fold Change filtering. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Omnibus
(GO) analysis were used to investigate the possible functions of these
IncRNAs. The microarray experiment was performed by Capitalbio
Technology, Beijing, China.

Cells Transfection

All plasmids and siRNAs (20 uM/uL) were transfected using the
Advanced DNA RNA Transfection ReagentTM (ZETA LIFE,
USA) according to the manufacturer’s protocol. Briefly, cells
were planted on the cell culture plate one day in advance, the cell
confluence degree was up to 60-80% at the time of transfection,
plasmid or siRNA was directly mixed with transfection reagent
according to 1:1 relationship, then mixed by blowing into a
pipette for 10-15 times. Following incubation at room
temperature for 10-15 min, the complex was added to the cell
culture plates, mix gently, and incubated in the CO, incubator
for 24 h. All the siRNAs were designed by Gene Pharma
(Shanghai, China), transfection efficiency was measured using
qRT-PCR. Details are listed in Supplementary Table 1.

Construction of Vectors

Weamplified, using PCR, the full-length sequence of Gm23809 and
cloned it into the pcDNA3.1 expression vector to obtain a stable
Gm23809 overexpression plasmid [Gm23809 (+)]. The wild-type
and mutant fragment of Gm28309 were subcloned into the pGL3
plasmid, and the resulting plasmids were referred to as Gm28309-
WT and Gm28309-Mut. Likewise, the 3’ UTR sequence of kB-Ras2
mRNA containing either the predicted wild type miR-3068-5p
binding site or its mutated form was cloned into the pGL3 plasmid
(kB-Ras2-WT and kB-Ras2-Mut, respectively).

Immunofluorescence Analysis

The cells were fixed with 4% paraformaldehyde for 30 min at
room temperature, following permeabilization with 0.1% Triton
X-100 and blocking with 1% BSA in PBS, cells were incubated

with Goat polyclonal to NLRP3 (ab4207, 1:100) overnight at 4°C.
Cells were then washed three times with PBS, and incubated with
dylight488 for fluorescent labeling of Donkey anti-goat IgG-488
(Thermo Fisher Scientific) for an additional hour at 37°C.
Finally, images were observed using confocal microscope (Carl
Zeiss 510, German) and analyzed using LAS AF Lite (Leica).

Total, Cytoplasmic, and Nuclear RNA
Extraction and Preparation

Cytoplasmic and nuclear RNA fractions were prepared according to
published methods (23), with some modifications (24). First, the PBS
used in this experiment was supplemented with DEPC, then, cells
were collected, washed twice with ice-cold PBS and centrifuged at
1000g for 5 min. The supernatant was removed and the cell pellet was
resuspended in 0.3% v/v NP-40-PBS by gently pipetting, and the
pellets were placed in ice for 10 min prior to being centrifuged at
1000 x g for an additional 5 min. Then, the supernatant was collected
separately as the cytoplasmic fraction, and the pellet was washed twice
in ice-cold 0.1% NP-40-PBS, centrifuged at 1000 X g for 5 min, and
kept as the nucleus fraction. For both fractions, RNA was extracted
using Trizol reagent (Thermo Fisher Scientifific), following the
manufacturer’s protocol. The RNAs were analyzed using qRT-PCR
with primer pairs for Gm23809, Actin as cytoplasm control and U1 as
nucleus control. Total RNA and miRNA extraction methods are
showed in Supplementary materials and methods, all the primer pairs
used in study are listed in Supplementary Table 1.

Proteins Extraction and Western Blot
RAW?264.7 cells were collected after 24 h of S2308 infection. Cells
were lysed in PIPA bufter (Beyotime, Shanghai, China) supplemented
with protease and phosphatase inhibitor cocktail (Pierce, Thermo
Fisher Scientifific) for 30 min on ice. Lysates were centrifuged at
14,000 x g for 30 min and the supernatant was kept as protein extract.
The protein content in the extracts was quantified using the BCA
protein assay kit (Thermo Fisher Scientific). An equal amount about
15 g of proteins were separated by 12% SDS-PAGE. The integrated
density of protein bands was quantified by Image Lab 3.0 software
(Bio-Rad, CA, USA) and normalized against B-actin, used as an
internal control. Western blotting was performed using the following
primary antibodies (Abcam) and dilutions: rabbit polyclonal anti-
TGF-B (ab215715, 1:1,000), rabbit polyclonal anti-Pro-caspase-1
(ab179515, 1:1,000), rabbit polyclonal anti-p65 (ab32536, 1:1,000),
and rabbit polyclonal anti-NLRP3 (ab214185, 1:1,000). The primary
antibody rabbit polyclonal anti-phospho-p65 (3033T, 1:1,000) was
acquired from Cell Signaling Technology, and rabbit polyclonal anti-
KB-Ras2 (DF2508, 1:1,000) antibody was obtained from Affinity. The
quantitive graph of relative protein expression levels of all proteins
were analyzed using image ] and showed in Supplementary Figures,
and P-actin was used as the loading control.

Bioinformatics Analysis of Gm28309 and
Prediction of the Target Gene For miR-
3068-5p

Gene information for HOXA10-HOXA9 (Human) and Gm28309
(Mouse) was retrieved from UCSC and Ensembl. The orthologues of
human IncRNA HOXA10-HOXA9 in mice were found in a
previously published method (25) using the LongMan (http://
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Incrna.smu.edu.cn) database. The potential connection between
Gm28309 and miRNAs were discovered using the LncBase v.2
(http://carolina.imis.athena-innovation.gr/diana_tools/web/index),
while the correlation between miR-3068-5p and inflammation genes
was screened using the miRDB database (http://www.mirdb.org/
index.html).

Luciferase Reporter Assay

The wild-type and mutant fragment of Gm28309 were subcloned
into the pGL3 plasmid, the resulting plasmids were called
Gm28309-WT and Gm28309-Mut. Likewise, the 3’ UTR
sequence of kB-Ras2 mRNA containing either the predicted
wild type miR-3068-5p binding site or its mutated form was
cloned into the pGL3 plasmid (kB-Ras2-WT and kB-Ras2-Mut,
respectively). miR-3068-5p mimic, inhibitor or negative control
were purchased from Gene Pharma (Shanghai, China).

Cells were co-transfected with the appropriate plasmid and
oligomers using the Advanced DNA RNA Transfection
Reagent' " (ZETA LIFE, USA). Luciferase activity was measured
48 h of transfection using the dual-luciferase reporter assay system
(Promega, Madison, WI, USA).

Interleukins Detection by ELISA

Culture supernatants were harvested from RAW 264.7 infected
with $2308 for 24 h, at an MOI of 100:1 in triplicate wells. Moreover,
serum samples were obtained from immunized mice 1, 2, 3, and 4
weeks post-immunization as described previously (26). The
presence of IL-1B and IL-18 in samples was detected using an
ELISA kit (molbio), according to the manufacturer’s instructions.

Immunohistochemistry (IHC)

Briefly, paraffin-embedded tissues were sliced into 4 pm-thick
slices, dewaxed and rehydrated using ethanol at gradual
concentrations. Subsequently, antigen retrieval was performed by
using the Target Retrieval Solution (Dako, Denmark), according to
the manufacturer’s instructions. Sections were treated with 0.3%
hydrogen peroxide and then probed with primary antibodies
(Abcam) and dilutions overnight:Rabbit polyclonal anti-NLRP3
(ab214185, 1:500), rabbit polyclonal anti-Caspase-1 (ab138483,
1:100), and rabbit monoclonal anti-TGF-B (ab169771, 1:500) and
then incubated with secondary antibodies goat anti-rabbit IgG
(1:1,000). A 3,39-diaminobenzidine (DAB) substrate kit (Vector
Laboratories) was used to detect the proteins.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 5
software, one-tailed or t-test was used to determine the differences,
the data were expressed as mean values + standard deviation (SD).
*p < 0.05, **p < 0.01, and **p < 0.001 were considered statistically
significant. Each treatment was repeated at least three times.

RESULTS

Brucella Infection-Induced Inflammatory
Response In Vitro and Vivo

The innate immune system is essential for detection and
elimination of bacterial pathogens, inflammatory response

caused by Brucella controls infection and be a protective effect
in host, inflammasome NLRP3 complex was activated during
Brucella infection (11). To study inflammatory response of
Brucella infection in vitro, macrophages were infected by $2308
at different time and NLRP3 and Pro-caspase-1 were detected at
mRNA (Figures 1A, B) and protein levels (Figure 1C), our
results showed that inflammasome NLRP3 and Pro-caspase-1
were significantly increased, especially at 24 h of infection.
Furthermore, in the study in vivo, mice were infected with B.
abortus 2308 strain by intraperitoneal injection (dose 1x10°
cells). In parallel, the control group was injected with the same
volume of PBS solution. Peripheral blood was collected weekly
until 4 weeks following injection. We then measured the levels of
the IL-1B, IL-18 inflammatory interleukins, and TGF-B in the
serum using ELISA and found a significant increase in all the
examined time points compared with the control group (Figures
1D-F). Histopathological examination of the liver tissues of the
infected mice revealed nuclei dissolution, cell necrosis, and a
small number of cells undergoing fatty degeneration. The
examination of spleen tissues revealed the presence of
endothelial cells in nodules and local tissue congestion (Figure
1G). Furthermore, IHC assay showed that NLRP3, Caspase-1,
and TGF-f were significantly higher in the infected group
(Figure 1H). The results demonstrated inflammatory response
were activated during Brucella infection in vivo and vitro.

Differentially Expressed IncRNAs Involved
in Inflammatory Responses in THP-1 Cells
Infected With Brucella $2308

To evaluate which IncRNAs are differentially expressed during
Brucella infection, the total RNA of three biological replicates was
extracted from THP-1 cells infected with S2308 at 4 h and 24 h.
The IncRNAs were analyzed by microarray, using the Human long
non-coding RNA (IncRNA) V 3.0 gene chip. IncRNAs expression
change more than two-fold in all the three biological replicates
were selected to further study. Compared to the uninfected group
(PBS), there were 54 differentially expressed IncRNAs (46
upregulated and 8 downregulated) after 4 h following infection,
and 235 differentially expressed IncRNAs (171 upregulated and 64
downregulated) 24 h following infection. The heatmap of
partial differentially expressed IncRNAs is shown in Figure 2A.
We further verify the expressions of partial IncRNAs in THP-1
cells infected by S2308 both 4 and 24 h using qRT-PCR, showing
that the same tendency with RNA-seq (Supplementary Figure
1A). As the expression of IncRNA after 24 h following infection
mimics more closely the physiological changes caused by Brucella
(27), all the subsequent analyses were performed on the 24 h
dataset. The IncRNAs target genes enriched in pathways
associated with inflammation and immune response in host
were screened out using Gene Omnibus (GO) (Figure 2B) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(supplementary Figure 2B). To investigate the possible
functions of these IncRNAs, we perform a prediction of
potential targets using co-expression analysis, a IncRNA-mRNA
correlation network was constructed (Figure 2C). IncRNAs can
act as regulators in innate immunity and antimicrobial defense
(28). Therefore, we determined whether the differentially
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expressed IncRNAs induced by Brucella infection could be
inflammatory response and antimicrobial defense regulators. To
do this, we primarily focused on IncRNAs enriched in the NOD-
like receptor signaling pathway and the transforming growth
factor B (TGF-B) signaling pathway according to GO and
KEGG pathway analysis. The IncRNA-mRNA correlation
network for these two pathways is shown in Figure 2D. There
were 19 differentially expressed IncRNAs associated with the
NOD-like receptor signaling pathway and 23 IncRNAs involved
in the TGF-J signaling pathway. We then identified 6 IncRNAs, all
of which were involved in inflammation (Figure 2E): Of the
6 identified IncRNAs, 2 were upregulated, and 4 were
downregulated. The expression of these IncRNAs in THP-1 cells
was further validated using QRT-PCR (Figure 2F).

Decrease of the IncRNA P33714
Expression Promotes the Secretion of
Pro-Inflammatory Cytokines in THP-1

Cells Infected by S2308

To characterize the role of the six candidate IncRNAs involved in
inflammation, we designed three siRNAs for each IncRNA and
transfected them into THP-1 cells to detect the expression of the
target IncRNA (Supplementary Table 1). siRNAs efficiency was
screened using qRT-PCR and the most efficient siRNA for each
IncRNA (Supplementary Table 2) was used for subsequent
experiments. The selected siRNAs were transfected into THP-1
cells for 24 h, which were subsequently infected by S2308 for 24 h.
Laser confocal results shown that the expression of NLRP3
inflammasome in THP-1 cells was higher in P3852-siRNA,
P30159-siRNA, and P33714-siRNA than other groups (Figure
3A). Further, the expression of pro-inflammatory interleukin IL-
1B decreased significantly upon the knock-down of P3852, P662,
P30159, and P16218, but not P33714 (Figure 3B). Conversely, IL-
18 levels were lower upon knock-down of P662 but higher upon
knock-down of P16218, P12873, and P33714 (Figure 3C). We
found that knock-down of P33714 could inhibit Brucella
intracellular survival (Figure 3D), and that the expression of
TGF-B was lower for all the knock-downs (Figure 3E).
Collectively when P33714 was knocked-down, IL-1B and IL-18
increased and the number of surviving Brucella in THP-1 cells
decreased. Based on these results, we focused on the IncRNA
P33714 (NR_037940.1), which is a readthrough of the HOXA10-
HOXA9 genes. P33714 is located on chromosome 7p15.2 (from
nucleotide 27162438 to 27180261). It consists of 2198 nucleotides
and 3 exons. A platform created by Jie Lin (25) contains the
orthologs of human and mouse IncRNAs annotated in
GENCODE, which allows us to search for the orthologous IncRNA
of P33714.In this way, we found the P33714 ortholog in mice, called
Gm28309 (Ensembl Gene ID: ENSMUSG00000099521.1).
Gm28309 is located on chromosome 2 (from nucleotide 74,683,446
to 74,694,194), and is a 623 transcript forward strand with 3 exons
(Figure 3F). P33714 and Gm28309 expression levels decreased in
THP-1 and RAW264.7 cells infected by S2308, respectively.
Although they showed a different kinetic expression at 24 h post-
infection they showed the same reduced expression levels (Figure

3G). Therefore, we suspected that Gm28309 may be involved in the
activation of inflammation in host cells in response to
Brucella infection.

Gm28309 Overexpression Negatively
Regulates the Production of NLRP3
Inflammasome in RAW 264.7 Cells
Infected by S2308

Among all the NLR inflammasome complexes, the
NLRP3 inflammasome is the best-characterized and is
a crucial signaling node controlling the maturation of two
proinflammatory interleukins belonging to the (IL)-1 family:
IL-1B and IL-18 (9). To further characterize the role of P33714
in inflammation, we overexpressed Gm28309 in RAW264.7 cells
and detected, using qRT-PCR, the expression levels of NLRP3
inflammasome components, such as NLRP3 and Caspase-1 in
RAW264.7 cells overexpressing Gm28309. Results showed that
the expression plasmid for Gm28309 (Gm28309(+) significantly
increased Gm28309 expression levels when transfected into
RAW264.7 cells, compared with mock-transfected cells and
cells transfected with an empty pCDNA3.1 (Figure 4A).
Overexpression of Gm28309 reduced the formation of the
NLRP3 inflammasome, decreasing both the mRNA (Figures
4B, C) and protein (Figure 4D) levels of NLRP3 and pro-
caspase-1. Furthermore, mRNA levels of factors activated by
the NLRP3 inflammasome (IL-1P and IL-18) were significantly
decreased in Gm28309 overexpressed cells, but higher in 52308
infection group (Figures 4E, F), as well as protein secretion levels
detected using ELISA (Figures 4G, H). In addition, we observed
an increase in TGF-f} expression upon S2308 infection, which
was attenuated in cells overexpressing Gm28309 (Figures 4D, I).
Collectively, our results indicate that Gm28309 expression
was decreased in RAW264.7 infected by S2308 whereas
overexpression of Gm28309 reduces the production of the
NLRP3 inflammasome.

Gm28309 Sequesters miR-3068-5p to

Activate the NF-xB Signaling Pathway

IncRNAs can perform various functions depending on their
subcellular location (29). If in nucleus, they are primarily involved
in transcription and chromatin remodeling, while in the cytoplasm,
they participate in gene regulation by forming complexes with
specific proteins (30). We analyzed the cellular localization of
Gm28309 by performing qRT-PCR of RAW264.7 subcellular
fractions. We found that Gm28309 is preferentially localized in
the cytoplasm rather than in the nucleus (Figure 5A), suggesting a
potential role for Gm28309 as a competing endogenous RNA
(ceRNA). We speculated that Gm28309 might target factors
involved in the NF-xB pathway, a well-known inflammation-
associated signaling pathway (12). Hence, we performed
bioinformatics analysis and we detected a potential targets: miR-
3068-5p whose target is kB-Ras2 (Figure 5B). kB-Ras2 (NKIRAS2)
is an IxBp-interacting protein that could inhibit NF-xB activation
(31), Moreover, kB-Ras2 knock-out mice show an enhanced IxBf3-
dependent inflammatory response (32). Site-directed mutation at
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site was used to construct the mutant forms of Gm28309 and kB-
Ras2 (Figure 5B), and the wild-type or mutant forms of Gm28309
and xB-Ras2 were cloned to pGL3 plasmid respectively. The result
of luciferase assays showed a decrease of luciferase activity in the
presence of miR-3068-5p overexpression, while their mutant forms
were not affected (Figures 5C, D). Moreover, qRT-PCR results
showed that, in RAW264.7 cells infected with $2308, the decreased
expression of Gm28309 is accompanied by an increased expression
of miR-3068-5p and the NF-xB p65 subunit; in contrast, Gm28309
overexpression decreased levels of miR-3068-5p and p65 levels
(Figures 5E, F), but increased expression of kB-Ras2 (Figures 5G,
H). Furthermore, when we treated RAW264.7 cells with an miR-
3068-5p inhibitor, we observed a decrease in p65 phosphorylation
levels (Figures 4F, H) but a significant increase in kB-Ras2 (Figures
5G, H), compared with that in cells infected by S2308. These results
indicated that, in normal conditions, Gm28309 act as a ceRNA by
binding miR-3068-p5 molecules, preventing kB-Ras2 mRNA
degradation and ultimately the suppression of the NF-kB
pathway. Upon Brucella infection, the decreased levels of
Gm28309 enable the degradation of kB-Ras2 mRNA by releasing
miR-3068-p5 and the activation of the NF-kB pathway.

Brucella Activates the NLRP3
Inflammasome Through the Gm28309-
miR3068-5p-NF-xB Regulatory

Axis In Vitro

We further explored the relationship between miR-3068-5p and
NEF-xB/NLRP3 inflammasome signaling pathway using a specific
small-molecule p65 inhibitor, JSH-23. Data showed that the
overexpression of miR-3068-5p could significantly increase the
expression of p65 and components of the NLRP3 inflammasome,
as determined using qRT-PCR (Figures 6 A-C) and western blot
(Figure 6D). However, cells treated with 300 uM-specific p65
inhibitor JSH-23 for 24 h (33) was observed a decrease in the
expression of p65 and components of the NLRP3 inflammasome.
Moreover, we found that the expression of the NLRP3
inflammasome was higher when miR-3068-5p was overexpressed
in the presence of the p65 inhibitor both at the mRNA level (Figures
6B, C) and the protein levels (Figure 6D), as well as the secretion of
IL-1B and IL-18 (Figures 6E-H). Furthermore, the number of
intracellular Brucella was higher when p65 was inhibited (Figure
6I). Therefore, our results demonstrated that Gm28309 has an
important role in the NF-xB/NLRP3 inflammasome pathway
through its binding to miR-3068-5p.

DISCUSSION

In this study, we found that the expression profiles of IncRNA and
mRNA in macrophages infected with B. abortus for 4 and 24 h were
significantly altered compared to normal cells. This observation was
consistent with what has been previously in human macrophages
infected by Mycobacterium tuberculosis (34) and Listeria
monocytogenes (35). Moreover, it is worth noting that more
IncRNAs were differentially expressed after 24 h of infection
compared to 4 h of infection (235 vs. 54, respectively). These results

are consistent with the idea that Brucella, which is an intracellular
pathogen, use the IV secretion system (T4SS) to deliver bacterial
effectors that modulate of the expression of IncRNAs and mRNAs,
to alter host functions (36), thereby escaping neutralization and
replicate in the Brucella containing vacuole (BCV) (37).

Recognition of Brucella PAMPs by different TLRs (38) triggers a
signaling cascade to activate NF-xB factors (39), as well as the
NLRP3 inflammasome, to control the initial response against
Brucella (40). The activation of NF-xB is has previously been
reported to be correlated with an effective inflammatory response
to B. abortus infections (41). The role of IncRNAs and miRNAs
during the pathogenesis of Brucella infection remains poorly
understood. In this study, we identified a IncRNA, P33714, as a
regulator of the inflammatory response. The expression of P33714
and its murine ortholog Gm28309 expression is decreased in THP-1
and RAW264.7 cells infected by S2308. Moreover, we discovered
that Gm28309 negatively regulates the production of NLRP3
inflammasome in RAW 264.7 cells. Collectively, our results
suggest a key role for IncRNA Gm28309 in the control of the host
response against Brucella infection.

It has previously been reported that the expression of miRNAs is
significantly altered in RAW264.7 macrophage cells (42), CD4+ T
cells (43), and CD8+ T cells (44) upon Brucella infection. We found
that Gm28309 was primarily localized in the cytoplasm, suggesting
a role as a miRNA sponge. Bioinformatics analysis revealed that
Gm28309 has predicted binding sites for miR-3068-5p and kB-
Ras2. kB-Ras2 is an indirect inhibitor of the NF-kB transcription
factor through its binding to IkB proteins. The binding between kB-
Ras2 and IkB decrease IkB rate of degradation, blocking NF-«xB
activation (32). Mechanically, our results suggest a model in which
Gm28309 acts as a ceRNA to sequester miR-3068-5p, blocking the
degradation of kB-Ras2, which in turn inhibits the NF-kB pathway
(Figure 7).

TGEF-f is a pleiotropic cytokine that is involved in osteoarthritis
(45). Inhibition of TGF-B signaling protects adult knee joints in
mice against the development of osteoarthritis (46). Interestingly,
arthritis is the classical brucellosis symptom, both in humans and
animals (47). Consistent with this, our data showed that the
expression of TGF-[3 was higher following Brucella infection, both
in vivo and in vitro. We found that TGF-B is decreased while
Gm28309 was overexpressed during Brucella infection, therefore,
the downregulation of Gm28309 upon Brucella recognition by
TLRs promotes the production of TGF-f to activate the NF-xB
signaling and trigger the inflammatory response (Figure 7). Further
investigations are warranted to elucidate the molecular mechanism
underlying Gm28309 negative regulation of TGF-f3 expression.

Collectively, our results suggest a model in which the recognition
of Brucella by TLRs located on the host cell membrane represses the
expression of IncRNA Gm28309. The decrease of Gm28309 has two
effects, both resulting in the activation of the NF-kB pathway: On
one side, expression of TGF-P is promoted, leading to a cascade of
TAK1 and IKK kinases promoting p65 phosphorylation; while on
the other, miR-3068-5p, which is normally sponged by Gm28309, is
released into the cytoplasm, where it targets kB-Ras2 for
degradation, thereby inducing p65 phosphorylation. The
activation of the NF-xB pathway promotes the assembly of the
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NLRP3 inflammasome and the secretion of IL-1f and IL-18 to
intracellular bacterial infection (Figure 7) (48). Future studies need
to investigate in the future the role of IncRNA-mediated regulation
of transcription factors, RNA-RNA interactions, and post-
transcriptional regulatory networks on the modulation of the host
defense against pathogens immune subversion mechanisms.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Health Committee of Shihezi University.

AUTHOR CONTRIBUTIONS

XD, HuZ, and LC performed study design. XD, JG, and ZS
performed acquisition and collection of data. LL, TZ, and GT
involved in contribution of analysis and interpretation of data.
RL, SZ, and PB performed bioinformatic analysis. HaZ, WW, and

Frontiers in Immunology | www.frontiersin.org

December 2020 | Volume 11 | Article 581517


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Deng et al.

INcRNA Gm28309-Mediated Inflammation Response

—> Promotion

—1

Inhibinition

NF-KB Signalling
inflammation

Brucella

FIGURE 7 | Schematic representation of the proposed model of Gm28309 role in inflammation response. The recognition of Brucella by TLRs located on the host
cell membrane repressed the expression of INCRNA Gm28309. The decrease of Gm28309 has two effects, both resulting in the activation of the NF-kB pathway: On
one side, expression of TGF- is promoted, leading to a cascade of TAK1 and IKK kinases promoting p65 phosphorylation. On the other side, miR-3068-5p, which
is normally sponged by Gm28309, is released in the cytoplasm, where it targets kB-Ras2 for degradation, thereby inducing p65 phosphorylation. The activation of
the NF-kB pathway promotes the assembly of the NLRP3 inflammasome and the secretion of IL-1B and IL-18 to intracellular bacterial infection.

GC provided guidance for analytical tools and performed
bioinformatic analysis. DZ and TT prepared figures and reagents.
CC and ZZ gave the approval of the final version to be published.
HuZ and XD were involved in manuscript preparation. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by grants from the National Key
Research and Development Program of China (grant no.
2017YFDO0500304), the National Natural Science Foundation of
China (grant nos. 3207190726, 31860691, and 31602080), the

REFERENCES

1. Olsen SC, Palmer MV. Advancement of knowledge of Brucella over the past
50 years. Vet Pathol (2014) 51:1076-86. doi: 10.1177/0300985814540545

2. Boschiroli ML, Foulongne V, O’Callaghan D. Brucellosis: a worldwide
zoonosis. Curr Opin Microbiol (2001) 41:58-64. doi: 10.1016/s1369-5274
(00)00165-x

3. Zhang Y, Li T, Zhang J, Li Z, Zhang Y, Wang Z, et al. The Brucella
melitensisM5-90 phosphoglucomutase (PGM) mutant is attenuated and
confers protection against wild-type challenge in BALB/c mice. World ]
Microbiol Biotechnol (2016) 32(4):58-67. doi: 10.1007/s11274-016-2015-6

4. Khan MZ, Zahoor M. An overview of brucellosis in cattle and humans, and its
serological and molecular diagnosis in control strategies. Trop Med Infect Dis
(2018) 32:65-79. doi: 10.1007/s11274-016-2015-6

International Science and Technology Cooperation Promotion
Plan (grant nos. 2015DFR31110 and GJHZ201709), the Training
Program for Excellent Young Teachers Colleges and Universities
of Corps (grant no. CZ027202), and the Youth Science and
Technology Innovation Leading Talent Program of Corps (grant
no. 2017CB002).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
581517/full#supplementary-material

5. Hamada S, Masamune A, Kanno A, Shimosegawa T. Comprehensive Analysis
of Serum microRNAs in Autoimmune Pancreatitis. Digestion (2015) 91
(4):263-71. doi: 10.1159/000381283

6. Tsolis R, Young G, Solnick J, Baumler A. From bench to bedside: stealth of
enteroinvasive pathogens. Nat Rev Microb (2008) 6(12):883-92. doi: 10.1038/
nrmicro2012

7. Skendros P, Boura P. Immunity to brucellosis. Rev Sci Tech (2013) 32(1):137-
47. doi: 10.20506/rst.32.1.2190

8. Amjadi O, Rafiei A, Mardani M, Zafari P, Zarifian A. A review of the
immunopathogenesis of Brucellosis. Infect Dis (Lond) (2019) 51:321-33.
doi: 10.1080/23744235.2019.1568545

9. Davis BK, Wen H, Ting JP. The inflammasome NLRs in immunity,
inflammation, and associated diseases. Annu Rev Immunol (2011) 29:707-
35. doi: 10.1146/annurev-immunol-031210-101405

Frontiers in Immunology | www.frontiersin.org

December 2020 | Volume 11 | Article 581517


https://www.frontiersin.org/articles/10.3389/fimmu.2020.581517/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.581517/full#supplementary-material
https://doi.org/10.1177/0300985814540545
https://doi.org/10.1016/s1369-5274(00)00165-x
https://doi.org/10.1016/s1369-5274(00)00165-x
https://doi.org/10.1007/s11274-016-2015-6
https://doi.org/10.1007/s11274-016-2015-6
https://doi.org/10.1159/000381283
https://doi.org/10.1038/nrmicro2012
https://doi.org/10.1038/nrmicro2012
https://doi.org/10.20506/rst.32.1.2190
https://doi.org/10.1080/23744235.2019.1568545
https://doi.org/10.1146/annurev-immunol-031210-101405
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Deng et al.

INcRNA Gm28309-Mediated Inflammation Response

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Jr W, Harton J, Zhu X, Linhoft M, Ting J. CIAS1/cryopyrin/PYPAF1/NALP3/
CATERPILLER 1.1 is an inducible inflammatory mediator with NF-«B suppressive
properties. ] Immunol (2003) 171:6329-33. doi: 10.4049/jimmunol.171.12.6329
Marim FM, Franco MM, Gomes M, Miraglia M, Giambartolomei G, Oliveira S.
The role of NLRP3 and AIM2 in inflammasome activation during Brucella
abortus infection. Semin Immunopathol (2017) 39(2):215-2 2023. doi: 10.1007/
500281-016-0581-1

Jo EK, Kim JK, Shin DM, Sasakawa C. Molecular mechanisms regulating
NLRP3 inflammasome activation. Cell Mol Immunol (2016) 13(2):148-59.
doi: 10.1038/cmi.2015.95

Hornung V, Latz E. Critical functions of priming and lysosomal damage for
NLRP3 activation. Eur ] Immun (2010) 40(3):620-3. doi: 10.1002/¢ji.200940185
Turner M, Galloway A, Vigorito E. Noncoding RNA and its associated
proteins as regulatory elements of the immune system. Nat Immunol (2014)
15(6):484-91. doi: 10.1038/ni.2887

Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into
functions. Nat Rev Genet (2009) 10:155-9. doi: 10.1038/nrg2521

Satpathy AT, Chang HY. Long noncoding RNA in hematopoiesis and
immunity. Immunity (2015) 42:792-804. doi: 10.1016/j.immuni.2015.05.004
Zhang P, Cao L, Zhou R, Yang X, Wu M. The IncRNA Neatl promotes
activation of inflammasomes in macrophages. Nat Commun (2019) 10:1495—
503. doi: 10.1038/s41467-019-09482-6

Huang D, Chen J, Yang LB, Ouyang Q, Li JQ, Lao Y, et al. NKILA IncRNA
promotes tumor immune evasion by sensitizing T cells to activation-induced
cell death. Nat Commun (2018) 19:1112-25. doi: 10.1038/s41590-018-0207-y
O’Connell R M, Rao DS, Chaudhuri AA, Baltimore D. Physiological and
pathological roles for microRNAs in the immune system. Nat Rev Immun
(2010) 10:111-22. doi: 10.1038/nri2708

Haneklaus M, Gerlic M, Kurowska-Stolarska M, Rainey A, Pich D, McInnes IB,
etal. miR-223 and EBV miR-BART15 regulate the NLRP3 inflammasome and IL-
1B production. J Immunol (2012) 189:3795-9. doi: 10.4049/jimmunol.1200312
Zhang QB, Qing YF, Yin CC, Zhou L, Liu XS, Mi QS, et al. Mice with miR-
146a deficiency develop severe gouty arthritis via dysregulation of TRAF 6,
IRAK 1 and NALP3 inflammasome. Arthritis Res Ther (2018) 20(1):45-54.
doi: 10.1186/s13075-018-1546-7

Li Z, Zhang H, Zhang ], Xi L, Yang G, Wang S, et al. Brucella abortus
phosphoglyceromutase and dihydrodipicolinate reductase induce Thl and
Th2-related immune responses. World J Microbiol Biotechnol (2018) 34
(2):22-30. doi: 10.1007/s11274-017-2405-4

Jiang M, Zhang S, Yang Z, Lin H, Zhu J, Liu L, et al. Self-recognition of an
inducible host IncRNA by RIG-I feedback restricts innate immune response.
Cell (2018) 173:906-19. doi: 10.1016/j.cell.2018.03.064

Lin H, Jiang M, Liu L, Yang Z, Ma Z, Liu S, et al. The long noncoding RNA
Lnczc3h7a promotes a TRIM25-mediated RIG-I antiviral innate immune
response. Nat Immunol (2019) 20:812-23. doi: 10.1038/s41590-019-0379-0
Deng X, Li M, Liu L, Zhang J, Zhang Y, Guo J, et al. Functional analysis of
Bucella reveals transcriptional regulation of MarR. Microb Pathog (2020)
20:144-21. doi: 10.1016/j.micpath.2020.104201

Lin J, Wen Y, He S, Yang X, Zhang H, Zhu H, et al. Pipelines for cross-species
and genome-wide prediction of long noncoding RNA binding. Nat Protoc
(2019) 14:795-818. doi: 10.1038/s41596-018-0115-5

Celli J. The intracellular life cycle of Brucella spp. Microbiol Spectr (2019) 7
(2):35-46. doi: 10.1128/microbiolspec.BAI-0006-2019

Elling R, Chan J, Fitzgerald KA. Emerging role of long noncoding RNAs as
regulators of innate immune cell development and inflammatory gene
expression. Eur ] Immunol (2016) 46:504-12. doi: 10.1002/eji.201444558
Tsai MC, Manor O, Wan Y, Mosammaparast N, Wang J, Lan F, et al. Long
noncoding RNA as modular scaffold of histone modification complexes.
Science (2010) 329:689-93. doi: 10.1126/science.1192002

Martianov I, Ramadass A, Barros AS, Chow N, Akoulitchev A. Repression of
the human dihydrofolate reductase gene by a non-coding interfering
transcript. Nature (2007) 445:666-70. doi: 10.1038/nature05519

Fenwick C, Na SY, Voll RE, Zhong H, Im SY, Lee JW, et al. A subclass of Ras
proteins that regulate the degradation of IxB. Science (2000) 287:869-73.
doi: 10.1126/science.287.5454.869

Oeckinghaus A, Postler TS, Rao P, Schmitt H, Schmitt V, Grinberg-Bleyer Y, et al.
KB-Ras proteins regulate both NF-kB-dependent inflammation and Ral-dependent
proliferation. Cell Rep (2014) 8:1793-807. doi: 10.1016/j.celrep.2014.08.015

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Yi H, Peng R, Zhang LY, Sun Y, Peng HM, Liu HD, et al. LincRNA-Gm4419
knockdown ameliorates NF-kB/NLRP3 inflammasome-mediated
inflammation in diabetic nephropathy. Cell Death Dis (2017) 8(2):2583-97.
doi: 10.1038/cddis.2016.451

Yang X, Yang ], Wang ], Wen Q, Wang H, He JC, et al. Microarray analysis of
long noncoding RNA and mRNA expression profiles in human macrophages
infected with Mycobacterium tuberculosis. Sci Rep (2016) 6:38963-28977.
doi: 10.1038/srep38963

XuH, Jiang Y, Xu X, SuX, Liu Y, Ma Y, et al. Inducible degradation of IncRNA Sros1
promotes IFN-y-mediated activation of innate immune responses by stabilizing
Statl mRNA. Nat Immunol (2019) 20:1621-30. doi: 10.1038/s41590-019-0542-7
Gorvel JP, Moreno E. Brucella intracellular life: from invasion to intracellular
replication. Vet Microb (2002) 90:281-97. doi: 10.1016/s0378-1135(02)00214-6
Celli J, de Chastellier C, Franchini DM, Pizarro-Cerda J, Moreno J, Gorvel J.
Brucella evades macrophage killing via VirB-dependent sustained interactions
with the endoplasmic reticulum. J Exp Med (2003) 198:545-56. doi: 10.1084/
jem.20030088

Surendran N, Hiltbold EM, Heid B, Standiford T, Sriranganathan N, Boyle
SM, et al. Role of TLRs in Brucella mediated murine DC activation in vitro
and clearance of pulmonary infection in vivo. Vaccine (2012) 30:1502-12.
doi: 10.1016/j.vaccine.2011.12.036

Naumann M. Nuclear factor-kB activation and innate immune response in
microbial pathogen infection. Biochem Pharmacol (2000) 60(8):1109-14.
doi: 10.1016/s0006-2952(00)00390-7

Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speertet D,
et al. NF-xB activating pattern recognition and cytokine receptors license
NLRP3 inflammasome activation by regulating NLRP3 expression. ] Immunol
(2009) 183(2):787-91. doi: 10.4049/jimmunol.0901363

Hop HT, Arayan LT, Reyes AWB, Huy TXN, Min WG, Lee HJ, et al. Heat-stress-
modulated induction of NF-kB leads to brucellacidal pro-inflammatory defense
against Brucella abortus infection in murine macrophages and in a mouse model.
BMC Microbiol (2018) 18:44-56. doi: 10.1186/s12866-018-1185-9

Zheng K, Chen DS, Wu YQ, Xu X]J, Zhang H, Chen CF, et al. MicroRNA
expression profile in RAW264. 7 cells in response to Brucella melitensis
infection. Int J Biol Sci (2012) 8(7):1013-22. doi: 10.7150/ijbs.3836

Budak F, Bal SH, Tezcan G, Akalin EH, Yilmaz A, Hiz P, et al. The microRNA
expression signature of CD4+ T cells in the transition of brucellosis into chronicity.
PloS One (2018) 13(6):e0198659. doi: 10.1371/journal.pone.0198659

Budak F, Bal SH, Tezcan G, Guvenc F, Akalin EH, Goral G, et al. MicroRNA
expression patterns of CD8+ T cells in acute and chronic brucellosis. PloS One
(2016) 11(11):e0165138. doi: 10.1371/journal.pone.0165138

Van Der Kraan PM. The changing role of TGFp in healthy, ageing and
osteoarthritic joints. Nat Rev Rheumatol (2017) 13(3):155-63. doi: 10.1038/
nrrheum.2016.219

Chen R, Mian M, Fu M, Zhao JY, Yang L, Li YF, et al. Attenuation of the
progression of articular cartilage degeneration by inhibition of TGF-1 signaling
in a mouse model of osteoarthritis. Am J Pathol (2015) 185(11):2875-85.
doi: 10.1016/j.ajpath.2015.07.003

Unuvar GK, Kilic AU, Doganay M. Current therapeutic strategy in osteoarticular
brucellosis. North Clin Istanb (2019) 6(4):415-20. doi: 10.14744/n¢i.2019.05658
Freudlsperger C, Bian Y, Wise SC, Burnett J, Coupar J, Yang X, et al. TGF-§
and NF-xB signal pathway cross-talk is mediated through TAK1 and SMAD7
in a subset of head and neck cancers. Oncogene (2013) 32(12):1549-59.
doi: 10.1038/0n¢.2012.171

Conlflict of Interest: GT was employed by Dairy Biological Products Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Deng, Guo, Sun, Liu, Zhao, Li, Tang, Zhang, Wang, Cao, Zhu, Tao,
Cao, Baryshnikov, Chen, Zhao, Chen and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

December 2020 | Volume 11 | Article 581517


https://doi.org/10.4049/jimmunol.171.12.6329
https://doi.org/10.1007/s00281-016-0581-1
https://doi.org/10.1007/s00281-016-0581-1
https://doi.org/10.1038/cmi.2015.95
https://doi.org/10.1002/eji.200940185
https://doi.org/10.1038/ni.2887
https://doi.org/10.1038/nrg2521
https://doi.org/10.1016/j.immuni.2015.05.004
https://doi.org/10.1038/s41467-019-09482-6
https://doi.org/10.1038/s41590-018-0207-y
https://doi.org/10.1038/nri2708
https://doi.org/10.4049/jimmunol.1200312
https://doi.org/10.1186/s13075-018-1546-7
https://doi.org/10.1007/s11274-017-2405-4
https://doi.org/10.1016/j.cell.2018.03.064
https://doi.org/10.1038/s41590-019-0379-0
https://doi.org/10.1016/j.micpath.2020.104201
https://doi.org/10.1038/s41596-018-0115-5
https://doi.org/10.1128/microbiolspec.BAI-0006-2019
https://doi.org/10.1002/eji.201444558
https://doi.org/10.1126/science.1192002
https://doi.org/10.1038/nature05519
https://doi.org/10.1126/science.287.5454.869
https://doi.org/10.1016/j.celrep.2014.08.015
https://doi.org/10.1038/cddis.2016.451
https://doi.org/10.1038/srep38963
https://doi.org/10.1038/s41590-019-0542-7
https://doi.org/10.1016/s0378-1135(02)00214-6
https://doi.org/10.1084/jem.20030088
https://doi.org/10.1084/jem.20030088
https://doi.org/10.1016/j.vaccine.2011.12.036
https://doi.org/10.1016/s0006-2952(00)00390-7
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1186/s12866-018-1185-9
https://doi.org/10.7150/ijbs.3836
https://doi.org/10.1371/journal.pone.0198659
https://doi.org/10.1371/journal.pone.0165138
https://doi.org/10.1038/nrrheum.2016.219
https://doi.org/10.1038/nrrheum.2016.219
https://doi.org/10.1016/j.ajpath.2015.07.003
https://doi.org/10.14744/nci.2019.05658
https://doi.org/10.1038/onc.2012.171
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Brucella-Induced Downregulation of lncRNA Gm28309 Triggers Macrophages Inflammatory Response Through the miR-3068-5p/NF-κB Pathway
	Introduction
	Materials and Methods
	Bacterial Strains and Plasmids
	Cells Culture and Infection
	Animal Experiments
	Microarray Analysis of lncRNA and mRNA Expression
	Cells Transfection
	Construction of Vectors
	Immunofluorescence Analysis
	Total, Cytoplasmic, and Nuclear RNA Extraction and Preparation
	Proteins Extraction and Western Blot
	Bioinformatics Analysis of Gm28309 and Prediction of the Target Gene For miR-3068-5p
	Luciferase Reporter Assay
	Interleukins Detection by ELISA
	Immunohistochemistry (IHC)
	Statistical Analysis

	Results
	Brucella Infection-Induced Inflammatory Response In&nbsp;Vitro and Vivo
	Differentially Expressed lncRNAs Involved in Inflammatory Responses in THP-1 Cells Infected With Brucella S2308
	Decrease of the lncRNA P33714 Expression Promotes the Secretion of Pro-Inflammatory Cytokines in THP-1 Cells Infected by S2308
	Gm28309 Overexpression Negatively Regulates the Production of NLRP3 Inflammasome in RAW 264.7 Cells Infected by S2308
	Gm28309 Sequesters miR-3068-5p to Activate the NF-κB Signaling Pathway
	Brucella Activates the NLRP3 Inflammasome Through the Gm28309–miR3068-5p–NF-κB Regulatory Axis&nbsp;In&nbsp;Vitro

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


