
Interleukin 6 Promotes Brucella abortus Clearance by
Controlling Bactericidal Activity of Macrophages and CD8� T
Cell Differentiation

Huynh Tan Hop,a,b Tran Xuan Ngoc Huy,a Alisha Wehdnesday Bernardo Reyes,a Lauren Togonon Arayan,a Son Hai Vu,a

WonGi Min,a Hu Jang Lee,a Chang Keun Kang,a Dong Hee Kim,c Dong Seob Tark,d Suk Kima

aInstitute of Animal Medicine, College of Veterinary Medicine, Gyeongsang National University, Jinju, Republic of Korea
bBiozentrum, University of Basel, Basel, Switzerland
cSchool of Medicine, Gyeongsang National University, Jinju, Republic of Korea
dKorea Zoonosis Research Institute, Chonbuk National University, Iksan, Republic of Korea

ABSTRACT To date, the implications of interleukin 6 (IL-6) for immune responses in
the context of Brucella infection are still unknown. In the present study, we found
that Brucella abortus infection induced marked production of IL-6 in mice that was
important for sufficient differentiation of CD8� T cells, a key factor in Brucella clear-
ance. Blocking IL-6 signaling also significantly induced serum IL-4 and IL-10, together
with a decreased gamma interferon (IFN-�) level, suggesting that IL-6 is essential for
priming the T-helper (Th) 1 cell immune response during Brucella infection. The IL-6
pathway also activated the bactericidal activity of primary and cultured macrophages.
Bacterial killing was markedly abrogated when IL-6 signaling was suppressed, and this
phenomenon was mainly associated with decreased activity of lysosome-mediated kill-
ing. Interestingly, suppressor of cytokine signaling 3 (SOCS3) was important for regu-
lating the IL-6-dependent anti-Brucella activity through the JAK/STAT pathway. Dur-
ing early infection, in the absence of SOCS3, IL-6 exhibited anti-inflammatory effects
and lysosome-mediated killing inhibition; however, the increase in SOCS3 success-
fully shifted functional IL-6 toward proinflammatory brucellacidal activity in the late
stage. Our data clearly indicate that IL-6 contributes to host resistance against B.
abortus infection by controlling brucellacidal activity in macrophages and priming
cellular immune responses.
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Brucella abortus is a facultative intracellular Gram-negative bacterium that can
invade and replicate within a number of phagocytes, such as macrophages, epi-

thelial cells, and placental trophoblasts, leading to chronic infection (1). In macro-
phages, B. abortus is known to successfully avoid host lysosome-mediated killing
activity and other resistant mechanisms (2, 3); however, the comprehensive view of
host-Brucella interaction has been drawn from many approaches.

Inflammation, the process involving the production and function of cytokines and
chemokines, is a well-known host response to microbial challenges. These cytokines are
secreted to amplify and coordinate proinflammatory signals that lead to the expression
of effector molecules, resulting in the modulation of diverse aspects of innate immunity
against infection (4). In brucellosis, different inflammatory cytokines, including gamma
interferon (IFN-�), interleukin 2 (IL-2), IL-4, IL-10, and IL-12, have been shown to be
important regulators of the host immune system. IFN-�, IL-2, and IL-12 are beneficial
molecules for host killing, whereas IL-4 and IL-10 are recognized as beneficial compo-
nents of Brucella survival (5–8). However, the implications of these cytokines were only
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revealed by in vivo studies, whereas their contributions and the mechanisms they
activate in immune cells remain to be investigated. In addition, tumor necrosis factor
(TNF), which is also induced by B. abortus infection, was recently demonstrated to play
a crucial role in inducing anti-Brucella effectors by regulating the function of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-�B) in macrophages (9).
These reports suggest that other cytokines, including IL-6, IL-1�, IL-1�, and monocyte
chemoattractant protein 1 (MCP-1), may also participate in host resistance during
Brucella infection.

The proinflammatory cytokine IL-6 was initially characterized as an inducer of B cell
growth and antibody production; however, IL-6 has been implicated in other immu-
nological processes, including CD4� T cell differentiation or proliferation and the
function of cytotoxic CD8� T cells (10–12). During viral or bacterial infection or oncogen-
esis, IL-6 has been demonstrated to be a crucial activator of resistant immunity (13–15).
At the cellular level, IL-6 is known to bind to its receptor complex (IL-6R/Gp130)
and subsequently activate different signaling cascades, including signal transducer and
activator of transcription 3 (STAT3), mitogen-activated protein kinase (MAPK), and
NF-�B pathways (16–19). Here, we provide novel insights on the relationship between
IL-6 and different immunological aspects, including the production of other cytokines,
the differentiation of T cells, and the activation of macrophages, in the context of B.
abortus infection.

RESULTS
Suppression of the IL-6 pathway reduces B. abortus control associated with

decreased production of antigen-presenting cell and Th1 cell cytokines in vivo.
Brucella species-infected mice produce various cytokines and chemokines (20). Among
them, B. abortus infection is known to induce IL-6 production in mice (21, 22). However,
to date, there have been few reports that examined the immunological function of IL-6
in the context of B. abortus infection. Thus, to investigate and clarify the contribution
of IL-6 to host responses to B. abortus infection, we suppressed the IL-6 pathway in a
mouse model using a specific anti-IL-6 monoclonal antibody treatment during B.
abortus infection and comparison of CFU in the spleen and liver at days 7 and 14
postinfection (p.i.). We observed increased CFU in both spleen and liver from IL-6-
suppressed mice at day 7 p.i. compared to the control, and this increased bacterial
burden was continuously observed until day 14 p.i., whereas treatment with the control
antibody did not influence the survival of bacteria within host organs (Fig. 1A).

Type 1 T helper (Th1) cell immunity is crucial for the clearance of B. abortus infection.
Thus, to evaluate the role of IL-6 in regulating the type 1 immune response during B.
abortus infection, the production of Th1 cytokines (IFN-� and IL-2), Th2 cytokines (IL-4
and IL-10), and antigen-presenting cell (APC) cytokines (IL-12 and TNF) was assessed at
days 7 and 14 p.i. We found that the levels of IFN-�, IL-2, IL-12, and TNF in sera of
IL-6-suppressed mice were significantly reduced, whereas induction of IL-4 and IL-10
was observed in these mice compared to the control (Fig. 1B and C). Again, the
administration of control antibody did not influence the cytokine profiles during
infection.

Moreover, to confirm this effect of IL-6, we isolated total RNA from splenic cells and
subjected them to quantitative reverse transcription-PCR (qRT-PCR) to examine the
expression of these cytokine genes. In agreement with these results, the expression of
all Th1 and APC cytokine genes, especially IFN-� and TNF, was abrogated when the IL-6
pathway was blocked. In contrast, blocking IL-6 signaling resulted in a significant
increase in IL-4 and IL-10 in splenic cells (Fig. 1D).

These data clearly showed that induction of IL-6 is required for the production of
Th1 and APC cell cytokines, which are important for the subsequent killing activity of
the host in response to B. abortus infection in mice.

IL-6 is required for induction of cellular immune responses, particularly CD8�

T cell differentiation in B. abortus-infected mice. Other than CD4� T cells, CD8� T
cells also play a key role in cellular immunity, exerting the most important mechanism
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against murine brucellosis. In addition, the differentiation and activation of CD8� T cells
are known to be regulated by Th1 cytokines, especially IFN-� and IL-2 (23, 24), and the
aforementioned data indicated that inhibition of IL-6 decreased Th1 cell cytokine
production, including IFN-� and IL-2, suggesting that IL-6 might also contribute to the

FIG 1 Suppression of IL-6 pathway significantly reduces the resistant immunity against B. abortus infection in mice. Mice were i.p. injected with 2 mg of
anti-IL-6 antibody, control IgG, or 200 �l of PBS 1 day before infection and at days 4 and 9 p.i. (A) The bacterial burdens in the spleen and liver were analyzed
at days 7 and 14 p.i. (B) The concentrations of cytokines from APC (IL-12 and TNF) and Th1 cells (IFN-� and IL-2) in serum samples were analyzed by ELISA
at 7 and 14 days p.i. (C) The concentration of cytokines from Th2 cells (IL-4 and IL-10) in serum samples were analyzed by ELISA at days 7 and 14 p.i. (D) The
transcriptional profiles of different cytokines were assessed by qRT-PCR at day 14 p.i. Data represent means � the SD of triplicate experiments. The asterisk
indicates a significant difference (*, P � 0.05). ND, not detectable.
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control of CD4� and CD8� T cell differentiation during Brucella infection. Thus, blood
samples were collected at days 7 and 14 after infection, and the population of
peripheral CD4� and CD8� T lymphocytes was analyzed by fluorescence-activated cell
sorting (FACS) analysis. As expected, while control IgG injection did not alter the
peripheral T-cell population, anti-IL-6 antibody markedly reduced CD8� T cell differ-
entiation as early as 7 days p.i. (Fig. 2A) and more dramatically at 14 days p.i. (Fig. 2B),
with a slight inhibitory effect on CD4� T cells. In addition to the positive regulation of
IL-6 on Th1 cytokine production, the reduction of the peripheral CD8� T cell population
in IL-6-suppressed mice suggests that IL-6 is required for priming adaptive immunity,
particularly a predominant cellular immune response during Brucella infection.

IL-6/IL-6R/Gp130 signaling activates efficient brucellacidal activity in macro-
phages. The phagocytosis and subsequent processing of Brucella by macrophages
represent the initial responses that coordinate innate and adaptive immunity (3); thus,
we evaluated the impact of IL-6 on the anti-Brucella activity of macrophages. We have
previously shown that B. abortus infection induces marked production of IL-6 by
macrophages, and in this study we reconfirmed the induction of IL-6 by Brucella
infection in both primary macrophages (i.e., bone marrow-derived macrophages
[BMMs]) and cultured macrophages (RAW 264.7) (Fig. 3A). To complement these data,
we continuously quantified the secreted IL-6 in the culture supernatant at 48 h p.i.,
which showed consistent results with a large increase in IL-6 in infected cells compared
to the uninfected control (Fig. 3B). In addition, with the help of IL-6 small interfering
RNA (siRNA) and anti-IL-6 monoclonal antibody (MAb), we found that the induction of
IL-6 required for efficient killing of B. abortus by macrophages during blockade of this
pathway significantly increased the survival of intracellular Brucella within macrophages
(Fig. 3C). Blocking IL-6 using a target MAb drastically reduced host defense against
Brucella, which suggested that secreted IL-6 activated a subsequent immune response
by binding to its receptor complex (IL-6R/Gp130). To address this hypothesis, RAW
264.7 macrophages were treated with either anti-IL-6R antibody or Gp130 siRNA.
Brucella grew to larger numbers by 48 h p.i. in IL-6 antibody/siRNA-treated cells;
however, differences with untreated control were not detected at early time points
examined (Fig. 3D). These observations support that B. abortus strongly stimulates the
secretion of IL-6, which, in turn, binds to the IL-6R/Gp130 complex to activate a
subsequent resistance mechanism in murine macrophages.

FIG 2 IL-6 signaling is required for the differentiation of CD8� T cells in B. abortus-infected mice. Mice
were i.p. injected with 2 mg of anti-IL-6 antibody, control IgG, or 200 �l of PBS 1 day before infection and
4 and 9 days p.i. Blood samples were collected from tail veins, and the population of peripheral CD4�

and CD8� T cells was analyzed by FACS assay at days 7 (A) and 14 (B) p.i. The data are presented as
means � the SD from 10,000 events (n � 5 per group). The asterisk indicates a significant difference (*,
P � 0.01).
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FIG 3 IL-6 mediates IL-6R/Gp130 complex to activate the anti-Brucella responses in macrophages. (A) The transcriptional profile of Il6 in
BMMs and RAW 264.7 cells was evaluated by qRT-PCR at different time points. (B) IL-6 secreted from BMMs and RAW 264.7 cells was

(Continued on next page)
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Furthermore, several studies have demonstrated that binding of IL-6 to IL-6R/Gp130
can alter the production of cytokines in macrophages (16, 17), while others have
demonstrated contributions of these cytokines to brucellacidal activity (9, 25, 26),
suggesting that IL-6-activated anti-Brucella immune responses might also correlate with
the changes in cytokine profiles. Thus, we examined the expression of important
cytokines in infected macrophages pretreated with IL-6 siRNA. We found that at an
early stage, most cytokine genes, including Il1�, Il10, Il12, and Tnf, were increased when
the IL-6 pathway was suppressed, except for Il6 production, which was decreased. At a
late stage in the blockade of IL-6 signaling, cytokine genes Il1a, Il6, Il12 and Tnf were
decreased, but Il10 was markedly increased (Fig. 3E). To complement these results, we
performed an enzyme-linked immunosorbent assay (ELISA) to quantitate secreted
cytokines in the culture supernatant. As shown in Fig. 3F, blockade of IL-6 signaling
resulted in a remarkable increase in IL-10 but dramatically decreased the production of
IL-1� and TNF during late infection. The concentration of protein at 6 h p.i. was too low
to be detected (data not shown).

Furthermore, to define the contribution of these changes to IL-6 signaling, we
concomitantly treated RAW 264.7 macrophages with IL-6 siRNA and either anti-IL-10
MAb or recombinant TNF (rTNF). We found that both treatments significantly recovered
bacterial killing in IL-6-deficient cells, but blockade of IL-10 was more effective than
supplementation with rTNF (Fig. 3G). These results indicated that the shift in IL-6
function from anti- and proinflammation in the early stage to proinflammation in the
late stage was crucial for controlling intracellular growth of Brucella in macrophages.

IL-6 signaling interference alters the phagolysosome fusion event in Brucella-
infected RAW 264.7 cells. Lysosome-mediated killing, a key effector of brucellacidal
immunity, has been recently revealed to be regulated by IL-10 (25, 27), which is also
upregulated in IL-6-deficient cells, leading to the speculation that IL-6 influences this
activity. Furthermore, Hop et al. (2) and Eskra et al. (28) provided representative
trafficking regulators and lysosomal enzyme-related genes that might contribute to this
regulatory process. With the help of quantitative reverse transcription-PCR (qRT-PCR),
the expression of these genes was tested in the context of IL-6 signaling inhibition to
examine their impact on a shift in regulatory function of IL-6 according to the time of
infection. In the early stage (4 h p.i.), blockade of IL-6 signaling elevated the expression
of five trafficking regulators (Rab5a, Rab5b, Rab11, Rab34, and Lamp2) and one lyso-
somal enzyme (Ctsh) (Fig. 4A); however, Rab20, Lyz1, Lyz2, Hexa, Hexb, Ctsd, Ctsh, Ctsz,
and Gla were strongly inhibited at 48 h p.i. (Fig. 4B). In contrast, blockade of the IL-6
pathway did not cause any changes in the expression of membrane-trafficking regu-
lators and hydrolytic enzymes at 24 h p.i., except for a decrease in Gla (data not shown).

Since blocking IL-6 signaling altered the transcriptional profiles of different traffick-
ing regulators and lysosomal enzymes, we further tested whether the expression of
these proteins was also influenced by IL-6 signaling. We found that blocking IL-6
induced the expression of RAB5A, RAB34, and LAMP-2, but not LAMP-1, at 4 h p.i.,
whereas a decrease in GLA, HEXB, and CTSH, but not CTSC, was observed in IL-6-
deficient cells compared to the control at 48 h p.i. (Fig. 4C). Our collective results
revealed the regulatory functions of IL-6 on the expression of trafficking regulators, as
well as hydrolytic enzymes during infection, leading to the hypothesis that IL-6 can
contribute to controlling Brucella-containing phagosome (BCP)-lysosome fusion. To
address this hypothesis, we evaluated the acquisition of different markers by BCP-
lysosome fusion.

FIG 3 Legend (Continued)
quantified by ELISA at 48 h p.i. (C) BMMs and RAW 264.7 cells were treated with either anti-IL-6 Ab or IL-6 siRNA prior to Brucella infection.
Bacterial intracellular growth was evaluated at different times. (D) RAW 264.7 cells were treated with either anti-IL-6R Ab or Gp130 siRNA
prior to infection. Bacterial intracellular growth was evaluated at different times. (E) RAW 264.7 cells were treated with IL-6 siRNA and
infected with B. abortus. Transcriptional profiles of different cytokines were evaluated by qRT-PCR at 4 and 24 h p.i. (F) The secretion of
cytokines from B. abortus-infected RAW 264.7 cells was evaluated by ELISA at 48 h p.i. (G) RAW 264.7 cells were concomitantly treated with
IL-6 siRNA and either anti-IL-10 Ab or rTNF prior to infection. Bacterial growth was assessed at different times. The data represent means �
the SD of triplicate experiments. The asterisk indicates a significant difference (*, P � 0.05).
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We first focused on LAMP-2 and RAB7 proteins, which have been found to be crucial
effectors in the control phagosome maturation and fusion events (29, 30). As shown in
Fig. 5A, treatment of macrophages with IL-6 siRNA significantly induced the fraction of
BCPs labeled with these markers at 4 h p.i. compared to the control, suggesting a
suppressive effect of IL-6 on phagolysosome fusion in the early stage. In contrast,
monitoring the fraction of BCPs that could be labeled for CTSZ or GLA proteins at 48
h p.i. consistently showed that IL-6 inhibition markedly reduced the colocalization of
these enzymes in BCPs compared to the control (Fig. 5B), indicating that IL-6 provides
a great contribution to BCP-lysosome fusion in the late stage.

IL-6 mediates STAT1 and STAT3 for distinct functions in the early stage.
Because the regulatory functions of IL-6 in the inflammatory response and lysosome-
mediated killing changed in a time-dependent manner, and because the binding of IL-6
to the IL-6R/Gp130 complex has been previously demonstrated to activate JAK/STAT
pathways (16, 17), we speculated that the functional change in IL-6 in the context of
Brucella infection might result from the switching of the JAK/STAT pathway. Thus, we

FIG 4 IL-6 regulates the expression of trafficking regulators and lysosomal enzymes. Cells were treated with IL-6 siRNA and infected
with B. abortus. The total RNA content was isolated, and the mRNA levels of trafficking regulators and lysosomal enzymes were
evaluated by qRT-PCR at 4 h (A) and 48 h (B) p.i. The data represent means � the SD of triplicate experiments. The asterisk indicates
a significant difference (*, P � 0.05). (C) The expression of representative proteins was evaluated by Western blotting at 4 and 48 h.
These data are representative of triplicate experiments.
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treated cells with IL-6 siRNA prior to Brucella infection and evaluated the expression, as
well as the phosphorylation, of Janus kinase 1 (JAK1), JAK2, STAT1, and STAT3 at 4 and
24 h p.i. As shown in Fig. 6A, Brucella infection induced a marked activation of these
proteins at 4 h p.i., but STAT1 and STAT3 were still highly phosphorylated at 24 h p.i.
In addition, IL-6 inhibition markedly reduced JAK2, STAT1, and STAT3 phosphorylation
at 4 h p.i., whereas no protein influence was observed during later infection, leading to
the assumption that the proinflammatory effect of IL-6 signaling in late infection is
independent of JAK/STAT pathways. Moreover, IL-6 signaling was also independent of
the JAK1 pathway since its interference did not alter JAK1 activation.

To determine the actual roles of these proteins in IL-6 signaling during early
infection, we individually treated cells with JAK2, STAT1, or STAT3 siRNAs prior to
infection, and the expression of different phagolysosome-related and inflammatory
genes was evaluated. We found that either JAK2 or STAT1 suppression significantly
enhanced the expression of phagolysosome fusion-related genes Rab5a, Rab5b, Rab11,
and Rab34 and lysosomal enzyme-related gene Ctsh, but not Lamp2, when JAK2
signaling was suppressed, whereas the opposite result was observed when STAT3

FIG 5 Suppression of IL-6 signaling significantly reduces the colocalization of BCPs with trafficking regulators and
lysosomal enzymes in B. abortus-infected RAW 264.7 cells. Macrophages were treated with IL-6 siRNA prior to B.
abortus infection. (A) The colocalization of BCPs with LAMP-2 and RAB7 was analyzed at 4 h p.i. (B) The
colocalization of BCPs with CTSZ and GLA was analyzed at 48 h p.i. (C) The percentage of markers colocalized with
BCPs in 100 cells was determined. Arrow, marker positive; arrowheads, marker negative. The data represent
means � the SD of triplicate experiments. The asterisk indicates a significant difference (*, P � 0.05), Scale bars,
5 �m.
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signaling was suppressed, except for Rab5b and Rab11. In addition, only STAT3 siRNA
treatment elevated the expression of proinflammatory cytokines, including Il1�, Il12,
and Tnf (Fig. 6B). Thus, these data suggested that IL-6 regulated the expression of
different phagolysosome-related genes, which were well known as crucial factors for
intracellular Brucella killing as well as anti-inflammation through two distinct pathways
(JAK2/STAT1 and JAK2/STAT3, respectively). In contrast, interference of these signaling
did not alter the transcriptional profile of Il10 (Fig. 6B), indicating that the proinflam-
mation effect of IL-6 occurred through a JAK/STAT-independent pathway.

The proinflammatory brucellacidal effect of IL-6 is solely associated with the
presence of SOCS3 production in macrophages. The data presented above indicated
that the functions of IL-6 shifted from dual effects on inflammation to only proinflam-
matory action, as well as from enhancement to suppression on phagolysosome fusion,
with effective inhibition of JAK/STAT pathways at the late stage; however, the mole-
cules involved in this process remained to be investigated. SOCS3, a downstream target
of the JAK1/STAT3 pathway, has been previously demonstrated to exert feedback
suppression on IL-6 signaling by binding to Gp130 and inhibiting its transduction (31).
Thus, we suspected that SOCS proteins would also contribute to the functional shift of
IL-6 over time. To assess this phenomenon, we first checked the transcriptional profiles
of Socs genes at different time points in Brucella-infected IL-6-suppressing cells. We
found that Brucella continuously elevated the mRNA levels of Socs1 and Socs3 from 4
until 24 h p.i., whereas this infection first induced expression of Socs6 in the early stage

FIG 6 IL-6 mediates JAK/STAT pathways that contribute in the expression of proinflammatory and phagolysosome-related
genes at early infection. (A) RAW 264.7 cells were treated with IL-6 siRNA prior to B. abortus infection and total proteins were
isolated at 4 and 24 h p.i. The expression and phosphorylation of JAK1, JAK2, STAT1, and STAT3 proteins were evaluated by
Western blotting assay. (B) RAW 264.7 cells were treated with different siRNAs prior to Brucella infection. The total RNA was
isolated, and the transcriptional profiles of IL-6-regulated genes were assessed by qRT-PCR at 4 h p.i. The data represent
means � the SD of triplicate experiments. The asterisk indicates a significant difference (*, P � 0.05).
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but inhibited it at 24 h p.i. Moreover, blockade of the IL-6 pathway significantly reduced
the transcription of Socs1 and Socs3, but not Socs6, in the early stage, whereas no
influence was observed during late infection. Moreover, the expression of Socs2 was not
detectable (Fig. 7A). These data were further confirmed by Western blotting assay,
which also revealed a similar pattern of IL-6-dependent expression of SOCS1 and SOCS3
proteins (Fig. 7B), suggesting high potential contributions of SOCS1 and SOCS3 in the
feedback regulation of IL-6 function. To further clarify this hypothesis, we concomitantly
treated IL-6 siRNA with either SOCS1 or SOCS3 siRNAs and evaluated the transcription of
inflammatory cytokines and phagolysosomal genes. As shown in Fig. 7C, SOCS1 and
SOCS3 siRNA treatment did not alter IL-6 function during early infection; however, the
anti-inflammatory action and suppressive effect of phagolysosome-related gene ex-
pression of IL-6 were still observed up to 48 h p.i. in SOCS3-lacking cells, whereas the
suppression of SOCS1 only caused a prolonged suppressive effect of IL-6 on phagoly-
sosomal and lysosomal enzyme-related genes, including Rab5a, Rab5b, Rab34, and Ctsh,

FIG 7 SOCS1 and SOCS3 play distinct roles in blocking IL-6-induced JAK/STAT pathways at late infection. (A) RAW 264.7 cells were treated
with IL-6 siRNA prior to B. abortus infection and subjected to RNA isolation. The transcriptional profiles of Socs genes were checked by
qRT-PCR at 4 and 24 h p.i. (B) The expression of SOCS1 and SOCS3 proteins was evaluated by Western blotting assay at 4 and 24 h p.i.
(C) RAW 264.7 cells were treated with different siRNAs prior to B. abortus infection and total RNA was isolated at 4 and 48 h p.i. The mRNA
level of JAK/STAT-dependent IL-6-regulated genes was checked by qRT-PCR. (D) The phosphorylation levels of JAK2, STAT1, and STAT3
were evaluated by Western blotting assay when SOCS1 or SOCS3 signaling was suppressed by siRNA treatment. (E) RAW 264.7 cells were
concomitantly treated with IL-6 and either SOCS1 or SOCS3 siRNAs before Brucella infection. Bacterial growth was evaluated at different
time points. The data represent means � the SD of triplicate experiments. The asterisk indicates a significant difference (*, P � 0.05). ND,
not detectable.
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during Brucella infection. In parallel, we also found that SOCS3 inhibition significantly
maintained the phosphorylation of JAK2, STAT1, and STAT3 up to 24 h p.i., whereas
SOCS1 only affected STAT1 activation (Fig. 7D). Moreover, the suppression of SOCS3,
but not SOCS1, partially enhanced bacterial killing in IL-6-lacking cells during late
infection (Fig. 7E), suggesting that SOCS3 functioned as a key regulator playing the
main role in shifting the JAK/STAT-dependent anti-inflammatory and suppressive effect
of phagolysosome-related gene expression to proinflammatory anti-Brucella activity of
the IL-6 pathway.

DISCUSSION

B. abortus, a causative agent of brucellosis, is a pathogen that acquired the ability to
survive and replicate within host cells by circumventing phagosomal maturation,
leading to chronic infection (32). To fight this threat, host cells activate different
defense mechanisms that are still not fully understood; however, among the well-
known core regulators of these processes are proinflammatory cytokines (9). To date,
several studies have successfully described the immunological roles of cytokines,
especially in the bactericidal activity of macrophages against Brucella infection (25, 33,
34). Thus, to identify more of the machinery involved in brucellacidal immunity, we
investigated the regulatory functions of proinflammatory IL-6 in most important im-
munological responses, including the activation of T cells and anti-Brucella activity in
macrophages.

In this study, we first reported the acquisition of IL-6 signaling for efficient restriction
of B. abortus colonization in mice. The neutralization of IL-6 by target MAb treatment
significantly increased the bacterial burden in both the spleen and liver, which occurred
in conjunction with a drastic decrease in Th1 and APC cell cytokines but marked
enhancement of Th2 cytokines in sera and splenic cells. During Brucella infection, host
immunity involves both cell-mediated (Th1) and humoral (Th2) immunity, which are
characterized by the production of IFN-� and IL-10, respectively. These cytokines have
been clearly proven to have opposite contributions in resistant immunity against
Brucella in mice by manipulating innate and adaptive immunity. Particularly, IFN-� is
known as a key factor that stimulates Th1 cell differentiation to activate cytotoxic CD8�

T cells and elicit macrophage activation during early infection. Conversely, IL-10, which
is mostly produced by Th2 cells, functions as an immune tolerance effector and is
beneficial for Brucella survival (35, 36). Therefore, the balance of IFN-� and IL-10 is
crucial for determining the type of immune response that is activated and the respec-
tive outcome of infection. Other cytokines, including IL-2, IL-12, or IL-4, are also able to
enhance or abrogate Brucella survival via their direct functions on immune cells or
mainly by controlling the IFN-�/IL-10 balance (5–8). Furthermore, functional TNF has
been shown to link the proinflammatory response and adaptive immune response in
Brucella-infected mice (8). Thus, our data suggest that IL-6 is a key regulator that
bridges proinflammation and adaptive immunity by governing the production of
opposite functional cytokines from Th1 and Th2 cells.

In natural Brucella infection, both macrophages and dendritic cells are able to
process and present bacterial antigens to T cells via major histocompatibility complex
class I (MHC-I) and MHC-II; this subsequently induces a broad range of immune
responses, including the differentiation and activation of CD8� cytotoxic T cells and
CD4� helper T cells. Th1 CD4� T cells mediate IFN-� and IL-2 to induce cellular
immunity, such as CD8� cytotoxic T cell activation, whereas Th2 CD4� T cells activate
a predominant humoral immune response through IL-4 and IL-10 cytokines (23, 24).
Therefore, in addition to Th1 and Th2 cytokine evaluation, quantitation of blood CD4�

and CD8� T cells can provide additional information concerning the immunological
role of IL-6 in adaptive immune responses. In parallel with a decrease in IFN-� and IL-2
production, our data showing a significant reduction in the population of peripheral
CD8� T cells but not CD4� T cells at 7 and 14 days p.i., when IL-6 signaling was blocked,
suggest that IL-6 plays an essential role in initiating the cellular immune response,
which is a key effector for Brucella elimination (37).
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In addition to their influence on the cellular immune response during Brucella
infection, these cytokines function in macrophage activation (9, 25, 27). Thus, in this
study, we also evaluated the contribution of IL-6 to bacterial killing in macrophages. In
agreement with previous transcriptomic studies (28), we found that B. abortus markedly
induced the expression of IL-6 during the whole course of infection in macrophages.
Interestingly, Jiang and Baldwin (34) reported that IL-6 plays no role in immune
responses against B. abortus infection by macrophages; however, in the present study,
our data provide the first evidence of feedback regulation by Brucella-induced IL-6 in
the activation of downstream anti-Brucella immunity against a real infection. We found
that the binding of secreted IL-6 to its receptor complex IL-6R/Gp130 induced the
signal transduction of IL-6, followed by the functional modulation of antimicrobial
effectors, which was changed by the time of infection in association with the activation
or inhibition of JAK/STAT pathways.

IL-6 has dual roles in inflammation depending on its interaction with the specific
target receptor complex, IL-6 classic signaling and IL-6 trans-signaling, which are
associated with anti-inflammatory and proinflammatory functions, respectively (38, 39).
Consistent with previous studies, IL-6 exhibited three different functions, including
both anti-inflammatory and proinflammatory activities, as well as the suppression of
the bacterial intracellular trafficking pathway in the early stage of infection in this study.
A variety of trafficking regulators and cytokines were highly induced when the IL-6
pathway was suppressed. Assessment of downstream signaling events revealed that
the suppression of IL-6 abrogated JAK2, STAT1, and STAT3 activation, and the individual
suppression of these genes by siRNA treatment showed their distinct functions in
regulating proinflammation and phagolysosome fusion. We found that IL-6 induced
JAK2/STAT3 activation aimed at regulating phagolysosome-related gene expression
and proinflammatory responses. Moreover, the JAK/STAT pathway has been previously
reported to be required for phagosome maturation (40). Our data suggest the novel
functions of JAK1 and JAK2 during Brucella infection, since these molecules instructed
the same direct downstream protein, STAT3, to exert different functions. Moreover,
although interference of IL-6 signaling did not alter JAK1 activation, further investiga-
tions regarding how the IL-6/IL-6R/Gp130 pathway excludes JAK1 from its signaling
may provide more information about the IL-6 transduction cascade. Interestingly, the
contribution of the JAK/STAT pathway to IL-6 was eliminated during late infection,
which, in turn, led to the disappearance of the anti-inflammatory effects. The function
of IL-6 at this time is solely dependent on feedback regulation to other cytokines, such
as TNF or IL-10, since either treatment with rTNF or blockade of IL-10 significantly
recovered bacterial killing in IL-6-suppressed cells. Our data also reconfirm the immu-
nological role of TNF and IL-10 during B. abortus infection, which has been previously
observed (9, 27). Although they were induced as early as 4 h p.i., these cytokines were
not required for the regulatory function of IL-6 during this stage. We could not explain
this phenomenon in the present study; however, further investigations examining the
cross-regulation of these cytokines in JAK/STAT pathways may be helpful for clarifica-
tion.

In contrast, lysosome-mediated killing is one of the most important effectors of
brucellacidal activity in macrophages, and by suppressing this process, IL-10 promotes
Brucella survival (27). Here, we showed that IL-6 regulated IL-10 signaling during the
whole course of Brucella infection, suggesting that IL-6 might mediate IL-10 to control
this effector. However, even if induced at an early stage, IL-10 was not responsible for
the inducible effect of IL-6 on bacterial trafficking at this time point. More surprisingly,
IL-6 regulation of this activity was also independent of IL-10 during the late stage, since
the sets of genes regulated by the IL-6 and IL-10 pathways were different. During the
late stage, IL-10 has been shown to control different trafficking regulators (25), whereas
only RAB20 protein is influenced when IL-6 is blocked (Fig. 4B). Furthermore, the
reduced colocalization of various hydrolytic enzymes with BCPs in IL-6-suppressed cells
resulted from a marked deficiency in the expression of these enzymes rather than a
dysregulated recruitment of hydrolytic enzymes by BCPs as caused by IL-10.
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One striking finding was the negative-feedback regulation of SOCS proteins on
JAK/STAT pathways. We found that SOCS1, SOCS3, and SOCS6 were induced by Brucella
but that only SOCS1 and SOCS3 were regulated by the IL-6-activated JAK2/STAT3
pathway. The induction of these proteins at an early stage is crucial for blocking
JAK/STAT-dependent IL-6 signaling since their inhibition led to prolonged activation of
the JAK/STAT pathway. According to previous works, SOCS3 regulates IL-6 signaling
through binding and blocking Gp130 proteins (31); however, in the present study,
Gp130 was required for IL-6 signaling throughout infection. Thus, the target of SOCS
proteins could be a factor other than Gp130 protein in the context of Brucella infection.
In agreement with this expectation, SOCS1 and SOCS3 exhibited inhibitory effects on
the phosphorylation of different target proteins. SOCS1 suppression caused a pro-
longed activation of STAT1, whereas SOCS3 inhibited JAK2 and STAT3 phosphorylation.
In addition, the regulation of SOCS3 but not SOCS1 was required to shift to the
proinflammatory brucellacidal activity of IL-6 in the late stage. Although our data
revealed a feedback regulation of SOCS protein on IL-6 signaling, elucidation of the
fundamental mechanisms underlying this regulation requires further experiments.

Consequently, we propose that B. abortus induces macrophages to produce IL-6.
The binding of endogenous IL-6 to its receptor complex IL-6R/Gp130 elicits the
activation of JAK2, and the subsequent activation of STAT3 promotes the production of
effectors of phagolysosome maturation-trafficking regulators and lysosomal enzymes,
as well as proinflammatory and anti-inflammatory cytokines that help in the clearance
of B. abortus infection in macrophages. Importantly, this event was regulated by SOCS3
(Fig. 8).

In summary, our findings revealed undescribed novel roles of IL-6 in the regulation
of host immune responses that are crucial for B. abortus elimination. Moreover, the
present study is also the first to implicate SOCS1 and SOCS3 in the immunological roles
of IL-6 through the JAK/STAT pathway. Finally, further investigations of the regulation
of cytokine signaling could provide further evidence and insights into inflammation
activation, which is one of the most important immune response mechanisms.

MATERIALS AND METHODS
Reagents. Mouse IL-6, SOCS1, Gp130 siRNAs, rat anti-LAMP-1 and anti-LAMP-2, mouse anti-RAB34,

and goat anti-CtsA antibodies were obtained from Santa Cruz Biotechnology (USA). Rabbit anti-RAB5A,
anti-CTSH, anti-GLA, anti-JAK1, anti-STAT3, anti-SOCS1, and anti-SOCS3 antibodies and mouse anti-JAK2
antibody were purchased from MyBio Source (USA), and rabbit anti-CTSC antibody was obtained from
Antibodies-online (USA). Goat anti-CtsD and anti-IL-6R antibodies were obtained from R&D Systems
(USA). Mouse anti-STAT3 and Texas Red–rabbit anti-goat IgG antibodies were purchased from Abcam
(USA). Mouse SOCS3 siRNA antibody, rabbit anti-CTSZ, anti-HEXB, anti-phosphor-STAT1, anti-phosphor-
STAT3, anti-phosphor-JAK1, and anti-phosphor-JAK2 antibodies, mouse anti-STAT1 antibody, and Texas
Red– goat anti-rabbit IgG and FITC-conjugated goat anti-mouse IgG antibodies were obtained from
Thermo Fisher Scientific (USA); Texas Red– goat anti-rat IgG antibody and Lipofectamine RNAiMAX were
purchased from Life Technologies (USA). Finally, FITC-conjugated goat anti-rabbit IgG antibody was
obtained from Sigma-Aldrich Corp (USA).

Bacterial strains and cell culture. B. abortus 544 (ATCC 23448), a smooth, virulent biovar 1 strain
used in the present study, is a standard wild type and was routinely cultured in brucella broth (BD
Biosciences) at 37°C until stationary phase at a biosafety laboratory level 3 (BSL3) containment facility.
Plating serial dilutions on brucella agar were performed to perform viable counting of bacteria. Murine
macrophage RAW 264.7 cells were grown at 37°C in a 5% CO2 atmosphere in RPMI 1640 containing 10%
heat-inactivated fetal bovine serum (FBS) with or without 100 U/ml penicillin and 100 �g/ml strepto-
mycin.

BMM preparation. Bone marrow-derived macrophages (BMMs) were isolated and differentiated
from female BALB/c mice as previously described (2).

IL-6 inhibition in vivo. This experiment was performed as previously described, with a few
modifications (6). Briefly, eighteen 8-week-old female BALB/c mice (Japan SLC, Japan) were randomly
distributed into three groups (six mice per group). Each mouse was intraperitoneally (i.p.) injected with
either anti-IL-6 antibody (2 mg) or an irrelevant control antibody (2 mg) in 200 �l of phosphate-buffered
saline (PBS) 1 day before infection and again at 4 and 9 days after infection. Mice in the negative-control
group received 200 �l of PBS in the same manner. Mice were i.p. challenged with approximately 5 � 105

CFU of B. abortus in 100 �l of PBS. The numbers of B. abortus in the spleen and liver were determined
as the log10 CFU at 2 weeks p.i. The animal facility of the Gyeongsang National University has been
officially approved by a responsible authority (Ministry of Education, LML13-16, South Korea) under
approval file number 613-83-00570. All performed procedures were approved by the Animal Ethical
Committee of Gyeongsang National University (authorization GNU-170331-M0017).
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Quantitation of peripheral blood CD4� and CD8� T cells. Cellular populations in peripheral blood
from the experimental mice were examined as previously described (41). The analysis was performed
using a FACSCalibur flow cytometer (BD Biosciences).

Bacterial intracellular replication assay. One day before infection, RAW 264.7 cells or BMMs (106

cells) were seeded in a 96-well plate in RPMI medium supplemented with 10% FBS. After 24 h of
incubation, the cell culture was replaced with serum- and antibiotic-free RPMI medium and infected with
108 CFU of the virulent strain B. abortus for 1 h at 37°C in 5% CO2. RPMI 1640 medium containing 10%
(vol/vol) FBS and gentamicin (30 �g/ml) with or without IL-6 (10 ng/ml) was subsequently added to kill

TABLE 1 Primer sequences of cytokines and Socs family used for qRT-PCR

Gene Common name Forward primer Reverse primer

b-actin �-Actin 5=-CGCCACCAGTTCGCCATGGA-3= 5=-TACAGCCCGGGGAGCATCGT-3
Il1� Interleukin 1� 5=-CCTTCTATGATGCAAGCTA-3= 5=-GTTGCTGATACTGTCACCC-3=
Il2 Interleukin 2 5=-CTCGCATCCTGTGTCACATTG-3= 5=-CTGGGGAGTTTCAGGTTCCTG-3=
Il4 Interleukin 4 5=-GTCATCCTGCTCTTCTTTCTC-3= 5=-CACCTTGGAAGCCCTACAGAC-3=
Il6 Interleukin 6 5=-TCCAGTTGCCTTCTTGGGAC-3= 5=-GTACTCCAGAAGACCAGAG-3=
Il10 Interleukin 10 5=-TGGCCCAGAAATCAAGGAGC-3= 5=-CAGCAGACTCAATACACACT-3=
Il12 Interleukin 12 5=-CCCAAGGTCAGCGTTCCAAC-3= 5=-GTCCAGAGACTGGAATGACC-3=
Tnf Tumor necrosis factor 5=-CACAGAAAGCATGATCCGCG-3= 5=-CGGCAGAGAGGAGGTTGACT-3=
Ifng Interferon � 5=-CTGGCTGTTACTGCCACGGC-3= 5=-TGCTGAAGAAGGTAGTAATC-3=
Socs1 Suppressor of cytokine signaling 1 5=-GCCGCCAGCGCAGCCCCGGA-3= 5=-GGGGCTGGGACCGCCGGGCA-3=
Socs2 Suppressor of cytokine signaling 2 5=-GCTCGGGCGACCAGCTGTCTG-3= 5=-TGCGAACTATCTCTAATCAAG-3=
Socs3 Suppressor of cytokine signaling 3 5=-GACCAGCGCCACTTCTTCACG-3= 5=-GTTCCGTGGGTGGCAAAGAA-3=
Socs6 Suppressor of cytokine signaling 6 5=-GGCATCGCAGCCCCTCCCGA-3= 5=-AGAGTCATCTTTCACGAAGT-3=

FIG 8 Diagram illustrating the IL-6 signaling pathway triggered by the binding of IL-6 and its receptor complex resulting in JAK2/STAT3 activation. This leads
to promotion of the production of the effectors of phagolysosome maturation-trafficking regulators and lysosomal enzymes, as well as proinflammatory and
anti-inflammatory cytokines, in the regulation of SOCS3. This event clears the B. abortus infection in macrophages. Lines with arrows indicate an activating
reaction, and dotted lines indicate an uncertain reaction.
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extracellular bacteria. At 2, 24, and 48 h p.i., the cells were lysed, diluted, and plated on brucella agar
plates for CFU determination (25).

RNA interference. RAW 264.7 cells were grown to 50% confluence in 6- or 96-well plates and
transfected with IL-6 siRNA using Lipofectamine RNAiMAX. The cells were incubated for 24 h at 37°C with
5% CO2 prior to B. abortus infection. The same concentration of negative-control siRNA was used as a
control. The knockdown efficiency was quantified using qRT-PCR.

RNA extraction and qRT-PCR. Total RNA was isolated from macrophages (uninfected or infected
with B. abortus) at different time points using a Qiagen RNeasy kit. DNA was removed before final elution
of the RNA sample according to Qiagen’s On-Column DNase Digestion protocol. RNA samples were then
subjected to qRT-PCR analysis (Tables 1 and 2) in accordance with a previous description (9). The mRNA
expression profiles were normalized with respect to �-actin. The fold increase in each gene was
calculated using the 2�ΔΔCT method.

Western blot assays. The expression level of target proteins was examined by Western blotting as
previously described (25). The proteins were detected with enhanced chemiluminescence solution
(Thermo Scientific).

LAMP-2, RAB7, CTSZ, and GLA staining. The colocalization of BCPs with markers, including LAMP-2
and RAB7 (4 h p.i.) or CTSZ and GLA (48 h p.i.), was carried out to confirm phagolysosome fusion event.
Briefly, RAW 264.7 cells were treated with IL-6 siRNA prior to infection. The infected RAW 264.7 cells were
incubated for 4 h with anti-LAMP-2 and anti-RAB7 antibodies and for 48 h with anti-CTSZ and anti-GLA
antibodies. This experiment was then performed further as previously described (25). Fluorescence
images were captured using a laser scanning confocal microscope (Olympus FV1000, Japan) and
processed using FV10-ASW Viewer 3.1 software. The percentage of marker colocalization with bacteria
was determined from 100 random cells.

Cytokine quantitation. The levels of IL-1�, IL-2, IL-10, TNF, and IFN-� in serum or culture superna-
tants were determined by ELISA in accordance with the manufacturer’s instructions (Thermo Fisher
Scientific).

Statistical analysis. The data are expressed as means � the standard deviations (SD). Analysis of
variance with Tukey’s HSD exact test was used to statistically compare the groups. The results with a P
value of �0.05 were considered significantly different.
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TABLE 2 Primer sequences of trafficking regulators and hydrolytic enzymes used for qRT-PCR

Gene Common name Forward primer Reverse primer

Rab5a Rab5a 5=-GTACTACCGAGGAGCACAAG-3= 5=-AAGCTGTTGTCATCTGCATAG-3=
Rab5b Rab5b 5=-GACTAGCAGAAGTACAGCCAG-3= 5=-CAATGGTGCTTTCCTGGTATTC-3=
Rab11 Rab11 5=-GAGCAGTAGG TGCCTTATTGG-3= 5=-GAACTGCCCTGAGATGACGTA-3=
Rab20 Rab20 5=-CTGCTGCAGCGCTACATGGAGCG-3= 5=-CTCCGCGGCAGTACAGGGAGC-3=
Rab34 Rab34 5=-GCAAAGTGACCCCGTGTGGCGGG-3= 5=-GGGCGTCCCGAAGACCACTCGG-3=
Lamp2 Lysosomal membrane glycoprotein 2 5=-AGGGTACTTGCCTTTATGCAGAAT-3= 5=-GTGTCGCCTTGTCAGGTACTGC-3=
Lyz1 Lysozyme 1 5=-CTCTCCTGACTCTGGGACTCCTC-3= 5=-CTGAGCTAAACACACCCAGTCAG-3=
Lyz2 Lysozyme 2 5=-GGCCAAGGTCTACAATCGTTGTG-3= 5=-GCAGAGCACTGCAATTGATCCCA-3=
HexA Hexosaminidase A 5=-GCCGGCTGCAGGCTCTGGGTTTC-3= 5=-GCGCGGCCGAACTGACATGGTAC-3=
HexB Hexosaminidase B 5=-CCCGGGCTGCTGCTGCTGCAGG-3= 5=-GTGGAATTGGGACTGTGGTCGAT-3=
Gla Galactosidase, � 5=-GGCCATGAAGCTTTTGAGCAGA-3= 5=-AGTCAAGGTTGCACATGAAACG-3=
CtsD Cathepsin D 5=-CGTCTTGCTGCTCATTCTCGGCCT-3= 5=-CACTGGCTCCGTGGTCTTAGGCG-3=
CtsH Cathepsin H 5=-CTGAGAACCCTTCTTCCCAAGA-3= 5=-AGCAGCCAGGCCCCAGCGCACA-3=
CtsZ Cathepsin Z 5=-GGCGTCGTCGGGGTCGGTGCAG-3= 5=-CTGCGCCCCAGCAGAGCCAGC-3=
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