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Benemèrita Universidad Autonoma de Puebla, Puebla, Mexico2

Received 24 October 2003/Returned for modification 26 November 2003/Accepted 28 December 2003

Brucella spp. are facultative intracellular bacteria that can establish themselves and cause chronic disease
in humans and animals. NK cells play a key role in host defense. They are implicated in an early immune
response to a variety of pathogens. However, it was shown that they do not control Brucella infection in mice.
On the other hand, NK cell activity is impaired in patients with acute brucellosis, and recently it was
demonstrated that human NK cells mediate the killing of intramacrophagic Mycobacterium tuberculosis in in
vitro infection. Therefore, we have analyzed the behavior of Brucella suis infecting isolated human macrophages
in the presence of syngeneic NK cells. We show that (i) NK cells impair the intramacrophagic development of
B. suis, a phenomenon enhanced by NK cell activators, such as interleukin-2; (ii) NK cells cultured in the
presence of infected macrophages are highly activated and secrete gamma interferon and tumor necrosis factor
alpha; (iii) impairment of bacterial multiplication inside infected cells is marginally associated with the
cytokines produced during the early phase of macrophage-NK cell cocultures; (iv) direct cell-to-cell contact is
required for NK cells to mediate the inhibition of B. suis development; and (v) inhibition of B. suis development
results from an induction of NK cell cytotoxicity against infected macrophages. Altogether, these findings show
that NK cells could participate early in controlling the intramacrophagic development of B. suis in humans. It
seems thus reasonable to hypothesize a role for NK cells in the control of human brucellosis. However, by
impairing the activity of these cells in the acute phase of the illness, the pathogen should avoid this control.

Brucellosis is a worldwide zoonosis that affects domestic
animals and humans. The pathogenesis exhibited by this dis-
ease differs remarkably between humans and animals (35, 43).
In domestic animals, brucellosis is mainly an abortive disease
that results from a long-lasting often-unapparent infection. On
the other hand, human brucellosis, also named Malta fever, is
a complex disease that begins with a systemic infection that can
be followed either by localized infection or chronic disease (15,
29, 43). Murine models are commonly used to study Brucella
infection. Many strains of mice are sensitive to Brucella spp.
but develop a disease quite different from that observed in
domestic animals or in humans. Infection with Brucella does
not modify pregnancy in mice, and acute infection results in a
long-lasting presence of bacteria in the spleen and liver, pre-
dominantly. In humans, chronic infection is characterized by a
specific bacterial localization within the body (spleen, liver,
heart, bones, and brain) and a deleterious effect of the bacteria
on these organs (43). The difference in pathogeny results most
likely from differences in the immune responses in humans,
domestic animals, and animal models (14). Some important
differences between the immune responses of mice and hu-
mans have been reported. Brucella suis inhibits macrophage
tumor necrosis factor alpha (TNF-�) production in humans
but not in mice (7, 8) and this property is due to the outer

membrane protein Omp25 (23). Furthermore, humans possess
a specific type of circulating lymphocytes, called T�9�2, which
is absent in mice. These lymphocytes proliferate importantly in
human blood after Brucella infection (2) and impair intramac-
rophagic multiplication (36, 37).

The mouse immune response has been widely studied (1, 19)
although the reasons for the persistence of Brucella are not
understood (22). The immune response in mammals can be
divided into innate and adaptive immunity. Although the adap-
tive immunity is the most efficient response to eliminate infec-
tious agents, it is widely accepted that innate response deter-
mines the behavior of specific response particularly in defining
Th1 versus Th2 polarized response. Thus, the innate response
is very important for the evolution of the infection. The im-
portance of the Th1 cytokine gamma interferon (IFN-�) in
controlling infection in mice has been emphasized (1, 33).
Among the cells involved in IFN-� production, NK cells play a
particular role; they are the most important IFN-� producers
in the beginning of infection. However, it has been clearly
demonstrated that NK cells do not play a major role in the
early control of Brucella abortus infection in mice (18). On the
other hand, it was formally established that in the acute phase
of the illness, the activity of the NK cells is impaired in humans
developing brucellosis (40). Moreover, human NK cells were
recently shown to mediate the intracellular killing of Mycobac-
terium tuberculosis (4). Therefore, in order to better under-
stand the role of NK cells in bacterial development, we have
analyzed the behavior of Brucella suis in human macrophages
infected in the presence of syngeneic NK cells. Our results
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show (i) that NK cells are activated by B. suis-infected macro-
phages and (ii) that they inhibit the intracellular multiplication
of the bacteria by lysing the infected cells, thus suggesting that
NK cells could be one actor of the control of Brucella devel-
opment in humans.

MATERIALS AND METHODS

Bacteria. B. suis 1330 (ATCC 23444) was obtained from the American Type
Culture Collection (Manassas, Va.). Some experiments were performed with B.
suis producing green fluorescent protein (GFP-B. suis) (38). Bacteria were grown
at 37°C with vigorous shaking to stationary phase.

Cell preparations. Peripheral blood mononuclear cells from healthy donors
were prepared by density centrifugation on Ficoll-Paque (Eurobio, Les Ulis,
France). Monocytes were purified from peripheral blood mononuclear cells by
adherence (21). Based on the binding of fluorescein isothiocyanate (FITC)-
labeled anti-CD14 monoclonal antibodies (MAb), blood monocyte preparations
had a purity of 95%. Cells were cultured in complete medium (RPMI 1640-
glutamate [Life Technologies, Paisley, United Kingdom], supplemented with
10% heat-inactivated fetal calf serum [FCS], 0.075% sodium bicarbonate, and
gentamicin [20 �g/ml]).

Autologous NK cells were prepared from blood lymphocytes using a MACS
magnetic column separation system (Miltenyi Biotech, Auburn, Calif.), where
CD56 cells were positively selected using anti-CD56 antibodies. Each portion of
108 peripheral blood lymphocytes, depleted from monocytes, was resuspended in
800 �l of MACS buffer (phosphate-buffered saline with 0.5% bovine serum
albumin and 2 mM EDTA) and incubated with 200 �l of MACS CD56
MicroBeads for 15 min at 4°C. Cells were washed with 10 to 20 ml of MACS
buffer and resuspended in 1 ml of buffer. Blood lymphocytes were then added to
a MACS-MS separation column (catalog no. 422-01) on a MiniMACS magnet
that had been precooled for 20 min at 4°C and primed with 500 �l of buffer.
CD56-negative cells were allowed to run through the column, which was then
washed three times with 500 ml of buffer. The column was then removed from
the magnet, and the labeled cells were recovered by elution, according to the
supplier’s protocol (Miltenyi Biotec), and put into culture in RPMI 1640–10%
FCS. The cell purity was assessed by flow cytometry analysis (FACScan; Becton
Dickinson) using FITC–anti-CD56 MAbs and phycoerythrin anti-CD3 MAbs
(Becton Dickinson). The cells were also tested for the absence of CD14 and
CD19 antigens with FITC–anti-CD14 and FITC–anti-CD19 (Becton Dickinson).

Infection. Purified monocytes were seeded in 24-well Falcon plates at a density
of 8 � 105 cells/ml in complete culture medium supplemented with 10�7 M 1.25
dihydroxyvitamin D3 (VD) (generous gift of Hoffman La Roche, Basel, Switzer-
land) for 72 h. VD-differentiated monocytes display macrophagic cell properties
and can be readily infected with Brucella. They are hereafter referred to as
macrophages. The culture medium was then removed, and the adherent cells
were washed twice and infected with B. suis 1330, at a multiplicity of infection
(MOI) of 20, in 200 �l of complete medium without gentamicin (30 �g/ml). After
30 min of infection, the cells were washed with phosphate-buffered saline and
incubated in 1 ml of complete medium alone. At different time points postin-
fection (p.i.), supernatants were harvested and intracellular viable bacteria were
estimated by CFU counting after cell lysis with 0.2% Triton X-100. Serial 10-fold
dilutions of lysates were plated on tryptic soy agar and CFU were counted after
a 48-h incubation at 37°C (7). Each CFU determination was performed in
triplicate.

Cocultures of purified NK cells with infected macrophages. The effect of NK
cells on macrophage infection by Brucella was studied by adding NK cells to
infected macrophages after phagocytosis, i.e., concomitantly with gentamicin,
and coculturing both cell populations. To maximize the NK cell effect, studies
were performed with ratios of NK cells to autologous infected macrophages
varying from 0.1 to 2. Intramacrophagic Brucella levels were determined at
chosen time points as described above. When indicated, dual-chamber studies
were performed using 24-well Transwell plates (Costar, Cambridge, Mass.). In
these experiments, infected macrophages in the lower chamber were separated
from NK cells placed in the upper chamber by a 0.4-�m-pore-size filter. Intra-
macrophagic Brucella levels were compared to those within cultures in which NK
cells and infected macrophages were in direct contact or in which macrophages
alone were infected. In some experiments, 100 U of rhIL-2 (Chiron, Emeryville,
Calif.)/ml was added to cell cocultures concomitantly with NK cells, in order to
potentiate the activity of these cells.

Cocultures were also performed in eight-chamber culture slides (Lab-Tek,
Nunc, Naperville, Ill.). In these experiments, macrophages (2 � 105) were in-
fected with GFP-B. suis (MOI � 20) and cultured in the presence of syngeneic

NK cells (2 � 105) in 400 �l of RPMI-FCS-gentamicin. At different times p.i., the
infection was assayed by consecutive visualization of the GFP-B. suis-infected
cells by phase-contrast microscopy and UV fluorescent microscopy. Observations
were generally performed at 24 h p.i., because after that period, Brucella did not
develop within the host cells in the presence of NK cells.

Cytokine determination. Supernatants of Brucella-infected macrophages cul-
tured in the presence or absence of NK cells were collected at different times p.i.
IFN-� and TNF-� concentrations in the different cell supernatants were mea-
sured using enzyme-linked immunosorbent assay kits, OPTEIA human IFN-� set
and OPTEIA human TNF-� set (Pharmingen), following the supplier’s protocol.

Analysis of soluble factors. NK cells and infected macrophages were cultured
for different periods: 7, 24, or 48 h. Cell supernatants were collected and filtered
through a 0.2-�m-pore-size filter. Macrophages were then infected and after
phagocytosis, cultured in the presence of gentamicin and different dilutions of
cell supernatants. Levels of intramacrophagic Brucella were then evaluated at
different time points p.i. To assess the effect of IFN-� and TNF-�, 10-�g/ml
concentrations of commercial anti-TNF-� and anti-IFN-� blocking monoclonal
antibodies (R&D Systems Inc., Minneapolis, Minn.) were added to cocultures of
infected macrophages and NK cells. They remained present in the culture me-
dium during the 48 h of infection. Isotypically matched control mouse immuno-
globulin G1 (IgG1) and IgG2 purchased from Beckman Coulter (Brea, Calif.)
were used as controls. Although the antibodies were claimed to be blocking
antibodies by the manufacturer, their ability to impair the activity of the respec-
tive cytokine was first tested by measuring (i) the inhibition of TNF-�-induced
apoptosis of L929 cells and (ii) the inhibition of IFN-�-induced expression of
major histocompatibility complex (MHC) class II antigens on THP-1 cells as
previously described (36).

Treatment of NK cells with Sr2�. To prevent the calcium-dependent release of
cytotoxic granules, NK cells were degranulated by Sr2� treatment before being
added to infected macrophages. Briefly, NK cells (3 � 106 cells/ml of RPMI-
FCS) were treated overnight at 37°C with 25 mM strontium chloride (SrCl2;
Sigma Chemicals) as indicated previously (34). They were then washed twice,
counted, and resuspended in fresh medium before being used in coculture
experiments. Control experiments were performed to verify (i) that the viability
of NK cells was not affected by 25 mM Sr2� and (ii) that the NK cell lytic activity
was completely abolished during the 48 h which followed Sr2� treatment. These
controls were performed exactly as indicated previously (34), and K562 cells were
used as target cells.

Cytotoxicity assay. Macrophages were first labeled as previously reported (36).
Briefly, 8 � 105 VD-differentiated monocytes were incubated for 2 h at 37°C with
25 �Ci of radioactive 51Cr from ICN Biomedicals (Orsay, France) in 500 �l of
RPMI in 24-well plates. They were then extensively washed with RPMI medium
and infected or not with Brucella (MOI � 20) in the presence or absence of 8 �
105 NK cells (ratio of macrophages to NK cells � 1) or in the presence of
supernatants from B. suis-infected macrophages cultured in the presence of
autologous NK cells for 48 h. After 48 h of culture in 1 ml of RPMI-FCS-
gentamicin, cell supernatants were harvested and filtered and NK cell cytotox-
icity was estimated by quantification of 51Cr release (�-Counter [model 5500B];
Beckman Instruments). Specific 51Cr released represents the mean from tripli-
cate wells. Noninfected cells were used as a control to measure the amount of
51Cr incorporated in macrophages. 51Cr-labeled control cells were cultured in
RPMI-FCS medium during the 48 h of infection. They were then washed and
lysed with 0.2% Triton X-100, the lysate was filtered, and the radioactive count
of an aliquot was determined. In four experiments reported in this work (see Fig.
7), macrophages incorporated 8.23 � 105 	 1.11 � 105 cpm of 51Cr/well.

Statistical analysis. Comparisons between groups in each experiment were
performed using unpaired Student t tests. All data are expressed as the mean 	
standard error of the mean (SEM).

RESULTS

Macrophage infection with B. suis is impaired in the pres-
ence of purified autologous NK cells. To evaluate the effect of
NK cells on macrophage infection with B. suis, NK cells were
isolated from peripheral blood lymphocytes using anti-CD56
antibodies in a MACS magnetic column separation system.
This cell enrichment procedure consistently yielded a cell pop-
ulation composed of 90% CD56� CD3� lymphocytes, which
were referred to as NK cells and were used throughout the
study. Macrophages purified from the same donor were then
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infected in vitro with B. suis, as previously described (21). After
phagocytosis (i.e., 30 min p.i.), extracellular bacteria were
washed out and NK cells were added or not to infected cells
concomitantly with gentamicin. The intramacrophagic devel-
opment of the bacteria was quantified by determining the CFU
of intracellular Brucella at different time points. Growth of
Brucella within macrophages alone and that in macrophages
cocultured with NK cells were then compared. In preliminary
studies, as previously performed with �� T cells (36), the NK
cell effect was assessed by varying their ratio to infected mac-
rophages from 0.1 to 2 and measuring the CFU of intramac-
rophagic Brucella at 48 h p.i. Figure 1 indicates that the addi-
tion of NK cells resulted in a dramatic decrease in the number
of intracellular Brucella organisms. It also shows that the NK
cell-induced inhibition increased when the ratio of NK cells to
infected macrophages increased. The inhibition was optimal
when there was 0.5 to 1 NK cell per macrophage, depending on
the donor. In any case, the inhibition of Brucella growth was
always significant for the two values of this ratio (P 
 0.01 and
P 
 0.005, respectively), and there were at least 100-fold fewer
bacteria in infected macrophages cocultured with NK cells
than in infected macrophages alone. Therefore, an optimal NK
cell/macrophage ratio of 1 was chosen in the subsequent stud-
ies.

To better analyze the NK cell effect, their ability to inhibit
Brucella development was measured at different times p.i. (Fig.
2). There was no relative reduction or only a slight relative
reduction in intracellular Brucella level within the first 7 h p.i.,
a period during which a consequent number of internalized

bacteria are killed (9). The magnitude of the reduction then
became substantial at 24 h p.i., with a 5- to 10-fold (P 
 0.005)
decrease compared to controls (infection without NK cells).
Also, this reduction was more than 100-fold at 48 h p.i. This
was observed in five experiments with different donors.

Interleukin-2 (IL-2) is a potent mediator of the events me-
diated by NK cells, such as cell cytotoxicity or cytokine secre-
tion (41). Therefore, we have measured the intracellular de-
velopment of Brucella in infected macrophages cocultured with
recombinant IL-2 (rIL-2)-activated NK cells. We observed that
rIL-2 strongly potentiated the reduction in the number of in-
tramacrophagic Brucella mediated by NK cells (Fig. 2). On the
contrary, this cytokine had no significant effect on macrophage
infection in the absence NK cells.

Together, the data provide evidence that in an in vitro model
of Brucella infection, human NK cells are able to mediate
protective functions against intracellular development of Bru-
cella within infected syngeneic macrophages.

Production of TNF-� and IFN-� in cocultures of Brucella-
infected macrophages and NK cells. Human macrophages in-
fected with Brucella do not produce any TNF-�, and exogenous
TNF-� potentiates the host cell microbicidal activity against
the pathogen (7, 8). On the other hand, IFN-� is produced by
NK cells and is essential for NK cell-mediated protection
against several intracellular pathogens. Therefore, we have
measured TNF-� and IFN-� levels in supernatants of B. suis-
infected macrophages alone and of infected macrophages in
the presence of NK cells. None of the cell populations analyzed
produced any detectable amounts of TNF-� or IFN-�. More-
over, only a minimal production of TNF-� and IFN-� was

FIG. 1. The intramacrophagic development of B. suis is reduced in
the presence of syngeneic NK cells. A total of 8 � 105 human macro-
phages were infected with B. suis in 24-well plates as described in
Materials and Methods. After extensive washing, different amounts of
syngeneic NK cells were added (or not) to the infected cells. Both cell
populations were cocultured in 1 ml of culture medium (RPMI–10%
FCS) supplemented with gentamicin. The ratio of the number of NK
cells to the number of B. suis-infected cells varied from 0.1 to 2. After
48 h of incubation, the number of intramacrophagic viable B. suis cells
was determined and expressed as CFU per well. For each experimental
condition, experiments were performed in triplicate. Values are the
means � SEMs (error bars) of four similar experiments performed
separately.

FIG. 2. Kinetics of the intramacrophagic development of B. suis in
the presence of autologous NK cells. Infected macrophages (8 �
105/well) were cultured in 1 ml of culture medium in the presence of
NK cells (ratio of NK cells to B. suis-infected cells � 1) under the same
conditions as for Fig. 1. In order to assess the role of NK cell activa-
tion, rIL-2 was added to the cell culture concomitantly with NK cells at
a concentration of 100 U/ml. The number of viable B. suis CFU was
then determined at different times p.i., as described in Materials and
Methods. Experiments were performed in triplicates and means 	
SEMs (error bars) of four different experiments are shown. Symbols:
F, infected macrophage alone; E, infected macrophage incubated with
NK cells; ƒ, infected macrophages incubated with rIL-2 (100 U/ml); �,
infected macrophages incubated with NK cells and rIL-2.
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measured when noninfected macrophages were cultured in the
presence of NK cells. In contrast, a strong production of both
cytokines was observed when the infected macrophages were
cocultured with NK cells (Fig. 3). The production of TNF-�
was transient and peaked at 24 h (250 	 50 pg/ml), whereas the
concentration of IFN-� increased slightly during the first 24 h
and faster thereafter to reach 550 	 100 pg/ml at 48 h p.i. This
demonstrates a cross talk between infected macrophages and
NK cells and, in all cases, an activation of at least one cell
population or perhaps of both, resulting in cytokine produc-
tion.

Production of TNF-�, IFN-�, and/or other soluble factors
cannot account for NK cell-induced inhibition in CFU of in-
tramacrophagic Brucella. We then analyzed the possibility that
the NK cell-mediated reduction of intramacrophagic Brucella
resulted from host cell activation by TNF-�, IFN-�, or a com-
bination of these cytokines. Experiments were conducted in
the presence of antibodies directed against TNF-� or/and
IFN-�, after analyzing the capacity of these antibodies to block
the activities of TNF-� (300 pg/ml) or IFN-� (500 pg/ml).
Figure 4 indicates that the addition of antibodies separately or
together significantly reversed the NK cell action to a relatively
low extent. This effect was not observed when isotypically
matched control IgG1 (or IgG2) was substituted for anti-
TNF-� (or IFN-�) antibodies (data not shown). The maximal
reversion was observed in the presence of both antibodies.
These results revealed that TNF-� and IFN-� released during
the course of macrophage infection in the presence of NK cells
played only a minor role in the observed phenomenon.

We also investigated whether cytokines other than TNF-�
and IFN-� were involved in the impairment of intramacro-

phagic Brucella number. For that, we tested the ability of su-
pernatants from cocultures of infected macrophages and NK
cells to affect the intramacrophagic multiplication of B. suis.
The CFU levels of intramacrophagic B. suis were not affected
by supernatants from cocultures harvested at 7 h and 24 h p.i
(data not shown). In contrast, Fig. 4 shows that supernatants
collected at 48 h resulted in a slight (two- to threefold) but
significant reduction of the number of intramacrophagic bac-
teria compared to that observed in infected macrophages alone
(Student t test, P 
 0.007) (Fig. 4). The optimal effect was
observed with a one-half dilution of the supernatant.

Together, these results indicate that the decrease in the
number of intramacrophagic Brucella in macrophages cultured
in the presence of human NK cells was not principally associ-
ated with the production of soluble factors. Even though
TNF-� and IFN-� play a significant role in this phenomenon,
their role seems to be of minor importance.

FIG. 3. TNF-� and IFN-� production in cocultures of B. suis-in-
fected macrophages and autologous NK cells. Infected macrophages (8
� 105/well) were cultured in 1 ml of culture medium in the presence of
NK cells for different periods of time (ratio of NK cells to B. suis-
infected cells � 1). TNF-� and IFN-� secreted in cell culture super-
natants were measured in triplicates as described in Materials and
Methods, and means of four different experiments are shown. First, we
confirmed that B. suis-infected macrophages did not secrete TNF-� or
IFN-� (F). Addition of NK cells to the infected macrophages resulted
in strong production of TNF-� (�) and IFN-� (ƒ). When noninfected
macrophages were mixed with NK cells, only a marginal production of
TNF-� (■ ) or IFN-� (e) was observed. Error bars, SEMs for four
different experiments.

FIG. 4. The impairment of B. suis development in infected macro-
phages by autologous NK cells is not reversed by antibodies to block
the TNF-� or IFN-� action. Macrophages were infected with B. suis
and cultured in the presence of autologous NK cells (ratio � 1) under
the same conditions as for Fig. 2. When indicated, antibodies that
inhibit the TNF-� (�TNF-�) or IFN-� (�IFN-�) action were added to
infected macrophages concomitantly with NK cells and gentamicin.
(The capacity of the antibodies to block the cytokine effect was previ-
ously evaluated as described previously [36].) For each experiment, the
number of intramacrophagic viable bacteria (CFU per well) was mea-
sured at 48 h p.i. The right slot shows the effect of secreted factors on
the intramacrophagic development of B. suis. Supernatants of B. suis-
infected macrophages cultured in the presence of autologous NK cells
for 48 h (conditions of Fig. 2) were harvested (Sup48h). Then, 8 � 105

fresh macrophages were infected and cultured for 48 h in 1 ml of
medium containing 500 �l of Sup48h, 500 �l of RPMI–10% FCS, and
gentamicin. The intracellular number of viable Brucella was measured
and compared to that observed in infected macrophages cultured in 1
ml of RPMI–10% FCS supplemented with gentamicin. Results are
means 	 SEMs (error bars) of triplicates from four different experi-
ments.
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Maximum impairment of Brucella multiplication by NK
cells required NK cell contact with infected macrophages. Be-
cause of the modest role of soluble factors, we then assessed
whether the NK cell-induced inhibition in the CFU of intra-
macrophagic Brucella required direct contact with infected
macrophages. Macrophage infection with Brucella was there-
fore analyzed in the presence of NK cells cultured either in
contact with or separated from infected cells by a semiperme-
able membrane (dual-chamber culture system). Figure 5 con-
firms that at 48 h p.i., NK cells that were directly cocultured
with infected macrophages promoted an important decrease in
the CFU of intramacrophagic Brucella compared to the bac-
terial development within macrophages alone. This potent in-
hibitory effect (2 log) was not observed when NK cells were
separated from macrophages by a semipermeable membrane.
In this situation, even if the CFU of Brucella within macro-
phages was altered, the NK cell-induced effect was found to be
relatively low (fivefold), although significant (P 
 0.005, in four
experiments involving different donors). Therefore, the opti-
mal NK effect on Brucella proliferation required a cell-to-cell
contact. This was confirmed in experiments involving IL-2-
activated NK cells. The IL-2-mediated effect was not observed
when NK cells were separated from infected macrophages by a
semipermeable membrane, indicating that it did not result
from release of cytosolic effectors (Fig. 5).

NK cells cultured with Brucella-infected macrophages de-
velop contact-dependent cytotoxicity. Granule-mediated cyto-
toxicity is the major effector mechanism of NK cells (39). It
requires cell-to-cell contact. Therefore, we assessed whether
this pathway could be involved in the inhibition of the intra-

macrophagic development of Brucella. It is well established
that NK cell treatment by strontium chloride prevents the
calcium-dependent granule release and activity. This method is
commonly used to investigate the role of granule formation in
NK cytotoxicity (12, 13). In accordance with others (34), we
first confirmed that pretreatment of NK cells for 18 h with 25
mM strontium chloride in RPMI-FCS impaired granule-medi-
ated lysis of K562 target cells (data not shown). Then, in
parallel experiments, we demonstrated that NK cells pre-
treated under similar conditions before being added to in-
fected macrophages had a reduced capacity to inhibit the in-
tramacrophagic development of Brucella compared to the
untreated NK cells (Fig. 6). This finding strongly indicated that
the NK cell-mediated effect on Brucella intramacrophagic
growth was associated with the release of cytotoxic granules.

Therefore, when NK cells are cultured with infected macro-
phages, they could develop granule-dependent cytotoxicity
against host cells. This supports the requirement of cell-to-cell
contact. The apparent inhibition of the bacterial development
was due to this cytotoxicity, since bacteria were released in
gentamicin-supplemented medium. To test this hypothesis, a
technique previously used to analyze the interaction between
infected macrophages and �� T cells was applied to our model
(36). Macrophages were loaded with 51Cr before being in-
fected with Brucella and cultured in the presence or absence of
NK cells. As controls, noninfected 51Cr-labeled macrophages
were kept in culture in the presence or absence of NK cells.
For each condition, macrophage death was estimated by mea-
suring the release of 51Cr in cell supernatants 48 h after the
onset of the cultures. When NK cells were cultured in the
presence of Brucella-infected macrophages (the NK cell/total

FIG. 5. The impairment of B. suis intramacrophagic development
requires cell-to-cell contact between infected macrophages and NK
cells. B. suis-infected macrophages (8 � 105/ml) were kept in cultures
with syngeneic NK cells (8 � 105/ml) in the absence (E, �) or presence
(ƒ, ■ ) of rIL-2 (100 U/ml) (conditions of Fig. 2). NK cells and mac-
rophages were either in direct contact (E, ƒ) or separated by a semi-
permeable membrane (�, ■ ), where the NK cells were on the upper
part of the membrane. The control represented the development of B.
suis in infected macrophages cultured without any NK cells (F). At
different times p.i., the intramacrophagic number of viable Brucella
was measured and expressed in CFU/well. Results are means 	 SEMs
(error bars) of four different experiments.

FIG. 6. After degranulation by Sr2�, NK cells lost their property to
reduce the intramacrophagic multiplication of B. suis. NK cells were
treated or not with 25 mM Sr2� overnight at 37°C (see Materials and
Methods). They were then washed twice and cocultured in the pres-
ence of B. suis-infected autologous macrophages for different periods
of time (conditions of Fig. 2). The number of viable intramacrophagic
bacteria (CFU per well) was then determined as previously. Symbols:
F, control, B. suis-infected macrophages alone; E, B. suis-infected
macrophages cultured with NK cells; �, B. suis-infected macrophages
cultured with Sr 2�-treated NK cells. Results are means 	 SEMs (error
bars) of four different experiments.
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macrophage ratio being equal to 1), they became highly cyto-
toxic and were capable of killing macrophages as observed by
the high level of 51Cr in cell supernatants (Fig. 7). The mac-
rophage lysis was dependent on the NK cell number. When the
NK cell/total macrophage ratio was decreased at 0.3, there was
threefold less 51Cr released in the medium of macrophage
supernatants. Increasing this ratio to 2 did not significantly
modify the amount of 51Cr released. By contrast, only a low
level of 51Cr was observed in supernatants of noninfected mac-
rophages cocultured with NK cells or in supernatants of Bru-
cella-infected macrophages alone (Fig. 7). These findings dem-
onstrated that in cocultures, NK cells were able to lyse
Brucella-infected macrophages. Such an effect likely accounted
for the decrease of the intramacrophagic CFU of Brucella
described above, as the bacteria were released in gentamicin-
supplemented medium. The data in Fig. 7 also show that less
than 10% of the total macrophages were lysed by NK cells; this
percentage agreed with the percentage of infected macro-
phages observed by microscopy at 48 h p.i., when GFP-B. suis

was the infectious agent. It means that only infected macro-
phages were lysed by NK cells.

At 24 h p.i., microscopy observations of cocultures of
GFP-B. suis-infected macrophages and NK cells were in agree-
ment with this result. They showed that NK cells were in close
contact with the Brucella-infected cells, while they bound
poorly or not at all to noninfected macrophages (Fig. 8).

In order to better analyze the negative effect on Brucella
development of supernatants from infected macrophages
cocultured with NK cells, we postulated that these superna-
tants also promoted the death of Brucella-infected macro-
phages. However, results shown in Fig. 7 (last bar) firmly ruled
out such a possibility.

Together, these findings indicate that in the presence of
infected macrophages, NK cells become highly cytotoxic for
the Brucella host cells and that a granule-mediated mechanism
regulates this phenomenon. In addition, they showed that the
effectors released in cocultures of infected macrophages and
NK cells exerted their microbicidal activity through other
mechanisms, likely by activating macrophages.

DISCUSSION

The present study demonstrates that human NK cells were
activated when they were cocultured with autologous macro-
phages infected by B. suis. This activation resulted in the pro-
duction of soluble mediators, including TNF-� and IFN-�, and
in a significant reduction in the intramacrophagic development

FIG. 7. Cytotoxicity of NK cells against infected macrophages. A
total of 8 � 105 macrophages in 24-well plates were first labeled with
25 �Ci of radioactive 51Cr as indicated in Materials and Methods. They
were then infected (Mac-i) or not (Mac) with B. suis (MOI � 20) and
cultured in the presence (Mac-i/NK and Mac/NK, respectively) or
absence (Mac and Mac-i, respectively) of 8 � 105 NK cells (macro-
phage/NK cell ratio � 1) for a further 48 h in 1 ml of RPMI-FCS-
gentamicin. 51Cr-labeled macrophages were also cultured in the pres-
ence of 500 �l of Sup48h (supernatants of 48-h cocultures of B. suis-
infected macrophages with autologous NK cells [Fig. 4]) (Mac-i/
Sup48h and Mac/Sup48h, respectively) in the presence of gentamicin
(conditions of Fig. 4). The cell supernatants were then harvested and
filtered. Macrophage lysis was estimated by measuring the radioactivity
(51Cr released) present in cell supernatants. For the insert, 8 � 105

infected 51Cr-labeled macrophages were cultured for 48 h in the pres-
ence of various amounts of syngeneic NK cells, and radioactivity in cell
supernatants was then measured. The y axis shows radioactivity in cell
supernatant; the x axis shows number of NK cells per number of
macrophages in the assay. Control measurement revealed that macro-
phages incorporated 8.23 � 105 	 1.11 � 105 cpm of 51Cr/well. For
each determination, 51Cr release was the mean from triplicate wells,
four experiments being performed. Error bars, SEMs for four different
experiments.

FIG. 8. NK cells associate tightly with infected macrophages. Mac-
rophages (2 � 105) were infected with GFP-B. suis (MOI � 20) in
eight-chamber culture slides and cultured in the presence of syngeneic
NK cells (2 � 105) in 400 �l of RPMI-FCS-gentamicin. At 24 h p.i.,
infection was assayed by consecutive visualization of the GFP-B. suis-
infected cells by phase-contrast microscopy and UV fluorescent mi-
croscopy. The merged images of both observations showed a tight
association between an infected macrophage (Mac.i.) and the NK cells,
whereas noninfected macrophages (Mac.) poorly interact with NK
cells.

2308 DORNAND ET AL. INFECT. IMMUN.



of the bacteria. This finding firmly demonstrated a cross talk
between both cell populations when macrophages are infected.
Studies involving transfer of supernatants of cocultured NK
cells with infected macrophages, use of blocking antibodies,
and assessment of NK cell activity in Transwell cultures indi-
cated that the soluble mediators played only a minor role in the
impairment of intracellular Brucella growth. This minor role
was likely due to the ability of the mediators to induce the host
cell microbicidal activity against Brucella as already described
for TNF-� (8) or IFN-� (1). In fact, the most important result
obtained in our experiments was that the observed inhibition
of Brucella development resulted from the triggering of the
lytic machinery of NK cells against autologous Brucella-in-
fected macrophages through a cell-to-cell contact between NK
cells and infected macrophages. NK cell cytotoxicity is princi-
pally associated with the release of granules containing per-
forin and other effector molecules (24). By pretreating NK
cells with SrCl2, a technique commonly used to analyze such a
phenomenon (12, 13, 34), we confirmed that NK cells medi-
ated the killing of Brucella-infected cells by a granule release
mechanism. This observation was totally in accordance with
the requirement of a contact between NK cells and pathogen-
infected macrophages.

This is the first report demonstrating that NK cells may be
capable of modulating the development of Brucella in humans,
by lysing infected host cells. This activity is innate since no
prior exposure to the pathogen was required, as freshly puri-
fied NK cells were used to lyse Brucella-infected macrophages.
Limited studies had already suggested that NK cells can de-
stroy cells infected with intracellular bacteria such as Listeria,
Salmonella, and Legionella spp., but these studies used lym-
phokine-activated killer cells rather than purified NK cells (3,
20, 26). However, recent reports indicated that highly purified
NK cells from healthy subjects lyse M. tuberculosis-infected
monocytes (4, 42) by mechanisms which also require cell-to-
cell contact.

NK cell lytic activity is controlled by a balance between
inhibitory and activating receptors (27, 31). This cytotoxicity is
not exerted against normal autologous nucleated cells, because
surface MHC class I antigens recognize the inhibitory recep-
tors of NK cells. On the other hand, NK cell cytotoxicity
against mononuclear phagocytes infected with viruses or intra-
cellular bacteria may reflect the fact that the pathogens low-
ered or modified MHC class I expression on their host cells (5,
9, 25). Therefore, a modification of MHC class I receptor at
the surface of Brucella-infected macrophages could account for
the cytolytic activation of NK cells. This was not confirmed
experimentally. Indeed, we did not observe any qualitative and
quantitative modifications of MHC class I at the surface of B.
suis-infected macrophages, in spite of the use of GFP-B. suis
(38) to firmly distinguish Brucella-infected macrophages from
noninfected ones (unpublished result). This finding concerning
human macrophages is in agreement with a recent report
showing that Brucella failed to modify the expression of MHC
class I at the surface of infected mouse macrophages (32). NK
cells also recognize nonclassical MHC class I molecules, such
as HLA-E, or MHC-like molecules, such as CD1a, -b, and -c
(6). Therefore, mechanisms involving a modification of these
receptors whose expression is induced by Brucella could be
involved. However, the modification of these receptors favors

the inhibition or target cell lysis rather than promoting its
induction (6). Moreover, as in the case of the MHC class I
molecules, infection with Brucella did not modify the level of
CD1a, -b, or -c expression at the surface of the infected mac-
rophages. Together, these observations suggest that the MHC
class I antigens of the Brucella host cells are not involved in NK
cell activation. In this sense, the NK cell cytolytic activity di-
rected against Brucella-infected macrophages should differ
from that induced against syngeneic dendritic cells (DC). In
NK cell-DC cocultures, NK cells which have been exposed to
bacterium-infected DC become highly cytolytic against synge-
neic immature DC which express a low level of MHC class I
molecules (16, 17). On the contrary, these NK cells do not
display any cytolytic activity against infected mature DC, which
display an up-regulated expression of HLA class 1 molecules
on their surface (16, 17). These findings award a crucial role to
HLA class 1 molecules in the cross talk between NK cells and
DC and to the regulation which results from this interaction,
important for the development of both innate and adaptive
immunity against the bacteria (30).

NK cell-mediated lysis of M. tuberculosis-infected macro-
phages which did not require the engagement of MHC class I
molecules (4, 42) is associated with an increased expression of
the NK cell receptor NKp46 (42). The triggering of this recep-
tor activates the NK cell-mediated lytic activity of M. tubercu-
losis-infected cells. Indeed, it was speculated in this study that
one of the mechanism by which NK cells contribute to innate
immunity is through recognition by the NKp46 of conforma-
tional molecular structures of intracellular pathogens that are
expressed at the surface of infected cells, in a manner analo-
gous to that of Toll-like receptors that trigger macrophage
activation. This feature could be shared by several intracellular
pathogens (42). The lysis of Brucella-infected macrophages
could be induced through a similar pathway, since the patho-
gen processing and the time required for the overexpression of
the NKp46 are in agreement with the kinetics of the NK cell
effects.

Other activation pathways are also possible. The discovery of
new receptors involved in the regulation of NK cell functions
(10) considerably enhances the number hypothetical mecha-
nisms which could be responsible for the NK cell lytic activity
against Brucella-infected cells. These receptors could be, for
instance, the NKp30 natural cytotoxicity receptor, which is
engaged in the cytotoxicity of activated NK cells against im-
mature DC (17), or the NKp44 natural cytotoxicity receptor
(11), or even coreceptors like the CD59 molecule, which asso-
ciated with NKp46 and NKp30 to participate in NK cell acti-
vation (28). Moreover, besides the recognition step requiring
cell-to-cell contact, activation of NK cells can result from a
molecular signal produced by infected cells. Such a signal was
described by Zaitseva et al., who demonstrated that IL-12
produced by macrophages phagocytosing killed Brucella stim-
ulated the cytotoxicity of NK cells against allogeneic cells (44).
We also observed an induction of IL-12 p40 transcripts in
human macrophages infected with B. suis (data not shown).

The antimicrobial functions of NK cells have been studied in
murine models of infection with a wide variety of intracellular
pathogens where production of IFN-� by NK cells plays an
essential role in the containment of murine infection with
listeriae, viruses, or parasites. In contrast, our data on B. suis
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and those of Brill et al. (4) on M. tuberculosis showed that
human NK cells killed intracellular bacteria by mechanisms
mostly independent of IFN-�. Such mechanisms can be specific
for human immunity against intracellular bacteria. Neverthe-
less, our results differ from those of Brill et al. (4) in the sense
that those authors did not demonstrate any participation of NK
cell granules to the function of NK cells directed against M.
tuberculosis-infected macrophages. In their experiments, those
authors used EGTA as a degranulation agent and the conclu-
sion was drawn from the inefficiency of this compound at
impairing the killing activity of NK cells. When we tested
EGTA, it was associated with a high mortality of NK cells and
macrophages. This finding explains that, as proposed by dif-
ferent authors (12, 13, 24), SrCl2 was used to induce NK cell
degranulation, the cell viability being carefully controlled dur-
ing the experiment. Definitive analysis of the cytotoxicity
mechanism, both in Brucella and Mycobacterium infections,
could be obtained with granule-negative NK cells, but to our
knowledge such a mutant is not yet available for human stud-
ies.

A major observation was made concerning the role of NK
cells in mice (1, 18). Despite an increase in activity within the
NK cell population in response to Brucella infection, depletion
of NK cells using lytic antibodies does not affect the develop-
ment of the pathogen in infected C57BL/10 mice. Therefore,
NK cells could contribute to early resistance, but their pres-
ence is not essential in the evolving cellular response. As elim-
ination of NK cells is impossible in humans, we cannot analyze
whether such a phenomenon occurs in humans. Analysis of
Brucella-infected patients has revealed a dysfunction of NK
cells during the acute phase of the disease (40). The inability of
NK cells to exert a normal function could allow Brucella to
avoid the deleterious effect triggered by these cells. The NK
cell dysfunction could indeed reflect an anergy resulting from
a sustained activation occurring at the onset of infection.
Therefore, Brucella infection can avoid NK cell-mediated ef-
fects both in mice and humans.

On the other hand, some differences have been observed in
the host cell response (i.e., macrophages) during Brucella in-
fection in mice and humans. For instance, it has been shown
that human macrophages do not respond to Brucella infection
by producing TNF-�, while mouse macrophages do (7). Dif-
ferences concerning the expression of surface antigen could
also exist between mice and humans. A specific membrane
antigen could be modified at the surface of infected macro-
phages and be recognized by NK cells only in humans. Fur-
thermore, the mechanism of NK cell activation differs in mice
and humans (10). Therefore, it remains possible that NK cells
do not affect Brucella infection in the same way in humans and
mice and that a specific impairment of NK cell activity induced
by Brucella is required for its development in humans.

Evolution of clinical brucellosis in humans varies strongly
between individuals. Some patients exhibit a classical undulant
fever while others remain asymptomatic. Chronicity is also
unpredictable. The innate immune response could account for
such differences. In our experiments, we observed that the
efficiency of the NK cell response against infected macro-
phages differs between donors, although it is always present.
The efficiency of this response could be important for the
evolution of the disease in humans.

Finally, even if the pathway by which NK cells recognize
their target is not identified, our data firmly establish that in
vitro NK cells control Brucella development by triggering a
direct cytotoxicity against infected macrophages. Therefore, it
seems reasonable to hypothesize a role for NK cells in the early
control of intramacrophagic infection. This could be true in
subjects with acute brucellosis; the impairment of NK cell
activity in these patients should counteract this role (40). The
reason for this impairment should be addressed.
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