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SUMMARY

The mechanism by which Burkholderia pseudomallei survives in macrophages is not clearly understood.

In this study, we demonstrated that the mouse macrophage cell line (RAW 264.7) treated with

lipopolysaccharide (LPS) from B. pseudomallei (BP-LPS) produced significantly less NO and TNF-a
compared with those stimulated with the LPS from Escherichia coli and Salmonella typhi. The time

required for the BP-LPS to trigger substantial NO and TNF-a release was at least 30 min, compared

with , 5 min for the E. coli-LPS. A time course study of inducible nitric oxide synthase (iNOS) protein

expression also indicated that the time required for macrophages stimulated with the BP-LPS to up-

regulate iNOS was longer. The longer time lag for the BP-LPS to activate macrophages was probably

due to the delay in up-regulation of iNOS and TNF-a mRNA transcription. These results indirectly

suggest that the delay of the mediators' production may be due to a reduced rate of signal transduction

initiated by the interaction of BP-LPS with the macrophage cell surface. The use of MoAb to

phosphorylated p38 in a Western blot analysis provided data compatible with the notion that the

maximum level of phosphorylated p38 from the cells activated with BP-LPS was attained at a slower

rate. These results suggest that the unique structure of BP-LPS exhibits a property which may interfere

with macrophage cell activation.
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INTRODUCTION

Melioidosis, a bacterial disease caused by Burkholderia pseudo-

mallei, is endemic in tropical areas such as south-east Asia,

northern Australia and other temperate regions that border the

equator [1±4]. Acquisition of melioidosis occurs via inoculation

of the damaged tissue surface with contaminated soil or water;

or by inhalation and aspiration of contaminated dust particles

[5]. Infection by this Gram-negative bacterium may cause acute

septicaemic melioidosis which affects various organs throughout

the body, particularly the lungs, liver, spleen and lymph nodes [4].

In acute septicaemia, there are fever, chill, muscle pain and other

signs and symptoms resulting from localized abscess. Systemic

infection is associated with a high mortality rate, slow response to

anti-microbial therapy and high rate of relapse despite prolonged

treatment [6]. Subclinical or asymptomatic infection is the most

common form of melioidosis [3]. In some cases the bacteria

remain latent and clinical disease can relapse after a long period of

latency [7].

The pathogenesis of B. pseudomallei has also been extensively

studied in the murine system. Murine macrophage responses to B.

pseudomallei may vary from one strain to another, i.e. BALB/c

mice are more susceptible to B. pseudomallei than C57Bl/6 mice

[8]. The levels of mRNA for several cytokines such as interferon-

gamma (IFN-g ) were higher in BALB/c mice infected with B.

pseudomallei than in C57Bl/6 [8]. Moreover, several groups of

investigators [9,10] have demonstrated that B. pseudomallei can

survive and multiply in mouse macrophages. Bactericidal activity

in mouse macrophages correlated with the production of NO [10].

Inhibition of NO production by a NO inhibitor such as NG-

monomethyl l-arginine (L-NMMA) suppressed B. pseudomallei

multiplication in mouse macrophage cell line. Among the many

virulence factors of Gram-negative bacteria, lipopolysaccharide

(LPS) is a major contributing factor in systemic sepsis and tissue

injury [11]. It is well documented that the LPS activates

macrophages and induces a number of molecules including

reactive nitrogen intermediates and cytokines (e.g. TNF-a , IL-1

and IL-6) both in vivo and in vitro [12]. The macrophage response
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to LPS is initiated by the binding of LPS and lipopolysaccharide

binding protein (LBP) complex with CD14. Within 1 min of

exposure, the LPS is able to bind to the CD14 on the cell surface

[13]. The time required to trigger the mediator production (such as

TNF-a ) from the monocytes activated by LPS is only 5±15 min

[13].

LPS isolated from B. pseudomallei (BP-LPS) has been

reported to exhibit weaker macrophage activation activity than

enterobacterial LPS by at least one order of magnitude [14]. On

the other hand, the BP-LPS appears to have stronger mitogenic

activity for murine splenocytes than the enterobacterial LPS. The

BP-LPS also has an unusual acid stable structure in the inner core

region attached to the lipid A moiety [15]. Whether this unique

structure can influence its biological activity or how this unique

LPS which has a weaker macrophage activation potential plays a

role in pathogenesis of B. pseudomallei remains to be investi-

gated. In the present study, we investigated the kinetics of NO and

TNF-a release and the kinetics of inducible nitric oxide synthase

(iNOS) and TNF-a gene expression from mouse macrophage

cells (RAW 264.7) activated with BP-LPS.

MATERIALS AND METHODS

Cell line and culture condition

Mouse macrophage cell line (RAW 264.7) was obtained from

American Type Culture Collection (ATCC, Rockville, MD). If

not indicated otherwise, the cells were cultured in Dulbecco's

modified Eagles' medium (DMEM; Gibco Labs, Grand Island,

NY) supplemented with 10% fetal bovine serum (FBS; HyClone,

Logan, UT) and grown at 378C under a 5% CO2 atmosphere.

Bacteria isolation

Burkholderia pseudomallei 844 (arabinose-negative strain) was

isolated from patients admitted to Srinakarind Hospital in

the melioidosis-endemic Khon Kaen province of Thailand. The

bacterium was originally identified as B. pseudomallei based on

its biochemical characteristics, colonial morphology on selective

media, antibiotic sensitivity profiles and reaction with polyclonal

antibody [16]. The Escherichia coli and Salmonella typhi used for

comparison throughout these experiments were originally obtained

from Ramathibodi Hospital (Mahidol University, Bangkok, Thai-

land) and kept as stock culture in our laboratory.

Preparation of LPS

LPS was extracted from B. pseudomallei, E. coli and S. typhi

isolates by the modified phenol-chloroform-petroleum ether

method [15] and characterized by SDS±PAGE and immunoblot-

ting as previously reported [17]. The LPS from E. coli strain

0111:B4 (Sigma, St Louis, MO) was also used as reference. The

carbohydrate content of these LPSs was determined by the

orcinol-sulphuric acid method using glucose as standard [18].

Limulus amoebocyte lysate assay

The biological activity of LPS was determined by Limulus

amoebocyte lysate (LAL) assay. The tests were performed

essentially as recommended by the manufacturer (BioWhitaker,

Walkersville, MD) with E. coli-LPS as standard.

Treatment of mouse macrophage cell line (RAW 264.7) with LPS

Mouse macrophage cells (1 � 106) were exposed to various

concentrations of BP-LPS and E. coli-LPS. Eighteen hours after

exposure, the supernatant was analysed for NO and TNF-a
release. To determine for iNOS protein, the cells were lysed with

reducing buffer (62´5 mm Tris pH 6´8, 6 m urea, 10% glycerol,

2% SDS, 0´003% bromphenol blue and 5% 2-mercaptoethanol)

followed by sonication on ice for 20 s. Twenty microlitres of

samples were subjected to SDS±PAGE and transferred to PVDF

membrane (BioRad, Hercules, CA). The iNOS protein was

detected by immunoblotting using MoAb specific to iNOS (Santa

Cruz, Santa Cruz, CA).

NO assay

The production of NO was determined by measuring the quantity

of nitrite in the supernatant by the Griess reaction [19].

TNF-a assay

TNF-a activity was measured by a cytotoxic assay against L-929

[20]. Treated cells were stained with crystal violet after 18 h.

Change in absorbance at 540 nm was measured and converted to

unit per millilitre of TNF-a based on a standard curve using

murine TNF-a (Genzyme, Cambridge, MA) as standard.

Reverse transcriptase-polymerase chain reaction

Mouse macrophage cells (3 � 106) were stimulated with BP-LPS

(100 ng/ml) and E. coli-LPS (10 ng/ml) for 15, 30, 60 and

120 min at 378C before replacing with media containing only 10%

FBS. After 9 h, the cells were extracted with trizol reagent (Gibco

Labs) for total RNA isolation. The extracted RNA was subsequently

treated with DNase (Promega, Madison, WI) according to the

manufacturer's instructions before use for cDNA synthesis by AMV

reverse transcriptase (Promega) [21].

The PCR reaction was conducted by using cDNA as template

for iNOS and TNF-a amplification by a GeneAmp PCR System

2400 (Perkin Elmer, Norwalk, CT). The primers for iNOS were:

sense 5 0-CCG AAG TTT CTT GTG GCA GCA GCG-3 0,
antisense 5 0-GAG CCT CGT GGC TTT GGG CTC CTC-3 0;
and for TNF-a were: sense 5 0-AGC CCA CGT CGT AGC AAA

CCA CCA A-3 0, antisense 5 0-ACA CCC ATT CCC TTC ACA

GAG CAA T-3 0. The amplified products were electrophoresed on

1´8% agarose gel before being transferred to Hybond-N1

membrane (Amersham, Aylesbury, UK). The membranes were

prehybridized in buffer containing 1% bovine serum albumin

(BSA), 7% SDS, 1 mm EDTA, 0´5 m phosphate buffer at 608C
for 2 h prior to hybridizing at 608C overnight with radiolabelling
32P-ATP oligonucleotide probes of iNOS (5 0-ACG TTC AGG

ACA TCC TGA AAA AGC AGC TGG-3 0) or TNF-a (5 0-CTG

GAA GAC TCC TCC CAG GTA TAT GGG-3 0). Thereafter, the

membranes were washed and subjected to autoradiography as

described [21].

Western blot analysis for phosphorylated p38

Mouse macrophage cells (1 � 107) were activated with BP-LPS

(100 ng/ml) or E. coli-LPS (10 ng/ml) for 5, 15, 30 and 60 min at

378C. After stimulation, the cells were washed twice with ice-cold

PBS containing 1 mm Na3VO4. The cells were lysed with 400 m l

of ice-cold lysis buffer (20 mm Tris±HCl pH 7´5, 150 mm NaCl,

1 mm EDTA, 1% Triton X-100, 2´5 mm sodium pyrophosphate,

1 mm b -glycerophosphate, 1 mm Na3VO4, 1 mg/ml leupeptin)

[22]. The lysates (35 mg) were subjected to electrophoresis in

10% SDS±PAGE before being transferred to PVDF membrane.

The membrane was blocked in 5% skim milk for 1 h and followed

by reacting with MoAb specific to phosphorylated p38 (Santa

NO and TNF-a in B: pseudomallei LPS-stimulated macrophages 325

q 2000 Blackwell Science Ltd, Clinical and Experimental Immunology, 122:324±329



Cruz) at 48C overnight. The membrane was then reacted with

horseradish peroxidase-conjugated rabbit anti-mouse IgG (Dako,

Glostrup, Denmark) for 1 h. The reaction was detected by enhanced

chemiluminescence as recommended by the manufacturer (Pierce,

Rockford, IL).

RESULTS

Characterization of purified LPS preparations

The LPS preparations purified as described and used throughout

this study were extracted from pathogenic B. pseudomallei, E.

coli, and S. typhi. The purity of the extracted LPSs was determined

by SDS±PAGE. The result on silver staining showed a ladder

pattern typical of Gram-negative bacterial LPS. There was no

detectable protein band contamination, judging from coomassie

blue staining (data not shown). The endotoxic activity, determined

by LAL assay, of BP-LPS and E. coli-LPS was 4 � 104 and

1´1 � 105 EU/ml, respectively. The data obtained with these

E. coli-LPS preparations were identical to those of the commercial

E. coli-LPS used for comparison.

Activation of mouse macrophage cell line (RAW 264.7) with

BP-LPS

To determine if the LPS isolated from B. pseudomallei could

induce NO and TNF-a release, the macrophage cells were first

exposed to various concentrations of BP-LPS at 378C for 18 h and

the supernatant was then analysed for NO and TNF-a . When

these cells were stimulated with the BP-LPS, the production of

these mediators was detectable from a dose as low as 1 ng/ml,

reaching a plateau level at 100 ng/ml, while those of the cells

stimulated with the E. coli-LPS or S. typhi-LPS reached the

plateau level at 10 ng/ml (Fig. 1). Judging from these results, it

appears that the macrophage-activating activity of BP-LPS was

one order of magnitude weaker than those of E. coli-LPS or

S. typhi-LPS. Based upon these findings, subsequent experiments

were carried out using 100 ng/ml of BP-LPS and 10 ng/ml of

E. coli-LPS.

Time required for NO and TNF-a release by mouse

macrophage cell line (RAW 264.7) activated with BP-LPS

Mouse macrophages were stimulated with either BP-LPS (100 ng/ml)

or E. coli-LPS (10 ng/ml) for 5, 15, 30 min, 1, 2 and 4 h. The

supernatants were at times indicated, analysed for NO and TNF-a.

The results showed that the BP-LPS stimulated NO or TNF-a release

at a considerably slower rate (Fig. 2). The time required to

activate NO or TNF-a release was between 30 min and 60 min

before reaching a plateau after 2 h. Unlike the BP-LPS, E. coli-

LPS exhibited a faster kinetic rate. The time required to stimulate

NO or TNF-a release was detected within 5 min and reached a

plateau level within 30±60 min after activation. Although the BP-

LPS concentration used was 10 times higher than that of the E.

coli-LPS, the maximum concentrations of NO and TNF-a release

from macrophages activated by these two LPSs were not different

from one another, as shown in Fig. 1.

Kinetics of iNOS protein production from mouse macrophage

cell line (RAW 264.7) activated by BP-LPS

The slower rate of NO released from the BP-LPS-activated

macrophages indirectly implied that the BP-LPS may up-regulate

the iNOS expression at a slower rate. The results in Fig. 3 show

that the presence of iNOS protein was observed from the cells

activated with BP-LPS only after 30 min of LPS exposure. Under

similar conditions, the presence of iNOS protein in the cells

treated with E. coli-LPS was detected within 15 min of activation.

Kinetics of iNOS and TNF-a mRNA expression from mouse

macrophage cell line (RAW 264.7) activated by BP-LPS

The delay of mediators released from BP-LPS-activated macro-

phages indirectly implied that the BP-LPS may require a longer

time to up-regulate the mRNA of iNOS and TNF-a . The results in

Fig. 4 show that the cells activated with the BP-LPS (100 ng/ml)

slowly up-regulated the mRNA of both iNOS and TNF-a , while

those treated with the E. coli-LPS expressed almost a maximum

level of iNOS and TNF-a mRNA within 15 min. The level of

b -actin, which served as an internal control, was not influenced

by LPS.

Time course studies of p38 phosphorylation in BP-LPS-activated

macrophages

The kinetic difference in the production of NO and TNF-a by the

macrophages activated with BP-LPS and E. coli-LPS may have

been caused by interference at a stage of signal transduction. This

possibility was investigated by comparing the levels of p38

phosphorylation at different time points. To achieve this, the

macrophage cells were activated with the BP-LPS (100 ng/ml) or

E. coli-LPS (10 ng/ml) for 5, 15, 30 and 60 min. Immediately, the

cells were lysed in lysis buffer, followed by immunoblotting using

MoAb to p38. The results showed that the p38 was gradually

phosphorylated and reached a maximum after 60 min following

activation by BP-LPS (Fig. 5a). On the other hand, the phos-

phorylation of p38 in the cells activated with E. coli-LPS reached

the maximum only after 5±15 min of activation (Fig. 5b). In the

E. coli system, the level of phosphorylated p38 began to decline

after 30 min of activation. These results suggest that the activation

of cells by BP-LPS had a longer time delay of signal transduction

compared with cells activated with E. coli-LPS.

DISCUSSION

LPS is a component of the outer cell membrane of Gram-negative

bacteria that is an important factor mediating the production and

release of various mediators (such as NO) and cytokines (such as

TNF-a ) from macrophages through CD14 [12]. In human

mononuclear cells, neutralizing antibody to CD14 was able to

inhibit the binding of fluorescence isothiocyanate-conjugated BP-

LPS and E. coli-LPS, indicating that BP-LPS interact with CD14

on the macrophage surface (data not shown). Although the BP-

LPS may share a common receptor with E. coli-LPS, the data of

this study show that the former exhibited macrophage-activating

activity one order of magnitude weaker than that of the E. coli

and S. typhi. This conclusion confirmed and extended the

data previously reported by Matsuura et al. [14]. In subsequent

experiments, the BP-LPS was therefore used at a concentration 10

times higher than that of the E. coli-LPS (100 ng/ml and 10 ng/

ml, respectively). Under these conditions, we demonstrated that

the kinetics of NO and TNF-a release from macrophages

activated by BP-LPS was slower than that of the macrophages

activated by E. coli-LPS (Fig. 2) or S. typhi-LPS (data not shown).

The delay of NO release correlated with the rate of iNOS protein

expression (Fig. 3). In addition to this, prolongation at the

transcriptional level of both iNOS and TNF-a mRNA was also

detected (Fig. 4). These results indirectly suggest that compared
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with the E. coli-LPS, signal transduction initiated by the

interaction of BP-LPS to the cell surface component(s) had been

delayed.

Mammalian cells have at least three major MAP kinase

pathways that act as relays between extracellular signals and

transcription factor [23]. Among them, p38 protein is known to

play an important role in signal transduction by LPS, such as

demonstrated in TNF-a expression in LPS-stimulated macro-

phages [24,25]. Phosphorylation of p38 occurred rapidly after the

cells were activated with E. coli-LPS [26]. The level of

phosphorylation declined after 30±60 min of activation [27].

However, the delay of phosphorylated p38 was observed in the

cells activated by BP-LPS (Fig. 5). This result is consistent with

the delay of mRNA expression (Fig. 4) and the release of both NO

and TNF-a (Fig. 2). Such a delay of signalling transduction may

have contributed to the longer time required for the mediators'
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Fig. 1. NO and TNF-a release from mouse macrophage cells

(RAW 264.7) activated by lipopolysaccharide (LPS). The macrophage

cells were treated with various concentrations of LPS from Burkholderia

pseudomallei (BP-LPS) (X), Escherichia coli-LPS (W) or S. typhi-LPS (D).

After 18 h of activation, the supernatant was analysed for NO (a) and

TNF-a release (b). Each point represents the mean and s.d. of five separate

experiments with duplicated samples.
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Fig. 2. Kinetics of NO and TNF-a release from mouse macrophage cells

(RAW 264.7) activated by lipopolysaccharide (LPS). Macrophage cells

were activated with LPS from Burkholderia pseudomallei (BP-LPS;

100 ng/ml) (X) or Escherichia coli-LPS (10 ng/ml) (W) for 5, 15, 30 min,

1, 2 and 4 h. The cells were washed with PBS three times to remove excess

LPS and then incubated further in medium containing 10% fetal bovine

serum. After 18 h of activation, the supernatant was analysed for NO (a) or

TNF-a release (b). Each point represents the mean and s.d. of five separate

experiments with duplicated samples.
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release. The delay of signal transduction in macrophages activated

with BP-LPS may be related to the unique structure of LPS of

B. pseudomallei. It has been reported that the BP-LPS exhibits

an unusual chemical structure in the acid stable inner core

region attached to the lipid A moiety [15]. The difference of

kinetics of mediator release and the delay of signal transduction

level may be associated with this uncommon structure of the BP-

LPS. This unique structure may affect the binding affinity of

LPS with the cell receptors, which could result in its weaker

macrophage-activating activity.

Burkholderia pseudomallei has been demonstrated to survive

and multiply in both phagocytic and non-phagocytic cells

[9,28,29]. However, this Gram-negative bacterium was previously

shown to be highly susceptible to reactive nitrogen intermediates

produced by macrophage cells such as NO [10]. In the present

study, we have demonstrated that the BP-LPS not only stimulates

NO and TNF-a production inefficiently, but also activates their

production and release with a slower kinetic rate compared with

the E. coli-LPS. The slow release of mediators could have been

caused by the delay of signal transduction, which may in turn

influence the rate of mediator synthesis. Possession of weaker and

slower macrophage activation activities may facilitate the survival

Fig. 3. Kinetics of inducible nitric oxide synthase (iNOS) protein expression from mouse macrophage cells (RAW 264.7) activated by

lipopolysaccharide (LPS). The macrophage cells were activated with LPS from Burkholderia pseudomallei (BP-LPS; 100 ng/ml) or

Escherichia coli-LPS (10 ng/ml) for 15, 30, 60 and 120 min. After 18 h of incubation, the samples were lysed in lysis buffer and the lysate

was subjected to immunoblotting analysis with MoAb to iNOS. Data are representative of three independent experiments with similar

results.

Fig. 4. Kinetics of inducible nitric oxide synthase (iNOS) and TNF-a mRNA expression from mouse macrophage cells (RAW 264.7)

activated by lipopolysaccharide (LPS). The macrophage cells were activated with LPS from Burkholderia pseudomallei (BP-LPS; 100 ng/

ml) or Escherichia coli-LPS (10 ng/ml) for 15, 30, 60 and 120 min. After 9 h of incubation, the synthesized cDNA from macrophage cell

RNA was subjected to polymerase chain reaction following by hybridization with appropriate radiolabelled probes. The b-actin served as an

internal control. Data are representative of three independent experiments with similar results.

Fig. 5. Phosphorylation of p38 from mouse macrophage cell (RAW

264.7) activated by lipopolysaccharide (LPS). The macrophage cells were

treated with LPS from Burkholderia pseudomallei (BP-LPS; 100 ng/ml)

(a) or Escherichia coli-LPS (10 ng/ml) (b) for 5, 15, 30 and 60 min.

Phosphorylation of p38 was analysed by immunoblotting using MoAb to

phosphorylated p38. Data are representative of three independent

experiments with similar results.
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of B. pseudomallei in the macrophages, thus helping it to evade

the host defensive system and allowing it to survive for a long

time after initial exposure.
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