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A B S T R A C T

We investigated the involvement of chemokine receptor type 4 (CXCR4) signaling on the outcome of Brucella (B.)
abortus 544 infection in murine macrophages and in a mouse model. CXCR4 manipulation were first evaluated
for Brucella invasion and intracellular survival efficiency, mitogen-activated protein kinases (ERK1/2, JNK,
p38α) activation and generation of nitric oxide (NO), and then in the splenic bacterial proliferation and cytokine
production in BALB/c mice. CXCR4 blockade is involved in the successful control of Brucella invasion, reduction
of ERK1/2 phosphorylation and inhibition of nitric oxide release from macrophages. Furthermore, using a re-
ported CXCR4-specific antagonist AMD3100 resulted in splenomegaly but attenuated Brucella proliferation in
these organs with elevated serum levels of MCP-1, TNF and IL-12. These findings provide insights on the con-
tribution of CXCR4 signaling in the phagocytic pathway and immune modulation during B. abortus infection.

1. Introduction

Brucellosis is a zoonotic bacterial disease with 500,000 reported
human cases annually in endemic regions and causes reduced fertility,
abortion, poor weight gain and marked reduction in milk yield in in-
fected animals leading to devastating losses to livestock industry and
small-scale livestock holders (Khan and Zahoor, 2018; Franc et al.,
2018). B. abortus is one of the most common species of Brucella that was
first reported as a causative agent of premature delivery in cattle and
intermittent fever in humans (Khan and Zahoor, 2018). Unlike other
pathogens, B. abortus is an intracellular organism that does not produce
exotoxins, cytolytic enzymes, antiphagocytic capsules, toxic lipopoly-
saccharides (LPS), thick cell walls, resistance forms, fimbriae or plas-
mids but can invade and replicate in host professional and non-pro-
fessional phagocytic cells and its long latent period makes early
diagnosis after infection impossible (Cha et al., 2012). The virulence of
Brucella depends on its capacity to bind to distinct phagocytic or un-
known receptors, which is one of the initial and crucial stages of in-
fectious process, and subsequently invade different host cells (Reyes
et al., 2017a, b). Brucella establishes successful strategies for in-
tracellular survival, being inaccessible to the host humoral immune
response, and often inhibit the normal function of the host such as

inhibition of apoptosis, modification of membrane-bound vesicles and
interruption of phagosome-lysosome formation (Jung et al., 2018).

Microbial infection is detected by pattern-recognition receptors
(PRRs) to induce innate immune responses for pathogen control and
Brucella is known to invade a variety of cell types among which mac-
rophages play a central role as the first line of defense as well as the
primary target of this pathogen (Jung et al., 2018; Hajishengallis et al.,
2008). Macrophages are known to express chemokine CXC-type re-
ceptor 4 (CXCR4)-a cell surface protein that belongs to the seven
transmembrane domain G-protein-coupled receptor family which is
directly involved in a number of biological processes including immune
response (Busillo and Benovic, 2007; Triantafilou et al., 2008). CXCR4
has been reported to be involved in LPS binding, triggers signaling in
response to LPS, serves as a TLR2-associated receptor, participates in
TLR4 signaling, and independently promotes migration of antigen
presenting cells (APCs) outside of blood vessels and into secondary
lymphatic organs (Triantafilou et al., 2008; Kishore et al., 2005;
Nagashima et al., 2017a). Interaction with CXCR4 has been implicated
as a mechanism of immune evasion in Porphyromonas gingivalis infec-
tion in vitro and in vivo (Hajishengallis et al., 2008). Furthermore, T-
trophic HIV-1 virus was inhibited by LPS possibly due to competition
for the same receptor CXCR4 (Verani et al., 2002). Given the reported
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contributions of CXCR4 signaling in favor of the pathogen and to the
best of our knowledge it has never been reported to have any role in
brucellosis, hence we investigated its involvement in the invasion of B.
abortus in macrophages as well its proliferation in a murine model.

2. Materials and methods

2.1. Reagents

Purified anti-mouse CXCR4 antibody was purchased from
BioLegend Inc., CA, USA. Mouse CXCR4 siRNA, silencer negative con-
trol no.1 siRNA and Lipofectamine RNAiMAX were obtained from
ThermoFisher Scientific, MA, USA. LPS, AMD3100 and 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were pur-
chased from Sigma-Aldrich, MO, USA. Rabbit polyclonal anti-p-ERK1/
2, anti-p-JNK, anti-p-p38, anti-ERK1/2, anti-JNK, anti-p38 and anti-β
actin antibodies were purchased from Cell Signaling Technology, Inc.,
MA, USA. BD cytometric bead array (CBA) mouse inflammation kit was
purchased from BD Biosciences, CA, USA. Griess reagent was purchased
from Promega, WI, USA.

2.2. Cell culture and bacterial strain

Murine macrophage RAW 264.7 cells were obtained from American
Type Culture Collection (VA, USA) and maintained in RPMI 1640
containing 10% heat-inactivated fetal bovine serum (FBS), 2 mM L-
glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin at 37 °C in
5% CO2 atmosphere overnight. A smooth, virulent B. abortus 544 biovar
1 strain (ATCC 23,448) was routinely cultured using Brucella broth at
37 °C with vigorous shaking until stationary phase.

2.3. Cell transfection

Overnight culture of RAW 264.7 cells were transfected for 24 h with
siRNA targeting CXCR4 in parallel with a negative control siRNA using
Lipofectamine RNAiMAX according to manufacturer’s instructions. The
knockdown efficiency was determined by comparing the expression of
CXCR4 at the mRNA level in cells transfected with CXCR4 siRNA and
control siRNA using reverse transcription (RT)-PCR.

2.4. Cell viability assay

RAW 264.7 cells (1× 105 cells per well) were cultured in 96-well
plates overnight and incubated with CXCR4-neutralizing antibody
(1 μg/ml), CXCR4 siRNA (10 μM) or AMD3100 (0, 0.25, 0.5, 1, 2.5, 5,
10, 25 μg/ml) for 48 h with an appropriate control. Dilution of CXCR4-
neutralizing antibody or AMD3100 was performed using PBS. Cell
viability was determined using MTT assay and the highest non-cyto-
toxic concentration of AMD3100 was used in the succeeding experi-
ments.

2.5. RNA isolation and RT-PCR

Total RNA of transfected RAW264.7 cells in 6-well plates was iso-
lated using RNAeasy Plus Mini Kit (Qiagen, Hilden, Germany) and 1 μg
of RNA was reverse-transcribed into cDNA using QuantiTect® Reverse
Transcription Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. Amplification reactions were carried out in a
MyGenie96 Thermal Block thermal cycler (Bioneer, Daejeon, Republic
of Korea) using the PCR conditions and the oligonucleotide sequences
reported by Tissir et al. (2004). PCR products were electrophoresed on
a 2% agarose gel and stained with ethidium bromide.

2.6. Bactericidal assay

Brucella (2× 104 colony forming units (CFU)/ml) was incubated

with AMD3100 in 96-well plates and incubated at 37 °C for 24 h. Each
sample was serially diluted, plated on Brucella agar and incubated at
37 °C for 4 days. CFU was determined and bacterial survival rates were
calculated as previously described (Reyes et al., 2017a).

2.7. Bacterial infection assay

Transfected (1×104 cells per well) or pre-treated macrophages in
96-well plates (1×105 cells per well) were used for bacterial inter-
nalization and intracellular survival efficiency determination as pre-
viously described (Reyes et al., 2017a).

2.8. Nitrite detection assay

Transfected (1×104 cells per well) or pre-treated RAW 264.7 cells
in 96-well plates (1×105 cells per well) were infected with B. abortus
at multiplicity of infection (MOI) of 100 for 1 h and incubated in fresh
medium with or without CXCR4-neutralizing antibody or AMD3100 for
24 or 48 h. Nitrite accumulation in the culture medium was measured
using Griess reagent according to the manufacturer’s instructions.

2.9. Western blot analysis

Transfected RAW 264.7 cells (1× 106 cells per well) in 6-well plates
were infected with B. abortus for 30min. Lysing, protein concentration
measurement, SDS-PAGE and western blot analysis for MAPKs were
done as previously described (Reyes et al., 2017b). The blots were
quantified using NIH ImageJ software.

2.10. Animal experiment

All animal procedures were performed in compliance with estab-
lished federal guidelines and institutional policies by the Animal Ethical
Committee of Chonbuk National University (Authorization Number
CBNU-2018-101). Female pathogen-free BALB/c mice (8–10 weeks old;
Samtako Bio Co. Ltd., Osan, Korea) were acclimatized prior to experi-
ment. The animals were randomly grouped into two non-infected
groups pretreated intraperitoneally (i.p.) with AMD3100 (25 μg in
0.1 ml of PBS) or PBS (0.1 ml; negative control), and two infected
groups pretreated i.p. with AMD3100 or PBS (positive control).
Infection was done i.p. with B. abortus 544 (2×104 CFU in 0.1 ml PBS)
after 24 h and AMD3100 or PBS treatment was repeated at 6 and 9 days
p.i. At 3 days p.i., blood was collected via tail vein. Mice were sacrificed
at 14 days p.i., blood was collected from the heart and the spleens were
removed, weighed and a part were homogenized in PBS. Serial dilutions
of homogenized spleens were plated onto Brucella agar and incubated
at 37 °C for 4 days.

2.11. Flow cytometry

Serum samples from mice were collected to measure several im-
portant cytokines involved in the outcome of Brucella infection in-
cluding IL-6, IL-10, MCP-1, IFN-γ, TNF and IL-12p70 according to the
manufacturer’s instructions using FACSCalibur flow cytometer (BD
Biosciences, CA, USA) in combination with a representative data ac-
quisition and analysis package (BD CellQuest™ software).

2.12. ELISA

IL-1β levels from cell culture supernatants and mouse serum sam-
ples were determined by ELISA (abcam, MA, USA) while serum alanine
aminotransferase 1 (ALT) concentration was determined using an ALT
(Mouse) ELISA kit (BioVision Inc., CA, USA) according to the manu-
facturers’ instructions.
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2.13. Statistical analysis

Experiments were repeated at least two times and experimental
groups typically consisted of five mice. The figures show the data from
a representative experiment. The statistical differences between the
values for different groups were evaluated by (GraphPad InStat) and
P<0.05 was taken as the level of significance.

3. Results

3.1. Effect of CXCR4 in the uptake of Brucella into RAW264.7 cells

RAW 264.7 cells pre-treated with CXCR4-neutralizing antibody for
30min and then infected with B. abortus at indicated times showed that
the uptake of Brucella was significantly reduced at 30min (P<0.05)
post-infection (p.i.) as compared with the control (Fig. 1A). Conse-
quently, the role of CXCR4 in RAW 264.7 cells was evaluated using
small interfering RNA (siRNA). Efficiency of transfection was confirmed
by quantitative RT-PCR (Fig. 1B) and cytotoxicity effect was evaluated
using MTT assay (data not shown). The CXCR4 knockdown cells
showed similar reduction of bacterial uptake at 30min (P<0.01) p.i.
(Fig. 1B). Since blocking of CXCR4 in RAW 264.7 cells using siRNA
reduced bacterial uptake, we further evaluated treatment of cells with
CXCR4-specific antagonist AMD3100 as previously reported (Ro-
senkilde et al., 2003; Seemann and Lupp, 2016; Mishra et al., 2016).
Incubation of cells for 30min prior to infection with the antagonist also
reduced bacterial uptake at 30 (P<0.01) min p.i. (Fig. 1C). Since in-
terference of CXCR4 led to inhibition of bacterial invasion in macro-
phages, we checked the involvement of mitogen-activated kinase
(MAPK) in macrophages which plays an important role in the phago-
cytosis of microbes (Reyes et al., 2017b). The results revealed that
Brucella infection in CXCR4-lacking cells at 30min p.i. downregulated
the phosphorylation level of ERK 1/2 (P<0.01) while modest decrease
was observed in JNK and p38α as compared with B. abortus-infected
cells (Fig. 1D). Overall, our results indicate that CXCR4 blockade

participates in the control of Brucella invasion into macrophages pos-
sibly via MAPKs pathway.

3.2. Effect of CXCR4 on the intracellular survival of Brucella and NO
production in macrophages

Brucella survival within RAW 264.7 cells was not affected when the
cells were incubated with CXCR4-neutralizing antibody (Figs. 2A) or
CXCR4 siRNA for 2, 24 and 48 h (Figs. 2B) while intracellular growth
was attenuated only at 2 (P<0.05) h for the cells incubated with
AMD3100 (Fig. 2C) indicating that CXCR4 blockade does not play an
essential role in the control of Brucella survival within macrophages. On
the other hand, Brucella persistence has been associated with effector
molecules including nitric oxide (NO) reported to be involved in the
killing of a number of intracellular pathogens (Grillo et al., 2012; Hop
et al., 2018). In this study, a significant reduction in nitrite production
was observed in Brucella-infected cells treated with CXCR4 neutralizing
antibody (P<0.0001) or AMD3100 (P<0.001) at 24 h p.i. (Figs. 2D,
E). Reduced nitrite production was also observed in CXCR4 knockdown
cells (P<0.05) at 48 h p.i. (Fig. 2F). These results suggest that CXCR4
could mediate NO molecules during Brucella infection and its blockade
could render protection against further cell damage during bacterial
infection.

3.3. Effect of CXCR4 antagonist in murine brucellosis

During the entire period of experiment, all treatment groups were
monitored and no clinical symptoms were observed. In the non-infected
groups, we checked the total body weight (Fig. 3A) and serum ALT
concentrations (Fig. 3B) and the results showed no differences between
treated and AMD3100-treated groups indicating that AMD3100 treat-
ment did not negatively affect the weight and liver function of the
animals. Furthermore, the total weight of the spleens in either of the
group was not significantly different (Fig. 3C). On the other hand, in the
Brucella-infected groups, the total weight of the spleens collected from

Fig. 1. Effects of CXCR4 blockade on the uptake of B. abortus in RAW264.7 cells. Pre-treated macrophages were infected for 0 and 30min and the bacterial
internalization efficiency of Brucella was determined in (A) CXCR4-neutralizing antibody-treated RAW 264.7 cells (1 μg/ml), (B) CXCR4 siRNA-treated RAW 264.7
cells (10 μM), (C) AMD3100-treated RAW 264.7 cells (25 μg/ml). (D) Intracellular signaling was then assessed using phospho-specific and pan-antibodies against
ERK1/2, JNK and p38α in CXCR4 knockdown cells. * P<0.05, compared with Brucella-infected group.
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AMD3100-treated mice was significantly higher (0.224 ± 0.018 g)
(P<0.05) than the total weight of the Brucella-infected group
(0.198 ± 0.011 g) (Fig. 4A). However, a significant reduced bacterial
burden was recovered from the spleens of AMD3100-treated mice
(5.29 ± 0.13) (P<0.05) as compared with Brucella-infected group
(6.00 ± 0.09) (Fig. 4B). We then evaluated the direct effect of
AMD3100 against Brucella growth at 24 h incubation and found that the
antagonist significantly inhibited the growth of the bacteria
(P<0.001) indicating that AMD3100 has a bactericidal effect against

B. abortus (Fig. 4C). The serum samples from these mice were evaluated
to determine the effects of AMD3100 treatment on cytokine production.
In comparison to non-infected groups, AMD3100-treated mice dis-
played elevated level of TNF (P<0.05) and reduced level of IL-10
(P<0.05) at 3 d p.i. (Fig. 4D). In the Brucella-infected groups at 3 d
p.i., AMD3100-treated group displayed reduced level of IL-1β
(P<0.05) and increased level of IL-12 (P<0.001) (Fig. 4D) as com-
pared to control. We observed that at 14 days p.i., levels of IL-1β
(P<0.0001) and IL-6 (P<0.01) declined while IL-12 (P<0.01),

Fig. 2. Effects of CXCR4 blockade on the intracellular survival of B. abortus and NO production in RAW264.7 cells. Macrophages were incubated with (A) CXCR4-
neutralizing antibody (1 μg/ml), (B) CXCR4 siRNA and (C) AMD3100 (25 μg/ml). Nitrite production was measured in cells incubated with (D) CXCR4-neutralizing
antibody (24 h p.i.), (E) AMD3100 (24 h p.i.) or (F) CXCR4 siRNA (48 h p.i.). * P<0.05, ** P<0.01, *** P<0.001, compared with Brucella-infected group.

Fig. 3. Effects of CXCR4 antagonist AMD3100 in BALB/c mice. Mice were pretreated intraperitoneally with AMD3100 or PBS at different time points. At the end of
the experiment, (A) total body weight, (B) serum ALT concentrations and (C) total weight of spleens were determined in non-infected groups.
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MCP-1 (P<0.05) and TNF (P<0.05) increased in AMD3100-treated
mice as compared to control (Fig. 4D).

4. Discussion

Brucella is a bacterial pathogen that causes brucellosis, a worldwide
zoonosis of profound importance due to elusion from systematic at-
tempts of eradication. For more than a century, there is no up to date
approved human vaccine, and the recommended treatment requires
prolonged administration of antibiotics that often fails to completely
clear the infection - all contributing to the classification of the pathogen
as a potential bioterror agent and economic threat (Gomez et al., 2013;
Pandey et al., 2018). Host-pathogen interaction is of great significance
as it dictates the course of infection and as a successful agent Brucella
requires four steps including adherence, invasion, establishment and
dissemination within the host (Ko and Splitter, 2003). In response to
initial infection, host innate immune system represents an efficient first
line of defense against Brucella and macrophages are key elements
against this intracellular pathogen, however Brucella can elude initial
immune recognition resulting in a mild pro-inflammatory response that
leads to bacterial persistence (Jiang et al., 2018). CXCR4 is expressed
on a wide variety of leukocytes and on cells outside the immune system
such as in the central nervous system, and appears to be exploited by
pathogens as a mechanism of immune evasion and its inhibition has
been suggested to be an important therapeutic strategy in many cir-
cumstances such as cancer, HIV-1 pathogenesis, human periodontitis
and associated systemic diseases, inflammation, stem cell migration and
autoimmune diseases (Verani et al., 2002; Rosenkilde et al., 2004;
Hajishengallis et al., 2008; Mishra et al., 2016). In our study, we have
presented data on evasion strategy against B. abortus in macrophages
via CXCR4 blockade using neutralizing antibody, siRNA and specific
antagonist suggesting the important role of CXCR4 in favor of Brucella

invasion into host cells. AMD3100, a specific CXCR4 antagonist, is
known to essentially bind to three acidic anchor-point residues at the
main ligand-binding pocket of CXCR4 (Rosenkilde et al., 2004). Our
findings require further investigations particularly on direct interaction
of the pathogen with the receptor for its successful infection as well as
contribution of SDF-1 during brucellosis. Several studies verified that
CXCR4 signaling also contributed to phosphorylation of MAPKs (Hu
et al., 2014; Isaacson et al., 2017; Dinkel et al., 2018). Similarly, we
found that CXCR4 blockade using siRNA attenuated ERK1/2 phos-
phorylation during B. abortus infection indicating that inhibition of
bacterial internalization is possibly mediated via ERK pathway. In
contrast, survival of Brucella within macrophages during the course of
24 until 48 h was not affected when CXCR4 was inhibited suggesting
that participation of CXCR4 is limited at the bacterial phagocytic
pathway. NO, on the other hand, is known as a toxic molecule of the
immune system which contributes to the control of pathogens and tu-
mors, modulation of cytokine response of lymphocytes, regulation of
immune cell apoptosis and immunodeviating effects (Bogdon et al.,
2000). In a study done by Nagashima et al. (2017b), NO metabolites
after P. gingivalis inoculation in the gingival tissue were reduced by
gingival CXCR4 neutralization. Similarly, CXCR4 blockade in the pre-
sent study resulted in reduced NO production in macrophages during B.
abortus infection. CXCR4 is activated by a single chemokine ligand -
stromal cell-derived factor (SDF-1α or CXCL12) (Rosenkilde et al.,
2004) and it was reported that production of NO was observed from
SDF-1α-induced activation of JNK3 in endothelial cells (Pi et al., 2009).

Cytokines are important in the host defense system as they play a
critical role in protection against microbial infection but are also in-
volved in the pathogenesis and development of symptoms (Imanishi,
2000). Liver and spleens are the most conspicuously infected organs in
mice after Brucella infection but spleen has shown to have higher
number of Brucella CFU per gram of organ at two weeks post-infection

Fig. 4. Effects of CXCR4 antagonist AMD3100 on bacterial splenic proliferation and immune response to B. abortus in mice. At 14 d p.i., mice were sacrificed and (A)
the total weight of spleens in AMD3100 or PBS-treated group was evaluated. (B) The number of bacterial CFUs in each spleen was determined. (C) Direct effect of
AMD3100 (25 μg/ml) on the growth of B. abortus was also assessed at 24 h. (D) Cytokine levels from serum samples were analyzed using CBA analysis. * P<0.05, **
P<0.01, *** P<0.001, **** P<0.0001, compared with control group.
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(Grillo et al., 2012). Serum cytokine level reflects cytokine production
and secretion from splenic cells (Athanassakis and Iconomidou, 1996).
CXCR4 transactivation has been reported to induce robust cytokine
expression particularly pro-inflammatory cytokines elucidating the role
of CXCR4 in inflammation (Dinkel et al., 2018; Hu et al., 2014). Here,
we have also demonstrated that AMD3100 treatment in mice led to
different expression of several cytokines from serum samples in re-
sponse to Brucella infection. Seemann and Lupp (2016) demonstrated
that CXCR4 blockade using AMD3100 in mice showed enhanced serum
levels of TNF-α and IFN-γ in endotoxemia. P. gingivalis-stimulated
human monocytes pretreated with anti-CXCR4 monoclonal antibody
strikingly down-regulated IL-10 secretion (Hajishengallis et al., 2008).
Anti-inflammatory IL-10 functions to control excessive inflammatory
response preventing further tissue damage (Spera et al., 2014). How-
ever, IL-10 is also known to promote chronic infections such as B.
abortus persistence and as a key inhibitor of pro-inflammatory mole-
cules such as IL-1β, TNF, IL-6, GM-CSF, MIP-1α, and NO in LPS-acti-
vated macrophages (Spera et al., 2014). Induction of pro-inflammatory
cytokines is directly related to protective immunity against B. abortus
and is associated with the strategy of the pathogen to establish a
chronic infection to host (Spera et al., 2014). In our study, AMD3100
treatment showed reduced IL-1β and IL-6 while augmented TNF, IL-12
and MCP-1 production during murine brucellosis. Overproduction of IL-
1β is implicated in the painful and inflammatory processes suggesting
that its blockade could be considered as a therapeutic opportunity, and
through complex signaling cascades can lead to release of IL-6 (Ren and
Torres, 2009). IL-6, on the other hand, is sometimes viewed as anti-
inflammatory cytokine that may cause disease and injury in prolonged
duration (Cahill and Rogers, 2008). Furthermore, CXCR4 blockade
using antibody, siRNA and AMD3100 in oral squamous cell carcinoma
inhibited SDF-1α-induced increase IL-6 production that promotes os-
teoclastogenesis (Tang et al., 2008). TNF is shown to be involved in the
control of Brucella inside macrophages as well as in murine brucellosis
(Macedo et al., 2008). Administration of recombinant IL-12 in MyD88
knockout mice enhanced resistance to Brucella indicating that lack of
production of this cytokine is partially responsible for enhanced sus-
ceptibility to brucellosis (Macedo et al., 2008). MCP-1 has been asso-
ciated in the recruitment of inflammatory cells at the site of infection as
well as in host immunity to B. abortus infection in humans and mice
(Scian et al., 2011).

Seemann and Lupp (2016) reported that co-administration of
AMD3100 and LPS resulted in splenomegaly in C57BL/6 N mice sug-
gesting that CXCR4 modulation is of critical importance in en-
dotoxemia. Similarly, splenomegaly was also observed in AMD3100-
treated mice in the present study although we used a much lower and
safe dose as confirmed in the in vitro analysis. Furthermore, AMD3100
treatment was also observed to reduce the growth of Brucella in vitro
which could be attributed to reduced number of bacteria that survived
within macrophages as well as attenuated splenic bacterial CFUs.
However, further studies are needed to confirm the direct effect of
AMD3100 against Brucellamicroorganism during infection both in vitro
and in vivo systems. Overall, manipulation of CXCR4 can be further
explored in finding new therapeutics or counterstrategy against bru-
cellosis and possibly other intracellular pathogens.
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