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The pathogenic mechanisms of bone loss caused by
Brucella species have not been completely deci-
phered. Although T lymphocytes (LTs) are considered
important to control infection, the mechanism of
Brucella-induced T-cell responses to immunopatho-
logical features is not known. We present in vitro and
in vivo evidence showing that Brucella abortus–in-
duced inflammatory response leads to the activation
of LTs, which further promote osteoclastogenesis.
Pre-activated murine LTs treated with culture super-
natant from macrophages infected with B. abortus
induced bone marrow–derived monocytes (BMMs) to
undergo osteoclastogenesis. Furthermore, osteoclas-
togenesis was mediated by CD4� T cells. Although B.
abortus–activated T cells actively secreted the pro-
osteoclastogenic cytokines RANKL and IL-17, oste-
oclastogenesis depended on IL-17, because osteoclast
generation induced by Brucella-activated T cells was
completely abrogated when these cells were cultured
with BMMs from IL-17 receptor knockout mice. Neu-
tralization experiments indicated that IL-6, generated
by Brucella infection, induced the production of pro-
osteoclastogenic IL-17 from LTs. By using BMMs from
tumor necrosis factor receptor p55 knockout mice, we
also demonstrated that IL-17 indirectly induced oste-
oclastogenesis through the induction of tumor necrosis
factor-� from osteoclast precursors. Finally, extensive
and widespread osteoclastogenesis was observed in the
knee joints of mice injected with Brucella-activated T
cells. Our results indicate that activated T cells, elicited

by B. abortus–infected macrophages and influenced by
the inflammatory milieu, promote the generation of
osteoclasts, leading to bone loss. (Am J Pathol 2012, 181:
887–896; http://dx.doi.org/10.1016/j.ajpath.2012.05.029)

Bone loss has been consistently reported in the three
most frequent forms of osteoarticular brucellosis (sacroi-
liitis, spondylitis, and peripheral arthritis).1–5 The patho-
genic mechanisms of bone loss caused by Brucella spe-
cies have not been completely deciphered. Recently,
however, we have described a putative immune mecha-
nism for inflammatory bone loss that may occur in re-
sponse to infection by Brucella abortus. Our results re-
vealed an important contribution of the macrophage in
response to infection by B. abortus and the resulting
induction of osteoclastogenesis.6

During chronic inflammatory bone diseases, cellular re-
cruitment also contributes to bone loss. RANKL and pro-
inflammatory cytokines, such as tumor necrosis factor
(TNF)-�, IL-1�, and IL-6, have been important for disease
progression and bone loss.7–11 T and B lymphocytes have
also contributed to the acceleration of bone resorption.12–14

Specifically, activated T cells undermine bone homeostasis
and induce bone destruction under pathological condi-
tions, such as estrogen deficiency,15–19 and in inflamma-
tory conditions,18,19 as they become a significant source
of RANKL18 and TNF-�.16 Although RANKL has been
indicated as the major cytokine that regulates osteoclast
differentiation,20 most of the T-cell cytokines, including
interferon (IFN)-�, IL-4, and IL-10, inhibit osteoclastogen-
esis.20 However, the seminal work of Sato et al21 identi-
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fied a new subset of IL-17–producing T-helper (Th17)
cells as the exclusive osteoclastogenic T-cell subset.
IL-17 also enhances local inflammation and increases the
production of inflammatory cytokines, which further pro-
mote osteoclastogenic activity.20 Thus, the interactions of
T cells and osteoclasts have a crucial role in the patho-
genesis of inflammatory bone loss.

Interestingly, chronic brucellar lesions of bones and
joints characteristically reveal, at the histological level, an
inflammatory response with varying degrees of bone de-
struction and the presence of infiltrating lymphocytes.3

Also, synovial tissue typically reveals a lymphocytic infil-
trate.22 We have recently demonstrated that Brucella spe-
cies can infect and survive within human osteoblasts and
that this infection elicits the secretion of pro-inflammatory
cytokines and chemokines that might be involved in the
osteoarticular manifestations of brucellosis. Such a re-
sponse was further amplified by subsequent interactions
between osteoblasts and monocytes in the face of B.
abortus infection.6,23 Thus, it seems conceivable to spec-
ulate that these infiltrating T cells, surrounded by the inflam-
matory microenvironment generated by the bacterium,
might activate and promote the generation of osteoclasts,
the only cells known to be able to degrade bone. To inves-
tigate such a hypothesis, we developed an in vitro model in
which pre-activated murine T lymphocytes (LTs), influenced
by culture supernatants (CSs) of Brucella-infected macro-
phages, were able to drive bone marrow–derived mono-
cytes (BMMs) to undergo osteoclastogenesis. By using this
model, we detailed a mechanism by which Th17 T cells
increased the production of TNF-� from osteoclast precur-
sors that further promoted osteoclastogenesis.

Materials and Methods

Ethics Statement

All animal procedures were performed according to the
rules and standards for the use of laboratory animals of
the NIH (Bethesda, MD). Animal experiments were ap-
proved by the Ethical Committee of the Institute for the
Study of Humoral Immunity.

Animals

Female IL-17 receptor A (IL-17RA) knockout (KO; kindly
provided by Amgen Inc., Munich, Germany), TNF recep-
tor (TNFR) p55 KO mice,24 and wild-type littermate
C57BL/6 mice (provided by the University of La Plata, La
Plata, Argentina), aged 6 to 8 weeks, were housed in
groups of five animals, under a controlled temperature
(22°C � 2°C) and artificial light under a 12-hour cycle pe-
riod. Mice were kept under specific pathogen-free condi-
tions in positive-pressure cabinets and provided with sterile
food and water ad libitum.

Bacteria

Brucella abortus S2308 was grown overnight in 10 mL of

tryptic soy broth (Merck, Buenos Aires, Argentina) with
constant agitation at 37°C. Bacteria were harvested by
centrifugation for 15 minutes at 6000 � g at 4°C and
washed twice in 10 mL of PBS. The numbers of bacteria
in stationary-phase cultures were determined by compar-
ing the optical densities at 600 nm with a standard curve
obtained in our laboratory.6

Cells and Media

All experiments were performed at 37°C in a 5% CO2

atmosphere in �-minimum essential medium supple-
mented with 2 mmol/L L-glutamine, 10% heat-inactivated
fetal bovine serum (Gibco-BRL, Life Technologies, Grand
Island, NY), 100 U/mL of penicillin, and 100 �g/mL of
streptomycin (complete medium). Thioglycolate-elicited
peritoneal macrophages were isolated, as previously de-
scribed,25 from wild-type mice. LTs were obtained from
murine spleens using a CD3�, CD4�, or CD8� LT-neg-
ative isolation kit (BD Biosciences, San Diego, CA), fol-
lowing the manufacturer’s instructions. The purity of the
isolated CD3�, CD4�, and CD8� populations was later
confirmed by flow cytometry and was �98%, �90%, and
�78%, respectively. The viability of cells was �95%, as
measured by a trypan blue exclusion test.

Infection

Murine peritoneal macrophages were cultured in 24-well
plates at a density of 5 � 105 cells per well in complete
medium without the addition of antibiotics. Cells were
infected with B. abortus at different multiplicities of infec-
tion (MOIs) for 2 hours in medium containing no antibiot-
ics. Cells were extensively washed to remove uninternal-
ized bacteria, and infection was maintained for an
additional 24 hours in the presence of antibiotics (100
�g/mL gentamicin and 50 �g/mL streptomycin) to kill
remaining extracellular bacteria. After a 24-hour culture,
CSs were harvested, sterilized by filtration through a
0.22-�m nitrocellulose filter, and stored at �70°C until
used for stimulation of LT or cytokine determination. To
monitor Brucella intracellular replication, cells infected in
parallel were washed and lysed at several intervals after
infection with 0.1% (v/v) Triton X-100. The number of
intracellular viable bacteria (in colony-forming units per
well) was determined by plating serial dilutions onto tryp-
tic soy broth agar plates. The number of bacteria inter-
nalized after 24 hours of infection into peritoneal macro-
phages was as follows: MOI 25, 9500 � 707 bacteria;
MOI 50, 38,500 � 4949; and MOI 100, 72,500 � 3535.

LT Activation

Purified LTs (1 � 106 cells/0.5 mL per well) were initially
stimulated with 5 �g/mL of plate-bound anti-CD3� mono-
clonal antibody (BD Biosciences) for 24 hours. Then,
cells were washed and further stimulated with 0.2 mL of
CS from B. abortus–infected or noninfected peritoneal
macrophages for an additional 24 hours. Afterwards, T
cells were washed and added into BMM cultures or were

cultured in fresh media for an additional 24 hours to
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produce LT-derived CS (LTCS) to be used to stimulate
BMM cultures or to determine cytokine secretion.

Osteoclast Formation Assay

BMMs were induced to undergo osteoclastogenesis, as
previously described,6 with slight modifications. Briefly,
bone marrow cells from C57BL/6 wild-type, TNFRp55, or
IL-17R KO mice were cultured in complete medium con-
taining 5 ng/mL of recombinant murine macrophage-spe-
cific colony-stimulating factor (M-CSF; R&D Systems,
Minneapolis, MN) for 12 hours in 24-well plates. Nonad-
herent cells were harvested and cultured with 30 ng/mL
of M-CSF in 24-well plates for an additional 24 hours.
Nonadherent cells were washed out, and adherent cells
were collected and used as BMMs. The BMMs (5 � 104

cells/0.5 mL per well) were seeded onto glass coverslips
in 24-well plates for 6 days and cultured in complete
medium containing 30 ng/mL of M-CSF, together with 1 �
106 stimulated T cells or LTCS (0.2 mL). As positive
controls of osteoclast formation, BMM cultures received
50 ng/mL of RANKL (R&D Systems). On day 3, the culture
media and all reagents were replaced. To identify oste-
oclasts, cells were fixed in 4% paraformaldehyde and
stained for tartrate-resistant acid phosphatase (TRAP;
Sigma Aldrich, Buenos Aires, Argentina). In addition, vi-
tronectin receptor (CD51) and calcitonin receptor (CR) ex-
pression was determined by fluorescent microscopy using
a phosphatidylethanolamine-labeled anti-mouse CD51 or a
fluorescein isothiocyanate–labeled anti-mouse CR (BioLeg-
end, San Diego). TRAP-CD51– or CR-positive multinucle-
ated (more than three nuclei) cells were defined as oste-
oclasts, and their number was determined by microscopic
counts.

Determination of MMP-9 Activity

Matrix metalloproteinase (MMP)-9 activity in BMM cul-
tures was determined by zymography, as previously de-
scribed.26,27 Briefly, CSs from differentiated osteoclasts
were mixed with 5 �L of five times loading buffer [0.25
mol/L Tris (pH 6.8), 50% glycerol, 5% SDS, and bro-
mophenol blue crystals] and loaded onto 10% SDS-
PAGE gels containing 1 mg/mL gelatin (Sigma Aldrich).
After electrophoresis, gels were washed with a solution
containing 50 mmol/L Tris-HCl (pH 7.5) and 2.5% Triton
X-100 (buffer A) for 30 minutes and with buffer A added
with 5 mmol/L CaCl2 and 1 mol/L ZnCl2 for 30 minutes
and were later incubated with buffer A with an additional
10 mmol/L CaCl2 and 200 mmol/L NaCl for 48 hours at
37°C. This denaturation/renaturation step promotes MMP
activity without the proteolytic cleavage of pro-MMP-9.
Gelatin activity was visualized by the staining of the gels
with 0.5% Coomassie Blue. Unstained bands indicated
the presence of gelatinase activity, and their positions
indicated the molecular weights of the enzymes involved.

Cytokines and RANKL Assays

Concentrations of TNF-�, IFN-�, IL-17, and IL-10 (BD

Pharmingen, San Diego) and RANKL (R&D Systems) in CS
and LTCS were determined by using commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits.

Pit Formation Assay

BMMs (2 � 104 cells/0.25 mL per well) were plated on
dentine disks (BD BioCoat Osteologic, San Diego) in
96-well culture dishes and cultured in complete medium
containing stimulated T cells with 30 ng/mL of M-CSF for
6 days. Medium and all reagents were replaced every
day to avoid acidification. After culture with cells, dentine
disks were washed with 1 mol/L NH4OH to remove ad-
herent cells. After rinsing with water, dentine disks were
visualized by light microscopy to determine and enumer-
ate resorption lacunae.

Neutralization Experiments

Neutralization experiments were performed using neu-
tralizing antibodies to IL-6 or IL-17A (BD Biosciences) or
osteoprotegerin (OPG), RANKL’s decoy receptor. The
appropriate isotype control was used in each case. CS
from Brucella-infected cells or LTCS was pre-incubated
with the corresponding antibody (or isotype control) or
decoy receptor for 1 hour at 37°C before being used to
stimulate other cell types.

Evaluation of Osteoclast Formation in an
in Vivo Model

C57BL/6 mice, aged 6 to 8 weeks, were anesthetized
with ketamine chlorhydrate (150 mg/kg) and xylazine (15
mg/kg) and then injected intra-articularly in the knee joint
with 1 � 106 stimulated T cells, Escherichia coli lipopoly-
saccharide (LPS; 500 ng) as a positive control, or vehicle
(PBS). Mice were sacrificed at 5 days after administration,
and whole knee joints were removed. Knee joints were fixed
for 4 days using 4% paraformaldehyde, followed by decal-
cification in 10% EDTA in 1 mmol/L Tris-HCl (pH 7.4) for up
to 2 weeks at 4°C. Decalcified specimens were processed
for paraffin embedding.28 Histological sections of the prox-
imal tibiae (7 �m thick) were stained for TRAP, as de-
scribed. TRAP-positive multinucleated (more than three nu-
clei) cells were defined as osteoclasts.

Statistical Analysis

Statistical analysis was performed with one-way analysis
of variance, followed by a post hoc Tukey test, using
GraphPad Prism 4.0 software (San Diego, CA). Data are
represented as mean � SD.

Results

CSs from B. abortus–Infected Macrophages
Activate T Cells to Induce BMM-Derived
Osteoclastogenesis

We investigated whether activation of T cells within the

inflammatory milieu generated by B. abortus promoted
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the generation of osteoclasts from BMMs. To test our
hypothesis, BMMs were cultured in the presence of M-CSF
with activated T cells that were stimulated with CS from B.
abortus–infected peritoneal macrophages and, ex vivo, os-
teoclastogenesis was determined by the generation of
multinucleated TRAP-, CR-, or vitronectin receptor–ex-
pressing cells. RANKL was used as a positive control.
The formation of osteoclast-like cells was significantly
(P � 0.01) induced by T cells that were activated with CS
from B. abortus–infected macrophages but not by those
of uninfected macrophages (Figure 1, A–C and E–G).
Because our hypothesis was that B. abortus infection
might generate a microenvironment that would promote
the generation of osteoclasts, leading to bone loss, we
also assessed the functional activity of Brucella-induced
osteoclast-like cells by their ability to resorb dentine.
BMMs treated with B. abortus–activated LT induced sig-
nificant (P � 0.05) dentine resorption. On the contrary, LT
cultured with CS from uninfected macrophages did not
induce significant dentine resorption (Figure 1, D and H).
The functional activity of osteoclasts was also demon-
strated by their ability to secrete MMP-9, an enzyme
specifically secreted by functional osteoclasts that is able
to degrade organic matrix (Figure 1I). Activated T cells
were unable to secrete MMP-9 (data not shown). For
every marker investigated, the magnitude of the oste-
oclastogenesis induced by activated LT was directly re-
lated to the MOI used to infect macrophages. CSs de-
rived from activated T cells (LTCS) also induced
osteoclastogenesis (data not shown). Taken together,
these results indicated that Brucella-activated LT can pro-

mote functional osteoclast formation from BMMs.
Osteoclastogenesis Induced by Brucella-Activated
T Cells Is Mediated by CD4� T Cells

Experiments were then conducted to evaluate the contri-
bution of CD4� and CD8� T cells in LT-induced oste-
oclastogenesis. Purified CD4� or CD8� LTs were acti-
vated in the presence of CS from Brucella-infected
macrophages and co-cultured with BMMs in the pres-
ence of M-CSF. Osteoclastogenesis was determined by
the generation of TRAP-expressing cells with the ability to
resorb dentine and secrete MMP-9. RANKL was used as
a positive control. Such as the whole LT population, ac-
tivated CD4� T cells also induced significant (P � 0.05)
osteoclast formation from BMMs, as determined by the gen-
eration of TRAP-expressing cells that secreted MMP-9 and
resorbed dentine. Again, the magnitude of the osteoclasto-
genesis induced by activated CD4� T cells was directly
related to the MOI used to infect macrophages, whereas the
activation of LT in the presence of CS from uninfected mac-
rophages rendered no osteoclastogenesis. On the contrary,
under the same experimental conditions, activated CD8�

LTs were unable to induce osteoclast-like cells (Figure 2,
A–C). These results indicated that osteoclastogenesis was
induced by T cells of the helper lineage.

Brucella-Activated T Cells Secrete
Pro-Osteoclastogenic Cytokines

Because LTCS induced osteoclastogenesis and T cells
produced various pro-osteoclastogenic cytokines,29 we

Figure 1. CSs from B. abortus–infected macro-
phages activate T cells to induce BMM-derived
osteoclastogenesis. BMMs are cultured in the
presence of M-CSF with anti-CD3-activated T
cells that are stimulated with CS from B. abor-
tus–infected or uninfected (control) peritoneal
macrophages. RANKL is used as a positive con-
trol. After 6 days, osteoclastogenesis is deter-
mined by the generation of multinucleated TRAP
(A and E), vitronectin receptor (CD51) using
phosphatidylethanolamine-labeled anti-mouse
CD51, and DAPI to stain nuclei (B and F) and
CR-expressing cells using fluorescein isothiocya-
nate–labeled anti-mouse CR and DAPI to stain
nuclei (C and G). Functional osteoclast-like cells
are determined by their ability to resorb dentine
(D and H) and their ability to secrete MMP-9 by
zymography (I). Data express the mean � SEM
of duplicates. Data shown are from a represen-
tative of five experiments. *P � 0.05, **P � 0.01,
and ***P � 0.001 versus control.
investigated the cytokines secreted by LT that were treated
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with CS from Brucella-infected macrophages. The activation
of LT with anti-CD3, in the presence of CS from Brucella-
infected macrophages, resulted in significant (P � 0.01)
secretion of RANKL and IL-17. Production of these cyto-
kines depended on the MOI used to infect macrophages
(Figure 3, A and B). On the contrary, treatment of T cells with
anti-CD3� in the presence of CS from uninfected macro-
phages resulted in copious production of IFN-�. This pro-
duction was significantly (P � 0.001) diminished when LTs
were treated with CSs that were infected with increasing
amounts of B. abortus (Figure 3C). TNF-� production was
not detected when LTs were treated with CSs from infected
or uninfected macrophages (data not shown). Altogether,
these results suggested that the effect of T cells on oste-
oclastogenesis depended on the balance between RANKL/
IL-17 and IFN-� that was driven by CSs from Brucella-in-
fected macrophages.

IL-17 Drives Osteoclastogenesis Induced by
Brucella-Activated T Cells

Both RANKL and IL-17 were the major osteoclastogenic
cytokines.29 Thus, we decided to decipher their role in
the osteoclastogenesis induced by Brucella-activated T

Figure 2. CD4� T cells mediate osteoclastogenesis induced by B. abortus.
Unpurified or purified CD4� or CD8� LTs are activated in the presence of CS
from Brucella-infected or uninfected (control) macrophages and co-cultured
with BMM in the presence of M-CSF. Osteoclastogenesis is determined by the
generation of TRAP-expressing cells (A) with the ability to secrete MMP-9 (B)
and resorb dentin (C). RANKL is used as a positive control. Data express the
mean � SEM of duplicates. Data shown are from a representative of five

experiments. Numbers underneath figures represent the MOI used to infect
macrophages. *P � 0.05, **P � 0.01, and ***P � 0.001 versus control.
cells. BMMs were cultured with M-CSF and activated T
cells that were stimulated with CS from B. abortus–in-
fected peritoneal macrophages in the presence of anti-
IL-17A antibody or OPG, a RANKL decoy receptor, and
osteoclastogenesis was evaluated by the generation of
TRAP-expressing cells. When compared with untreated
cells (Figure 4A), IL-17A–blocking antibody completely
abrogated osteoclastogenesis induced by Brucella-acti-
vated T cells (Figure 4B); however, the isotype control
had no effect (Figure 4C). The neutralizing antibody also

Figure 3. Brucella-activated T cells secrete pro-osteoclastogenic cytokines.
Anti-CD3-activated T cells that are stimulated with CS from B. abortus–
infected or uninfected (control) peritoneal macrophages. After 24 hours,
RANKL (A), IL-17 (B), IFN-� (C), and IL-10 (D) are determined in CSs by
ELISA. Data express the mean � SEM of duplicates. Data shown are from a
representative of five experiments performed. Numbers underneath figures
represent the MOI used to infect macrophages. **P � 0.01, ***P � 0.001
versus control.

Figure 4. IL-17, not RANKL, drives osteoclastogenesis induced by Brucella-
activated T cells. BMMs are cultured with M-CSF and activated T cells that are
stimulated by CS from B. abortus–infected or uninfected (control) peritoneal
macrophages. Cultures are left untreated (A) or are co-cultured in the pres-
ence of anti-IL-17A (a-IL-17; B), its respective isotype control (C), or OPG
(D), and osteoclastogenesis is evaluated by the generation of TRAP-express-
ing cells. RANKL and IL-17A are used as positive controls. Data express the
mean � SEM of duplicates. Data shown are from a representative of three
experiments performed. Numbers underneath figures represent the MOI

used to infect macrophages. *P � 0.05, **P � 0.01, ***P � 0.001 versus
control.
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blocked the generation of TRAP-positive cells induced by
recombinant IL-17, whereas it had no effect in RANKL-
induced osteoclastogenesis (Figure 4B). On the contrary,
OPG only slightly reduced the formation of osteoclast-like
cells induced by Brucella-activated T cells, whereas ab-
rogated RANKL-induced osteoclastogenesis had no ef-
fect on IL-17–driven osteoclastogenesis (Figure 4D). The
fact that RANKL (present in LTCS) was unable to induce
TRAP-positive cells when IL-17 was blocked was puz-
zling. Yet, the presence of IL-10, a powerful inhibitor of
RANKL/RANK-induced osteoclastogenesis (Figure 3D),
would help to explain this phenomenon. Confirming the
role of IL-17, osteoclastogenesis induced by Brucella-
activated T cells was dramatically reduced when these
cells were cultured with BMMs from IL-17R KO mice.
As expected, BMMs from IL-17R KO mice were unable
to become osteoclasts in response to IL-17, whereas
RANKL induced TRAP-positive cells in IL-17R KO BMMs
(Figure 5A). Altogether, these results indicated that oste-
oclastogenesis induced by Brucella-activated T cells de-
pended on IL-17.

Figure 5. Brucella-activated T cells are unable to induce osteoclastogenesis
or TNF-� secretion from BMMs from IL-17R KO mice. Wild-type (WT) or
IL-17R KO BMMs are cultured with M-CSF and activated T cells that are
stimulated by CS from B. abortus–infected or uninfected (control) peritoneal
macrophages. Osteoclastogenesis is evaluated by the generation of TRAP-
expressing cells (A), and TNF-� secretion (B) is determined in CSs by ELISA.
RANKL and IL-17A are used as positive controls. Data express the mean �
SEM of duplicates. Data shown are from a representative of five experiments.

Numbers underneath figures represent the MOI used to infect macrophages.
**P � 0.01, ***P � 0.001 versus control.
IL-6 Secreted by B. abortus–Infected
Macrophages Determine IL-17 Production by
LT and Concomitant Osteoclastogenesis

We previously demonstrated the ability of B. abortus in-
fection to induce the secretion of pro-inflammatory cyto-
kines from macrophages and a variety of other cell
types.6,25,30–36 Among them, IL-6 was abundantly se-
creted on infection. Because IL-6 was a pivotal cytokine
in the induction of Th17 cells,37 we investigated its role in
the production of IL-17 by Brucella-activated LT and also
in the osteoclastogenesis concomitantly elicited. CSs
from Brucella-infected macrophages were pre-incubated
with anti-IL-6 antibody or its isotype control, used to ac-
tivate LT. Brucella activated LT, and co-cultured with
BMMs in the presence of M-CSF, and osteoclastogenesis
was determined by the generation of TRAP-positive cells.
Neutralization of IL-6 dramatically reduced the produc-
tion of IL-17 in LTCS and the concomitant osteoclasto-
genesis induced by LTs that were activated by CS from
Brucella-infected macrophages at any of the MOIs used
to infect macrophages. On the contrary, isotype control
had no effect on the production of IL-17 by T cells or
induced osteoclastogenesis (Figure 6, A and B). These
results indicated that IL-6, generated by Brucella infec-
tion, induced the production of pro-osteoclastogenic
IL-17 from LT.

IL-17 Indirectly Induces BMM Osteoclastogenesis
Mainly through the Induction of TNF-� from
Osteoclast Precursors

The understanding of osteoimmunological features indi-
cated that IL-17 exerted its osteoclastogenic effects in-
directly by chiefly stimulating the expression of RANKL,
but also by inducing the pro-inflammatory triad of IL-
1�, IL-6, and TNF-� from osteoclast precursors and
osteoclast-supporting cells.20,29 Although RANKL was
introduced as the major cytokine that regulated oste-
oclast differentiation,20 TNF-� was indicated as the
most important osteoclastogenic molecule in patholog-
ical conditions.38 To assess whether TNF-� had a role
in IL-17–induced osteoclastogenesis, BMMs from
TNFRp55 KO mice were cultured in the presence of
M-CSF with activated T cells from wild-type mice that
were stimulated with CS from B. abortus–infected perito-
neal macrophages, and osteoclastogenesis was evalu-
ated by the generation of TRAP-expressing cells. BMMs
from C57BL/6 wild-type mice were used as a control.
Although LTs that were stimulated with CS from B. abor-
tus–infected macrophages secreted IL-17 (Figure 3B),
these cells were unable to induce osteoclastogenesis on
BMMs from TNFRp55 KO mice (when pretreated with CS
of Brucella-infected macrophages of low MOI) or showed
significantly (P � 0.05) reduced osteoclastogenesis
compared with BMMs from wild-type mice (when pre-
treated with CS of Brucella-infected macrophages of MOI
100) (Figure 7, A versus B). Because BMMs from IL-17R
KO mice were unable to secrete TNF-� (Figure 5B), IL-6,

or IL-1� (Figure 7, C and D) when stimulated with wild-
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type LT, the remaining osteoclastogenesis observed in
BMMs from TNFRp55 KO, when cultured with wild-type
LT pretreated with CS from Brucella-infected macro-
phages at MOI 100, indicated that other pro-osteoclas-
togenic cytokines were induced by TNFRp55 KO
BMMs under these experimental conditions. Indeed,
BMMs from TNFRp55 KO mice secreted significant
amounts of IL-6 and IL-1� when cultured with wild-type
LTs treated with CSs of macrophages infected with an
MOI of 100 (Figure 7, C and D). As expected, recom-
binant TNF-� was unable to induce TRAP-positive cells
from TNFRp55 KO BMMs, as against RANKL (Figure
7B). Altogether, these results indicated that IL-17 in-
duced the production of the pro-inflammatory triad of
cytokines from osteoclast precursors, of which primar-

Figure 6. IL-6 secreted by B. abortus–infected macrophages determines
IL-17 production by LT and concomitant osteoclastogenesis. CSs from B.
abortus–infected (MOI 100) or uninfected (control) peritoneal macrophages
are pre-incubated with anti-IL-6 (a-IL-6)–neutralizing antibody or its isotype
control, used to activate LT. Brucella activated LT and co-cultured with BMM
in the presence of M-CSF. IL-17 secretion (A) is determined in CSs by ELISA,
and osteoclastogenesis (B) is evaluated by the generation of TRAP-express-
ing cells. Data express the mean � SEM of duplicates. Data shown are from
a representative of three experiments performed. **P � 0.01, ***P � 0.001
versus control.
ily TNF-� induced osteoclastogenesis.
Brucella-Activated T Cells Induce Osteoclasts
in the Tibiae of Mice

Finally, to determine the in vivo relevance of our hypoth-
esis, Brucella-activated T cells were injected in the knee
joint of C57BL/6 wild-type mice. E. coli LPS and PBS were
used as positive and negative controls, respectively. Five
days later, animals were sacrificed, whole knee joints
were removed, and histological sections of the proximal
tibiae were stained for TRAP. Extensive and widespread
osteoclastogenesis, defined as TRAP-positive multinu-
cleated cells, was observed in the tibiae of all animals
injected with LT that were treated with CS from Brucella-
infected macrophages; however, in those inoculated with
LT that were treated with CS from uninfected macro-
phages, osteoclastogenesis was not observed. E. coli
LPS also induced extensive osteoclastogenesis, as
against PBS (Figure 8). These results indicated that the
presence of B. abortus–activated T cells within the bone

Figure 7. Osteoclastogenesis and cytokine production induced by Brucella-
activated T cells on TNFRp55 KO and IL-17R KO BMMs. Wild-type (WT),
TNFRp55 KO, or IL-17R KO BMMs are cultured with M-CSF and activated T
cells that are stimulated by CS from B. abortus–infected or uninfected (con-
trol) peritoneal macrophages. Osteoclastogenesis is evaluated by the gener-
ation of TRAP-expressing cells (A and B). IL-6 and IL-1� secretion is deter-
mined in CSs by ELISA (C and D). RANKL and IL-17A are used as positive
controls. Data express the mean � SEM of duplicates. Data shown are from
a representative of five experiments. Numbers underneath figures represent

the MOI used to infect macrophages. *P � 0.05, **P � 0.01, and ***P � 0.001
versus control.
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tissue promoted an inflammatory response that led to the
induction of multinucleated TRAP-positive osteoclast
cells.

Discussion

Several years of investigation have revealed a close re-
lationship between the immune and skeletal systems.20

In particular, the interaction between immune cells and
osteoclasts is a major topic of critical interest in the field
of osteoimmunology. Hitherto, the macrophage-oste-
oclast interaction has long been studied,39,40 and the T
cell–osteoclast interaction also has attracted much atten-
tion in the study of arthritis20 and in other inflammatory
conditions.18,19 Because infiltration of T cells into the
bones and joints is a hallmark pathological finding of
osteoarticular brucellosis,3,25 it is essential to address
whether and how T cells are linked to enhanced oste-
oclastic bone resorption in this form of brucellosis.

We describe an immune mechanism by which pre-
activated T cells, influenced by the inflammatory milieu
elicited by B. abortus–infected macrophages, promote
the generation of osteoclasts. Osteoclast development
was corroborated phenotypically by the formation of
TRAP-, CR-, and vitronectin receptor–positive multinucle-
ated cells with MMP-9 activity, and functionally by the
ability of these cells to induce dentine resorption. More-
over, the presence of B. abortus–stimulated T cells within
the tibiae of mice induced the formation of TRAP-positive
multinucleated osteoclasts, underlining in vivo the impor-
tance of LTs in promoting osteoclastogenesis on B. abor-
tus infection.

A more detailed analysis indicated that the LTs that
induced osteoclastogenesis were cells of the helper lin-
eage. Although committed on pre-activation with anti-
CD3 to secrete IFN-�, inflammatory mediators from B.
abortus–infected macrophages tilt this phenotype and
provide these CD4� T cells the capacity to secrete the
pro-osteoclastogenic cytokines: RANKL and IL-17. Al-
though RANKL has been postulated as the major cyto-
kine that regulates osteoclast differentiation,29 our result
using blocking anti-IL-17 antibodies or osteoclast precur-
sors from IL-17R KO mice undoubtedly demonstrates
that IL-17 drives osteoclastogenesis induced by Brucella-
activated T cells. The reasons for why RANKL produced

Figure 8. Brucella-activated T cells induce osteoclastogenesis in vivo. The a
by their ability to induce osteoclast-like cells in the tibiae of mice. Longitudin
after 5 days and are stained for TRAP. TRAP-positive multinucleated cells are
or E. coli LPS. LTs treated with CS from uninfected (control) peritoneal macro
experiments performed.
by B. abortus–activated T cells is unable to induce oste-
oclastogenesis when IL-17 is blocked merit discussion. A
possible explanation, although Th17 cells are able to
secrete RANKL, has been proposed that T-cell–induced
RANKL is not mainly responsible for inducing osteoclas-
togenesis.21 By contrast, it seems that RANKL, ex-
pressed by mesenchymal cells, has a predominant role
in eliciting the development of osteoclasts.41,42 More im-
portant, together with IL-17 and RANK, Brucella-activated
T cells produced IL-10, a cytokine that has inhibited the
osteoclastogenesis induced by the RANKL/RANK inter-
action,43 and also enhanced collagen-induced arthritis,
favoring the recruitment of IL-17–producing T cells into
the arthritic joints.44 The production of IL-10, together
with pro-inflammatory cytokines, is a common feature of
murine and human LTs on infection with B. abor-
tus.25,45,46 Also, IL-17 production has been induced by B.
abortus infection.47

Whether IL-17 acts directly or indirectly to promote
osteoclastogenesis is controversial29; however, it is par-
ticularly important for understanding the pathogenesis of
bone loss induced by B. abortus–activated T cells. Only a
few studies have demonstrated a direct contribution of
Th17 cells to osteoclastogenesis.48 On the contrary, the
fact that Th17 cells do not induce osteoclastogenesis in
the absence of mesenchymal supporting cells (synovial
fibroblasts and osteoblasts)21 would sustain the conten-
tion that IL-17 indirectly induces osteoclastogenesis. Our
results indicate that IL-17 induces the production of the
pro-inflammatory cytokines from osteoclast precursors,
of which primarily TNF-� induces osteoclastogenesis.
The pro-inflammatory triad of cytokines (TNF-�, IL-1�,
and IL-6) and prostaglandins play a fundamental role in
osteoclastogenesis and bone resorption. All these mole-
cules indirectly promote osteoclastogenesis by increas-
ing the expression of RANKL and M-CSF by stromal cells
and T cells, and also by acting directly on osteoclast
precursors to synergize with RANKL in driving osteoclas-
togenesis.49,50 Among these molecules, TNF-� is the most
important osteoclastogenic molecule in pathological condi-
tions driving osteoclastogenesis through several different
mechanisms, such as increasing the number of osteoclast
precursors and enhancing the expression of RANKL in os-
teoclastogenic-supporting cells.38

Of all of the pro-inflammatory mediators produced by
B. abortus infection,6,25,30–36 IL-6 induced the production

Brucella-activated T cells to induce in vivo osteoclastogenesis is determined
ns of tibia from mice inoculated with Brucella-activated T cells are removed
d (arrows) in the tibiae of all animals injected with Brucella-activated T cells
did not display TRAP staining. Data shown are from a representative of two
bility of
al sectio
observe
of pro-osteoclastogenic IL-17 from LT. This agrees with
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the contention that IL-6, together with transforming
growth factor-�, is fundamental for the differentiation of
the Th17 lineage.51 Our IL-6 neutralization experiments,
together with our previous results indicating that B. abor-
tus–infected macrophages do not secrete transforming
growth factor-�,6 clearly demonstrated that IL-6 is a key
component of the induction of pro-osteoclastogenic IL-
17. Yet, because transforming growth factor-� is present
in fetal bovine serum, we cannot definitively exclude its
role as a co-adjuvant differentiation cytokine of the Th17
lineage induced by B. abortus–infected macrophages.

The understanding of Brucella immunity dictates that
infection activates the immune system, leading to a pro-
inflammatory response that favors the differentiation of
T-cell responses toward a Th1 profile.52 This response,
which mainly involves IFN-�–producing T cells, is consid-
ered important to restrain and/or abrogate infec-
tion.34,35,53 However, the way in which Brucella-induced
T-cell responses contribute to immunopathological char-
acteristics is not known. Our results shed light on how T
cells could be involved in osteoclastogenic bone loss
during B. abortus infection. They indicate that B. abortus–
induced osteoclastogenesis is driven by Th17 cells. Be-
cause there is increased recognition of plasticity within
the helper lineage,54 we consider that our findings are
complementary to the previous observations indicating a
significant role of IFN-� in Brucella infection.55 We envi-
sion a scenario in which infiltrating Brucella-specific IFN-
�–producing Th1 cells would become pathogenic Th17
cells under the influence of the local inflammatory milieu
generated by the bacterium. A better understanding of
the factors that control stability and plasticity of Brucella-
specific CD4� T cells will have important therapeutic
applications to combat infection and to control the patho-
genic manifestation of osteoarticular brucellosis.

Acknowledgments

We thank Horacio Salomón and the staff of the National
Reference Center for AIDS, University of Buenos Aires, for
their assistance with biosafety level 3 laboratory use.

References

1. Aydin M, Fuat Yapar A, Savas L, Reyhan M, Pourbagher A, Turunc TY,
Ziya Demiroglu Y, Yologlu NA, Aktas A: Scintigraphic findings in
osteoarticular brucellosis. Nucl Med Commun 2005, 26:639–647

2. Colmenero JD, Ruiz-Mesa JD, Plata A, Bermudez P, Martin-Rico P,
Queipo-Ortuno MI, Reguera JM: Clinical findings, therapeutic ap-
proach, and outcome of brucellar vertebral osteomyelitis. Clin Infect
Dis 2008, 46:426–433

3. Madkour MM: Osteoarticular brucellosis. Madkour’s Brucellosis, ed 2.
Edited by MM Madkour. Berlin, Springer-Verlag, 2001, pp 74–84

4. Madkour MM: Bone and joint imaging. Madkour’s Brucellosis, ed 2.
Edited by MM Madkour. Berlin, Springer-Verlag, 2001, pp 90–132

5. Young EJ: Clinical manifestations of human brucellosis. Brucellosis:
Clinical and Laboratory Aspects. Edited by EJ Young, MJ Corbel.
Boca Raton, CRC Press, 1989, pp 97–126

6. Delpino MV, Barrionuevo P, Macedo GC, Oliveira SC, Genaro SD,
Scian R, Miraglia MC, Fossati CA, Baldi PC, Giambartolomei GH:
Macrophage-elicited osteoclastogenesis in response to Brucella

abortus infection requires TLR2/MyD88-dependent TNF-alpha pro-
duction. J Leukoc Biol 2012, 91:285–298
7. Haynes DR: Bone lysis and inflammation. Inflamm Res 2004, 53:596–
600

8. Merkel KD, Erdmann JM, McHugh KP, Abu-Am Y, Ross FP, Teitel-
baum SL: Tumor necrosis factor-alpha mediates orthopedic implant
osteolysis. Am J Pathol 1999, 154:203–210

9. Nair SP, Meghji S, Wilson M, Reddi K, White P, Henderson B: Bacte-
rially induced bone destruction: mechanisms and misconceptions.
Infect Immun 1996, 64:2371–2380

10. Wei S, Kitaura H, Zhou P, Ross FP, Teitelbaum SL: IL-1 mediates
TNF-induced osteoclastogenesis. J Clin Invest 2005, 115:282–290

11. Kotake S, Sato K, Kim KJ, Takahashi N, Udagawa N, Nakamura I,
Yamaguchi A, Kishimoto T, Suda T, Kashiwazaki S: Interleukin-6 and
soluble interleukin-6 receptors in the synovial fluids from rheumatoid
arthritis patients are responsible for osteoclast-like cell formation.
J Bone Miner Res 1996, 11:88–95

12. Revell PA, Mayston V, Lalor P, Mapp P: The synovial membrane in
osteoarthritis: a histological study including the characterisation of
the cellular infiltrate present in inflammatory osteoarthritis using
monoclonal antibodies. Ann Rheum Dis 1988, 47:300–307

13. Smith MD, O’Donnell J, Highton J, Palmer DG, Rozenbilds M, Rob-
erts-Thomson PJ: Immunohistochemical analysis of synovial mem-
branes from inflammatory and non-inflammatory arthritides: scarcity
of CD5 positive B cells and IL2 receptor bearing T cells. Pathology
1992, 24:19–26

14. Chu CQ, Field M, Allard S, Abney E, Feldmann M, Maini RN: Detection
of cytokines at the cartilage/pannus junction in patients with rheuma-
toid arthritis: implications for the role of cytokines in cartilage destruc-
tion and repair. Br J Rheumatol 1992, 31:653–661

15. Cenci S, Toraldo G, Weitzmann MN, Roggia C, Gao Y, Qian WP,
Sierra O, Pacifici R: Estrogen deficiency induces bone loss by in-
creasing T cell proliferation and lifespan through IFN-gamma-in-
duced class II transactivator. Proc Natl Acad Sci U S A 2003, 100:
10405–10410

16. Cenci S, Weitzmann MN, Roggia C, Namba N, Novack D, Woodring
J, Pacifici R: Estrogen deficiency induces bone loss by enhancing
T-cell production of TNF-alpha. J Clin Invest 2000, 106:1229–1237

17. Roggia C, Gao Y, Cenci S, Weitzmann MN, Toraldo G, Isaia G,
Pacifici R: Up-regulation of TNF-producing T cells in the bone
marrow: a key mechanism by which estrogen deficiency induces
bone loss in vivo. Proc Natl Acad Sci U S A 2001, 98:13960–13965

18. Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S, Capparelli C,
Li J, Elliott R, McCabe S, Wong T, Campagnuolo G, Moran E, Bogoch
ER, Van G, Nguyen LT, Ohashi PS, Lacey DL, Fish E, Boyle WJ,
Penninger JM: Activated T cells regulate bone loss and joint destruc-
tion in adjuvant arthritis through osteoprotegerin ligand. Nature 1999,
402:304–309

19. Kawai T, Matsuyama T, Hosokawa Y, Makihira S, Seki M, Karimbux
NY, Goncalves RB, Valverde P, Dibart S, Li YP, Miranda LA, Ernst
CW, Izumi Y, Taubman MA: B and T lymphocytes are the primary
sources of RANKL in the bone resorptive lesion of periodontal dis-
ease. Am J Pathol 2006, 169:987–998

20. Takayanagi H: The unexpected link between osteoclasts and the
immune system. Adv Exp Med Biol 2010, 658:61–68

21. Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono
Y, Tanaka S, Kodama T, Akira S, Iwakura Y, Cua DJ, Takayanagi H:
Th17 functions as an osteoclastogenic helper T cell subset that links
T cell activation and bone destruction. J Exp Med 2006, 203:2673–
2682

22. Gotuzzo E, Alarcon GS, Bocanegra TS, Carrillo C, Guerra JC, Ro-
lando I, Espinoza LR: Articular involvement in human brucellosis: a
retrospective analysis of 304 cases. Semin Arthritis Rheum 1982,
12:245–255

23. Delpino MV, Fossati CA, Baldi PC: Proinflammatory response of hu-
man osteoblastic cell lines and osteoblast-monocyte interaction upon
infection with Brucella spp. Infect Immun 2009, 77:984–995

24. Pfeffer K, Matsuyama T, Kundig TM, Wakeham A, Kishihara K, Sha-
hinian A, Wiegmann K, Ohashi PS, Kronke M, Mak TW: Mice deficient
for the 55 kd tumor necrosis factor receptor are resistant to endotoxic
shock, yet succumb to L. monocytogenes infection. Cell 1993, 73:
457–467

25. Giambartolomei GH, Zwerdling A, Cassataro J, Bruno L, Fossati CA,
Philipp MT: Lipoproteins, not lipopolysaccharide, are the key media-

tors of the proinflammatory response elicited by heat-killed Brucella
abortus. J Immunol 2004, 173:4635–4642



896 Giambartolomei et al
AJP September 2012, Vol. 181, No. 3
26. Scian R, Barrionuevo P, Giambartolomei GH, Fossati CA, Baldi PC,
Delpino MV: Granulocyte-macrophage colony-stimulating factor- and
tumor necrosis factor alpha-mediated matrix metalloproteinase pro-
duction by human osteoblasts and monocytes after infection with
Brucella abortus. Infect Immun 2011, 79:192–202

27. Scian R, Barrionuevo P, Giambartolomei GH, Fossati CA, Baldi PC,
Delpino MV: Granulocyte-macrophage colony-stimulating factor- and
tumor necrosis factor alpha-mediated matrix metalloproteinase pro-
duction by human osteoblasts and monocytes after infection with
Brucella abortus. Infect Immun 2011, 79:192–202

28. Lubberts E, Joosten LA, Chabaud M, van Den Bersselaar L, Oppers
B, Coenen-De Roo CJ, Richards CD, Miossec P, van Den Berg WB:
IL-4 gene therapy for collagen arthritis suppresses synovial IL-17 and
osteoprotegerin ligand and prevents bone erosion. J Clin Invest 2000,
105:1697–1710

29. Takayanagi H: Osteoimmunology and the effects of the immune
system on bone. Nat Rev Rheumatol 2009, 5:667–676

30. Zwerdling A, Delpino MV, Barrionuevo P, Cassataro J, Pasquevich
KA, Garcia Samartino C, Fossati CA, Giambartolomei GH: Brucella
lipoproteins mimic dendritic cell maturation induced by Brucella
abortus. Microbes Infect 2008, 10:1346–1354

31. Barrionuevo P, Cassataro J, Delpino MV, Zwerdling A, Pasquevich
KA, Garcia Samartino C, Wallach JC, Fossati CA, Giambartolomei
GH: Brucella abortus inhibits major histocompatibility complex class
II expression and antigen processing through interleukin-6 secretion
via Toll-like receptor 2. Infect Immun 2008, 76:250–262

32. Garcia Samartino C, Delpino MV, Pott Godoy C, Di Genaro MS,
Pasquevich KA, Zwerdling A, Barrionuevo P, Mathieu P, Cassataro J,
Pitossi F, Giambartolomei GH: Brucella abortus induces the secretion
of proinflammatory mediators from glial cells leading to astrocyte
apoptosis. Am J Pathol 2010, 176:1323–1338

33. Zwerdling A, Delpino MV, Pasquevich KA, Barrionuevo P, Cassataro
J, Garcia Samartino C, Giambartolomei GH: Brucella abortus acti-
vates human neutrophils. Microbes Infect 2009, 11:689–697

34. Zhan Y, Kelso A, Cheers C: Cytokine production in the murine re-
sponse to brucella infection or immunization with antigenic extracts.
Immunology 1993, 80:458–464

35. Zhan Y, Cheers C: Differential induction of macrophage-derived cy-
tokines by live and dead intracellular bacteria in vitro. Infect Immun
1995, 63:720–723

36. Zaitseva M, Golding H, Manischewitz J, Webb D, Golding B: Brucella
abortus as a potential vaccine candidate: induction of interleukin-12
secretion and enhanced B7.1 and B7.2 and intercellular adhesion
molecule 1 surface expression in elutriated human monocytes stim-
ulated by heat-inactivated B. abortus. Infect Immun 1996, 64:3109–
3117

37. Miossec P: Diseases that may benefit from manipulating the Th17
pathway. Eur J Immunol 2009, 39:667–669

38. Boyce BF, Li P, Yao Z, Zhang Q, Badell IR, Schwarz EM, O’Keefe RJ,
Xing L: TNF-alpha and pathologic bone resorption. Keio J Med 2005,
54:127–131

39. Adamopoulos IE, Sabokbar A, Wordsworth BP, Carr A, Ferguson DJ,
Athanasou NA: Synovial fluid macrophages are capable of osteoclast

formation and resorption. J Pathol 2006, 208:35–43
40. Ukai T, Yumoto H, Gibson FC 3rd, Genco CA: Macrophage-elicited
osteoclastogenesis in response to bacterial stimulation requires Toll-
like receptor 2-dependent tumor necrosis factor-alpha production.
Infect Immun 2008, 76:812–819

41. Takayanagi H, Iizuka H, Juji T, Nakagawa T, Yamamoto A, Miyazaki T,
Koshihara Y, Oda H, Nakamura K, Tanaka S: Involvement of receptor
activator of nuclear factor kappaB ligand/osteoclast differentiation
factor in osteoclastogenesis from synoviocytes in rheumatoid arthritis.
Arthritis Rheum 2000, 43:259–269

42. Takayanagi H, Oda H, Yamamoto S, Kawaguchi H, Tanaka S, Ni-
shikawa T, Koshihara Y: A new mechanism of bone destruction in
rheumatoid arthritis: synovial fibroblasts induce osteoclastogenesis.
Biochem Biophys Res Commun 1997, 240:279–286

43. Park-Min KH, Ji JD, Antoniv T, Reid AC, Silver RB, Humphrey MB,
Nakamura M, Ivashkiv LB: IL-10 suppresses calcium-mediated co-
stimulation of receptor activator NF-kappa B signaling during human
osteoclast differentiation by inhibiting TREM-2 expression. J Immunol
2009, 183:2444–2455

44. Tao J, Kamanaka M, Hao J, Hao Z, Jiang X, Craft JE, Flavell RA, Wu
Z, Hong Z, Zhao L, Yin Z: IL-10 signaling in CD4� T cells is critical for
the pathogenesis of collagen-induced arthritis. Arthritis Res Ther
2011, 13:R212

45. Fernandes DM, Jiang X, Jung JH, Baldwin CL: Comparison of T cell
cytokines in resistant and susceptible mice infected with virulent
Brucella abortus strain 2308. FEMS Immunol Med Microbiol 1996,
16:193–203

46. Svetic A, Jian YC, Lu P, Finkelman FD, Gause WC: Brucella abortus
induces a novel cytokine gene expression pattern characterized by
elevated IL-10 and IFN-gamma in CD4� T cells. Int Immunol 1993,
5:877–883

47. Skyberg JA, Thornburg T, Rollins M, Huarte E, Jutila MA, Pascual DW:
Murine and bovine �� T cells enhance innate immunity against Bru-
cella abortus infections. PLoS One 2011, 6:e21978

48. Kwak HB, Ha H, Kim HN, Lee JH, Kim HS, Lee S, Kim HM, Kim JY,
Kim HH, Song YW, Lee ZH: Reciprocal cross-talk between RANKL
and interferon-gamma-inducible protein 10 is responsible for bone-
erosive experimental arthritis. Arthritis Rheum 2008, 58:1332–1342

49. Teitelbaum SL: Osteoclasts: culprits in inflammatory osteolysis. Ar-
thritis Res Ther 2006, 8:201

50. Takayanagi H: Osteoimmunology: shared mechanisms and crosstalk
between the immune and bone systems. Nat Rev Immunol 2007,
7:292–304

51. Korn T, Bettelli E, Oukka M, Kuchroo VK: IL-17 and Th17 cells. Annu
Rev Immunol 2009, 27:485–517

52. Golding B, Scott DE, Scharf O, Huang LY, Zaitseva M, Lapham C,
Eller N, Golding H: Immunity and protection against Brucella abortus.
Microbes Infect 2001, 3:43–48

53. Zhan Y, Cheers C: Endogenous interleukin-12 is involved in resis-
tance to Brucella abortus infection. Infect Immun 1995, 63:1387–1390

54. Nakayamada S, Takahashi H, Kanno Y, O’Shea JJ: Helper T cell
diversity and plasticity. Curr Opin Immunol 2012, 24:297–302

55. Brandão AP, Oliveira FS, Carvalho NB, Vieira LQ, Azevedo V,
Macedo GC, Oliveira SC: Host susceptibility to Brucella abortus

� knockout than IL-12/�2-micro-
infection is more pronounced in IFN-
globulin double-deficient mice. Clin Dev Immunol 2012, 2012:589494


	Brucella abortus–Infected Macrophages Modulate T Lymphocytes to Promote Osteoclastogenesi ...
	Materials and Methods
	Ethics Statement
	Animals
	Bacteria
	Cells and Media
	Infection
	LT Activation
	Osteoclast Formation Assay
	Determination of MMP-9 Activity
	Cytokines and RANKL Assays
	Pit Formation Assay
	Neutralization Experiments
	Evaluation of Osteoclast Formation in an in Vivo Model
	Statistical Analysis

	Results
	CSs from B. abortus–Infected Macrophages Activate T Cells to Induce BMM-Derived Osteoclas ...
	Osteoclastogenesis Induced by Brucella-Activated T Cells Is Mediated by CD4+ T Cells
	Brucella-Activated T Cells Secrete Pro-Osteoclastogenic Cytokines
	IL-17 Drives Osteoclastogenesis Induced by Brucella-Activated T Cells
	IL-6 Secreted by B. abortus–Infected Macrophages Determine IL-17 Production by LT and Con ...
	IL-17 Indirectly Induces BMM Osteoclastogenesis Mainly through the Induction of TNF-α fro ...
	Brucella-Activated T Cells Induce Osteoclasts in the Tibiae of Mice

	Discussion
	Acknowledgments
	References


