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Abstract
Accumulating evidence has demonstrated that the macrophage phenotype switch from M0 to M1 is
critical in the clearance of intracellular mycobacteria during Mycobacterium bovis infection. In this study,
the entire gene expression pro�les of M1 bone marrow-derived macrophages (BMDMs) induced by
interferon-gamma and lipopolysaccharide, M2 BMDMs induced by interleukin (IL) - 4 and IL-13, M0
BMDMs, and M0 BMDMs after 6 h of infection with M. bovis were subjected to bioinformatics analysis.
Forty-eight candidate genes associated with M. bovis infection and involved in M1 polarized
macrophages were screened. Thirteen hub genes were subsequently identi�ed based on connectivity
degree analysis and multiple external validations. Among these hub genes, Guanylate binding protein 2b
(GBP2b) was selected as a key gene for further investigation. In vivo validation results showed signi�cant
expression of GBP2b in the tissues of M. bovis -infected mice. For in vitro validation, the RAW264.7 cell
line was transfected with GBP2b-speci�c small interfering RNA and GBP2b plasmid expression vector.
Cellular experimental studies con�rm that GBP2b was a novel regulatory molecule that promotes M1
macrophage polarization during M. bovis infection and was also an antimicrobial protein that promotes
intracellular bacterial clearance. Furthermore, gene co-expression analysis and further experiments
showed that GBP2b regulates M1 polarization through activation of Toll-like receptor 4 and nuclear
factor-κBp65 protein. These �ndings expand the understanding of GBP2b for the regulation of
in�ammatory responses and suggest that GBP2b may be a potential target for the treatment of diseases
caused by M. bovis.

Introduction
Mycobacterium bovis belongs to the Mycobacterium tuberculosis complex and is the main pathogen
causing bovine tuberculosis. In turn, this pathogen is also a common cause of human tuberculosis [1].
Although human and animal tuberculosis caused by M. bovis is relatively rare in developed countries, it is
still a serious problem in less developed regions. Some reports indicate that the risk of M. bovis is
underestimated. Cure rates are comparable in patients with M. bovis and M. tuberculosis, but death is
more frequent in patients with M. bovis than in those with M. tuberculosis [1, 2]. Therefore, elucidating the
different mechanisms of host defense against M. bovis infection is important.

Macrophages, as the primary effector cells in response to M. bovis infection, are highly plastic [2]. In
response to various stimuli, macrophages can be divided into M1 (classically activated macrophages)
and M2 (alternatively activated macrophages) phenotypes [3]. Under the stimulation of interferon-γ (IFN-
γ) and lipopolysaccharide (LPS), the initial state of macrophages (M0) can differentiate into M1-like
macrophages, which secrete a large number of pro-in�ammatory and chemotactic factor, has the strong
bactericidal ability. By contrast, M2-like macrophages induced by interleukin (IL) -4 and IL-13 produce
small amounts of in�ammatory cytokines (eg, IL-10 and IL-12), promote tissue remodeling and repair, and
exhibit low antigen-presenting capacity[4]. Existing studies on macrophage polarization have identi�ed
some of the molecules and signaling pathways associated with M1 polarization. However, these studies
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mostly focused on tumors and other disease studies rather than on diseases caused by M. bovis. The
molecular mechanisms involved in macrophage polarization in M. bovis infection remain unclear.

Guanylate-binding protein 1 (GBP1/GBP2b) is a member of the large family of IFN-γ-inducible GTPases.
GBP2b is widely involved in the regulation of various cellular functions, including the regulation of
processes such as pyroptosis, polarization, apoptosis, and autophagy [5–7]. Studies have shown that
GBP2b directly binds to cytosolic LPS, bringing the in�ammatory cysteine caspase 4 to the bacterial
surface to induce pyroptosis [5]. During in�ammatory psoriasis, GBP2b promotes the differentiation of
IFN-γ-driven human monocytes into highly pro-in�ammatory macrophages [8]. In addition, bioinformatic
analysis of all gene expression pro�les of patients with acute respiratory distress syndrome revealed that
GBP2b is a pivotal gene promoting M1 macrophage polarization [9]. Another study combined proteomics
with co-abundance network analysis and predicted GBP2b as a novel candidate protein for promoting
macrophage in�ammation [10]. These �ndings reveal that GBP2b has an important regulatory function in
macrophage in�ammation and plays a role in macrophage polarization. However, the function of GBP2b
during M. bovis infection is unknown.

In this study, the differentially expressed gene GBP2b was identi�ed as a key regulatory molecule that
may be simultaneously involved in M. bovis infection and M1 macrophage polarization by using
bioinformatic analysis and experiments. Furthermore, GBP2b knockdown and overexpression transfected
RAW264.7 cell lines were constructed to con�rm that GBP2b is a novel molecular regulator of M1
macrophage polarization. The subsequent bioinformatic analysis and biological pathway experiments
showed that GBP2b regulates M1 macrophage polarization through the TLR4/NF-κBp65 pathway.

Results
Differential genes associated with M. bovis infection and M1-polarized macrophages

To screen for genes that may be involved in macrophage polarization, we induced M0 BMDMs to become
M1 BMDMs or M2 BMDMs, respectively. Subsequently, we analyzed differentially expressed genes in M1
BMDMs compared with M0 BMDMs (BMDMs without cytokine induction) or M1 BMDMs compared with
M2 BMDMs (p-value < 0.05, log2 FC > 1). The analysis yielded 2088 differential genes in M1 BMDMs
compared with M0 BMDMs, including 611 upregulated genes and 1477 downregulated genes (Fig. 1a;
Table S1). M1 BMDMs had 2459 differential genes when compared to M2 BMDMs, including 1043
upregulated genes and 1416 downregulated genes (Fig. 1b; Table S2). To further screen for genes
associated with M. bovis infection in macrophages, we analyzed the gene expression pro�les of M0
BMDMs after 6 h of M. bovis infection and uninfected M0 BMDMs. The clustering heat map shows 2353
differential mRNAs, (p-value < 0.05 and log2 FC>1) of which 1109 were upregulated and 1244 were
downregulated (Fig. 1c; Table S3). These differential genes are mainly enriched in cytokine - cytokine
receptor interaction, TNF signaling pathway, NF-kappa B signaling pathway, NOD-like receptor signaling
pathway, Toll-like receptor signaling pathway, and MAPK signaling pathway (Fig.1d, e; Table S4).
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A Venn diagram was drawn to capture the overlap genes between different comparison groups and 48
candidate genes were screened for M. bovis infection and M1 macrophage polarization (Fig. 2a; Table
S5).

GBP2b was identi�ed as a key candidate for further investigation 

To identify hub genes among the 48 candidate genes, we mapped the mRNA-Co-expression-Network
showing up-or down-regulated core genes and calculated the total number of connections (number of
interactions) for each node in the network through connectivity degree analysis (Fig. 2b, C; Table S6). As
shown in Fig 2c, 13 genes such as IL-6, Ccl5, Cxcl9, Ccrl2, Lcn2, Cd40, Nos2, Serpina3g, Ccr2, Saa3,
GBP2b, Iigp1, and Il1a have more than 15 junctions. Thus, these genes are considered to be hub genes
associated with M. bovis infection and M1 macrophage polarization. 

To further validate the expression levels of the 13 hub genes in M0, M1, M2 BMDMs, and M0 BMDMs
infected with M. bovis for 6 h, we examined the mRNA levels of these 13 hubs genes through qRT-PCR
(Fig. S1a, b). The expression levels of these 13 hub genes were consistent with the RNA-Seq data, thus
demonstrating the high con�dence of RNA-Seq analysis. Among these hub genes, GBP2b was targeted
for further study. Several research reports that GBP2b, an antimicrobial protein, maybe a key gene in
promoting in�ammatory response and M1 macrophage polarization,but the exact mechanism is
unclear [11, 12].

First, we examined the expression of GBP2b in BMDMs and RAW264.7 cells under different polarization
states. The results demonstrated that the protein and mRNA levels of GBP2b were highest in M1
macrophages and lowest in M2 macrophages in both cells (Fig. 2d, e). We next examined the expression
of GBP2b during M. bovis infection. Western blot results demonstrated that M. bovis infection elevated
the expression of GBP2b in BMDMs and RAW264.7 cells at different time points (6, 12, and
24h) compared to the uninfected group (0 h; Fig. 2f, g). The results of in vivo infection experiments
demonstrated that the protein and mRNA levels of GBP2b were signi�cantly elevated in the lungs and
spleens of mice infected with M. bovis for 6 weeks compared with the PBS group (Fig. 2h, i). These
results suggest that GBP2b is associated with M. bovis infection and M1 macrophage polarization.

GBP2b regulates the balance of M. bovis replication in macrophages

Mice knocked out of GBP2b are more likely to die from BCG infection, demonstrating that GBP2b
contributes to host resistance to BCG (12). However, whether or not GBP2b is equally effective against the
strong virulent strain M. bovis has not been reported. Therefore, in the present study, we quanti�ed
intracellular bacterial CFU by silencing or overexpressing GBP2b in RAW264.7 cells after subsequent
infection with M. bovis at different time points (6, 12, 24, and 48 h). Silencing GBP2b signi�cantly
increased bacterial CFU in RAW264.7 cells, especially at 24 h post-infection (Fig. 3a). By contrast,
upregulation of GBP2b expression downregulated bacterial CFU within RAW264.7 cells (Fig. 3b). These
results suggest that GBP2b exerts antibacterial effects during M. bovis infection and enhances the
bactericidal activity of macrophages.
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M. bovis infection induces macrophage polarization toward M1

Macrophages can be polarized into a pro-in�ammatory cell population (M1-like macrophages) at any
time point of M. bovis infection, especially early in the infection (10). M1 macrophages secrete
in�ammatory cytokines and chemokines to further activate and recruit immune cells, thereby contributing
to the sustained killing and clearance of intracellular mycobacteria by the host cells [13]. Therefore, the
polarization of macrophages to the M1 phenotype during M. bovis infection may be of therapeutic value.
First, we examined the macrophage polarization after M. bovis infection with BMDMs and RAW264.7
cells at different times. Western blot results demonstrated that M1 markers such as inducible NO
synthase (iNOS) and tumor necrosis factor-α (TNF-a) protein levels were upregulated at different time
points (0, 6, 12, and 24 h) after M. bovis infection compared to the uninfected group (Fig. 4a, b). Flow
cytometry results of the proportion of CD86-labeled cells (M1 macrophages marker) showed that
compared to the uninfected group, the proportion of CD86 cells was upregulated at different time points
(0, 6, 12, and 24 h) after M. bovis infection (Fig. 4c, d). These results suggest that infection of
macrophages by M. bovis regulates macrophage polarization toward M1.

GBP2b promotes the polarization of M. bovis-infected macrophages toward M1

To verify whether GBP2b is a key gene in promoting M1 macrophage polarization and in�ammatory
response during M. bovis infection, we introduced siRNA sequences and GBP2b plasmid expression
vector to transfect RAW264.7 cells to silence or overexpress the GBP2b. As shown in Fig S2 (S2a, c),
siRNA sequences and plasmid expression vectors were able to silence and overexpress GBP2b in
RAW264.7 cells, respectively. The results of qPCR and Western blot revealed that mRNA levels of M1
macrophage markers (e.g., iNOS, TNF-a, IL-1β, and IL-6) and protein levels of iNOS and TNF-a were down-
regulated in RAW264.7 cells silenced with GBP2b and infected with M. bovis for 24h, compared with the
control group. (Fig. 5a, c). The opposite result was observed in RAW264.7 cell overexpression of GBP2b,
especially in the infected group (Fig. 5b, d). 

In addition, we examined other M1 macrophage markers. Flow cytometry results of the proportion of
CD86-labeled cells following silencing of GBP2b in RAW264.7 cells and then infected with M. bovis for 24
h revealed that silencing of GBP2b downregulated the proportion of CD86-labeled cells compared to the
control group (Fig. 5e). The opposite result was observed for GBP2b overexpression, especially more
signi�cant in the infected group (Fig. 5f). The above results support that GBP2b is a regulatory molecule
that promotes the M1 macrophage polarization during M. bovis infection.

GBP2b promotes NO and ROS release during M.bovis infection

NO, and ROS are the powerful antibacterial mechanism for host cell defense against intracellular
mycobacteria and also serves as a marker of M1 polarization [14-16]. In the present study, down-
regulation of GBP2b signi�cantly reduced NO and ROS release compared with the control group, whereas
up-regulation of GBP2b increased NO and ROS release, especially more signi�cantly in the M. bovis
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infection group (Fig.6 a-d). These results suggest that GBP2b exerts its antimicrobial function by
promoting the release of bactericidal mediators during M. bovis infection.

GBP2b promotes M1 polarization in macrophages via TLR4/NF-κBp65 signaling during M.
bovis infection

The above results indicate that GBP2b promotes M1 macrophage polarization during M. bovis infection.
In the next experiments, we wanted to explore the pathways through which GBP2b is involved in this
process. The GBP2b-ComRNA-Pathway-Network was constructed to show the pathways mainly regulated
by GBP2b (Table S7, S8). As shown in Fig 7a, the signaling pathways involved in GBP2b include the TNF
signaling pathway in regulating apoptosis in Mycobacterium infected host cells; The NF-κB signaling
pathway and MAPK signaling pathway are the core signals mediating the in�ammatory response; The
pathogen pattern recognition receptors Toll-like receptor signaling pathway and NOD-like receptor
signaling pathway. Differentially expressed mRNAs and signaling pathways identi�ed here, may all be
associated with M. bovis infection or host resistance to infection.

TLR signaling pathway plays a major role in the regulation of innate immunity against mycobacterial
infection. It activates adaptive immunity by regulating the production of pro-in�ammatory factors and
chemokines by host cells, and recruits and activates phagocytes to the infection site to clear
Mycobacterium [17, 18]. By silencing or overexpressing GBP2b in RAW264.7 cells, we found that GBP2b
downregulation decreased TLR4 protein levels compared to the control group, especially after infection
(Fig. 7b). By contrast, upregulation of GBP2b increased TLR4 expression (Fig. 7c). In addition, RNAi
technology was used to speci�cally knockdown TLR4 expression in RAW264.7 cells and investigate the
effect of TLR4 depletion on GBP2b expression after M. bovis infection (Fig. S2b). The results
demonstrated that downregulation of TLR4 in RAW264.7 cells exerted no signi�cant effect on the level of
GBP2b after M. bovis infection compared with the control (Fig. 7c). These data suggest that GBP2b is an
upstream molecule that mediates TLR4 expression.

TLR signaling pathway is known to initiate the NF-κB signaling pathway through the MyD88
molecule [19]. Further, NF-κB is activated after IκB degradation and translocated to the nucleus to
promote the expression of pro-in�ammatory genes. We noticed that downregulation of GBP2b expression
and infection with M. bovis for 24 h resulted in a downregulation of the phosphorylation level of NF-
κBp65 (Fig. 8a) and a signi�cant inhibition of the nuclear translocation of NF-κBp65 compared to the
control (Fig. 8c). By contrast, upregulation of GBP2b increased the phosphorylation level of NF-κBp65
(Fig. 8b) and promoted the nuclear translocation of NF-κBp65 (Fig. 8d). This result suggests that GBP2b
also exerts a regulatory effect on NF-κBp65 protein. BAY11-7082, a speci�c inhibitor of NF-κB, could
signi�cantly downregulate the protein level of NF-κB but had no signi�cant effect on the expression of
GBP2b (Fig. 8e, f). These results suggest that GBP2b is upstream of TLR4/NF-κBp65 signaling and
mediates M1 macrophage polarization and in�ammatory responses through the TLR4/NF-κBp65
signaling pathway.
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Discussion
Tuberculosis (TB) caused by M. bovis infection is a chronic in�ammatory disease. The ability of M. bovis
to grow rapidly in host macrophages is an important factor contributing to enhanced bacterial virulence
and disease progression. The bactericidal function of phagocytes is strictly dependent on the activation
state of the host cell and is regulated by infectious factors and cytokines [16]. During M. bovis infection,
the conversion of macrophages from the M0 phenotype to the M1 phenotype and the expression of
genes with pro-in�ammatory mediators are essential to control intracellular M. bovis replication (10).
Several studies report that the expression of NMAAP1 protein is upregulated in BCG-infected
macrophages and that NMAAP1 promotes the polarization of macrophages towards the M1 type, thereby
enhancing the phagocytic and bactericidal capacity of macrophages [20]. M. tuberculosis PPE36 inhibits
macrophage polarization into mature M1 macrophages by inhibiting ERK signaling [21].Knockdown of
HMGN2 in macrophages promotes the polarization of macrophages to M1 macrophages during non-
tuberculous mycobacterial infection and regulates non-tuberculous mycobacterial survival [22].

Based on the importance of M1-like macrophages in M. bovis infection, we performed RNA-sequencing
and bioinformatics analysis using macrophages with different activation phenotypes and M. bovis-
infected macrophages. The differential gene GBP2b associated with M. bovis infection and M1
macrophage polarization was screened as a target for further study. Further experiments at the cellular
level con�rmed that GBP2b exerts an antibacterial function during M. bovis infection. More importantly,
GBP2b is a novel regulatory molecule that promotes M1 macrophage polarization via the TLR4/NF-
κBp65 pathway during M. bovis infection. Previous studies on other diseases have shown that GBP2b
acts as an upstream regulator of multiple forms of cell death and can promote the activation of
microbial-speci�c downstream pathways involved in the bactericidal process [6, 23]. GBP2b can mediate
the release of cytosolic microbial ligands from pathogens and promote innate immune detection, thereby
mediating in�ammatory responses [24]. In the present study, during M. bovis infection, GBP2b
upregulates the expression of M1 macrophage markers and regulates the polarization of macrophages
towards the M1 phenotype. GBP2b promotes the production of bactericidal mediators NO and ROS,
thereby enhancing macrophages’ sterilization function. In addition, GBP1 has been established as a
powerful marker of in�ammation and can be detected in various disease-related in�amed tissues such as
psoriasis, lupus erythematosus, adverse drug reactions, and Kaposi's sarcoma, among others [25-
27]. These �ndings also add to the evidence that GBP2b is associated with in�ammatory responses.

The innate immune system of the host cell is the most effective defense system against intracellular
mycobacteria, in which autoreceptors of macrophages, such as pattern recognition receptors (PRRs), play
a key role in recognizing bacteria. Toll-like receptors (TLRs) are major members of the PRR family and
play a central role in innate immunity [28]. In the present study, by tracing the signaling pathway
regulated by GBP2b, we found that it was involved in regulating the Toll-like receptor signaling
pathway and NF-κB signaling pathway. Silencing or overexpression of GBP2b upregulates or
downregulates TLR4 expression, respectively. However, TLR4 RNAi knockdown experiments showed that
GBP2b was not signi�cantly regulated by TLR4, suggesting that GBP2b may be upstream of
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TLR4. Studies on TLR4 downstream signaling NF-κBp65 showed that GBP2b activates NF-kB signaling
by upregulating NF-kBp65 phosphorylation levels and promoting signi�cant nuclear translocation of NF-
kBp65, which mediates the expression of downstream in�ammatory genes. Furthermore, the NF-κBp65
inhibitor Bay11-7082 signi�cantly inhibited the expression of NF-κB p65 but had no signi�cant effect on
the expression of GBP2b. These results suggest that GBP2b is an activator of M1 macrophage
polarization, TLR4/NF-κB pathway, and signaling of the in�ammatory network. Future studies may focus
on molecules downstream of the TLR4/NF-κB pathway to explore new GBP2b binding molecules.

Based on these �ndings, we constructed a model of the potential mechanism by which GBP2b regulates
macrophage polarization during M. bovis infection. In conclusion, GBP2b is a novel regulatory molecule
that promotes M1 macrophage polarization and enhances macrophage bactericidal capacity during M.
bovis infection. Our study provides new insights into future treatment strategies for TB.

Materials And Methods
Reagents and antibodies

The rabbit anti-GBP1 polyclonal antibody (Catalog No. PA5-23509) was purchased from Life
technologies. The following rabbit antibodies, including anti-iNOS (Catalog No. 13120), anti-TNF-a
(Catalog No. 11948), anti-NF-κBp65 (Catalog No. 8242) anti-phospho-NF-κBp65 (Catalog No. 3033), anti-
β-actin (Catalog No. 8457), anti-TLR4 (Catalog No. 14358), and the goat anti-rabbit secondary antibody
(Catalog No. 7074) were purchased from Cell Signaling Technology (Boston, Mass, USA). APC-
conjugated anti-mouse CD86 antibody was purchased from R&D Systems (Minneapolis, MN). Nuclear
dye DAPI was purchased from Thermo Fisher Scienti�c (Waltham, MA).

Bacterial culture and infections
Virulent M. bovis Beijing strain was obtained from the China Institute of Veterinary Drug Control (CVCC,
China). M. bovis was cultured in 7H9 Middlebrook media (Catalog No. BD271310, BD Biosciences)
containing 10% OADC enhancement solution (Catalog No. BD 212352, BD Biosciences) and incubated
continuously for a week at 37 °C to medium logarithmic period. BMDMs and RAW264.7 cells were
infected with M. bovis (MOI 10) at 37°C with 5% CO2. Cells were washed three times with warm PBS to
remove extracellular bacteria after 3 h.

Macrophage culture, induction, and RNA isolation

RAW264.7 cell line (Catalog No. BNCC354753) purchased from ATCC and cultured in Dulbecco's Modi�ed
Eagle Medium (Catalog No.10313021, Thermo Fisher Scienti�c) containing 10% fetal bovine serum (FBS;
Catalog No.10099141C, Thermo Fisher Scienti�c). As described previously [13], BMDMs were isolated
from C57BL/6 mice. BMDMs were cultured in Roswell Park Memorial Institutes 1640 Medium containing
20 ng/mL recombinant murine M-CSF (Catalog No. AF-315-02-100, Pepro Tech) and 10% FBS for 5-7
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days to become adherent macrophages, and these cells were named M0 BMDMs. Subsequently, M0
BMDM was converted to M1 BMDM after induction by 100 ng/ml LPS and 50 ng/ml IFN-γ for 48 h. M0
BMDM was converted to M2 BMDM after induction by 10 ng/ml IL-4 and IL-13 for 48 h. Four sets of cell
samples (M1 BMDMs, M2 BMDMs, M0 BMDMs, and M0 BMDMs infected with M. bovis for 6 h) for RNA
sequencing, with three biological replicates per sample. RNeasy Mini kit (Catalog No.74104, Qiagen) was
used to obtain total RNA with the manufacturer’s protocol. RNA samples were quanti�ed and quality
controlled with a Nanodrop Lite spectrophotometer (Thermo Fisher Scienti�c, USA). Finally, RNA samples
with a spectral A260/A280 nm ratio between 1.8 and 2.0 and an A260/A230 nm ratio >1.5 were selected
for analysis.

Analysis of differentially expressed mRNAs

As previously described [29, 30], the R package DESeq2 algorithm was used to identify differentially
expressed genes and mRNAs for identifying transcripts from RNA sequence data. q-value < 0.05 and log2
FC > 1 indicate thresholds for differentially expressed genes.

Pathway analysis

As previously described [29, 30], pathway analysis was performed to identify signi�cant pathways for
differential genes based on KEGG. Fisher’s exact test and χ2 test were used to select signi�cant
pathways, and signi�cance thresholds were determined by p-values.

GBP2b-mRNA co-expression correlation analysis

The differential mRNAs associated with GBP2b were screened by calculating the threshold of Pearson |R|
> 0.95 between GBP2b and differential mRNAs, and then the pathway regulatory relationships involved in
the differential mRNAs were used to establish the GBP2b-ComRNA-Pathway-Network, demonstrating the
pathway mainly regulated by GBP2b.

Knockdown of GBP2b and TLR4 expression

Three siRNA sequences speci�cally targeting mouse GBP2b and mouse TLR4 were designed according
to Gene Chem Co., Ltd. (http://www.genechem.com.cn), and siRNA sequences are shown in Table 1.
Finally, the e�ciency of GBP2b and TLR4 knockdown was examined using RT-PCR and Western blot 48 h
after transfection, and the most e�cient siGBP2b-3 and siTLR4 -3 were �nally determined.

Overexpression of GBP2b

The full-length coding sequence of GBP2b (NM_010259.2, 1800 bp) was ampli�ed by PCR from
RAW264.7 cells cRNA, cloned into the pLVX-Puro vector, and then sequenced. The primers for GBP2b are
as follows:

XhoI-GBP2b-pF: ATCGCTAGCGCTACCGGACTCAGATctcgagATGGCCTCAGAAATCCACATGAAA
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GGCCCAGTGTGC

BamHI-GBP2b-pR:CCGGTAGAATTATCTAGAGTCGCGggatccTTAGTGGTGGTGGT GGTGGTGAAG

TATGGTGCATGATC

The PCR products were puri�ed and cloned into the pLVX-Puro plasmid and then sequenced. The GBP2b
overexpression plasmid (pLVX-GBP2b) and an empty vector (pLVX-Con) were transfected into RAW264.7
cells with Lipofectamine 3000 reagent (Catalog No. L3000001, Thermo Fisher Scienti�c). The protein
expression of GBP2b was detected by Western blot to evaluate the overexpression e�ciency of
transfection.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted using the RNeasy Mini kit (Catalog No.74104, Qiagen), and the concentration
and integrity were detected by Nanodrop Lite spectrophotometer (Thermo Fisher Scienti�c, USA). Prime
Script TM RT Master Mix (Catalog No. RR036B, Takara) was used for the reverse transcription of RNA to
cDNA. RT-PCR analysis was performed using FastStart Universal SYBR Green (Catalog No. 4913850001,
Takara) and Light cycler 480 RT-PCR instruments. The results were normalized to GAPDH, and
quanti�cation was performed on the 2-ΔΔCt of each sample/2-ΔΔCt of the Ctrl method. The primers are listed in
Table 2.

Animal and M. bovis infection

C57BL/6 mice (male, aged 6–8 weeks) were purchased from Yangzhou University (Yangzhou, China) and
raised in a level III biosafety facility (Nanjing Institute for Food and Drug Control, Nanjing). The mice were
divided into two groups of 6 mice each. In one group, 200 CFU of M. bovis per mouse were given
intranasally. The other group was inoculated with the same dose of sterile PBS. After 6 weeks, the
spleens and lungs of both groups of mice were collected to detect GBP2b protein and mRNA levels.

Colony-forming unit (CFU)

RAW264.7 cells were transfected with GBP2b silencing vectors (siGBP2b), GBP2b overexpression vectors
(pLVX-GBP2b), and the respective negative control vectors (siCon and pLVX-Con) and then infected with
M. bovis (MOI 10) at different time points. RAW264.7 cells were subsequently washed three times with
warm PBS and lysed with sterile 0.2% Triton X100/PBS for 5 min. After serial dilutions of cell lysates, 100
µL of homogenate was evenly spread in a 7H11 solid medium (Catalog No. BD 283810, BD Biosciences)
and left at 37 °C for 3-4 weeks. Bacterial CFUs were counted to assess the bactericidal capacity of the
cells in the different treatment groups.

Griess assay
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The culture supernatant under each culture condition was collected, and the concentration of nitrite in the
supernatant was determined using Griess reagent (Catalog No. 13547, Cell Signaling Technology) with
the manufacturer’s instructions. Finally, the absorbance of the samples was obtained at 540 nm on a
microplate reading instrument.

Immuno�uorescence

Immuno�uorescence analysis was performed to identify the localization of NF-κBp65 in RAW264.7 cells
transfected with the GBP2b silencing vector (siGBP2b), the GBP2b overexpression vector (pLVX-GBP2b),
and the corresponding negative control vectors (siCon and pLVX-Con) and then infected with M. bovis for
24 h. In brief, cells were �xed with 4% paraformaldehyde for 25 min, washed three times with PBS, and
then permeabilized for 10 min after containing 0.2% Triton X-100/PBS. Cells were subsequently blocked
with 3% bovine serum albumin for 1 h at room temperature, and then anti-NF-κBp65 was incubated
overnight at 4 °C. Finally, cells were incubated with Alexa Fluor 647-conjugated anti-rabbit antibody for 1
h, and nuclear staining was performed using DAPI. The cells were visualized immediately with an
OLYMPUS microscope (Suzhou Jing Kai Instrument and Equipment Co., Ltd., Suzhou, China).
Approximately 100 cells are used to calculate the �uorescence intensity. The Image J software was used
for the analysis.

Flow cytometry

BMDMs and RAW264.7 cells from different treatment groups were collected and incubated for 30 min
with an APC-conjugated anti-mouse CD86 antibody (1:200) or CellROX reagent (a highly ROS-speci�c
probe, Catalog No. C10488, Thermo Fisher Scienti�c), respectively. CD86 is used as a marker for M1
macrophages. CellROX is used to detect intracellular ROS. Finally, the cells were resuspended at 500 μL in
PBS and FACS caliber �ow cytometry (BD, Franklin Lakes, USA). Data were analyzed by Flow Jo software.

Western blot

After different treatments, BMDMs, RAW264.7 cells, mouse lung, and spleen tissues were washed three
times with cold PBS and lysed with RIPA buffer (Catalog No. P0013C, Beyotime) containing protease
inhibitors. Protein concentration was quanti�ed by a BCA protein analysis kit (Catalog No. P0012S,
Beyotime), and protein was transferred to polyvinylidene �uoride membranes (Catalog No.88518, Thermo
Fisher Scienti�c,) following separation on SDS-PAGE gels. The membranes were incubated with primary
antibodies overnight at 4 °C and then washed three times with TBST buffer. Subsequently, they were
exposed to peroxidase-coupled secondary antibodies for 1 h at room temperature. Finally, the protein
bands were visualized with an enhanced chemiluminescence solution. Image J software is used to
analyze protein expression and β-Actin acts as load control.

Statistical analysis

The gene expression was calculated by RSEM (v1.2.12) https://github.com/ deweylab/RSEM). The
heatmap was drawn by heatmap (v1.0.8) (https://cran.r-project.org/web/packages/pheatmap
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/index.html) according to the gene expression in different samples. Essentially, differential expression
analysis was performed using the DESeq2 (v1.4.5) (http://www.bioconductor.org/
packages/release/bioc/html/DESeq2.html) with a Q value ≤ 0.05. KEGG (https://www.kegg.jp/)
enrichment analysis of annotated different expression genes was performed by Pyper
(https://en.wikipedia.org/wiki/ Hypergeometric_distribution) based on the Hypergeometric test. GraphPad
Prism 8.0.1 was applied to analyze all the experimental data. Data are presented as the means ±
standard error or mean ± standard deviation. P< 0.05 was considered signi�cant. All assays were
performed on at least two or three separate occasions in triplicate each time.
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Table 1. The speci�c siRNA sequence in this study

Names sense (5’-3’) antisense (5’-3’)

siGBP2b-1 GCAGCACCUUCAUCUACAATT UUGUAGAUGAAGGUGCUGCTT

siGBP2b-2 GACCAGCUGAAUAAAGAAUTT AUUCUUUAUUCAGCUGGUCTT

siGBP2b-3 GAGCAACAAAGAAUCAUAUTT AUAUGAUUCUUUGUUGCUCTT

siTLR4-1 GCUAUAGCUUCUCCAAUUUTT AAAUUGGAGAAGCUAUAGCTT

siTLR4-2 GGACAGCUUAUAACCUUAATT UUAAGGUUAUAAGCUGUCCTT

siTLR4-3 CCUCCAUAGACUUCAAUUATT UAAUUGAAGUCUAUGGAGGTT

siCon UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

  

Table 2. Primers for qRT-PCR in this study

Names sense (5'-3') antisense (5'-3')

iNOS TGGTGAAGGGACTGAGCTGT GCTACTCCGTGGAGTGAACA

TNF-a TAGCCCACGTCGTAGCAAAC GCAGCCTTGTCCCTTGAAGA

IL-1β TGCCACCTTTTGACAGTGATG TGATGTGCTGCTGCGAGATT

IL-6 CCCCAATTTCCAATGCTCTCC CGCACTAGGTTTGCCGAGTA

Ccl5 TAGTCCTAGCCAGCTTGGGG GAGCAGCTGAGATGCCCATT

Cxcl9 GATTGGTGCCCAGTTAGCCT CCACCGGACAGCACTCTAAA

Ccr2 TTCTCAATTTCTCTGCGGCTG AGTGGGGTCAGAGAAACACC

Lcn2 GGCCAGTTCACTCTGGGAAA TGGCGAACTGGTTGTAGTCC

Cd40 GAGCCCTGTGATTTGGCTCT AGATGGACCGCTGTCAACAA

Nos2 CTTGGTGAAGGGACTGAGCTG TCCAAATCCAACGTTCTCCGT

Serpina3g GCCTGAAAGAGAGCACATTG CATTCGGGTCAAAGGGGTTC

Ccr2 GCCATCATAAAGGAGCCATACC ATGCCGTGGATGAACTGAGG

Saa3 AACTATGATGCTGCCCGGAG GCTCCATGTCCCGTGAACTT

Gbp2b GAGTACTCTCTGGAA TAGATGAAGGTGCTG

Iigp1 GGGGCAGGAGTGGATTTCATT GCGTCCAGTGGATTCACACA

Il1a ACGTCAAGCAACGGGAAGAT AAGGTGCTGATCTGGGTTGG
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Figures

Figure 3

GBP2b regulates the balance of M. bovis replication in RAW264 cells.

(a) Colony-forming units (CFUs) in RAW264 cells at different time points (6, 12, and 24 h) after being
transfected with siCon (nontargeted siRNA) or siGBP2b (GBP2b targeted siRNA) and infected with M.
bovis (MOI 10) were calculated. (b) Colony-forming units (CFUs) in RAW264 cells at different time points
(6, 12, and 24 h) after being transfected with pLVX-Con (control plasmid) or pLVX-GBP2b (GBP2b
overexpression plasmid) and infected with M. bovis (MOI 10) were calculated. Data shown are means of
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three independent experiments. Statistical difference was determined using a one-way analysis of
variance test (ANOVA). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Figure 6

GBP2b promotes NO and ROS production during M. bovis infection.

(a) The NO release levels of RAW264.7 cells at different time points (0, 6, 12, and 24 h) after being
transfected with siCon or siGBP2b and infected with M. bovis (MOI 10) were calculated by measuring the
absorbance at 540 nm, respectively. (b) The NO release levels of RAW264.7 cells at different time points
(0, 6, 12, and 24 h) after being transfected with pLVX-Con or pLVX-GBP2b and infected with M. bovis (MOI
10) were calculated by measuring the absorbance at 540 nm, respectively. (c) The ROS release levels of
RAW264.7 cells at different time points (0, 6, 12, and 24 h) after being transfected with siCon or siGBP2b
and infected with M. bovis (MOI 10) were detected by �ow cytometry, respectively. (d) The ROS release
levels of RAW264.7 cells at different time points (0, 6, 12, and 24 h) after being transfected with pLVX-Con
or pLVX-GBP2b and infected with M. bovis (MOI 10) were detected by �ow cytometry, respectively. Data
shown are means of three independent experiments. Statistical difference was determined using a one-
way analysis of variance test (ANOVA). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, no signi�cance. 
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