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The environmental Gram-negative encapsulated bacillus Burkholderia pseudomallei is the causative agent of melioidosis, a dis-
ease associated with high morbidity and mortality rates in areas of Southeast Asia and northern Australia in which the disease is
endemic. B. pseudomallei is also classified as a tier I select agent due to the high level of lethality of the bacterium and its innate
resistance to antibiotics, as well as the lack of an effective vaccine. Gram-negative bacteria, including B. pseudomallei, secrete
outer membrane vesicles (OMVs) which are enriched with multiple protein, lipid, and polysaccharide antigens. Previously, we
demonstrated that immunization with multivalent B. pseudomallei-derived OMVs protects highly susceptible BALB/c mice
against an otherwise lethal aerosol challenge. In this work, we evaluated the protective efficacy of OMV immunization against
intraperitoneal challenge with a heterologous strain because systemic infection with phenotypically diverse environmental B.
pseudomallei strains poses another hazard and a challenge to vaccine development. We demonstrated that B. pseudomallei
OMVs derived from strain 1026b afforded significant protection against septicemic infection with B. pseudomallei strain
K96243. OMV immunization induced robust OMV-, lipopolysaccharide-, and capsular polysaccharide-specific serum IgG (IgG1,
IgG2a, and IgG3) and IgM antibody responses. OMV-immune serum promoted bacterial killing in vitro, and passive transfer of
B. pseudomallei OMV immune sera protected naive mice against a subsequent challenge. These results indicate that OMV im-
munization provides antibody-mediated protection against acute, rapidly lethal sepsis in mice. B. pseudomallei-derived OMVs
may represent an efficacious multivalent vaccine strategy against melioidosis.

Burkholderia pseudomallei is a Gram-negative, encapsulated,
facultative, intracellular bacillus and the causative agent of

melioidosis, a major public health concern in the regions of
Southeast Asia and northern Australia in which the disease is en-
demic (1). Recent reports have expanded the zone of endemicity
to include the Indian subcontinent, southern China, Hong Kong,
and Taiwan (2). Sporadic cases occur in Brazil, elsewhere in the
Americas, and in the islands of the Pacific Ocean and the Indian
Ocean (1, 2). In northern Thailand, the incidence increased from
8.0 cases per 100,000 persons in 2000 to 21.3 cases per 100,000
persons in 2006, with a mortality rate of 42.6%, making melioid-
osis the third leading cause of death from infection in that region
(after HIV/AIDS and tuberculosis) (3). Infection with B. pseu-
domallei can occur through inhalation of contaminated soil or
aerosols, ingestion of contaminated food or water, or percutane-
ous inoculation via penetrating injuries or preexisting abrasions
in the skin (1). The clinical symptoms of melioidosis are non-
specific and can range from asymptomatic disease to acute,
rapidly progressive pneumonia, sepsis, and death (1). Chronic
infection with B. pseudomallei also occurs, and reactivation of
latent infection several decades after exposure has been docu-
mented (4). Treatment of melioidosis is challenging, as B. pseu-
domallei is naturally resistant to multiple antibiotics and estab-
lishes an intracellular niche within host cells (5). There is no
commercially available vaccine for human use, although numer-
ous vaccine candidates are currently in preclinical stages of inves-
tigation (6–8). Beyond its public health significance, B. pseu-
domallei has bioweapon potential and is listed as a tier 1 select
agent, further emphasizing the urgent need for a protective vac-
cine.

The protean clinical manifestations observed in human me-

lioidosis cases may result from differences in bacterial strains, vir-
ulence, or doses, routes of infection, and host immune status (1),
each of which complicates vaccine development. A 20-year study
conducted in Australia determined that the principal case presen-
tation was pneumonia, which occurred in 51% of melioidosis
cases, with 49% case fatality. Bacteremia was present in 55% of
melioidosis cases, and septic shock developed in 21% of cases (9).
Death due to sepsis has been observed in 30 to 50% of melioidosis
cases occurring in areas in which the disease is endemic, as well as
those in the Western Hemisphere (10). Therefore, an ideal vaccine
against B. pseudomallei would be one capable of providing long-
term protection against both pneumonic and septicemic melioid-
osis. An additional barrier to vaccine development is the presence
of virulent coendemic strains, such as B. pseudomallei strains
K96243, 1026b, 1710b, and 1106a, all of which were isolated from
human clinical samples in Thailand (11). B. pseudomallei isolates
demonstrate genotypic and phenotypic heterogeneity (12), so it is
imperative that a B. pseudomallei vaccine provide broad-spectrum
protection against multiple strains.

In preclinical studies, immunization with live attenuated B.
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pseudomallei strains has generated some of the best protection
observed to date (6–8); however, the ability of B. pseudomallei to
establish latent infections poses safety concerns regarding the use
of live vaccines, particularly in immunocompromised individuals
who are predisposed to infections (13). A number of purified sub-
unit antigen preparations, including lipopolysaccharide (LPS),
capsular polysaccharide (CPS), and native or recombinant pro-
teins, have been evaluated and provide variable degrees of protec-
tion against B. pseudomallei in small-animal models (6–8). While
these preparations offer increased safety over the use of live vac-
cines, it is unclear whether immunization with a single antigen
would be capable of providing complete protection against di-
verse B. pseudomallei strains and against more than one route of
infection.

We previously demonstrated that immunization with multiva-
lent outer membrane vesicles (OMVs) derived from B. pseu-
domallei strain 1026b provided significant protection against
pneumonic melioidosis in mice (14). OMVs are noninfectious
particles that are naturally secreted from the Gram-negative bac-
terial cell membrane (15). The process of extracellular membrane
vesicle secretion is conserved among Gram-negative and Gram-
positive bacteria, mycobacteria, and eukaryotic cells, although the
mechanisms of secretion may differ (15, 16). Gram-negative bac-
teria release outer membrane, periplasmic, and cytoplasmic com-
ponents within OMVs that may serve functions in pathogenesis,
immunomodulation, communication, and genetic exchange (15).
OMVs contain an assortment of virulence factors and Toll-like
receptor agonists within the vesicle lumen and on the surface,
most of which retain their native orientations and functions (15).
For these reasons, OMVs represent a practical acellular multiva-
lent vaccine platform. The multiantigenic nature of an OMV vac-
cine may enhance the potential to provide broad-spectrum pro-
tection against diverse B. pseudomallei strains and multiple routes
of infection with a single vaccine preparation.

In this study, we evaluated the protective efficacy of a multiva-
lent OMV vaccine derived from B. pseudomallei strain 1026b
against septicemic infection with a heterologous clinical isolate, B.
pseudomallei strain K96243. We demonstrate that immunization
of mice with a nonadjuvanted OMV vaccine provides significant
protection against rapidly lethal sepsis caused by high-dose intra-
peritoneal (i.p.) challenge with a heterologous strain. Further-
more, we show that protection against acute B. pseudomallei in-
fection (up to 14 days) is mediated by serum antibodies composed
of protein- and polysaccharide-specific IgM and IgG.

MATERIALS AND METHODS
Ethics statement. This study was performed in strict accordance with the
National Institutes of Health (NIH) guide for the care and use of labora-
tory animals. The protocols were approved by the Tulane University in-
stitutional animal care and use committee (protocols 4042 and 4048) and
the animal care and use committee of the University of Texas Medical
Branch (protocol 0503014). For survival studies, death was not used as an
endpoint. Animals were humanely euthanized once they displayed �20%
weight loss, exhibited paralysis, or were unresponsive to handling. Ani-
mals were observed at least three times per day, including weekends. Eu-
thanasia was performed by CO2 overdose and was confirmed by cervical
dislocation.

OMV purification. OMVs were prepared as previously described (14,
17), with minor modifications. B. pseudomallei strain 1026b (BEI Re-
sources) was freshly streaked from a glycerol stock onto Pseudomonas
isolation agar (PIA) and incubated for 48 to 72 h at 37°C. An individual

colony of B. pseudomallei was inoculated into Luria broth (LB) and incu-
bated for 16 to 18 h at 37°C. The overnight culture was diluted 1:100 into
fresh LB and incubated at 37°C until late log phase (optical density at 600
nm [OD600] of 4.5 to 5.0) was reached, between 16 and 18 h. Intact bac-
teria were pelleted by centrifugation (6,000 � g for 10 min at 4°C) using an
SLA-1500 fixed-angle rotor. Following centrifugation, the supernatant
was filtered through a 0.22-�m polyethersulfone (PES) membrane (Mil-
lipore) in order to remove any remaining bacteria or large bacterial frag-
ments. The absence of bacterial contamination was verified by incubating
two 0.5-ml aliquots of supernatant on LB agar for 48 to 72 h at 37°C.
OMVs were precipitated by overnight incubation with 1.5 M ammonium
sulfate (Fisher Scientific) and then were harvested by centrifugation
(11,000 � g for 20 min at 4°C) using an SLA-1500 rotor. Crude vesicles
were resuspended in 60% sucrose (Sigma) in 10 mM Tris-HCl (pH 7.4),
layered at the bottom of a 35 to 60% density gradient, and subjected to
ultracentrifugation (200,000 � g for 3 h at 4°C) using a 50.2Ti rotor.
Fractions of equal volume were removed from the top, individually sub-
jected to trichloroacetic acid (TCA) precipitation, and then evaluated by
SDS-PAGE for visualization of protein profiles by Coomassie blue stain-
ing, as previously described (see Fig. S1 in the supplemental material) (14,
17). Fractions containing identical protein profiles were pooled (see Fig.
S1 in the supplemental material) and subjected to ultracentrifugation
(200,000 � g for 1.5 h at 4°C) to obtain purified vesicles. Purified vesicles
were resuspended in LPS-free water, visually confirmed by transmission
electron microscopy (see Fig. S2 in the supplemental material), and quan-
titated by the Bradford assay, as previously described (14, 17).

Active immunization and challenge. Female BALB/c mice (8 to 10
weeks of age) were purchased from Charles River Laboratories (Wilming-
ton, MA) and were maintained at 5 per cage in polystyrene microisolator
units, under pathogen-free conditions. Animals were fed sterile rodent
chow and water ad libitum and were allowed to acclimate for 1 week prior
to use.

In total, three independent active immunization and challenge exper-
iments were performed, using three individually extracted batches of
OMVs, to confirm reproducibility (see Fig. S3 in the supplemental mate-
rial). On day 0, BALB/c mice were immunized subcutaneously (s.c.) with
5 �g of B. pseudomallei strain 1026b-derived OMVs diluted in 100 �l of
sterile saline. Control (naive) animals received vehicle only (saline).
OMV-immunized groups received boosts on days 21 and 42. A subset of
immunized mice (n � 5 per group) was utilized to evaluate antibody
responses to OMV vaccination, and the mice were not challenged. Five
weeks after the last immunization, immunized and control mice were
challenged intraperitoneally (i.p.) with target doses of 5� the 50% lethal
dose (LD50) (�2 � 104 CFU) and 50� LD50 (�2 � 105 CFU) of B.
pseudomallei strain K96243 (BEI Resources). Actual infectious doses de-
livered to the mice were determined by plating the inocula. Survival was
monitored up to 21 days postinfection. A subset of mice (n � 4) was
euthanized weekly, and spleens were harvested in order to assess persis-
tent infection. Tissues were aseptically removed from euthanized animals,
individually placed in 1 ml 0.9% NaCl, and homogenized with sterile
disposable tissue grinders (Fisher Scientific). Tenfold serial dilutions of
spleen homogenates were plated on PIA. Colonies were counted after
incubation for 3 days at 37°C, and results are reported as CFU per organ.

Passive immunization and challenge. For passive transfer experi-
ments, BALB/c mice (n � 5 per group) were given 300 �l of pooled
OMV-immune sera obtained from mice that had been actively immu-
nized with 2.5 �g of B. pseudomallei-derived OMVs or control sera from
nonimmunized mice. Burkholderia OMV-immune sera contained 750
�g/ml of B. pseudomallei OMV-specific IgG, whereas control sera con-
tained less than 0.3 �g/ml of B. pseudomallei OMV-specific IgG, as deter-
mined by an enzyme-linked immunosorbent assay (ELISA). Sera were
administered by i.p. injection 1 h prior to challenge. Naive mice (n � 5 per
group) received no treatment. Mice were challenged i.p. with approxi-
mately 50� LD50 of B. pseudomallei strain K96243. Two independent
experiments were performed; survival was monitored up to day 14.
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Characterization of antigen-specific antibody responses. Serum
samples were collected 4 weeks after the final immunization, to evaluate
antigen-specific antibody responses. OMV-, LPS-, and CPS-specific IgG,
IgG1, and IgG2a serum antibody titers were measured by ELISAs using
microtiter plates coated with 500 ng of OMV, LPS, or CPS, as we previ-
ously described (14). Purified LPS was provided by Kate Brown (Univer-
sity of Texas at Austin) and was prepared from acapsular Burkholderia
thailandensis strain E264 using a modified hot phenol extraction method,
as previously described (18). Purified CPS was provided by Don Woods
(University of Calgary) and was prepared from an O-antigen-deficient B.
pseudomallei mutant strain by using methods described by Perry et al.
(19). Measurements of antigen-specific IgM and IgG3 were performed as
described above, with minor modifications. Alkaline phosphatase-conju-
gated goat anti-mouse IgG3 (1:20,000 dilution; Abcam) and alkaline
phosphatase-conjugated goat anti-mouse IgM (1:300 dilution; Sigma)
secondary antibodies were incubated for 1 h at room temperature prior to
development, as previously described (14). Results obtained were ex-
pressed as the geometric mean reciprocal endpoint titers for total serum
immunoglobulin. The endpoint titer was defined as the greatest dilution
yielding an optical density at 405 nm (OD405) greater than 3 standard
deviations above the mean OD405 value for preimmune sera. The limit of
detection for the assays was the inverse of the initial serum dilution, which
was 1:10.

Serum bactericidal assay. An overnight culture of B. pseudomallei
strain K96243 was diluted 1:100 in fresh LB and grown to the log phase
(OD600 of 0.64). The bacteria were adjusted to 1 � 106 CFU and incubated
with 30% heat-inactivated (56°C for 30 min), pooled, OMV-immune
serum or 6 �g/ml anti-CPS monoclonal antibody (MAb) 3C5 (20) (pro-
vided by David Aucoin, University of Nevada School of Medicine) in LB
broth containing 5% fetal bovine serum (FBS) (Sigma), in a 24-well plate
(135 rpm at 37°C). Bacteria incubated in 5% FBS-LB alone were used as
negative controls. Four hours after incubation, 10-fold serial dilutions
were plated on LB agar and incubated for 24 to 48 h at 37°C. The bacterial
counts were reported as CFU/ml. Each experimental group was assayed in
triplicate, and two independent experiments were performed.

Statistical analyses. Statistical analyses were performed using
GraphPad Prism version 5.0 (GraphPad Software, San Diego, CA).
Statistical analyses of antibody responses were performed using the
Mann-Whitney test. Analyses of bacterial survival in serum bacteri-
cidal assays were performed using one-way analysis of variance
(ANOVA) with the Bonferroni post hoc test. Survival curves were an-
alyzed using a log-rank Mantel-Cox test. P values of �0.05 were con-
sidered statistically significant.

RESULTS
Immunization with B. pseudomallei OMVs provides significant
protection against systemic challenge with B. pseudomallei
strain K96243. Our previous work demonstrated that mice immu-
nized with OMVs were significantly protected against pneumonic
melioidosis following inhalational challenge with B. pseudomallei
(14). Percutaneous inoculation with diverse environmental
strains of B. pseudomallei also represents a primary route of infec-
tion. We therefore tested the capacity of the OMV vaccine to pre-
vent systemic infection in a murine model of sepsis. BALB/c mice
were immunized with 5 �g of purified OMVs and challenged in-
traperitoneally (i.p.) with B. pseudomallei strain K96243. Strain
K96243 was selected because of its demonstrated lethality in this
challenge model (LD50 of �4 � 103 CFU for BALB/c mice) (21)
and because i.p. administration of B. pseudomallei strain 1026b
(NR-4074) did not cause any deaths in naive animals within 21
days at doses up to 2 � 106 CFU (data not shown). Naive mice
rapidly succumbed to i.p. infection with 8 � 105 CFU of strain
K96243 and demonstrated 100% mortality rates within 24 h (Fig.
1). In contrast, OMV-immunized mice were significantly pro-

tected against lethal septicemic infection (P � 0.001) and dis-
played 94%, 83%, and 67% survival at days 7, 14, and 21, respec-
tively (Fig. 1; pooled data from two independent experiments).
Given the extreme lethality in naive mice, we lowered the chal-
lenge dose and repeated the study. OMV-immunized mice chal-
lenged with 2 � 104 CFU of B. pseudomallei K96243 were signifi-
cantly protected in comparison with naive mice (P � 0.05) and
demonstrated 100% survival at 21 d postinfection, compared with
40% survival in naive mice.

It was evident that some bacteria evaded immune clearance,
leading to colonization and persistence in the spleen and poten-
tially other tissues that were not examined. Bacteria (up to 108

CFU per organ) (see Fig. S4 in the supplemental material) were
detected in the spleens of all survivors, indicating that the mice
would eventually succumb to the infection. This was not unex-
pected, because all B. pseudomallei vaccine candidates tested to
date, including live attenuated vaccine strains, have failed to pro-
vide sterilizing immunity in the BALB/c mouse model (6–8).

Immunization with B. pseudomallei OMVs induces OMV-,
LPS-, and CPS-specific antibody responses. We previously dem-
onstrated that native OMVs derived from broth-grown B. pseu-
domallei are composed of the protective polysaccharide antigens
LPS and CPS, as well as numerous immunogenic proteins (14).
However, we did not determine the contribution of LPS or CPS to
the antibody response induced by OMV immunization. We pos-
tulated that protection against rapidly fatal sepsis in OMV-immu-
nized mice may be due to the presence of OMV-specific as well as
LPS- and/or CPS-specific antibodies. We therefore measured the
OMV-, LPS-, and CPS-specific serum antibody levels by ELISAs
using microtiter plates coated with purified preparations of each
antigen. Antibody responses were assessed 4 weeks after immuni-
zation by using separate groups of mice that were immunized but
not challenged.

Subcutaneous immunization with B. pseudomallei OMVs in
the absence of exogenous adjuvant induced significant increases
in OMV-specific serum IgM, IgG, IgG1, IgG2a, and IgG3 levels
versus naive mice (P � 0.05 for all) (Fig. 2; Table 1). The geometric
mean reciprocal endpoint titers for OMV-specific IgM and IgG
were 5,572 and 89,248, respectively. Typically, OMV vaccines in-
duce robust type 2 antibody responses (22, 23) that are character-
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FIG 1 Immunization with B. pseudomallei strain 1026b-derived OMVs pro-
tects mice against septicemic infection with a heterologous strain. Naive mice
or mice immunized with OMVs were challenged with 2 � 104 CFU (n � 5 mice
per group) or 8 � 105 CFU (n � 10 mice per group) of B. pseudomallei strain
K96243 by i.p. inoculation. Pooled data from two independent experiments
are shown for animals challenged with 8 � 105 CFU. *, P � 0.05; ***, P �
0.001, using a log-rank Mantel-Cox survival analysis.

OMV Vaccine against Melioidosis

May 2014 Volume 21 Number 5 cvi.asm.org 749

http://cvi.asm.org


ized by IgG1/IgG2a ratios greater than 1 (24). Immunization with
B. pseudomallei OMVs produced a type 2 antibody response with
an IgG1/IgG2a ratio of 1.8 and with IgG1 � IgG2a � IgG3 (Ta-
ble 1).

Immunization with B. pseudomallei OMVs also induced signif-
icant increases in LPS-specific serum IgM (P � 0.05), IgG (P �
0.01), IgG1 (P � 0.009), IgG2a (P � 0.01), and IgG3 (P � 0.009)
levels versus naive mice (Fig. 2; Table 1). The IgG1/IgG2a ratio for
LPS was 5.3, which indicates a predominant type 2 antibody re-
sponse to LPS. Similarly, immunization with B. pseudomallei
OMVs induced significant increases in CPS-specific serum IgM
(P � 0.05), IgG (P � 0.01), IgG1 (P � 0.01), IgG2a (P � 0.01), and
IgG3 (P � 0.009) levels (Fig. 2; Table 1). The CPS-specific IgG1/
IgG2a ratio was 3.3, again indicative of a type 2 response. For both
LPS and CPS, IgG1 was the predominant IgG subtype induced by
OMV immunization. Collectively, these data demonstrate that
OMV immunization induces high titers of OMV-, LPS-, and CPS-
specific serum antibodies.

OMV-immune serum promotes killing of B. pseudomallei.
The ability of OMVs to induce high titers of OMV-, LPS-, and
CPS-specific antibodies suggests that the protection observed in
OMV-immunized mice may be partially attributable to antibod-
ies. We therefore employed a serum bactericidal assay in order to
determine whether OMV-immune serum conferred antibacterial
activity. B. pseudomallei strain K96243 was incubated in LB con-
taining 5% FBS only or with the addition of heat-inactivated
OMV-immune serum or a monoclonal antibody specific for B.
pseudomallei CPS (anti-CPS MAb) that has been shown to provide
protection against experimental challenge (20). The numbers of
viable bacteria were then determined after 4 h of incubation. B.
pseudomallei incubated with FBS alone displayed an increase in
bacterial numbers after 4 h (Fig. 3), consistent with previous ob-
servations that B. pseudomallei can resist the effects of serum com-
plement (25). In contrast, bacterial cultures incubated in FBS with
OMV-immune serum or the anti-CPS MAb contained signifi-
cantly fewer organisms than did the control cultures after 4 h (P �
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FIG 2 OMV immunization induces OMV-, LPS-, and CPS-specific serum
antibodies. OMV-, LPS-, and CPS-specific IgM and IgG titers were measured
in the sera of OMV-immunized and naive mice (n � 5) by ELISAs. Horizontal
lines, geometric mean values. Statistical significance was determined by com-
paring the OMV-immunized group with the naive group using the nonpara-
metric Mann-Whitney test. *, P � 0.05; **, P � 0.01.

TABLE 1 OMV immunization induces OMV-, LPS-, and CPS-specific
serum IgG1, IgG2a, and IgG3

Antigen Group

Geometric mean titera

IgG1/IgG2a
ratioIgG1 IgG2a IgG3

OMV Naive 50 50 50 1
OMV 31,037b 17,269b 12,679b 1.8

LPS Naive 115 100 50 1.2
OMV 4,800c 909b 3,200c 5.3

CPS Naive 115 100 50 1.2
OMV 3,482b 1,056b 348c 3.3

a The geometric mean of the reciprocal endpoint titer is indicated. Statistical
significance was determined by comparing the OMV-immunized group with the naive
group using the Mann-Whitney test. P � 0.05 was considered significant.
b P � 0.01.
c P � 0.009.

FBS only

+ a
nti-C

PS m
Ab

+ O
MV im

mune s
era

104

106

108

101 0

**
**

C
FU

/m
l

FIG 3 OMV-immune serum promotes killing of B. pseudomallei in vitro.
Serum bactericidal assays were performed by incubating 1 � 106 bacteria with
FBS alone or with FBS plus heat-inactivated OMV-immune sera or anti-CPS
monoclonal antibody at 37°C, with gentle agitation. At 4 h after incubation,
samples were serially diluted and plated on LB agar to determine viable CFU/
ml. Error bars, mean � standard error. Experiments were performed in trip-
licate. **, P � 0.01, using one-way ANOVA.
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0.01) (Fig. 3). These results indicate that OMV-immune serum,
obtained from immunized mice, displays antibacterial activity in
vitro.

Passive transfer of OMV-immune sera provides significant
protection against B. pseudomallei septicemic infection. The
ability of OMV-immune sera to promote the killing of B. pseu-
domallei in vitro suggested that antibodies may account for the
protection observed in actively immunized mice. In order to fur-
ther examine antibody-mediated protection, mice were given sin-
gle doses of OMV-immune sera or control sera and then chal-
lenged with 5 � 105 CFU of B. pseudomallei strain K96243
administered i.p. 1 h later. Mice that received OMV-immune sera
were significantly protected against infection and displayed 80%
survival at day 14, at which point the study was terminated (Fig.
4). The median survival times (MSTs) for the control and naive
groups were 1 and 3 days, respectively, compared with �14 days
(MST undefined) for the OMV-immune group. Overall survival
rates for the naive (20%) and control (0%) groups were not sig-
nificantly different (log-rank test, P � 0.1), while mice that re-
ceived OMV-immune sera were significantly protected versus na-
ive (P � 0.01) and control mice (P � 0.002). These results
demonstrate that OMV-immune serum, which contains OMV-,
LPS-, and CPS-specific antibodies, is sufficient to confer protec-
tion against otherwise rapidly lethal septicemic infection with B.
pseudomallei.

DISCUSSION

The increasing prevalence of B. pseudomallei infections, together
with the classification of B. pseudomallei as a tier 1 biological threat
agent, substantiates the urgent need for a protective vaccine
against this organism. Barriers to vaccine development include the
presence of phenotypically diverse B. pseudomallei strains, multi-
ple routes of infectivity, and multifaceted disease presentations,
including acute and chronic manifestations. While a number of
vaccine candidates have demonstrated short-term protection in
rodent models of melioidosis, none has provided complete pro-
tection against inhalational melioidosis or sterilizing immunity
(6–8). We previously demonstrated that active immunization
with B. pseudomallei-derived OMVs provided significant protec-
tion against lethal aerosol challenge with B. pseudomallei (14). The
encouraging results obtained with the multivalent OMV vaccine

against inhalational B. pseudomallei challenge warranted further
study against other manifestations of the disease. The present
study shows that the OMV vaccine provides significant protection
against rapidly lethal sepsis produced by systemic challenge with a
heterologous B. pseudomallei strain. This finding is significant be-
cause it demonstrates the ability of the OMV vaccine to protect
against more than one route of challenge and because sepsis
caused by B. pseudomallei infection is the most frequent and most
lethal form of the disease (3, 9). It is difficult to compare the OMV
vaccine study results with other published work, due to differ-
ences in challenge strains, doses, and infection routes. However,
the protection achieved with the acellular multivalent OMV vac-
cine is consistent with that provided by cellular multicomponent
vaccines such as inactivated whole-cell or live attenuated B. pseu-
domallei vaccines. For example, immunization with OMVs pro-
vided 83% protection up to day 14 after i.p. challenge with 8 � 105

CFU, while immunization with heat-killed B. pseudomallei strain
K96243 provided 80% protection at day 14 after challenge with
3.5 � 105 CFU of K96243 (26). Immunization of mice with a live
attenuated B. pseudomallei serC-mutant strain provided 80% pro-
tection at day 21 after i.p. challenge with 1 � 104 CFU, while OMV
immunization provided 100% protection at day 21 after i.p. chal-
lenge with 2 � 104 CFU of K96243 (27). Thus, vaccination with
OMVs may represent a promising alternative to the use of cell-
based B. pseudomallei vaccines.

This study demonstrates that OMV immunization can mediate
protection against a B. pseudomallei strain (strain K96243) differ-
ent from the strain used to derive the OMV vaccine (strain 1026b).
The variety of coendemic B. pseudomallei strains capable of caus-
ing human infections indicates that a vaccine effective against het-
erologous B. pseudomallei strains is essential. In this regard, a suc-
cessful vaccine strategy against melioidosis may require the
incorporation of multiple and/or highly conserved antigens that
can direct protective immune responses against multiple strains
and can minimize the potential for escape variants. Passive trans-
fer of LPS- and CPS-specific monoclonal antibodies, alone or in
combination, protected BALB/c mice from intranasal challenge
with homologous and heterologous strains, confirming that anti-
bodies directed toward conserved epitopes within these polysac-
charide antigens are cross-protective (20). Our studies indicate
that B. pseudomallei strain 1026b-derived OMVs provide cross-
protection against challenge with the heterologous B. pseudomal-
lei strain K96243. This is associated with induction of an antibody
response against multiple OMV antigens, including a subset di-
rected against the LPS and CPS components. The core genome of
B. pseudomallei strain K96243 shares 86% sequence identity with
those of other sequenced B. pseudomallei strains (28). However, B.
pseudomallei strains K96243 and 1026b both possess LPS genotype
A, the most frequent genotype (97%) found among Australian
and Southeast Asian strains (29). In addition, the O-antigen bio-
synthesis genes are considered identical or very similar (30). This
suggests that protective antibody responses induced by OMV LPS
derived from strain 1026b may provide cross-protection to strain
K96243 and other strains with genotype A. Similarly, clinical and
environmental isolates of B. pseudomallei produce antigenically
similar but structurally diverse CPS forms (31–33). Thus, a pro-
tective antibody response against OMV CPS may also confer
cross-protection to multiple strains. It is important to note that
human OMV vaccines against Neisseria meningitidis serogroup B,
such as those derived from the Cuban epidemic strain (CU385,
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FIG 4 Passive transfer of OMV-immune sera protects mice against septicemic
melioidosis. Naive BALB/c mice (n � 5 per group) were treated with OMV-
immune sera, were treated with control sera, or were left untreated and were
challenged 1 h later with 5 � 105 CFU of B. pseudomallei strain K96243 by i.p.
inoculation. Two independent experiments were performed, and survival was
monitored for 14 days. **, P � 0.01, compared with control mice using a
log-rank Mantel-Cox survival analysis.
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B:4:P1.15) or the Norwegian epidemic strain (44/76, B:15:
P1.7,16), have typically conferred little cross-protection during
epidemics caused by heterologous strains (34, 35). The lack of
cross-protection among Neisseria strains is likely due to variation
in the immunodominant surface antigen PorA, which largely ac-
counts for the OMV vaccine-mediated antibody protection (36).
It is therefore essential to identify and to characterize the protec-
tive determinants of any OMV-based vaccine, in order to assess its
potential for broad-spectrum protection.

Active immunization with B. pseudomallei OMVs induced a
robust OMV-, LPS-, and CPS–specific antibody response, includ-
ing total IgG, IgG1, IgG2a, IgG3, and IgM. Sera from melioidosis
patients contain predominantly IgG1 and IgG2, which react with
culture filtrate antigens (CFAs) (37), LPS (38), or crude extracts
(38, 39) from B. pseudomallei. Similarly, CFA-reactive serum IgM
was detected in 66% of septicemic melioidosis patients (37). Mean
CFA- and LPS-specific IgM titers were highest in patients with
localized or superficial soft-tissue infections (37, 38), indicating
that IgM may help limit systemic infection with B. pseudomallei.
Interestingly, only sera from individuals surviving septicemic me-
lioidosis demonstrated a robust LPS-specific IgG3 response (38),
indicating that this antibody response may be important for pro-
tection against lethal systemic infection. Passive transfer of a LPS-
or CPS-specific IgG3 monoclonal antibody protected mice against
intranasal challenge and eliminated splenic bacterial colonization
in survivors (20). Murine LPS- and CPS-specific IgM and IgG
(IgG1, IgG2b, and IgG3) monoclonal antibodies can promote
complement-mediated killing and opsonophagocytosis of B.
pseudomallei in vitro (40). Thus, circulating OMV-, LPS-, and/or
CPS-specific serum IgM and IgG (IgG1, IgG2a, and IgG3) in
OMV-immunized mice may account for the significant protec-
tion observed against lethal septicemic infection. Although B.
pseudomallei can resist complement deposition in naive immune
serum (25), OMV-immune serum promoted antibacterial activity
against B. pseudomallei, as demonstrated by the serum bactericidal
assay. Furthermore, passive transfer of B. pseudomallei OMV-im-
mune sera protected naive BALB/c mice from acute septicemia
(up to 14 days postinfection), whereas nonspecific control sera did
not confer protection against B. pseudomallei. These results attest
to the protective efficacy of the antibody response induced by
immunization with B. pseudomallei-derived OMVs. Our results
are in agreement with recent work showing that the protection
afforded by immunization with a live B. pseudomallei 	purM
(Bp82) vaccine is dependent primarily on humoral immunity
(41). It will be informative to determine the relative contributions
of OMV proteins and polysaccharides to OMV vaccine-mediated
protection and to evaluate the breadth of cross-protection against
additional B. pseudomallei strains in future studies.

Our results emphasize the need to stimulate both humoral and
cell-mediated immune responses against B. pseudomallei in order
to provide sterile immunity. Survivors demonstrated persistent B.
pseudomallei infection, indicating that the antibody response in-
duced by OMV immunization was not sufficient to completely
eradicate the bacteria at the challenge doses used. It is possible that
the antibody response was suboptimal; however, as the infection
progresses and B. pseudomallei establishes intracellular residence,
cell-mediated immunity is likely required to facilitate bacterial
clearance (42). All B. pseudomallei vaccine candidates, including
live attenuated strains, have failed to elicit sterilizing immunity in
the BALB/c mouse model (6–8). Moving forward, it may be pru-

dent to evaluate vaccines with Th1-promoting adjuvants or to use
mouse strains that are better capable of eliciting Th1 immune
responses, such as C57BL/6 (43). It may also be necessary to enrich
the OMV cargo with virulence determinants specific to the intra-
cellular stage of infection (44, 45) or with antigens that induce
strong T cell responses (46–48). A number of studies have shown
that expression and delivery of homologous and heterologous an-
tigens with OMVs are feasible (45, 49, 50). We previously showed
that immunization with B. pseudomallei OMVs stimulates mem-
ory T cell responses and gamma interferon (IFN-
) production
(14). T cell responses directed against essential antigens expressed
strictly by intracellular B. pseudomallei may enhance the ability of
the OMV vaccine to eradicate persistent bacteria. Nonetheless, the
significant protection against acute sepsis and the delay in disease
progression noted for OMV-immunized animals establish a
greater window of opportunity for initiation of antibiotic treat-
ment or supportive therapy (10). In conclusion, the protective
efficacy achieved with the acellular B. pseudomallei OMV vaccine
against septicemic melioidosis is promising and provides further
incentive to identify, to incorporate, and to deliver critical protec-
tive antigens using the multivalent OMV platform.
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