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Burkholderia pseudomallei is the causative agent of melioidosis, a life-threatening disease that affects both
humans and animals. This bacterium is able to survive and multiply inside both phagocytic and nonphagocytic
cells. We recently reported that mouse macrophages infected with B. pseudomallei fail to produce a significant
level of inducible nitric oxide synthase (iNOS), a crucial enzyme needed for the cells to control the intracellular
growth of this bacterium. In the present study, we extended our investigation to demonstrate that, unlike other
gram-negative bacteria that have been investigated, B. pseudomallei only minimally activates beta interferon
(IFN-�) production; this minimal activation leads to a low level of interferon regulating factor 1 (IRF-1) in the
macrophages, in parallel with poor iNOS expression. Adding exogenous IFN-� to the system could upregulate
IRF-1 production, which in turn could enhance iNOS expression in the B. pseudomallei-infected macrophages
and lead to suppression of the intracellular growth of this bacterium. Taken together, these results imply that
the failure of macrophages to successfully control the growth and survival of intracellular B. pseudomallei is
related, at least in part, to the defective production of IFN-�, which modulates the ability of macrophages to
synthesize iNOS.

Burkholderia pseudomallei is the causative agent of melioid-
osis, an endemic disease in tropical countries, including South-
east Asia and northern Australia (4, 11, 18, 30). This faculta-
tive intracellular bacterium is known to survive and multiply
inside both phagocytic and nonphagocytic cells (13). After
internalization, B. pseudomallei can escape from a membrane-
bound phagosome into the cytoplasm (13). The organism can
induce cell fusion, resulting in a multinucleated giant cell for-
mation (8, 16). This phenomenon may facilitate the spread of
B. pseudomallei from one cell to another.

Although the interaction of the host cell and B. pseudomallei
has been extensively studied, the mechanism(s) by which this
microorganism escapes macrophage killing is not clearly un-
derstood. Recently, Utaisincharoen et al. reported that B. pseu-
domallei is able to invade mouse macrophages without activat-
ing inducible nitric oxide synthase (iNOS) production (27).
This enzyme is known to play an essential role in controlling
the intracellular survival and multiplication of B. pseudomallei
(21, 27). The expression of iNOS was markedly enhanced when
macrophages were preactivated with gamma interferon (IFN-
�), leading to the production of NO to a concentration needed
to suppress the intracellular growth of this bacterium (27). The
enhancement of host defense by IFN-� was also observed in
mice infected with B. pseudomallei (23).

Besides IFN-�, IFN-� (a type I interferon) has been impli-
cated in playing a role in innate immunity against various
microbial infections. IFN-� is largely produced by macro-

phages infected with microbial pathogens (e.g., Leishmania
major) or exposed to microbial products (e.g., lipopolysaccha-
ride [LPS]) (2, 3, 9, 12). The potent antimicrobial functions of
IFN-� have been observed in macrophages infected with mi-
croorganisms such as L. major and Toxoplasma gondii (20, 22).
Different lines of evidence suggest that iNOS and NO produc-
tion could be enhanced by IFN-� (12, 28). For example, simul-
taneous exposure of macrophages to IFN-�/� and L. major
enhanced iNOS expression, resulting in inhibition of the intra-
cellular survival of L. major (20). Jacobs and Ignarro recently
demonstrated that IFN-� served in an autocrine fashion, me-
diating interferon regulatory factor 1 (IRF-1) production (12).
The expression of this transcriptional activator and the pres-
ence of a crucial IRF-1 binding site within the promoter of the
iNOS gene are necessary for the induction of iNOS in murine
macrophages (14, 19). In the present study, we demonstrated
that B. pseudomallei failed to stimulate IFN-� production in
mouse macrophages. The inability of B. pseudomallei-infected
macrophages to produce IFN-� resulted in depressed iNOS
production, thus allowing the bacteria to survive inside the cells.

MATERIALS AND METHODS

Cell line and culture condition. Mouse macrophage cell line RAW 264.7 was
obtained from the American Type Culture Collection (ATCC, Manassas, Va.). If
not indicated otherwise, the cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco Laboratories, Grand Island, N.Y.) supplemented with 10% fetal
bovine serum (HyClone, Logan, Utah) at 37°C under a 5% CO2 atmosphere.

Bacterial isolation. B. pseudomallei strain 844 (arabinose-negative strain) was
originally isolated from a patient admitted to Srinagarind Hospital in the Khon
Kaen province of Thailand, in which melioidosis is endemic. The bacterium was
originally identified as B. pseudomallei based on its biochemical characteristics,
colonial morphology on selective media, antibiotic sensitivity profiles, and reac-
tion with polyclonal antibody (1, 15, 29) and was used in previous studies (16, 27).
Salmonella enterica serovar Typhi, used for comparison throughout these exper-
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iments, was maintained at Ramathibodi Hospital (Mahidol University, Bangkok,
Thailand) and kept as a stock culture in our laboratory.

Infection of mouse macrophages (RAW 264.7). Mouse macrophages (106 cells)
were cultured in a six-well plate overnight before being exposed to bacteria at a
multiplicity of infection (MOI) of 2:1 for 1 h. To remove extracellular bacteria,
the cells were washed three times with 2 ml of phosphate-buffered saline (PBS)
before Dulbecco’s modified Eagle’s medium containing 250 �g of kanamycin
(Gibco)/ml was added. At various times, the cells were lysed before being sub-
jected to immunoblotting, and the supernatant was used for IFN-� analysis.

Immunoblotting. Various mouse macrophage preparations were lysed in a
buffer containing 20 mM Tris, 100 mM NaCl, and 1% NP-40. Lysates containing
30 �g of protein were electrophoresed by sodium dodecyl sulfate (SDS)–10%
polyacrylamide gel electrophoresis and then electrotransferred to nitrocellulose
membranes (Schleicher & Schuell, Dassel, Germany). The membranes were
blocked with 5% milk for 1 h before being incubated overnight with polyclonal
antibody to mouse iNOS, IRF-1, or actin (Santa Cruz, Santa Cruz, Calif.). Blots
were then reacted with horseradish peroxidase-conjugated swine anti-rabbit im-
munoglobulin G (Dako, Glostrup, Denmark). Protein bands were detected by
use of an enhanced chemiluminescence kit as recommended by the manufacturer
(Roche Diagnostic, Mannheim, Germany).

ELISA. The concentrations of IFN-� in the supernatants of infected macro-
phages were measured by using an enzyme-linked immunosorbent assay
(ELISA) kit (R&D, Minneapolis, Minn.). The sensitivity of the assay system was
50 U/ml.

Standard antibiotic protection assay. Mouse macrophages (5 � 105 cells per
well) were simultaneously exposed to IFN-� (100 U/ml) (R&D) and B. pseudo-
mallei at an MOI of 2:1 at 37°C for 1 h and then washed thoroughly with PBS.
The cells were incubated for an additional 7 h in medium containing 250 �g of
kanamycin/ml to eliminate residual extracellular bacteria; intracellular bacteria
were liberated by using 0.1% Triton X-100 and then were plated on tryptic soy
agar. To inhibit NO production, 500 �M L-NAME (Sigma, St. Louis, Mo.) was
added to the culture medium and maintained throughout the infection period.
The viability of macrophages cultured in the presence of L-NAME was judged by
trypan blue dye staining to be more than 90%. This concentration of the iNOS
inhibitor did not interfere with bacterial growth, as judged by viable counting
with the pour plate technique.

RESULTS

Production of IFN-� by macrophages infected with B. pseu-
domallei. Mouse macrophages were infected with B. pseudo-
mallei at an MOI of 2:1 for 1 h, washed with PBS, and cultured
in a medium containing 250 �g of kanamycin/ml. At 4, 6, and
8 h after infection, the supernatants were analyzed for IFN-�
production by an ELISA. As shown in Fig. 1, the supernatants
from the cells infected with B. pseudomallei for as long as 8 h
contained a negligible concentration of IFN-�. In fact, the level
of IFN-� produced by the B. pseudomallei-infected macro-
phages was only slightly higher than that produced by the un-
infected macrophages. On the other hand, the levels of IFN-�
in cells infected with either Salmonella serovar Typhi or Esch-
erichia coli, used for comparison, were significantly higher than
those in B. pseudomallei-infected cells throughout the period
of observation. These results clearly demonstrated that B. pseu-
domallei behaved in a manner different from that of other
bacteria with regard to its ability to stimulate macrophages for
IFN-� production.

Production of IRF-1 and iNOS by macrophages infected
with B. pseudomallei. Macrophages were infected with B. pseu-
domallei (or Salmonella serovar Typhi, used for comparison) at
an MOI of 2:1. At various times after infection, the cells were
lysed and subjected to immunoblotting with monoclonal anti-
bodies (MAbs) against IRF-1 and iNOS. The results shown in
Fig. 2 demonstrated that macrophages infected with B. pseu-
domallei for as long as 8 h produced neither IRF-1 nor iNOS
protein. However, both IRF-1 and iNOS could be readily de-
tected in macrophages infected with Salmonella serovar Typhi
even after only 4 h of infection, and the levels gradually
increased with prolonged infection. The production of both
IRF-1 and iNOS by Salmonella serovar Typhi-infected macro-
phages paralleled that of IFN-�. These results indicated that
B. pseudomallei also failed to activate IRF-1 and iNOS expres-
sion in mouse macrophages.

Effect of IFN-� on iNOS expression in infected macro-
phages. In order to investigate the possible relationship be-
tween IFN-� produced by bacterium-infected macrophages
and iNOS expression, mouse macrophages were exposed to

FIG. 1. Production of IFN-� by infected mouse macrophages.
Mouse macrophages were exposed to B. pseudomallei (F), Salmonella
serovar Typhi (�), or E. coli (E) at an MOI of 2:1. After 1 h of incu-
bation, the infected cells were washed with PBS before being cultured
in medium containing 250 �g of kanamycin/ml to kill residual extra-
cellular bacteria. At 4, 6, and 8 h after infection, the supernatants were
analyzed for IFN-� by an ELISA. Unstimulated macrophages were
used as a control (‚). Data represent the means and standard devia-
tions from two separate experiments with triplicate samples.

FIG. 2. Kinetics of iNOS and IRF-1 expression by infected macro-
phages. Mouse macrophages were exposed to B. pseudomallei or Sal-
monella serovar Typhi at an MOI of 2:1 as described in the legend to
Fig. 1. At 2, 4, 6, and 8 h after infection, the cells were lysed with lysis
buffer and then subjected to immunoblotting with anti-iNOS, anti-
IRF-1, and antiactin (as a control).
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Salmonella serovar Typhi at an MOI of 2:1 for 1 h in the
presence or absence of neutralizing MAb against IFN-� (10
�g/ml). In this experiment, only Salmonella serovar Typhi was
used because under the experimental conditions, no iNOS was
detected in B. pseudomallei-infected macrophages. The cells
were washed with PBS before being cultured in medium con-
taining 250 �g of kanamycin/ml and MAb against IFN-�. At
6 h after infection, the cells were lysed with lysis buffer and
analyzed for iNOS and IRF-1 production by immunoblotting.
As shown in Fig. 3, the MAb against IFN-� totally abolished
IRF-1 expression from macrophages infected with Salmonella
serovar Typhi, indicating that the expression of IRF-1 was
mediated by IFN-�. However, under these conditions, a very
low level of iNOS could still be observed. These results implied
that IFN-� endogenously produced by the bacterium-infected

macrophages could enhance iNOS production in an autocrine
and/or paracrine fashion.

Exogenous IFN-� enhances the iNOS expression of macro-
phages infected with B. pseudomallei. In this experiment,
mouse macrophages were infected with B. pseudomallei at an
MOI of 2:1 in the presence or absence of exogenous IFN-�
(100 U/ml). At different times, iNOS and IRF-1 levels were
determined by immunoblotting. IFN-� alone did not stimulate
iNOS production at concentrations that could be detected by
immunoblotting (Fig. 4). However, macrophages activated
with IFN-� expressed IRF-1 after only 1 h of exposure, and
expression peaked at 4 h before being significantly degraded.
Recall that macrophages infected with B. pseudomallei ex-
pressed neither iNOS nor IRF-1 even after 8 h of infection
(Fig. 2). However, in this experiment, when macrophages were
simultaneously exposed to IFN-� and B. pseudomallei, a high
level of iNOS could be detected within 4 h of stimulation (Fig.
4). After 8 h of infection, the level of NO produced by mac-
rophages infected with B. pseudomallei was under the limit for
analysis by the Griess reaction (7). These results indicated that
exogenous IFN-� could enhance the expression of iNOS in
B. pseudomallei-infected macrophages.

Exogenous IFN-� decreases the intracellular survival and
multiplication of B. pseudomallei in macrophages. Having es-
tablished that IFN-� could enhance iNOS expression in mac-
rophages infected with B. pseudomallei, we next tested whether
this phenomenon could control the intracellular growth and
survival of B. pseudomallei. In this experiment, macrophages
were simultaneously exposed to IFN-� and B. pseudomallei for
8 h, and the number of live B. pseudomallei organisms inside
the macrophages was determined by a standard antibiotic pro-
tection assay as described in Materials and Methods. In the
absence of exogenous IFN-�, a high number of intracellular
bacteria was observed (Fig. 5). However, when the cells were
simultaneously exposed to exogenous IFN-� and B. pseudo-
mallei, the number of intracellular bacteria was significantly
reduced. Consistent with this observation, enhancement of the
antimicrobial activity of macrophages stimulated with IFN-�
was reduced in the presence of L-NAME, indicating that iNOS

FIG. 3. IFN-�-neutralizing antibody attenuates the expression of
iNOS and IRF-1 in macrophages infected with Salmonella serovar
Typhi. Mouse macrophages were infected with Salmonella serovar
Typhi at an MOI of 2:1 in the presence or absence of anti-IFN-� (10
�g/ml). At 1 h after infection, the cells were washed with PBS before
being cultured in medium containing 250 �g of kanamycin/ml. The
antibody (Ab) was kept in the culture medium throughout the exper-
iment. At 8 h after infection, iNOS, IRF-1, and actin levels produced
by the infected cells were determined by immunoblotting.

FIG. 4. Exogenous IFN-� enhances the expression of iNOS in B. pseudomallei-infected mouse macrophages. Macrophages were activated with
IFN-� (100 U/ml) in the absence or presence of B. pseudomallei (MOI, 2:1) for 1 h, washed with PBS, and then cultured in medium containing
250 �g of kanamycin/ml. At different time intervals, the cells were lysed and subjected to immunoblotting with anti-iNOS, anti IRF-1, and antiactin.
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is responsible for the intracellular killing of B. pseudomallei
inside macrophages.

DISCUSSION

Macrophages are known to be one of the major cellular
sources of IFN-� produced by the immune system. The pro-
duction of IFN-� by macrophages is upregulated by microbial
infection (e.g., E. coli or L. major) or by exposure to microbial
products (e.g., LPS) (2, 3, 24). Among bacteria, only gram-
negative ones can stimulate IFN-� production in mouse mac-
rophages. Listeria monocytogenes, Staphylococcus aureus, or
Lactobacillus bulgaricus and other gram-positive bacteria failed
to activate IFN-� production (24). These results strongly sug-
gested that LPS is the only bacterial component capable of
inducing IFN-� production in mouse macrophages. Recent
evidence indicated that LPS induced the expression of the gene
encoding IFN-� through a Toll-like receptor 4 (TLR4) agonist
but not a TLR2 agonist (25). However, LPS isolated from
Porphyromonas gingivalis, which differs from enterobacterial
LPS structurally and functionally, activated proinflammatory
cytokines via TLR2 instead of TLR4 (10). P. gingivalis LPS did
not stimulate IFN-� production by murine macrophages (25).
In the present study, we demonstrated that B. pseudomallei
also failed to stimulate IFN-� production in mouse macro-
phages (Fig. 1). The inability of this gram-negative bacterium
to stimulate IFN-� may be due to the unique structure of B.
pseudomallei LPS. It was reported that LPS isolated from this
bacterium exhibited an unusual chemical structure in the acid-

stable inner core region attached to the lipid A moiety which
might lead to its weak macrophage activation activity (15, 26).
Whether B. pseudomallei LPS is an agonist for TLR2 or TLR4
remains to be investigated.

The roles of IFN-� in innate immunity against microbial
infections have been reported (2). Recombinant IFN-� was
shown to protect mice against infection with L. monocytogenes
(6). A similar protective effect of IFN-� was also observed in
mice infected with Trypanosoma cruzi or T. gondii (17, 22). In
mice infected with Mycobacterium avium, the continuous ad-
ministration of IFN-� led to a reduction of the bacterial bur-
den in the liver and spleen (5). The possible mechanism(s) by
which IFN-� enhances the antimicrobial activity of macro-
phages may be related to the fact that it enhances iNOS and
NO production by macrophages infected with the microorgan-
ism. In an in vitro study, costimulation of cells with IFN-� and
L. major activated iNOS expression and NO production, lead-
ing to inhibition of the intracellular survival of parasites (20).
In the present study, we demonstrated that a MAb against
IFN-� significantly reduced iNOS expression by macrophages
infected with Salmonella serovar Typhi (Fig. 3). This result
implies that endogenous IFN-�, acting in an autocrine fashion,
acted synergistically with the bacteria to increase the expres-
sion of iNOS. The enzyme iNOS is known to play an important
role in the intracellular killing of macrophages (3). Recently,
Utaisincharoen et al. reported that mouse macrophages in-
fected with B. pseudomallei failed to trigger iNOS expression
(27). However, preactivation with IFN-� increased iNOS ex-
pression in B. pseudomallei-infected cells, resulting in a reduc-
tion in intracellular survival (27). The inability of B. pseudo-
mallei-infected cells to produce iNOS may be due, at least in
part, to the failure of B. pseudomallei-infected macrophages to
produce IFN-�. However, in the presence of exogenous IFN-�,
macrophages infected with B. pseudomallei were able to ex-
press iNOS at a high level (Fig. 4) and at the same time
suppress the intracellular survival of B. pseudomallei (Fig. 5).
However, in the presence of an iNOS inhibitor, L-NAME, the
number of intracellular B. pseudomallei organisms in IFN-�-
activated macrophages was significantly increased, indirectly
indicating that the upregulation of iNOS in IFN-�-treated in-
fected macrophages was associated with enhanced microbici-
dal activity leading to a reduction in the intracellular survival of
B. pseudomallei (Fig. 5).

IRF-1 is a transcriptional activator which binds to sites
within the promoters of a number of genes, including the iNOS
gene (14, 19). Typically, IRF-1 is not expressed at a detectable
level in unstimulated murine macrophages. However, IRF-1
expression can be induced by a variety of activators, including
IFN-� (6). The expression of IRF-1 has been reported to be an
important factor for the induction of the iNOS gene (14, 19).
Moreover, IRF-1�/� mice were more susceptible to M. bovis
than wild-type mice (14). This observation could be interpreted
as indicating that the IRF-1�/� mice were unable to produce
NO. In the present study, we demonstrated that a gram-neg-
ative bacterium like Salmonella serovar Typhi can stimulate
IRF-1 expression and that this expression correlates with iNOS
production (Fig. 2). However, when the MAb against IFN-�
was added to Salmonella serovar Typhi-infected macrophages,
IRF-1 was undetectable (Fig. 3). This result indicated that
IFN-� acted in a paracrine fashion to autoregulate the expres-

FIG. 5. Exogenous IFN-� suppresses the intracellular survival and
multiplication of B. pseudomallei in mouse macrophages. Macrophages
were simultaneously exposed to B. pseudomallei (MOI, 2:1) and IFN-�
(100 U/ml) in the presence or absence of L-NAME (500 �M) for 1 h,
washed with PBS, and cultured in medium containing 250 �g of kana-
mycin/ml. The iNOS inhibitor L-NAME was kept in the culture me-
dium throughout the experiment. At 8 h after infection, the number of
intracellular B. pseudomallei organisms was determined by a standard
antibiotic assay as described in Materials and Methods. Error bars
indicate standard deviations. Asterisks indicate significant differences.
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sion of IRF-1 in macrophages infected with Salmonella serovar
Typhi, leading to enhanced iNOS expression. In contrast, mac-
rophages infected with B. pseudomallei did not produce IRF-1
at a level detectable by the immunoblotting procedure used in
the present study (Fig. 2). The lack of IRF-1 production was
most likely associated with the inability of B. pseudomallei-
infected cells to produce IFN-�, because the addition of exog-
enous IFN-� to the system not only induced IRF-1 expression
but also stimulated iNOS expression in these B. pseudomallei-
infected macrophages (Fig. 4).

The pathogenesis of B. pseudomallei has been extensively
investigated in a murine system, but very limited information
on the mechanism(s) of intracellular bacterial survival is cur-
rently available. Previously, Utaisincharoen et al. demonstrat-
ed that B. pseudomallei could invade macrophages without
significantly stimulating iNOS expression but that this expres-
sion could be enhanced by IFN-� (27). In the present study, we
showed that the inability of this bacterium to stimulate iNOS
was related to the failure of B. pseudomallei-infected macro-
phages to produce IFN-� and IRF-1 (Fig. 1 and 2). However,
exogenous IFN-� could reverse this defect and reinstall the
antimicrobial activity of B. pseudomallei-infected macrophages
(Fig. 5). It is possible that in an in vivo animal model, IFN-� in
conjunction with IFN-� produced from other sources can syn-
ergistically enhance resistance to and reduce the severity of
B. pseudomallei infection. These points should be investigated
to provide a clear understanding of the pathogenesis of me-
lioidosis.
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