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Brucella spp. can establish themselves and cause disease in humans and animals. The mechanisms by which
Brucella spp. evade the antibacterial defenses of their host, however, remain largely unknown. We have
previously reported that live brucellae failed to induce tumor necrosis factor alpha (TNF-a) production upon
human macrophage infection. This inhibition is associated with a nonidentified protein that is released into
culture medium. Outer membrane proteins (OMPs) of gram-negative bacteria have been shown to modulate
macrophage functions, including cytokine production. Thus, we have analyzed the effects of two major OMPs
(Omp25 and Omp31) of Brucella suis 1330 (wild-type [WT] B. suis) on TNF-a production. For this purpose,
omp25 and omp31 null mutants of B. suis (Domp25 B. suis and Domp31 B. suis, respectively) were constructed
and analyzed for the ability to activate human macrophages to secrete TNF-a. We showed that, in contrast to
WT B. suis or Domp31 B. suis, Domp25 B. suis induced TNF-a production when phagocytosed by human
macrophages. The complementation of Domp25 B. suis with WT omp25 (Domp25-omp25 B. suis mutant)
significantly reversed this effect: Domp25-omp25 B. suis-infected macrophages secreted significantly less TNF-a
than did macrophages infected with the Domp25 B. suis mutant. Furthermore, pretreatment of WT B. suis with
an anti-Omp25 monoclonal antibody directed against an epitope exposed at the surface of the bacteria resulted
in substancial TNF-a production during macrophage infection. These observations demonstrated that Omp25
of B. suis is involved in the negative regulation of TNF-a production upon infection of human macrophages.

Members of the genus Brucella are gram-negative, faculta-
tively intracellular bacteria that can induce chronic infections
in humans. Following invasion of the reticuloendothelial sys-
tem, the bacteria develop intracellularly within mononuclear
phagocytes. Chronic infection generally results in the fixation
of infected macrophages at specific locations within the body
(spleen, brain, heart, bones), and the human disease is char-
acterized by undulant fever, endocarditis, arthritis, and osteo-
myelitis (42). Brucellae are also pathogenic for animals, but
the pathophysiology of the human infection differs in many
respects from the illness induced in animals. In domestic ru-
minants, infection results mainly in abortion in females and
orchitis in males (15) whereas in mice, infection resembles
septicemia and does not become truly chronic (18). These
observations therefore suggest a species-specific interaction of
Brucella organisms with the immune systems of their different
hosts. To survive and multiply within the host, one of the major
strategies of pathogens is to affect the expression of cytokines,
which is necessary for the normal protective function of the
immune response (26).

In previous papers (6, 7) we have reported that brucellae can
adopt the following strategy. (i) In human monocytic phago-
cytes (but not in mouse macrophages), Brucella spp. impair the

production of tumor necrosis factor alpha (TNF-a) induced
either by their phagocytosis or by exogenously added lipopoly-
saccharide (LPS). (ii) The defect in TNF-a production results
from specific modulation of macrophage stimulation by a pro-
tein factor(s) that is produced by the bacteria and is present in
the bacterial culture supernatant. Inhibition of TNF-a produc-
tion may favor the intracellular development of brucellae at
different levels, since this proinflammatory cytokine activates
the antibacterial activities of macrophages, stimulates antigen-
presenting cells, and participates in the initiation of a specific
immune response.

This strategy is not particular to brucellae, as other gram-
negative bacteria, such as Ehrlichia risticii (35) or Yersinia spp.
(2, 30), are also able to inhibit the production of TNF-a which
might result from their interaction with macrophages. The
molecular mechanism linked to Yersinia inhibition of TNF-a
production was recently characterized by our group (29, 30)
and involves the injection of a Yersinia-specific protein (Yop)
into host cells through a type III transport system (3, 28). In
contrast to yersiniae the Brucella entity (or entities) involved in
inhibition of TNF-a production by host cells is still unknown.
Its identification should constitute an important step toward
the understanding of the virulence of these bacteria. Until now,
our efforts to identify this molecule by direct fractionation of
Brucella supernatants were unsuccessful. Nevertheless, we hy-
pothesized that a protein that can directly interact with the
macrophage membrane during the phagocytic process and can
be easily released from the bacterial cell would be a good
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candidate. In addition to LPS and phospholipids, the mem-
brane of gram-negative bacteria contains outer membrane pro-
teins (OMPs), such as the well-characterized protein OmpA,
and porins (OmpC and -F) of Enterobacteriaceae. The major
Brucella OMPs are identified and classified according to their
apparent molecular masses and include the 36- to 38-kDa
OMPs (or group 2 porin proteins) and the 31- to 34-kDa and
25- to 27-kDa OMPs, which belong to the group 3 proteins
(34). Two genes, named omp25 and omp31, code for the group
3 OMPs. Omp25 is highly conserved in Brucella species, bio-
vars, and strains (9) and exhibits some sequence homology and
antigenic relationship with Escherichia coli OmpA (8, 9, 37). In
Proteus mirabilis (41) and more recently in Klebsiella pneu-
moniae (33), OmpA was shown to modulate cytokine produc-
tion in LPS-activated macrophages.

We thus examined the possibility that in brucellae, Omp25
and/or Omp31 could be involved in the regulation of TNF-a
production by infected macrophages. For this purpose,
Domp25 Brucella suis and Domp31 B. suis mutants were con-
structed and analyzed for the ability to activate human mac-
rophages to secrete TNF-a. We report here convergent data
demonstrating that the expression of Omp25 correlated with
the unusual absence of TNF-a release observed in human
macrophages infected with Brucella spp. Finally, we show that
Brucella Omp25 is involved in the negative regulation of
TNF-a production upon infection of human macrophages.

MATERIALS AND METHODS

Bacterial strains and plasmids. B. suis 1330 (ATCC 23444) and derived
mutants were all grown in tryptic soy broth at 37°C. Mutant strains containing a
kanamycin or chloramphenicol resistance cassette were cultured in the presence
of the respective antibiotic at 50 or 25 mg ml21. Plasmid pAC2507 carried the
omp25 gene of B. suis cloned in pCRII (10). For the complementation assay with
B. suis, this native omp25 gene was prepared by codigestion with restriction
enzymes KpnI and XbaI and recloned into plasmid pBBR1MCS (24), a broad-
host-range vector. In the resulting construct, the omp25 gene is under the control
of the Plac promoter. E. coli strain DH5a was used as the recipient strain and was
routinely grown in Luria-Bertani medium. Recombinant clones were selected on
agar supplemented with chloramphenicol in combination with kanamycin at the
concentrations indicated above. Plasmid pNV3151 is derived from pBBR1MCS4
(ampicillin resistant) and maintained in E. coli strain JM109. It contained the
native omp31 gene of B. melitensis 16M under the control of its own promoter
(22).

DNA manipulations and Southern blots. Plasmid DNA was isolated from E.
coli according to standard procedures (32). B. suis chromosomal DNA was
prepared as previously described (1). DNA treatments with restriction and mod-
ification enzymes were performed according to the manufacturer’s instructions.
Restriction fragments were purified after separating bands on low-melting-point
agarose gels (Life Technologies) by the Wizard DNA clean-up system (Promega,
Madison, Wis.). DNA labeling was carried out with [a-32P]dCTP (3,000 Ci
mmol21; NEN) and a random priming kit (Appligène). Southern blotting was
performed with Biodyne B nylon membranes (Pall, Port Washington, N.Y.). The
membranes were washed twice at 68°C for 15 min each time in 0.13 SSC (13
SSC is 0.15 M NaCl plus 0.0115 M sodium citrate) with 0.1% sodium dodecyl
sulfate (SDS).

Inactivation of B. suis omp25 and omp31 by homologous recombination. Plas-
mid pUC19, pAC2553, and pNV3153 constructs were used for homologous
recombinations. Plasmid pAC2553 containing the omp25 gene of B. melitensis
16M was interrupted by replacement of the 314-bp StyI fragment with the
kanamycin resistance gene from plasmid pUC4K. Plasmid pNV3153 harboring
the omp31 gene of B. melitensis 16M was mutated by insertion of the chloram-
phenicol resistance cassette from plasmid pBlueCM-2 into the StyI restriction
site. The omp25-Kan and omp31-Cm inserts were excised as 1.9- and 1.8-kb
XbaI-SacI fragments, respectively, and recloned into pCVD442 (11) containing
the sacB gene which codes for sucrose sensitivity (19). B. suis was transformed
with this suicide vector by electroporation as previously described (23). Mutants

of B. suis that integrated the inactivated omp25 or omp31 gene into the chro-
mosome by double-recombination events were selected by their resistance to
sucrose and kanamycin or chloramphenicol as reported elsewhere (14).

Analysis of Brucella OMPs by SDS-PAGE and immunoblotting. Equal vol-
umes of stationary-phase cultures of each Brucella strain (i.e., wild-type [WT] B.
suis, the omp25 null mutant [Domp25 B. suis], the omp31 null mutant [Domp31
B. suis], and the complemented mutants [Domp25-omp25 B. suis or Domp31-
omp31 B. suis], respectively) were centrifuged. The bacterial pellets were resus-
pended in Laemmli sample buffer and the bacterial proteins were separated by
SDS–15% polyacrylamide gel electrophoresis (PAGE). Proteins were trans-
ferred onto a polyvinylidene difluoride membrane (Millipore, Saint-Quentin,
France) by a semidry transfer procedure. Transferred Omp25 and Omp31 pro-
teins were detected by using mouse anti-Omp25 mononoclonal antibody (MAb)
A19/12B10/F04 (10) and mouse anti-Omp31 MAb A59/10F09/G10, respectively
(38). Bound antibodies were visualized with an anti-mouse horseradish peroxi-
dase-conjugated secondary antibody (Amersham, Les Ulis, France) and revealed
by enhanced chemiluminescence assay (Amersham).

Preparation and analysis of Brucella supernatants. Bacteria from a 10-ml
stationary-phase culture of each Brucella strain were pelleted by centrifugation.
The bacteria were washed twice in phosphate-buffered saline (PBS), suspended
in the same volume (10 ml) of RPMI 1640 medium (Gibco BRL, Les Ulis,
France) and incubated in this medium at 37°C for 2.5 h with shaking. Bacteria
were then discarded by centrifugation, and the supernatants were filtered
through a 0.22-mm-pore-size filter (Steritop; Millipore).

When indicated, the supernatant was prepared from a 400-ml stationary-phase
culture of WT B. suis, the supernatant being concentrated 400 times in two steps,
(i) reduction to a volume of 20 ml by ultrafiltration with an Amicon Concentra-
tion Cell using a membrane with a cutoff of 10 kDa and (ii) reduction to a volume
of 1 ml by centrifugation at 2,200 3 g and 4°C using 10-kDa Centriprep. Super-
natants (generally 75 ml) were analyzed by SDS-PAGE and immunoblotting as
reported above. Transferred Omp25 or Omp31 protein or LPS was detected by
using anti-Omp25 MAb A19/12B10/F04, anti-Omp31 MAb A59/10F09/G10 (38),
or anti-LPS MAb 12G12, respectively (10). The bacterial proteins from concen-
trated supernatants were visualized by Coomassie brilliant blue staining.

Brucella infection of human THP-1 macrophage-like cells and intracellular
survival assay. Human macrophage-like THP-1 cells (ATCC TIB 202) differen-
tiated for 72 h with 1027 M 1,25-dihydroxyvitamin D3 (VD3) (6) were infected
in 24-well plates (Falcon; Becton Dickinson, Meylan, France) with the different
B. suis strains as previously described (6). Briefly, cells (8 3 105 ml21) cultured
for 1 night in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
calf serum (Gibco BRL) at 37°C and 5% CO2 were washed and incubated in the
same medium for 30 min with a bacterial suspension corresponding to a multi-
plicity of infection (MOI) of 20. After three washes with PBS, the cells were
reincubated in RPMI 1640 medium–10% fetal calf serum with gentamicin (30 mg
ml21) to kill any remaining extracellular bacteria. At 1.5, 7, 24, and 48 h postin-
fection, the cells were washed twice with PBS and lysed in 0.2% Triton X-100.
CFU counts were determined by plating serial dilutions on tryptic soy agar.
Experiments were performed twice in triplicate.

Detection of TNF-a and IL-8 in supernatants of infected VD3-differentiated
THP-1 cells. Culture supernatants from the infection experiments described
above were harvested at different times postinfection, centrifuged, and stored at
220°C for TNF-a measurement. As a control, the ability of the cells to produce
TNF-a was measured by stimulation with LPS from E. coli O128:B12 (Sigma) at
100 ng ml21 for 7 h.

The quantification of TNF-a in supernatants was evaluated by a cytotoxicity
assay performed with the TNF-a-sensitive murine fibroblast cell line L929 as
previously described (6). This method demonstrated the bioactivity of the TNF-a
produced by THP-1 cells. Results were evaluated by comparison with a human
recombinant TNF-a standard 87/650 from the National Institute for Biological
Standards and Controls (Potter Bar, United Kingdom) and expressed as pico-
grams per milliliter.

Quantification of TNF-a by enzyme-linked immunosorbent assay (ELISA)
was also performed as previously described (25), by using the OptEIA set (hu-
man TNF-a; Pharmigen, San Diego, Calif.). Interleukin-8 (IL-8) was quantified
by ELISA (human IL-8 Endogen; Perbio Science, Bezons, France) by following
the instructions of the manufacturer. For every condition tested, the TNF-a (or
IL-8) concentration was calculated as the mean 6 the standard deviation (SD) of
three different determinations.

Binding of anti-Omp25 and anti-Omp31 antibodies to WT B. suis. A76/02C12/
C11 and A59/10F09/G10 are two MAbs of the immunoglobulin G2a (IgG2a)
subtype that, respectively, recognize Omp25 and Omp31 on the external surface
of intact brucellae. Their characteristics have been published elsewhere (4, 5, 10).
As described previously (4, 5), they were used as hybridoma supernatants
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throughout this study. Twenty-five microliters of a suspension of WT B. suis
(optical density, 0.9) was washed, suspended in 500 ml of PBS, and incubated with
subagglutinating dilutions (1/100 to 1/5) of anti-Omp25 or anti-Omp31 MAbs or
with medium alone. As a control, bacteria were treated with 2 mg of an irrelevant
MAb of the IgG2a subtype (anti-CD14 hybridoma RM052; Beckman) under
similar conditions. The bacteria were then washed and incubated for a further 30
min with a fluorescein isothiocyanate (FITC)-labeled anti-mouse F(ab)92 frag-
ment (Beckman). After extensive washings, their fluorescence was analyzed by
flow cytometry as previously described (4).

In some experiments, WT B. suis treated for 30 min with different dilutions of
anti-Omp25 or anti-Omp31 MAbs or with medium alone, followed by washing,
was used to infect differentiated THP-1 cells (MOI, 20). Seven hours later, the
amount of TNF-a present in the supernatant was measured as mentioned above.

Statistical analysis. P values were calculated by using the paired Student t test.

RESULTS

Inactivation of B. suis omp25 and omp31 genes. To analyze
the effect of Omp25 and Omp31 on TNF-a production by
infected macrophages, we constructed omp25 and omp31 null
mutants of B. suis as an alternative to purifying the OMPs,
which is impossible in the absence of detergents. For this
reason, the omp25 and omp31 genes of WT B. suis were inde-
pendently inactivated. Suicide plasmid pCVD442, carrying ei-
ther the omp25 gene or the omp31 gene interrupted by the
kanamycin or chloramphenicol resistance gene, respectively,
was transformed into WT B. suis, allowing exchange between
chromosomal omp25 or omp31 and the corresponding mutant
gene. In both cases, successful allelic exchange was confirmed
by Southern blot analysis. HindIII digests of chromosomal
DNAs prepared from parent and mutant B. suis strains were
hybridized with the omp25 or omp31 probe obtained from
plasmid pAC2553 or pNV3153, respectively (see Materials and
Methods). A 620-bp fragment that can be deduced from the
construction appeared in the omp25 mutant DNA but was
absent from the WT DNA; furthermore, instead of the 1.6-kb
fragment detected by the omp31 probe in DNA from B. suis
(38), two bands of 2,140 and 413 bp were revealed in the
omp31 mutant DNA (data not shown).

Western blot analysis using anti-Omp25 or anti-Omp31
MAbs confirmed the absence of Omp25 and Omp31 in the
corresponding mutants strains, Domp25 B. suis and Domp31 B.
suis, respectively (Fig. 1). We were unsuccessful in obtaining a
double mutant with both the omp25 and omp31 genes inacti-
vated despite conducting multiple experiments with either the
Domp25 B. suis or the Domp31 B. suis genetic background.

Domp25 B. suis complemented in trans with the native
omp25 gene from B. suis and cloned into pBBR1MCS recov-
ered the expression of Omp25 (Fig. 1) (mutant Domp25-omp25
B. suis). trans complementation of the omp31 mutant with
plasmid pNV3151, containing the intact omp31 gene of B.
melitensis led to the production of the Omp31 protein (mutant
Domp31-omp31 B. suis). The profile obtained (Fig. 1) was very
similar to the multiple-band pattern observed with the WT B.
melitensis strain (38), ranging from 28 to 34 kDa, depending on
the sample treatment used before electrophoresis.

TNF-a is produced upon macrophage infection by Domp25
B. suis, whereas Domp31 B. suis does not induce any release of
this cytokine. We have previously observed that human mac-
rophagic cells (i.e., human monocytes, VD3- and retinoic acid-
differentiated U-937 cells, or VD3-differentiated THP-1 cells)
infected with WT B. suis do not produce any TNF-a (6). In a
set of similar experiments, we have assayed for the presence of

TNF-a in supernatants of THP-1 macrophage-like cells in-
fected with Domp25 B. suis or Domp31 B. suis and compared
the results to those obtained with WT B. suis. Data from 10
experiments are summarized in Fig. 2A. As expected, there
was no TNF-a detectable in supernatants of WT B. suis-in-
fected cells while controls with E. coli LPS showed that the
cells were very sensitive to activation (3.0 6 0.4 ng/ml). In
contrast, Domp25 B. suis-infected cells produced significant
concentrations of TNF-a, ranging from 700 to 1,200 pg/ml as
measured by ELISA or from 280 to 340 pg/ml as measured
with the bioassay. The differences between the values obtained
by the two methods were probably due to the different stan-
dards used in the assays. Domp31 B. suis behaved the same way
as WT B. suis and did not induce any significant production of
the cytokine (,40 pg/ml by ELISA, undetectable by the bio-
assay). Measurements of the phagocytosis of both mutants
were comparable and could therefore not account for the dif-
ferences in TNF-a production observed (Fig. 3). As in LPS-
activated cells, the production of TNF-a induced by the
Domp25 B. suis mutant was transient and optimal 6 to 7 h after
infection (Fig. 2B). These results strongly suggested that
Omp25 of B. suis could be involved in the previously reported
absence of TNF-a production in infected human macrophages.
In order to verify if the phenomenon was exclusively due to
Omp25, experiments were done with Domp25-omp25 B. suis.
The data presented in Fig. 2 show a significant decrease in
TNF-a production when Domp25-omp25 B. suis was used in-
stead of Domp25 B. suis. No effect resulted from the comple-
mentation of Domp31 B. suis by the omp31 gene (Domp31-
omp31 B. suis mutant).

Upon infection with WT B. suis, human macrophages which
did not produce TNFa secreted other inflammatory cytokines
like IL-1, IL-6 (6), or IL-8 (unpublished results). We thus
compared the production of IL-8 in VD3-differentiated THP-1
cells infected with WT and Domp25 B. suis and found no
significant difference. In three different experiments, the IL-8
concentrations measured in supernatants of cells infected for
24 h with WT, Domp25, and Domp25-omp25 B. suis were 280 6
35, 320 6 40, and 290 6 25 pg/ml, respectively.

Our previous data have shown that activation of macro-

FIG. 1. Expression of Omp25 and Omp31 by different B. suis mu-
tants. (A) Total proteins of WT B. suis (lane 1) and Domp25 B. suis
transcomplemented (lanes 4 and 5, respectively) or not transcomple-
mented (lanes 2 and 3) were separated by SDS-PAGE, blotted, and
analyzed with an anti-Omp25 antibody. (B) Total proteins of WT B.
suis (lane 6) and Domp31 B. suis transcomplemented (lanes 9 and 10)
or not transcomplemented (lanes 7 and 8) were separated by SDS-
PAGE, blotted, and analyzed with an anti-Omp31 antibody.
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phage-like U-937 cells by TNF-a results in reduced multipli-
cation of WT B. suis inside the cells (7). We therefore mea-
sured the multiplication of Domp25 and Domp31 B. suis in
VD3-differentiated THP-1 cells. No significant difference was
noted in the development of WT, Domp25, or Domp31 B. suis
within VD3-differentiated THP-1 cells (Fig. 3).

Omp25 is released into the supernatants of WT B. suis
cultures. In addition to the absence of TNF-a production in
WT B. suis-infected macrophages under conditions in which
other gram-negative bacteria are active (7), it was also ob-
served that Brucella culture supernatants contain a protein
factor(s) that is able to inhibit the secretion of TNF-a in

LPS-activated macrophages (6). We therefore analyzed the
expression of Omp25 in the supernatants of the different Bru-
cella strains studied as described above. Western blot analysis
with an anti-Omp25 MAb revealed that Omp25 was present in
the supernatants of WT B. suis and Domp31 B. suis (Fig. 4A).
On the contrary, Omp25 was not observed in the supernatants

FIG. 2. The Domp25 B. suis mutant induces TNF-a production in
human macrophages. (A) THP-1 cells were infected with WT or mu-
tant B. suis and cultured for 7 h in complete culture medium supple-
mented with gentamicin at 30 mg/ml. The cell supernatants were then
harvested, and their TNF-a contents were determined by ELISA
(black bar) or a bioassay (grey bar). Each experiment included infec-
tion with WT B. suis and the following mutants: Domp25 B. suis, the
complemented Domp25 strain of B. suis (Domp25-omp25 B. suis),
Domp31 B. suis, and the complemented Domp31 strain of B. suis
(Domp31-omp31 B. suis). Each experiment also included a control cell
activation with E. coli LPS at 100 ng/ml. In these experiments, LPS-
stimulated cells produced 3,000 6 400 pg of TNF-a per ml. Values
represent the mean 6 SD of 10 different experiments. (B) THP-1 cells
were infected with WT B. suis (ƒ), Domp25 B. suis (F), Domp25-
omp25 B. suis (E), or Domp31 B. suis (�). At different times postin-
fection, supernatants were harvested and TNF-a production was mea-
sured by ELISA. Each value represents the mean 6 SD of four similar
samples.

FIG. 3. Intracellular behavior of Domp25 B. suis and Domp31 B.
suis within THP-1 cells compared to that of WT B. suis. VD3–THP-1
cells (7 3 105 per well) were infected with Domp25 B. suis (A, Œ) or
with Domp31 B. suis (B, Œ) (MOI, 20) in 24-well plates. For each
mutant, a control infection was performed with WT B. suis (F). At
different time periods, cells were lysed and the number of viable bac-
teria was then determined. Panels A and B report the results of one
typical experiment representative of three.

FIG. 4. The inhibitory capacity of the bacterial supernatants cor-
relates with the presence of Omp25. (A) WT B. suis or B. suis mutants
(2.5 3 1010/ml) were cultured for 150 min in RPMI 1640 medium, the
bacteria were centrifuged, and 75 ml of each supernatant was separated
by SDS-PAGE and analyzed by Western blotting with an anti-Omp25,
an anti-Omp31, or an anti-LPS antibody. Lanes: 1, WT B. suis; 2,
Domp25 B. suis; 3, Domp25-omp25 B. suis; 4, Domp31 B. suis). (B)
Supernatants of WT B. suis cultured as reported above were concen-
trated 400-fold and analyzed by Coomassie blue staining after electro-
phoresis and blotting. Lanes: M, molecular size markers; Lysat, bac-
terial lysate; Supernatant, proteins in supernatant of B. suis cultured in
RPMI 1640 medium (see Materials and Methods).
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of Domp25 B. suis and as expected, the protein reappeared in
the supernatant of the complemented Domp25-omp25 B. suis
strain. Experiments performed in parallel with an anti-Omp31
MAb demonstrated the presence of the protein in WT B. suis,
Domp25 B. suis, or Domp25-omp25 B. suis supernatant but not
in Domp31 B. suis supernatant (Fig. 4A). Figure 4 also shows
the presence of Brucella LPS in all of the bacterial superna-
tants studied. Analyses of concentrated supernatants and bac-
terial lysats by SDS-PAGE revealed that beside Omp25, sev-
eral proteins were present in bacteria supernatants; this is
shown for WT B. suis in Fig. 4B. The release of outer mem-
brane vesicles (blebs) by exponentially growing WT B. suis
could explain the presence of Omp25 in bacterial supernatants
(17). Indeed, high-speed centrifugation revealed the presence
of blebs in all of the Brucella supernatants analyzed (R.-A.
Boigegrain et al., unpublished results).

Inhibition of TNF-a production by the supernatant of B.
suis cultures. To confirm the regulation of TNF-a production
by Omp25, the effect of the culture supernatants from B. suis
strains on TNF-a production was assessed in LPS-induced
macrophages. It was observed that the LPS-induced secretion
of TNF-a was inhibited by the supernatants of the WT B. suis
strain but not by those of Domp25 B. suis (Table 1), the LPS-
induced production of TNF-a in the presence of both super-
natants being significantly different (P , 0.005). Furthermore,
the complementation in trans of the Domp25 mutant by omp25
significantly restored the ability of the bacterial culture super-
natant to impair TNF-a production (P , 0.01).

TNF-a production by macrophages infected with anti-
Omp25-treated WT B. suis. In smooth bacteria, LPS affects the
accessibility of outer membrane protein antigens to antibodies.
Nevertheless, two MAbs secreted by the hybridomas A76/
02C12/C11 and A59/10F09/G10, respectively, recognize
Omp25 and Omp31 exposed on the intact Brucella surface (4,
10). Figure 5A confirmed these data and showed that WT B.
suis bound the anti-Omp25 and anti-Omp31 antibodies. For
both antibodies, optimal binding was observed for dilutions of
hybridoma supernatants ranging from 1/10 to 1/5, with the
anti-Omp25 MAb being less effective than the anti-Omp31
MAb. The specificity of the antibodies has been previously
established (4, 5); it was confirmed by using omp25 and omp31
null mutants of B. suis. Domp25 B. suis bound the anti-Omp31

MAb but not the anti-Omp25 MAb (Fig. 5B), while Domp31 B.
suis, which did not interact with the anti-Omp31 MAb, bound
the anti-Omp25 MAb (data not shown).

The hypothesis that a blockade of Omp25 affects TNF-a
production was tested. In parallel experiments, WT B. suis was
preincubated with different dilutions of anti-Omp25 or anti-
Omp31 antibodies. Both antibodies were of the IgG2a isotype.
Macrophages were then infected with anti-Omp-treated bac-
teria or with WT B. suis (Fig. 5C), and 7 h later, TNF-a
concentrations were measured in cell supernatants. As ex-
pected, no TNF-a production was induced by WT B. suis
infection and the slight levels of TNF-a measured in the su-

FIG. 5. Anti-Omp25 antibodies specifically reverse the inhibition
of TNF-a in human macrophage infection. (A and B) WT B. suis (A)
and Domp25 B. suis (B) were incubated for 30 min with anti-Omp25 or
anti-Omp31 (dilution, 1/5) or with an irrelevant IgG2a. The bacteria
were then extensively washed and incubated for 30 min with an anti-
mouse FITC-F(ab9)2 fragment. Their fluorescence was then measured
by flow cytometry. 1, WT B. suis plus anti-CD14 (irrelevant IgG2a)
plus anti-mouse FITC-F(ab9)2; 2, WT B. suis plus anti-Omp25 plus
anti-mouse FITC-F(ab9)2; 3, WT B. suis plus anti-Omp31 plus anti-
mouse FITC-F(ab9)2. FL1-H, fluorescence arbitrary units. (C) WT B.
suis was incubated for 30 min with different dilutions of anti-Omp25
(F) or anti-Omp31 (E) antibodies or with medium alone. (x axis,
percentages of hybridoma supernatants [HS] during incubation.) The
bacteria were then washed and used to infect THP-1 cells as described
in Materials and Methods (MOI, 20). Seven hours later, macrophage
culture supernatants were harvested and TNF-a concentrations in cell
supernatants were measured (y axis). The values shown are the
means 6 SD of four different experiments. In this set of experiment,
noninfected cells released 73 6 10 pg of TNF-a per ml. Differences in
TNF-a production between cells infected with WT B. suis, anti-
Omp25-treated WT B. suis, and anti Omp31-treated B. suis were an-
alyzed by paired t tests.

TABLE 1. TNF-a production by THP-1 cells activated by LPS in
the presence of supernatants of B. suis mutantsa

Expt
no.

TNF-a concn (pg/ml)

Medium WT
supernatant

Domp25 B. suis
supernatant

Domp25-omp25
B. suis supernatant

1 2,580 6 230 1,320 6 90* 1,940 6 212† 1,120 6 110‡
2 658 6 120 90 6 12* 600 6 100† 300 6 30‡
3 790 6 95 142 6 21* 700 6 50† 342 6 20‡

a VD3-differentiated THP-1 cells were preincubated for 30 min in complete
medium supplemented with a 1/10 dilution of supernatant from WT B. suis,
Domp25 B. suis, or Domp25-omp25 B. suis or in medium alone. They were then
stimulated by addition of E. coli LPS at 100 ng/ml. Seven hours later, the TNF-a
concentration in each supernatant was measured by ELISA. Three experiments
were performed, and each value shown represents the mean 6 SD of four
different determinations in one experiment. Paired Student t tests showed that
the differences between values bearing the symbols * and † (P 5 0.0031) and
between those bearing the symbols † and ‡ (P 5 0.01) are significant, while those
between values bearing the symbols p and ‡ (P 5 0.65) are not significant.
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pernatants of controls (noninfected cells) and WT B. suis-
infected cells were similar. On the contrary: a relatively large
amount of this cytokine was found in the supernatants of cells
infected with anti-Omp25-treated B. suis and TNF-a produc-
tion increased with antibody binding to the bacteria. The op-
timal effect was observed for bacteria preincubated with a 1/10
dilution of anti-Omp25 hybridoma supernatant, and TNF-a
production was 15-fold higher than that which occurred in a
noninfected cell culture (P , 0.0005). The bacteria treated
with the anti-Omp31 MAb induced only weak production of
TNF-a, two- to threefold higher than that of the noninfected
cells (P , 0.025). The TNF-a production promoted by anti-
Omp25-treated bacteria was thus much higher than that pro-
moted by anti-Omp31-treated bacteria. (P , 0.0024). Since
both the anti-Omp25 and anti-Omp31 MAbs are of the IgG2a
subtype, the participation of the Fc portion of the antibodies
could not explain the differences in TNF-a production ob-
served in this experiment. Moreover, anti-Omp25-treated and
anti-Omp31-treated B. suis bacteria were phagocytosed at very
similar levels (data not shown).

DISCUSSION

We have previously reported that in human macrophage
infection, Brucella impairs TNF-a production and that this
inhibitory effect results from the action of a protein factor(s) of
the bacteria (6). In this report, we present data demonstrating
that one major OMP of Brucella spp., Omp25, is involved in
the inhibition of TNF-a production that normally occurs when
gram-negative bacteria are phagocytosed by human macro-
phages. Different sets of experiments based on the effects of
OMP null mutants of B. suis led to this conclusion.

(i) When they were infected with Domp25 B. suis, macro-
phages secreted active TNF-a. Furthermore, the inhibition of
TNF-a production was partially recovered when Domp25 B.
suis was complemented in trans with the intact omp25 gene.
The differences observed in the levels of TNF-a secretion were
possibly due to the quantitative differences in Omp25 expres-
sion between WT B. suis and Domp25-omp25 B. suis (Fig. 1). It
should be noted that the complementation was performed with
the B. suis omp25 gene under the control of the E. coli Plac

promoter, which is probably less active than the genuine pro-
moter of WT B. suis (see Materials and Methods).

(ii) No effect was linked to omp31 deletion. This result was,
in fact, foreseeable, as this molecule is absent from B. abortus
(39) and no TNF-a is detected upon phagocytosis of this bac-
terium by human macrophages (7).

(iii) The absence of Omp25, which promoted the secretion
of TNF-a in Brucella-infected macrophages, did not modify the
production of other inflammatory cytokines, such as IL-8.

(iv) In contrast to the WT B. suis supernatants, those derived
from Domp25 B. suis cultures did not inhibit the secretion of
TNF-a by LPS-activated macrophages. The data obtained with
the different bacteria showed that, in fact, the inhibitory prop-
erty of the supernatants paralleled the presence of Omp25 in
the medium.

(v) Macrophages infected with anti-Omp25-treated WT B.
suis produced TNF-a, an observation which is in line with a
blockade of Omp25, since the anti-Omp25 antibody bound to
an epitope of the protein which, in spite of LPS, was directly

accessible on the bacteria and the comparison of the binding of
anti-Omp25 and anti-Omp31 (two IgG2a MAbs) to Brucella
excluded the participation of the anti-Omp25 Fc group in
TNF-a induction, as the levels of bound anti-Omp31 were
significantly higher, yet the binding of anti-Omp31 exerted only
a slight effect on the production of the cytokine during infec-
tion.

Together, these data demonstrate that Omp 25 is specifically
involved in the inhibition of TNF-a production in Brucella-
infected macrophages and that an Omp25-induced effect ac-
counts for our previous observations on cytokine release dur-
ing macrophage infection by brucellae.

OMPs of Brucella spp. have been identified several years ago
(12, 13); however, interest in these proteins has focused on
their potential as protein antigens, and to date, no specific
function has been attributed to them. The involvement of bac-
terial OMPs in the modulation of the interaction of the protein
with the host is not an uncommon phenomenon. Indeed, for
other gram-negative bacteria, reports have been published
claiming that, in addition to the maintenance of membrane
structural integrity, OMPs affect macrophage functions by di-
rectly interacting with the host cell membrane. For instance,
OmpC from Salmonella typhimurium mediates adherence to
macrophages (27), OmpF from E. coli enhances macrophage
cytotoxicity (40), and purified K. pneumoniae OmpA was re-
cently shown to induce cytokine production in macrophages
(33). Thus, it seems possible that Brucella Omp25 interacts
with a macrophage receptor(s) and induces negative signals
that specifically modify the pathway leading to TNF-a secre-
tion, while the nature of the receptor(s) and the mechanisms
remain unidentified. Omp25 could also modulate the release
of bacterial proteins antagonistic to macrophage activation. To
our knowledge, there is no evidence that Omp25, which is not
a porin, is involved in a protein secretion pathway. In fact,
outer membrane fragments (blebs) produced by exponentially
growing brucellae explain the presence of Omp25, Omp31, and
other proteins in bacterial supernatants (17). It could be that
the expression of Omp25 regulates bleb formation and, in this
way, protein release and TNF-a production. However, we did
not observe any significant difference in Omp31 levels in su-
pernatants of WT B. suis, Domp25 B. suis, and Domp25-omp25
B. suis. (Fig. 4A). This observation argued against the control
of bleb release by Omp25, even if it is awaiting confirmation by
analysis of proteins present in the blebs produced by the dif-
ferent mutants.

Alternatively, Omp25 could act through a modification of
the interaction between macrophages and bacterial LPS. Ex-
periments using complexes of LPS and OmpA have indeed
shown that P. mirabilis OmpA evokes enhancement of LPS-
induced transcription of the TNF-a-encoding gene but inhibi-
tion of the transcription of the gene for IL-1b (41). This effect
is due to the modulation of LPS responses following its strong
interaction with OmpA. Omp25 from Brucella spp. is tightly
associated with LPS, and so it is possible that such an interac-
tion specifically impairs the Brucella LPS signaling leading to
TNF-a production while not affecting the messages linked to
IL-1b, IL-6, and/or IL-8 production (6). In this case, a com-
petition between the Brucella and E. coli LPSs would explain
the results presented in Table 1. However, different observa-
tions argue against this possibility. Brucella LPS is a poor
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inducer of macrophage activation (100- to 1,000-fold less po-
tent than E. coli LPS [20]), and there is no direct evidence that
macrophagic stimulation is due to bacterial LPS in a Brucella
infection (7). Moreover, Brucella supernatants do not inhibit
TNF-a production in LPS-induced murine macrophages (6)
and in human cells, Brucella supernatants impair the produc-
tion of TNF-a triggered by opsonized zymosan (6). Finally,
Omp31, the other major OMP found in the culture superna-
tant, which shares 34% identity with Omp25 and is also tightly
bound to LPS (9, 10), is not involved in the inhibition of TNF-a
production.

We have previously shown that pretreatment of U-937 cells
with TNF-a results in an activation that partially inhibits the
intracellular multiplication of brucellae (7). In the present
study, it was observed that the development of Domp25 B. suis
was not significantly affected compared to WT B. suis devel-
opment. It is possible that in THP-1 cells, the kinetics and
amount of TNF-a released during the period of infection is not
consistent with efficient microbicidal activation of the host
cells.

Nevertheless, it is clear that Brucella Omp25 is involved in
the production of a key factor of the host immune response.
The levels of TNF-a produced with Domp25 B. suis were of the
same order of magnitude as those produced by E. coli LPS and
appeared to be biologically significant, since E. coli LPS at 100
ng/ml induced the same production of TNF-a as macrophage
infection by nonvirulent E. coli (MOI, 20) (J. Dornand et al.,
unpublished results). Thus, deletion of the omp25 gene might
affect Brucella virulence in a more appropriate model.

Upon infection with Listeria monocytogenes or B. abortus, it
was reported that mice lacking receptors for TNF-a are se-
verely deficient in IL-12 production and that the earliest infec-
tion is exacerbated. These observations show that TNF-a con-
trols early IL-12 production, suggesting a key role for TNF-a in
induction of acquired cellular immunity (44). In fact, mice
deficient in the TNF-a response finally control a Brucella in-
fection because they are able to produce gamma interferon by
a TNF-a-independent mechanism, since the requirement for
TNF-a in the induction of acquired cellular immunity is not
absolute in the model (43, 44). Nevertheless, it must be kept in
mind that these findings arise from mice which were not nat-
urally infected and display a Brucella immunity different from
that of humans. For instance, the functions of NK cells, which
are inhibited in Brucella-infected patients (31), are not in-
volved in mouse infection (16) and nitric oxide synthase, which
has a key role in the elimination of the bacteria in mice (43,
44), is not induced in Brucella-infected human macrophages
(21). In humans, it remains possible that the Omp25-induced
effect on TNF-a production affects the host defense at differ-
ent levels, (i) by inhibiting innate immunity and (ii) by impair-
ing the production of IL-12 and the development of a Th1
response, thus changing the immune response to the Th2 type
(one of the major features of human chronic focused brucel-
losis associated with a high titer of antibodies and poor de-
layed-type hypersensitivity [36]). Moreover, significant produc-
tion of anti-Omp25 antibodies might block the negative effect
of the protein and thus participate in protective immunity
against Brucella spp. Such an effect might be more important in
rough than in smooth Brucella strains, since Omp25 is more

readily accessible to antibodies in rough bacteria because of
the steric hindrance by S-LPS (9).

If recognition of the surface of human macrophages by
Omp25 is an initiating event in the intracellular development
of brucellae, in spite of the lack of effect of Brucella superna-
tant on TNF-a production in murine macrophages (6), it seems
unlikely that the recognition results from a specific evolution.
Humans do not transmit brucellosis; they are always contam-
inated by animals. This means that the property of Omp25 to
affect TNF-a production could also be true for the infected
primary host and that deletion of the omp25 gene might affect
Brucella virulence in this host (swine in the case of B. suis).
This proposal must be analyzed to support the general appli-
cability of the proposed mechanism.

In conclusion, the data presented here show that the expres-
sion of Omp25 at the surface of Brucella spp. controls TNF-a
production in human macrophage infection. This finding,
which explains our previous observations (6, 7), is of impor-
tance for the analysis of the virulence of Brucella spp. and for
the construction of attenuated bacteria that are able to induce
a network of interacting cytokines which can result in a pro-
tective Th1 response against the intracellular pathogen. Work
is now in progress to examine if this effect is due to direct
recognition of the OMP by a specific receptor(s) of the mac-
rophage membrane and to determine the molecular pathways
linked to this recognition.
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