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Abstract

Background: Brucella spp. are Gram-negative bacteria that cause a zoonotic disease called brucellosis in humans as well as many
animals. Brucella suis (B.suis) is one of the greatest threats to the human health and food safety. Studying macrophage and B. suis
interaction is critical for understanding the chronic infection mechanism. However, the interaction mechanisms, especially for
molecular events triggered by B. suis infected macrophage, such as biological pathways, are still obscure.

Objectives: We will use gene set enrichment analysis (GSEA) to microarray in an attempt to find critical pathways in the interaction
of macrophage and B. suis.

Methods: We applied a standardized microarray preprocessing and GSEA to 2 independent macrophage and B. suis interaction
studies including smooth virulent B. suis strain 1330 (S1330) data sets and rough attenuated B. suis strain VIRSI (VIRSI) data sets.
Integrative analysis was used to find critical pathways for 2 independent macrophage and B. suis interaction data sets.

Results: The results demonstrated that for S1330 data sets, 8 and 13 common up- and down- regulated pathways were found in 4
interaction stages including 4h, 8h, 24h, and 48h post macrophage infected S1330 B. suis, and for VIRSI data sets, we found 30 and
19 common up-and down- regulated pathways. Comparing the results of S1330 and VIRS1 data sets, 6 and 8 common up- and down-
regulated pathways were identified.

Conclusions: The study of macrophage and B. suis interaction through pathway analysis highlighted genes weakly connected to the
phenotype, and discovered common critical pathways in the process of macrophages and different phenotypes of B. suis interaction.
The identified pathways will shed light on the understanding of the functional events within macrophage post infected B. suis.
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. Background

Brucella spp., a Gram-negative and facultative intracel-
lular bacteria, causes a zoonotic disease called brucellosis
in humans and manyanimals including domestic pigs, cat-
tle, wildlife camels, and so on by chronic macrophage in-
fection (1). In 10 species reported (2), Brucella suis is one
of 3 pathogenic bacteria (B. melitensis, B. suis and B. abor-
tus) that are the biggest threat to human health and food
safety. In many types of cells attacked, macrophages are
the primary target cells attacked (3). Further studying the
macrophage and B. suis interaction will contribute to un-
derstanding the pathogenesis.

To date, a large number of interaction studies showed
that the fate of macrophages infected were modulated

by Brucella. Rough Brucella organisms induce caspase2-
mediated macrophage death (1, 4), whereas smooth Bru-
cella organisms inhibit macrophage apoptosis by inhibit-
ing mitochondrial cell death pathway and caspase ac-
tivation (4, 5). These results suggest that inhibition
of macrophage death provide a hospitable intracellular
niche for Brucella survival, while death induction pro-
mote Brucella release and dissemination (6-8). In addition,
some studies observed that smooth Brucella dissociated
into rough mutants that were cytotoxic to macrophage in
macrophage and Brucella interaction (6), which suggested
that smooth and rough Brucella should be synergistically
responsible for macrophage egress and bacterial dissemi-
nation.

Despite extensive researches, the molecular events
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such as critical biological pathways within macrophage
in macrophage and B. suis interaction are not yet uncov-
ered. Performing pathway analysis to gene expression
profiles data from microarray will contribute to interpret-
ing the results to insight into biological mechanisms in-
cluding bacterial invasion, survival, and replication within
macrophages.

2. Objectives

Gene set enrichment analysis (GSEA), a gene set anal-
ysis method including pathway analysis (9, 10), has been
widely used to identify the significant differences between
pre-defined gene sets in expression from controls and
cases. Here, we will use GSEA to microarray in an at-
tempt to find critical pathways, especially common crit-
ical pathways within macrophages in the interaction of
macrophages and smooth or rough B. suis.

3. Methods

3.1. Datasets

The interaction of macrophage and B. suis microar-
ray datasets were searched and downloaded from NCBI
GEO database (http://[www.ncbi.nlm.nih.gov/geo/). Finally,
data set GSE21117 (1), including 2 subsets of interaction
of murine macrophage line and smooth or rough B. suis
strains, was used in this study. Two phenotypes of B. suis
were smooth virulent B. suis strain 1330, for short S1330
and rough attenuated B. suis strain VIRSI, for short VTRSI.
For each subset in this study, data sets included 4 infec-
tion stages that respectively were 4h, 8h, 24h, and 48h post
infection, and Oh post infection (uninfected group) was
for control. Each phenotype or stage was treated as an in-
dependent data set. 8 case-control data sets including 4
smooth phenotype of case-control data sets and 4 rough
phenotype of case-control data sets were included, and
each data set was individually performed GSEA. The related
information regarding the datasets such as cell line, sam-
ple size, and infection time, were listed in Table 1.

3.2. Data Preprocessing

Microarray data preprocessing was performed using
software packages developed by Bioconductor in version
3.4 (http://[www.bioconductor.org) (11) and R language in
version 3.3.2 (http://www.r-project.org). All datasets were
background adjusted, normalized, and log2 probe-set in-
tensities calculated using the robust multichip averaging
(RMA)algorithmin version1.52.0 affy package (12,13). Some
identifying genes failed to map any KEGG pathways that

were excluded from the further analysis. The data variabil-
ity was measured using the interquartile range (IQR), and
a cut-off was set from the resulting distribution of IQR val-
ues for all genes. Genes with IQR values under 0.5 were ex-
cluded. When multiple probe sets targeted the same gene,
the probe set with the largest variability was kept for the
next analysis. Pathway analysis was separately performed
for each data set.

3.3. Gene Set Enrichment Analysis of Pathways

Gene set enrichment analysis was performed using
the version 2.40.0 Category package in the Bioconductor
project and the performing GSEA’s purpose was to deter-
mine whether the members of a gene set S distributes ran-
domly throughout the whole reference gene list L or was
just primarily found at the top or bottom. A bigger merit
of GSEA lies in the relative robustness to noise and outliers
in the data. However, the fact is that a gene set including
alarge enough number of genes, typically 10 or more than
10, is true. Therefore, the gene set with less than 10 genes
was removed.

3.4. Statistical Analysis

The t-statistic mean of the genes was computed in each
remaining pathway. A permutation test was implemented
1000 times, and the pathways with P value < 0.05 were
identified to significantly change (14).

4. Results

4.1. Significant Pathways Identified Within Macrophages and 2
Phenotypes of B. suis Interaction

We compared 4 data sets to identify the significant
pathways within macrophage infected S1330 B. suis. The re-
analysis results for these data sets were showed in Table 2.
Base on the permutation 0.05 P values, we found 21, 15, 56,
and 91 up-regulated pathways and 36, 81, 48, and 64 down-
regulated pathways in 4 interaction stages including 4h,
8h, 24h, and 48h post macrophage infected S1330 B. suis,
separately. The overlap analysis showed that 8 common
up-and 13 common down-regulated pathways were found.
The overlaps of these pathways identified were showed in
Figure 1A and 1B. We performed the same analysis for VTRS1
data sets as S1330 data sets, and the reanalysis results for
these data sets also were showed in Table 2. We found 47,
44,68,and 85 up-regulated pathways and 28,104, 88, and 74
down-regulated pathways, separately. The overlaps among
these pathways identified showed that 30 common up-and
19 common down- regulated pathways were found. The
overlaps of these pathways were showed in Figure 1C and
1D.
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Table 1. Experimental Design and Related Information of GSE21117 Microarray

Cell Line Brucella Strain Chip Platform Probes Time Post Infection (h) No. of Arrays
0 (Control)® 3
4 3
J774.A1 cells® B. suis strain 1330 (S1330)° GPL1261 45k 8 3
24 3
48 3
0 (Control)® 3
4 3
a B. suis strain VIRS1
]J774.A1 cells b GPL1261 45k 8 3
(VIRS1)
24 3
48 3
]774.A1 cells are murine macrophage-like cells.
®$1330 and VIRS1 are represented the smooth virulent B. suis strain and rough attenuated B. suis strain, respectively.
“oh post infection is control that shows that macrophages are uninfected.
Table 2. Analysis Results of Differentially Expressed Pathway Number
Classes Process (h) No. of Genes After No. of Pathways Have Up-Regulated Pathway Down-Regulated
Preprocessing Genes > 10 Number Pathway Number
4° 1816 68 21 36
8 2861 108 15 81
$1330 strain®
24 5552 160 56 48
48 6268 165 91 64
4 3578 107 47 28
8 5839 159 44 104
VIRS1 strain®
24 5433 159 68 88
48 5996 164 85 73

51330 and VIRS!1 are represented the smooth virulent B. suis strain and rough attenuated B. suis strain, respectively.
P4h, 8h, 24h and 48h are represented time post murine macrophage-like J774.A1 cells infected B. suis.

4.2. Integrative Analysis of 2 Phenotypes of B. suis and
Macrophages Interaction

We compared the significant pathways of 2 phenotypes
of B. suis and macrophages interaction. The significant
pathways identified and overlaps were showed in Figure
2 at the same stage post infection. We found 18, 13, 14,
and 59 common up-regulated and 15, 62, 40, and 45 down-
regulated pathways in 4 interaction stages including 4h,
8h, 24h, and 48h post infection, respectively. For 2 datasets
in the 4 stages of interaction, we detected that 6 com-
mon significant pathways were up-regulated and 8 com-
mon significant pathways were down-regulated (Figure 3).
The integrative results were listed in Table 3. In the com-
mon significant pathways, functional protein association
networks of sum set of genes within the up-regulated and

Jundishapur ] Microbiol. 2017;10(10):e59275.

down-regulated pathways were showed in Figure 4.

4.3. Dynamical Variation of Critical Significant Pathways
From Table 3, we found some critical pathways related
to immune system, immune disease and cell growth and
death in common significant pathway list. These pathways
included up-regulated toll-like receptor signaling path-
ways, RIG-I-like receptor signaling pathway, cytosolic DNA-
sensing pathway as well as rheumatoid arthritis pathway,
and down-regulated cell cycle pathway. We analyzed the
dynamical change of these pathways in total interaction
stages from 4h to 48h post infection. The results were
presented in Figure 5. From Figure 5, for S1330 and VTRS1
strains, as a whole, in early interaction stages these crit-
ical pathways within macrophage had statistical signifi-
cance (P < 0.05), most up-regulated pathways presented
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Figure 1. Significant Pathways Identified and Overlap

A

8h 24h

8h 24h

8h 24h

8h 24h

4h, 8h, 24h and 48h are respectively represented 4h, 8h, 24h and 48h post macrophage infected B. suis. For each infection stage, we performed GSEA to generate p-values for
each pathway and used a permutation test with 1000 times, and obtained the significant pathways with Pvalues cut-off of < 0.05. A, GSEA detected 21,15,56 and 91 up-regulated
pathways and 8 common were found in macrophage and S1330 B. suis interaction; b, GSEA detected 36, 81, 48 and 64 down-regulated pathways and 13 common were found in
macrophage and S1330 B. suis interaction; C, GSEA detected 47, 44, 68 and 85 up-regulated pathways and 30 common were found in macrophage and VIRS1 B. suis interaction;
D, GSEA detected 28,104, 88 and 73 down-regulated pathways and 19 common were found in macrophage and VIRS1 B. suis interaction.

continuously to be up-regulated, than be down-regulated.
Down-regulated cell cycle pathway was sequentially down-
regulated.

5. Discussion

The host macrophages are the primary targets at-
tacked (3). Studying macrophage and B. suis interaction is
critical for the establishment of B. suis infection models (1).
In the process of macrophage and B. suis interaction, many
mechanisms are responsible for the successful infection

(15). However, most mechanisms are still obscure. The mi-
croarrays are a very powerful tool to illustrate the infection
mechanisms (1, 4, 5, 16, 17). For the traditional single gene
analysis method, the statistical analysis can only identify
larger differently expressed genes, however, not find genes
that made subtle contributions (10). In addition, the roles
of identified genes need to be further discussed. Pathway
analysis is able to put stress on genes weakly related to the
phenotype and identify subtle genes by using univariate
statistics (14).

In this study, we performed GSEA for 2 sets of
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Figure 2. Pathway Analysis of Macrophages Infected between S1330 B. suis and VIRSI B. suis at the Same Infection Stage.
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$1330 and VTRS! are respectively represented significant pathways identified of macrophages infected between S1330 and VIRSI B. suis. A, B, C and D, showed the significant
up-regulated pathways identified and overlap at 4h, 8h, 24h and 48h post infection, respectively; E, F, G and H, showed the significant down-regulated pathways identified and

overlap at 4h, 8h, 24h and 48h post infection, respectively.

datasets to deeply understand the biological process
of macrophages and smooth or rough B. suis interac-
tion. In the original study, the results have showed that
macrophages presented different responses to smooth
and rough B. suis and discovered some genes with larger
change in gene expression level (1, 4). This partly explained
the molecular mechanism of macrophages and B. suis
interaction. However, the critical genes made subtle ex-
pression change would be lost. Therefore, in this study, we
studied the critical pathways and their dynamical change
in macrophage and B. suis interaction.

Toll-like receptor signaling pathway was found to be
up-regulated during the 4 interaction stages. Toll-like re-

Jundishapur ] Microbiol. 2017;10(10):e59275.

ceptors (TLRs), the genes of specific families of pattern
recognition receptors, are responsible for detecting micro-
bial pathogens, generating innate immune responses and
developing adaptive immunity, and have been extensively
studies in macrophage as well as Brucella interaction (18-
20). These studies demonstrated that TLRs play an impor-
tant role in host resistance to Brucella infection or coop-
erate with each other (15, 21). Such as TLR6, one member
of TLRs is important for triggering an innate immune re-
sponse against B. abortus and further cooperates with TRL2
to activate NF-kB signaling pathway (20). TLR4 and TLR9
also play a key role in macrophage and Brucella interaction
(15). Such, we considered that the pathway related to im-


http://jjmicrobiol.com/

Hujetal.

Figure 3. Common Significant Pathways and Overlap in Total Interaction Stages of Macrophages and S1330 and VIRS1 B. suis.
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S1330 and VTRS1 are respectively represented common pathways identified post macrophages infected S1330 and VIRS1 B. suis. A, We separately detected 8 and 30 common path-
ways within macrophages infected S1330 and VIRS1 B. suis, and 6 common pathways were found; B, We separately detected 13 and 19 common pathways within macrophages

infected S1330 and VIRS! B. suis, and 8 common pathways were found.

mune system played a critical role in macrophage and B.
suis interaction, and might serve as a potential target for
novel antibiotic drug.

Beyond toll-like receptor signaling pathway up-
regulated, the other 2 up-regulated pathways related
to immune system were RIG-I-like receptor signaling
pathway and cytosolic DNA-sensing pathway. As similar
to TLRs within toll-like receptor pathway, the receptors
within the 2 pathways also belonged to specific families
of pattern recognition receptors, which are respectively
responsible for detecting viral pathogens as well as foreign
DNA, and triggering innate immune responses. Currently,
few published results directly showed RIG-I-like receptor
signaling pathway, which was related to the interaction of
macrophage and Brucella. Most published results proved
that RIG-I-like receptor signaling pathway plays a vital role
in RNA virus recognition (22-24). However, the functions
of RIG-Ilike receptor signaling pathway in defending
against bacterial infection remain elusive. Lately, few stud-
ies showed that the role of RIG-I-like receptor signaling
pathway in fighting against bacterial infection is a univer-
sal mechanism. RIG-I-like receptor signaling pathway is
involved in the host immune response to several different
types of bacterial pathogens, such as Yersinia pestis and
so on (25). These studies provided theoretical supports for
up-regulating RIG-I-like receptor signaling pathways in
macrophage and B. suis interaction.

Cytosolic DNA-sensing pathway, a type of pathway gen-
erating innate immune response to DNA from DNA virus,
bacteria or host cells, has been appreciated for many years
where cytosolic DNA can evoke a Type I interferon response
(26, 27). Some studies proved that DNA would be released
into the cytoplasm from intracellular DNA-containing mi-
crobe such as Mycobacterium tuberculosis and Francisella
tularensis during infections, and induced DNA immunity

(28, 29). Our results showed that cytosolic DNA-sensing
pathway was up-regulated in the process of macrophage
and B. suis interaction, which partly demonstrated that B.
suis involved the similar interaction mechanisms as My-
cobacterium tuberculosis and Francisella tularensis during
infections. That is to say, in macrophage and B. suis inter-
action, part B. suis killed may be disintegrated, and release
DNAinto macrophage to induce DNAimmunity producing
(30).

In up-regulated pathways, we also detected that
rheumatoid arthritis pathway was up-regulated. Several
studies have demonstrated that the brucellosis caused
Brucella spp involved a diversity of clinical signs and symp-
toms including arthritis (31-35). Furthermore, some stud-
ies showed the relationship of brucellosis and rheumatic
symptoms (32). However, these studies only described that
some clinical symptoms of brucellosis patients were re-
lated to arthritis or rheumatoid arthritis. The mechanisms
of arthritis caused Brucella are still unclear. In this study,
we observed that many genes were significantly differ-
ently expressed within the rheumatoid arthritis pathway,
in which many inflammatory and proinflammatory fac-
tors including interleukin 15, 6, 1beta, and tumor necrosis
factor receptor and ligand superfamily members were
up-regulated. Due to the fact that rheumatoid arthritis is
caused by means of the body’s immune system attacking
the joints (36), theumatoid arthritis pathway up-regulated
may be one of the main reasons leading to joint pain. We
speculated that the macrophages and B. suis interaction
disturbed the pathway related to immune system, which
makes the normal macrophage function disorder, and
generates inflammatory and proinflammatory factors to
promote the arthritis (37).

In down-regulated pathways, we found that the cell cy-
cle pathway was down-regulated. A large number of stud-
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Table 3. Common Pathways Categories Identified by GSEA

Entry Pathway Name Class Gene Number® Genes®
Up regulated
04620° Toll-like receptor signaling pathway Immune system 14 Ikbke, Ccls, Ccl3, Cd86, Ccl4, Tlr7, Pik3cg,
Fos, Pik3r1, Cd40, Tir4, Il1b, Nfkbia, Tlr8
04622 RIG-I-like receptor signaling pathway Immune system 3 Ikbke, Nfkbib, Nfkbia
04623 Cytosolic DNA-sensing pathway Immune system 6 Ikbke, Ccls, Nfkbib, Ccl4, 1l1b, Nfkbia
05140 Leishmaniasis Infectious diseases 6 Fos, Il1b, Nfkbia, Nfkbib, Ptgs2, Tlr4
05323 Rheumatoid arthritis Immune diseases 6 Cdse6, Fos, Il1b, Ccl3, Ccls, Tlr4
04920 Adipocytokine signaling pathway Endocrine system 5 Socs3, Nfkbia, Nfkbib, AcsI3, Pck2
Genes included in all 19 Ikbke, Ccls, Ccl3, Cd86, Ccl4, Tlr7, Pik3cg,
common up-regulated Fos, Pik3r1, Cd40, Tir4, Il1b, Nfkbia, Tirs,
pathways Nfkbib, Ptgs2, Socs3, Acsl3, Pck2
Down regulated
04110 Cell cycle Cell growth and death 16 Atm, Ccndi, Ccne2, Cdknia, Cheki,
Gadd45a, Anapcl, Gadd45b, Rbl1, Weel,
Cdcé, Skp2, Gsk3b, Ccnh, E2f2, Atr
04114 Oocyte meiosis Cell growth and death 4 Ccne2, Itpr1, Anapcl, Prkach
04914 Progesterone-mediated oocyte Endocrine system 4 Anapci, Pik3r1, Prkach, Pik3cg
maturation
05210 Colorectal cancer Cancers 7 Ccndi, Fos, Mshé, Pik3r1, Tgfbrz, Pik3cg,
Gsk3b
05212 Pancreatic cancer Cancers 5 Cendi, Pik3r1, Tgfbr2, Pik3cg, E2f2
05223 Non-small cell lung cancer Cancers 6 Ccndi, Pik3r1, Sosi, Pik3cg, Stk4, E2f2
03040 Spliceosome Transcription 5 Srsfio, Srsf3, Prpfi9, Prpf4oa, U2surp,
Tra2a
04070 Phosphatidylinositol signaling Signal transduction 6 Itpri, Pik3r1, Pikfyve, Pip4k2a, Pten,
system Pik3cg
Genes included in all 34 Atm, Cendi, Ccne2, Cdknia,

common down-regulated
pathways

Chek1,Gadd45a, Anapcl, Gadd45b, Rbli,
Weel, Cdc6, Skp2, Gsk3b, Ccnh, E2f2, Atr,
Itpr1, Prkach, Pik3r1, Pik3cg, Fos, Mshé,
Tgfbr2, Sos1, Stk4, Srsfio, Srsf3, Prpfi9,
Prpf40a, U2surp, Tra2a, Pikfyve,
Pip4k2a, Pten

4 Number of common genes included within the pathways.
bOverlapping genes within the pathway.

“The number is represented pathway entry number, and the “mmu” is omitted in the front of the number.

ies showed that during the viral infection a number of
viruses encode proteins to target cell cycle regulators and
press cell cycle arrest (38-40). Furthermore, some stud-
ies showed that during bacterial infection the cell cycle of
macrophage was arrested (41-43). For macrophage and Bru-
cella interaction, some studies revealed that Brucella inhib-
ited transcription of various host genes involved in cell cy-
cling (16), which indicated that cell cycle pathway within
macrophage mightbe down-regulated in macrophage and
Brucella interaction. Our GSEA results showed that cell
cycle pathway would be down-regulated in B. suis and
macrophage interaction. Down-regulated cell cycle would
subvert the cellular machinery that controlled replication

Jundishapur ] Microbiol. 2017;10(10):e59275.

of macrophage (39), which would benefit bacterial survival
and growth within the host (44).

Beyond common critical pathways discussed above, we
observed that metabolic pathways were down-regulated in
the majority of interaction stages. The metabolic pathways
belong to a global pathway involved in a serious of chemi-
cal reactions of material metabolism (45). When infection,
some studies showed that pathways or members related
to lipid, sugar, and protein metabolism were changed (46-
48). It is easy to understand that pathogen infection will
result in metabolic disturbance of host or cell (49, 50).

The interaction of macrophage and B. suis is extremely
intricate. The infection process involves a series of im-
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Figure 4. Association Network of Gene Sumset in Significant Regulated Pathways

A

A, Association network of gene sumset in common up-regulated pathways; B, Association network of gene sumset in common down-regulated pathways.

munological and inflammatory reaction events within
macrophage against B. suis infection. Inversely, B. suis have
evolved a unique strategy to modify and create a novel in-
tracellular environment for surviving and multiplying. A

deeper understanding of the interaction mechanisms can
be reached by focusing on regulation of gene sets rather
than on a large number of single genes. By means of stan-
dardized microarray preprocessing and GSEA, we found
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Figure 5. Dynamical Change of Common Critical Pathways

Time Point Post Infection

Pathway Name
oh 4h sh 24h 48h

$1330 Strain*

4

Toll-Like Receptor Signaling Pathway
RIG-I-Like Receptor Signaling Pathway
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Cell Cycle \b

v
A 4

VIRS1 Strain

Toll-Like Receptor Signaling Pathway /

RIG-I-Like Receptor Signaling Pathway

Cytosolic DNA-Sensing Pathway

Rheumatoid Arthritis

Cell Cycle T

*$1330 strain and VIRSI strain are represented murine macrophage-like J774.A1 cells infected by smooth virulent B. suis strain and rough attenuated B. suis strain, respectively.
# Arrow line is represented the regulated change of over-represented pathway. The parallel arrow shows that the pathway has no significant change in the latter infection
stage than that in the former stage. The arrow line with raising end shows that the pathway is significantly up-regulated in the latter infection stage than that in the former
stage. The arrow line with dropping end shows that the pathway is significantly down-regulated in the latter infection stage than that in the former stage.

the concordance to identify many biological mechanisms  infection stages. The identified corresponding pathways
involved in interaction of macrophage and B. suis in some  will provide some important insights into immunologi-
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cal reactions within macrophage post infected B. suis. Fur-
ther, these results will provide some clues for discovering
novel wide-spectrum antibiotic drug targets for helping
to more efficiently prevent and control brucellosis. Next,
more studies will focus on the specific genes within re-
lated pathways and gene interaction to improve the under-
standing of macrophage and B. suis interaction.

6. Conclusions

Through pathway analysis based GSEA, we found some
critical biological pathways involved in the process of
macrophage and B.suis interaction. These results will con-
tribute to deeply understand the interaction mechanisms,
and help to efficiently prevent and control brucellosis.
Nevertheless, the number of the array datasets used only
contains 2 datasets and the array datasets have a limited
set of probes of the mouse genome. Thus, further studies
with arrays covering the entire repertoire of mouse genes
will be needed to update the current results.
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