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which the mice succumbed within 72 to 96 h. In contrast,
C57BL/6 mice did not develop bacteremia, although they finally succumbed with apparent bacterial growth in the liver
and spleen, displaying incomplete resistance (16).
The intraperitoneal and intravenous routes of infections
used in animal models are thought to mimic systemic melioidosis. However, the first exposure to many microorganisms is
often through the mucosal surfaces in the nasal passages and
the gut. The route of infection can lead to different disease
outcomes due to differences in the local immune environment.
As melioidosis has such a wide spectrum of clinical presentations, it is possible that the route of infection is one of several
factors that influence disease outcome. In this study, we examined the outcome of intranasal infection of BALB/c and
C57BL/6 mice with virulent B. pseudomallei to simulate natural
infection through inhalation and to determine if the murine
model of differential susceptibility is still valid. The establishment of an intranasal infection model with differential outcomes would allow us to investigate the factors that could
potentially contribute to host resistance and to our understanding of mucosal immunity. The examination of correlates
of immunity in animals that were protected from infection
would contribute to our understanding of protective immunity
and to vaccine development.

Melioidosis is an infectious disease caused by the gramnegative bacterium Burkholderia pseudomallei. The disease is
endemic in southeast Asia and northern Australia, and there is
evidence that it may be endemic in Africa, the Indian subcontinent, and Central and South America (11). The clinical manifestations of the disease vary and include an asymptomatic
state, benign pneumonitis, acute or chronic pneumonia, or
fulminant septicemias (10). Severe septic melioidosis is usually
associated with underlying diseases such as diabetes and
chronic renal failure, although it sometimes occurs in previously healthy individuals (8). Asymptomatic seroconversion
has been observed in areas of endemicity such as northeast
Thailand, where antibodies were found in about 80% of children by the time they were 4 years old (15). In most cases,
infection is thought to occur through subcutaneous inoculation
of contaminated soil and water, although it is thought to also
occur via ingestion or inhalation of contaminated aerosols
(17). B. pseudomallei can cause infection in many organs, although pathology occurs mainly in the lung, spleen, and liver
(20, 25).
In order to understand the pathogenesis of the disease and
the mechanism of host resistance, a murine model that mimics
the acute and chronic forms of human melioidosis has been
established (16). It was demonstrated that BALB/c mice were
highly susceptible to infection with virulent B. pseudomallei,
while C57BL/6 mice were relatively resistant. Following intravenous infection with as few as 37 CFU of virulent bacteria,
substantial bacterial growth occurred in the livers and spleens
of BALB/c mice, followed by overwhelming bacteremia to

MATERIALS AND METHODS
Animals. Female 5- to 6-week-old C57BL/6 and BALB/c mice were purchased
from the Laboratory Animals Center of the National University of Singapore.
They were housed in polypropylene cages with a bedding of wood shavings and
were fed on a diet of commercial pellets (Glenforrest Stock Feeders, Perth,
Australia) and potable water ad libitum. The cages were maintained in an
isolated animal room with a class II biological safety cabinet. All experimental
procedures with animals and infection were approved by the Animal Ethics
Research Committee of the Faculty of Medicine, National University of Singapore.
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Burkholderia pseudomallei is the causative agent of melioidosis, an infectious disease with protean clinical
manifestations. The major route of infection is thought to be through subcutaneous inoculation of contaminated soil and water, although ingestion and inhalation of contaminated aerosols are also possible. This study
examines infection through the intranasal route in a murine model to mimic infection through inhalation. Two
strains of mice, C57BL/6 and BALB/c, exhibit differential susceptibilities to the infection, with the C57BL/6
mice being considerably more resistant. To examine host factors that could contribute to this difference,
bacterial loads and cytokine profiles in the two strains of mice were compared. We found that infected BALB/c
mice exhibited higher bacterial loads in the lung and spleen and that they produced significantly higher levels
of gamma interferon (IFN-␥) in the serum than C57BL/6 mice. Although tumor necrosis factor alpha and
interleukin-1 could be detected in the nasal washes and sera of both strains of mice, the production in serum
was transient and much lower than that of IFN-␥. C57BL/6 mice also exhibited memory responses to bacteria
upon reinfection, with the production of serum immunoglobulin G (IgG) and mucosal IgA antibodies. Thus, it
is possible that the production of systemic and mucosal antibodies is important for protection against disease
in C57BL/6 mice.
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TABLE 1. Ten-day LD50s for C57BL/6 and BALB/c mice
intranasally infected with B. pseudomallei strain KHW
Mouse
strain

BALB/c
C57BL/6
a
b

No. dead/total at 10 days after intranasal infection with the
LD50
following inoculation dose (CFU)a:
(CFU)
5/150
15/450
45/1,350
135/4,050
405/12,150

0/6
0/6

0/6
1/6

3/4b
1/6

4/6
3/6

6/6
3/6

45
4,854

Dose for BALB/c mice/dose for C57BL/6 mice.
Two mice in this group died from the anesthetization procedure.

Research, Watertown, Mass.). PCR products were size fractionated through a
1% agarose gel.
Determination of cytokine production by ELISA. Six BALB/c mice and six
C57BL/6 mice were inoculated intranasally with 50 CFU of bacteria. At days 2
and 4 after infection, blood was collected from the lateral tail veins of three
infected mice from each mouse strain and pooled. Mice were sacrificed, and the
mandibles were removed. The nasal cavity from the posterior opening of the
nose was flushed with PBS, and the nasal wash was collected from the anterior
opening of the nose and pooled from three mice. Blood was allowed to clot
overnight at 4°C and centrifuged to obtain the serum. Samples were assayed for
IFN-␥, IL-1␤, and TNF-␣ using enzyme-linked immunosorbent assay (ELISA)
kits (Pharmingen, San Diego, Calif.) according to the manufacturer’s instructions. The optical densities were measured at wavelengths of 490 and 750 nm in
an MR5000 system (Dynatech, Chantilly, Va.). Pooled samples from three uninfected BALB/c mice and three C57BL/6 mice were also tested as negative
controls to obtain cutoff values. The ELISAs were performed in duplicate. The
standard deviations between all duplicates were below 10% of the average
values, except for four samples for which the standard deviations were 11.1, 12.7,
13.1, and 14% of their average values. This experiment was repeated once with
the same number of animals and the same setup and yielded similar results.
Thus, results from only one set of experiments are shown in Results.
Antibody response against B. pseudomallei. C57BL/6 mice were divided into
three groups, in which 12 mice were inoculated intranasally with 50 CFU of live
bacteria, another 12 animals with were inoculated with 50,000 CFU of heat-killed
bacteria, and 9 mice were inoculated with PBS alone. They were inoculated again
14 days later with 100 CFU of live bacteria, 100,000 CFU of heat-killed bacteria,
or PBS alone. On day 28, all mice were challenged with 10,000 CFU of live
bacteria intranasally. At days 0, 7, 14, 21, 28, 33, and 38 from the start of the first
inoculation, blood was collected from the lateral tail veins of mice from each
group and pooled. On day 28 before the challenge and 5 (day 33) and 10 (day 38)
days after the challenge, three mice from each group were sacrificed and the
nasal washes were pooled.
Detection of IgG and IgA by ELISA. Ninety-six-well plates were coated overnight at room temperature with heat-inactivated B. pseudomallei strain KHW at
a concentration of 5 ⫻ 107/ml. Plates were subsequently washed extensively with
PBS-Tween and blocked with 1% bovine serum albumin for 2 h at 37oC. The
plates were washed, and the appropriate dilutions of serum and nasal washes
were added and incubated for 2 h at 37oC. After further washings, goat antimouse immunoglobulin G (IgG) peroxidase conjugate or goat anti-mouse IgA
peroxidase conjugate (Sigma, St. Louis, Mo.) was added at the appropriate
dilution and left for 1 h at 37oC. The plates were developed by the addition of
o-phenylenediamine (Sigma) as a substrate, and the A492 was read in a Dynatech
MR5000 system. The reactions were performed in triplicate.

RESULTS
Intranasal infection with B. pseudomallei. The 10-day LD50s
for the virulent B. pseudomallei strain KHW, determined using
the method of Reed and Muench (21), are 45 and 4,854 CFU
for intranasal infection of BALB/c and C57BL/6 mice, respectively (Table 1). The three remaining C57BL/6 mice infected
with the highest dose of 12,150 CFU at day 10 were lethargic,
had ruffled fur, and died within 2 weeks after infection.
Differential susceptibility of C57BL/6 and BALB/c mice to
infection. In agreement with other studies showing increased
resistance of C57BL/6 mice to intravenous B. pseudomallei
infection compared to BALB/c mice, the C57BL/6 mice were
100-fold more resistant to intranasal infection than BALB/c
mice. In order to investigate the factors that could contribute
to the differential resistance to the infection in the two mouse
strains, the animals were infected with 50 CFU, a dose that was
lethal for BALB/c mice but had no apparent effect on C57BL/6
mice. To examine the kinetics of infection, the animals were
sacrificed at 1, 2, or 3 days after infection, and the bacterial
loads in lung, liver, and spleen were determined. The results
clearly show that the BALB/c mice developed very high bacterial loads in the lung by the second day after infection (Fig.
1). The spleens also contained high numbers of bacteria, indi-
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Bacteria. The virulent strain KHW of B. pseudomallei used in this study was
isolated from a member of the Singapore national service who died from melioidosis. The isolate was identified as B. pseudomallei based on colonial morphology, API20 NE tests (BioMerieux, Marcy l’Etoile, France), and 16S RNA
sequence. For inoculation into mice, bacteria were cultured on Trypticase soy
agar (TSA) (Difco Laboratories, Detroit, Mich.) for 24 h at 37°C, colonies were
picked and resuspended in sterile phosphate-buffered saline (PBS), and the
bacterial suspension was adjusted to a density equivalent to that of a no. 0.5
McFarland nephelometer standard (approximately 1.5 ⫻ 108 bacteria/ml). The
suspension was then diluted to the appropriate concentration in PBS for inoculation, and aliquots were plated on TSA in duplicate to determine the actual
number of bacteria inoculated.
Determination of 50% lethal dose (LD50). Mice were divided into groups of six,
and each group was inoculated with a different dose (Table 1). The doses
reported reflect the actual dose of the inoculum as determined by colony counts
on TSA plates. After being anesthetized with a combination of Hypnorm and
midazolam, the mice were inoculated intranasally, through one nostril with a
yellow pipette tip, with the appropriate dose of B. pseudomallei in 20 l of PBS.
Mortality was scored over 10 days.
Infection of mice and preparation of organs. After being anesthetized with a
combination of Hypnorm and midazolam, the mice were inoculated intranasally,
through one nostril with a yellow pipette tip, with 50 CFU of B. pseudomallei in
20 l of PBS. Control mice were inoculated with PBS only. At 24, 48, and 72 h
after infection, three infected mice and one control mouse were euthanized. The
lungs, livers, and spleens were aseptically removed, placed in 3 ml of ice-cold
medium separately, and immediately homogenized on ice. A small aliquot was
removed for serial dilution in PBS and plated on Ashdown agar (3) in duplicate
for each dilution. The colonies on plates were counted after 2 days of incubation
at 37°C, and the bacterial load per organ was calculated from the average count
taken from plates of appropriate dilutions giving countable colonies. The rest of
the homogenates were centrifuged at 4oC and resuspended in Trizol reagent
(Gibco-BRL, Grand Island, N.Y.) for immediate RNA isolation or stored at
⫺80oC until use.
RNA isolation and reverse transcription-PCR (RT-PCR). Total RNA was
extracted using Trizol reagent according to the manufacturer’s instructions.
RNA was resuspended in diethyl pyrocarbonate-treated water, and the quantity
was determined using a spectrophotometer at 260 nm. Five micrograms of RNA
was used for reverse transcription in a final mixture of 0.16 M oligo(dT), 0.25
mM deoxynucleoside triphosphates, 20 U of Moloney murine leukemia virus
reverse transcriptase (Biotools-Biotechnological and Medical Laboratories, Madrid, Spain), and 12 U of RNasin (Promega, Madison, Wis.). The reaction was
performed for 1 h at 37oC, and the resulting cDNA was readjusted to 150 l with
Tris-EDTA buffer. The final PCR mixture contained 5 l of cDNA, 1⫻ PCR
buffer (Biotools), 0.25 mM deoxynucleoside triphosphates, 0.6 U of Taq DNA
polymerase (Biotools), and 0.4 M sense and antisense primers. The thermal
cycling parameters were as follows: 95oC for 5 min, followed by 30 cycles of
denaturation at 95oC for 1 min, annealing at 1 to 2oC below the melting temperature of the primers for 1 min, and extension at 72oC for 2 min. PCR was
performed using primers to amplify various cytokines of interest, including
gamma interferon (IFN-␥), interleukin-2 (IL-2), IL-10, granulocyte-macrophage
colony-stimulating factor, IL-4 (12), IL-12 p40 (7), IL-1␤, and IL-6 (23). Genespecific primers for all of the cytokines are designed to span introns so that PCR
products would allow discrimination of amplification from cDNA or genomic
DNA, with the exception of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (19). One of the primers for tumor necrosis factor alpha (TNF-␣) is located
on an intron-exon junction to prevent coamplification of genomic DNA (sense,
5⬘GGA TGA GAA GTT CCC AA3⬘; antisense, 5⬘ CAG ATT GAC CTC AGC
GC3⬘). All PCRs were performed in an automated DNA thermal cycler (MJ
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FIG. 1. Bacterial loads in BALB/c and C57BL/6 mice. The bacterial loads in the lungs (A and D), livers (B and E), and spleens (C and F) of
BALB/c (A, B, and C) and C57BL/6 (D, E, and F) mice at different time points after intranasal infection with virulent B. pseudomallei are shown.
The logarithm of the number of CFU was plotted against time. Each symbol represents one mouse. The control mice are not represented, since
no colonies were found in any of their organs. Filled symbols represent mice from one experiment, and open symbols represent animals from
another experiment. Results from the two experiments performed under the same conditions are superimposed.

cating the spread of bacteria into the bloodstream. However,
the livers contained considerably fewer bacteria, which were
usually cleared by day 3. In contrast, C57BL/6 mice had very
few bacteria, if any, in all of the organs. Therefore, the bacte-

rial burden in the organs directly correlated with disease in the
animals.
Cytokine gene expression in C57BL/6 and BALB/c mice. To
investigate the possibility that polarization of cytokine expres-
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levels of IFN-␥ and proinflammatory cytokines after infection,
with the peak expression on day 2 for BALB/c mice. IL-4 was
not detected and IL-12 was found at low levels in the spleens
of C57BL/6 mice. IL-10 was largely absent in BALB/c mice and

sion and lack of an inflammatory cytokine response contribute
to susceptibility to infection in the mice, we examined cytokine
gene expression in the lungs, spleens, and livers of the mice by
RT-PCR (Fig. 2; Table 2). Both mouse strains expressed high

TABLE 2. Cytokine gene expression in infected mice
mRNA expressiona at the indicated h postinfection in:
C57BL/6 mice

Cytokine

IFN-␥
TNF-␣
IL-1␤
IL-4
IL-6
IL-10
IL-12
a

Lung

BALB/c mice

Liver

Spleen

Lung

Liver

Spleen

24

48

72

24

48

72

24

48

72

24

48

72

24

48

72

24

48

72

⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫹⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺

⫹⫹⫺
⫹⫹⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺

⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫹⫹⫺
⫺⫺⫺

⫹⫹⫹
⫹⫹⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺

⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫺⫺

⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹

⫹⫹⫹
⫹⫹⫹
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹

⫹⫹⫺
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫺
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫺
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫺
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫺⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫺⫺
⫹⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫹⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹⫹⫹
⫹⫹⫺
⫹⫹⫹
⫺⫺⫺
⫹⫹⫹
⫺⫺⫺
⫺⫺⫺

⫹, presence of mRNA expression; ⫺, absence of mRNA expression. Each symbol represents the result from one mouse.

Downloaded from http://iai.asm.org/ on February 26, 2021 by guest

FIG. 2. Expression of IFN-␥ mRNA in the lungs (A and D), livers (B and E), and spleens (C and F) of BALB/c (A, B, and C) and C57BL/6
(D, E, and F) mice as determined by RT-PCR. In each set of gels, the top panel depicts IFN-␥ and the bottom panel depicts the corresponding
GAPDH. Lanes M, 100-bp molecular size marker; lanes N, no-template control; lanes 1 to 3, three infected mice at 24 h postinfection; lanes 4,
control mock-infected mouse at 24 h postinfection; lanes 5 to 7, three infected mice at 48 h postinfection; lanes 8, control mock-infected mouse
at 48 h postinfection; lanes 9 to 11, three infected mice at 72 h postinfection; lanes 12, control mock-infected mouse at 72 h postinfection.
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was not detected consistently in C57BL/6 mice. Therefore, B.
pseudomallei infection in BALB/c mice was capable of inducing
an inflammatory cytokine response, and the differential resistance to B. pseudomallei in the mouse strains is not due to a
Th1- and Th2-type polarization of cytokine responses.
Cytokines in the nasal washes and sera of C57BL/6 and
BALB/c mice. Based on data on the cytokine gene expression
profiles in the various organs, we selected IFN-␥ and the proinflammatory cytokines TNF-␣ and IL-1 for quantification in the
nasal washes and sera of the mice. High levels of IFN-␥ were
detected in the sera of BALB/c mice; these were at least five-

fold higher than the levels in the C57BL/6 mice (Fig. 3). However, TNF-␣ levels were low and were undetectable by day 4
for both strains, and IL-1␤ levels were still low compared to
IFN-␥ levels and were similar in the two strains of mice. It is
thus unlikely that BALB/c mice were dying due to TNF-␣- and
IL-1␤-mediated septic shock. However, local production of
these cytokines in the nasal wash showed a clear elevation of
TNF-␣ and IL-1␤ in BALB/c mice over C57BL/6 mice, even
when the IFN-␥ levels in BALB/c mice were higher than those
in C57BL/6 mice by day 4 although they were comparable on
day 2.
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FIG. 3. Concentrations of IFN-␥ (A and D), IL-1␤ (B and E), and TNF-␣ (C and F) in sera (A, B, and C) and nasal washes (D, E, and F) of
BALB/c (white bars) and C57BL/6 (black bars) mice after intranasal infection with 50 CFU of virulent B. pseudomallei. Each bar represents pooled
sera or nasal washes from three mice. The optical densities in the ELISA are expressed as picograms per milliliter corresponding to the linear
portion of the standard curves.
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DISCUSSION
Besides acute septicemia, one of the most common manifestations of B. pseudomallei infection in humans is pulmonary
involvement. This could reflect the organotropism of the bacteria or the physiological relevance of infection through the
intranasal route. To date, little is known about the immunopathogenesis of B. pseudomallei, and even less is known for
mucosal infection. Based on the murine model of differential
susceptibility to intravenous infection of B. pseudomallei (16),
we demonstrated that the relative susceptibility of BALB/c
mice compared to C57BL/6 mice was also observed with intranasal infection. In fact, BALB/c mice were exquisitely susceptible to intranasal infection, with an LD50 of only 45 CFU,
while C57BL/6 mice were at least 100-fold more resistant. An
important difference between our study and the previous study
was that intranasally infected C57BL/6 mice did not succumb
to disease at 50 CFU, a dose lethal for BALB/c mice, even
when they were observed for up to 3 months (data not shown),
whereas they developed chronic infection reflecting incomplete resistance during intravenous infection (16). The establishment of a murine model demonstrating differential susceptibility through intranasal infection allows us to examine the
host factors that correlate with resistance.
One of the most obvious differences between the two strains
of mice after infection was the bacterial loads in their organs.
The bacterial burden in C57BL/6 mice was very low throughout the 3 days postinfection in all three organs examined, and
bacteria were not detectable by 2 weeks in most animals. In
contrast, BALB/c mice showed increasing bacterial burdens in
lungs and spleens. Interestingly, the bacterial load in livers up
to 3 days postinfection was very low, indicating an efficient
clearance mechanism at the early stage of infection. Hoppe et
al. had reported lower bacterial burdens in livers than in
spleens during intravenous infection and attributed it to the

FIG. 4. Serum IgG (A) and mucosal IgA (B) responses in C57BL/6
mice after intranasal inoculation with 50 CFU of virulent B. pseudomallei (F), 50,000 CFU of heat-killed B. pseudomallei (f), or PBS (Œ).
Each symbol represents a 1:10 dilution of serum at the indicated days
after the first inoculation at day 0, the second inoculation at day 14,
and reinfection with 10,000 CFU of live bacteria at day 28 (A), or
represents undiluted nasal wash at the indicated days after reinfection
with 10,000 CFU live bacteria at day 28 (B), from three mice pooled
together. Results represent means ⫾ standard deviations of triplicates.
OD, optical density.

degradation of bacteria within phagolysosomes of hepatocytes
(14). The low or absent bacterial burden in C57BL/6 mice is
likely due to the inability of bacteria to establish infection in
these mice, which suggests the presence of an effective innate
immune response. In fact, peritoneal cell cultures from
C57BL/6 but not BALB/c mice were shown to control and
eliminate bacterial growth in vitro, and the presence of both
macrophages and lymphocytes in the peritoneal cell cultures
was necessary for this to occur (16, 24). Thus, it is possible that
the resistance in C57BL/6 mice is in part due to the efficient
early control of bacterial growth by tissue macrophages or
other cell types present at the sites of infection.
The innate resistance of C57BL/6 compared to BALB/c
mice to several intracellular infections had been attributed to
polarized T-helper responses, where C57BL/6 mice developed
a T-helper 1 (Th1) response effective against intracellular
pathogens while BALB/c mice developed a Th2 response,
which is important in the development of humoral immunity.
Studies on a broad range of intracellular bacteria, such as
Yersinia (4, 6) and mycobacteria (1, 2), have shown that innate
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Antibody response in C57BL/6 mice reinfected with bacteria. C57BL/6 mice infected intranasally with 50 CFU of B.
pseudomallei remained symptom free and did not succumb to
disease. When they were sacrificed at 2 weeks after infection,
two out of six mice had 40 and 20 CFU of bacteria in their
lungs, while one out of six mice had 60 CFU in the liver. The
rest of the mice had no detectable bacteria in all organs (data
not shown). It is possible that these mice had developed immunity and could withstand a normally lethal dose of bacteria
upon reinfection. To examine this possibility, animals were
immunized twice with either a low dose of live bacteria, a high
dose of dead bacteria, or PBS, followed by reinfection with
10,000 CFU of live bacteria as described in Materials and
Methods. We found that mice previously immunized with a low
dose of live bacteria were protected from the challenge, while
control mice inoculated with 50,000 CFU of heat-killed bacteria or PBS succumbed to disease. The antibody response to the
bacteria was examined to see whether it correlated with protection. Only mice previously immunized with a low dose of
live bacteria produced serum IgG and mucosal IgA to the
bacteria in the nasal wash (Fig. 4). The IgG responses increased after the second immunization at day 14 and the highdose challenge at day 28 (Fig. 4A), demonstrating secondary
immune responses.
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increased with a second inoculation, and subsequently the mice
were protected when reinfected a third time with 10,000 CFU
of bacteria, which is a lethal dose for the mice. Protection
correlated very well with antibody levels, as heat-killed bacteria
were unable to protect mice and could not elicit an antibody
response. Both the serum and mucosal antibody responses
after infection with 10,000 CFU of bacteria were significantly
higher in mice previously infected with the low dose of live
bacteria. This finding demonstrated that protection against
infection by B. pseudomallei correlated very well with the elicitation of a secondary systemic and mucosal antibody response.
In conclusion, this study is novel and important in defining
and establishing a mucosal infection model of B. pseudomallei
whose effect is not limited to the mucosa but is also systemic,
as seen by the spread of bacteria systemically into other organs
and the detection of proinflammatory cytokines in the blood.
This could represent a physiologically relevant model of human infection where the route of infection is through inhalation, resulting in pulmonary involvement and even spread to
the bloodstream, causing septicemia, if infection cannot be
controlled early and effectively at the mucosa. Early host resistance correlates with moderate inflammation, while susceptibility correlates with hyperproduction of IFN-␥. Furthermore, secondary mucosal and serum antibodies against
bacteria correlated with protection against a lethal dose of
bacteria. Therefore, based on our study, we propose that the
development of effective vaccines against B. pseudomallei
should incorporate elements to promote moderate inflammation and to elicit appropriate mucosal IgA and systemic IgG
antibody responses.
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