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The detailed mechanism(s) of Burkholderia mallei pathogenesis is virtually 

unknown, with the production of a polysaccharide capsule and presence of secretion 

systems as the only known mechanisms associated with virulence.  Various gram-

negative pathogens utilize a secretion system known as type III, which is used to deliver 

bacterial (effector) proteins into host cells to modulate immunological and cellular 

responses.  The intracellular survival of B. mallei within murine macrophage J774.2 cells 

requires the type III secretion system (TTSS), although the effector protein(s) involved 

are unknown.  Additionally, previous reports have documented that B. mallei TTSS is 

required for phagosomal membrane lysis and bacterial escape into the macrophage 

cytoplasm.  While progress has been made in demonstrating the importance of the TTSS 

contribution to B. mallei pathogenicity, additional work is needed to identify the potential 

secreted (effector) molecule(s) involved.  BopA, a predicted effector protein of B. mallei, 
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shares 24% amino acid homology to the TTS effector IcsB of Shigella flexneri, which is 

responsible for intercellular spread and host cell invasion.  Characterization of the 

involvement of this putative TTS protein with bacterial survival strategies will provide 

crucial information for the development and assessment of a candidate vaccine.  The 

work presented herein identified an N-terminal portion of BopA sufficient to drive 

secretion throughout a TTS apparatus and characterized the potential virulence-associated 

functions of B. mallei TTS protein BopA to subvert the host cell and promote 

intracellular replication and survival utilizing an in vitro respiratory cell model.  

Furthermore, in vivo studies assessed the attenuation of virulence offered by the B. mallei 

bopA mutant.  Additionally, evaluation of the immune effectors involved in the protective 

host response to B. mallei infection identified key cellular and humoral components.  

Finally, a recombinant BopA sub-unit vaccine was utilized to assess the efficacy as a 

potential vaccine candidate.  
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INTRODUCTION 

Chapter 1:  Burkholderia mallei 

History and Clinical Importance 

Burkholderia mallei, the etiologic agent of the zoonotic disease glanders, is a 

Gram-negative, non-motile, facultative intracellular bacterium.  Most known members of 

the family Burkholderiaceae are resident in the soil however, B. mallei are an obligate 

mammalian pathogen.  Horses are highly susceptible to infection and are considered to be 

the natural reservoir for infection, although mules and donkeys are susceptible as well 

(Neubauer et al., 2005).  Glanders maintains a lengthy history dating back to Aristotle in 

approximately 350 BC when the disease was given the name “melis”.   Identification of 

the etiologic agent B. mallei was described in 1882 by isolating organism from infected 

liver and spleen of a horse (Schadewaldt, 1975).  Since its discovery, the pathogen has 

been classified as Loefflerella mallei, Pfeifferella mallei, Malleomyces mallei, 

Actinobacillus mallei, Corynebacterium mallei, Mycobacterium mallei, Pseudomonas 

mallei and Bacillus mallei.  The current genus Burkholderia was a result of DNA-DNA 

homology values, cellular lipid and fatty acid composition and phenotypic characteristics, 

as well as 16s ribosomal RNA typing (Yabuuchi et al., 1992).  Members of this genus 

include B. pseudomallei, the causative agent of melioidosis (Dance, 1990), B. cepacia, an 

important pathogen in cystic fibrosis patients (Burns et al., 1996) and B. thailandensis, a 

low virulent bacterial strain (Glass et al., 2006).  Clinically, B. mallei infected solipeds 

can present with either a chronic (horses) or acute (mules and donkeys) form.  Although 

eradication has been successful in the United States, glanders is endemic among domestic 

animals in Africa, Asia, the Middle East, and Central and South America.  The primary 

route of equine infection is most likely the consumption of feed or water contaminated 

with nasal discharges of infected animals, although a cutaneous form also exists, known 

as farcy.  Chronically infected animals present a variety of signs and symptoms 
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dependent on the route of infection including: mucopurulent nasal discharge, lung lesions 

and nodules involving the liver and spleen.  Acute infection results in high fever and 

emaciation with ulceration of the nasal septum accompanied by mucopurulent to 

hemorrhagic discharge.  Pathological changes are limited in gut associated lymphatic 

tissues with the majority of pathology occurring in the lungs and airways (Schlater, 

1992).  Human infection with B. mallei has occurred rarely and sporadically among 

laboratory workers and those in direct contact with infected animals (Srinivasan et al., 

2001).  Person-to-person spread of B. mallei is extremely rare (Sanford, 1983).  The 

bacteria usually enter the body through the eyes, nose, mouth or breaks in the skin.  In 

humans, glanders is characterized by initial onset of fever, rigors, and malaise 

culminating in a rapid onset of pneumonia, bacteremia, pustules and abscesses, leading to 

death in 7-10 days without antibiotic treatment. The course of infection is dependent on 

the route of exposure.  Direct contact with the skin can lead to a localized cutaneous 

infection.  Inhalation of aerosol or dust containing B. mallei can lead to septicemic, 

pulmonary, or chronic infections of the muscle, liver and spleen.  The disease has a 95% 

case fatality rate for untreated septicemia infections and a 50% case fatality rate in 

antibiotic-treated individuals (Mandell et al., 1995).   

B. mallei organisms are highly infectious as an aerosol, and infection requires few 

organisms, offering the potential for intentional release as a biological threat agent.  The 

use of B. mallei as a biological warfare agent during the American Civil War, World 

Wars I and II and the Russian invasion of Afghanistan has been reported, and, as such, is 

now considered a select agent due to its potential use as a bio-weapon (Horn, 2003; Rotz 

et al., 2002; Wheelis, 1998).  As a result of this potential threat, research involving B. 

mallei is confined to biosafety level 3 facilities in the U.S. and other countries worldwide.  

Despite the history and highly infective nature of B. mallei, as well as its potential use as 

a bio-weapon, B. mallei research to understand the pathogenesis and the host responses to 

infection remains limited.  
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Chapter 2:  Pathogenic Determinants 

 
The B. mallei strain ATCC 23344, isolated in 1944 from post-mortem human 

cultures of blood and secretions, was sequenced to reveal two circular chromosomes 

comprising a total of ~5.8 Mb and a G/C content of ~69% (Nierman et al., 2004).  A total 

of 5,535 predicted protein-encoding open reading frames (ORFs) have been identified in 

the genome.  Bioinformatic analysis of the genome provides insight into the pathogenesis 

of B. mallei and its relationship to B. pseudomallei. The genome contains a vast amount 

of insertion sequence elements, resulting in widespread deletions and rearrangements of 

the genome as compared to B. pseudomallei.  In addition, greater than 12,000 simple 

sequence repeats have been identified, possibly providing a mechanism for antigenic 

variation (Nierman et al., 2004).  This variation of antigenic determinants may explain 

the inability of the mammalian host to mount a robust immune response to B. mallei 

infection. Genomic comparisons with the closely related species B. pseudomallei and B. 

thailandensis reveals significant homology, being approximately 99% identical between 

conserved genes in B. pseudomallei, although B. mallei contains roughly 1.41 Mb less 

DNA than the 7.2 Mb genome of B. pseudomallei (Godoy et al., 2003; Nierman et al., 

2004).  The evolutionary relationship between B. mallei and B. pseudomallei is not well-

defined.  It has been proposed that B. mallei is a clone of B. pseudomallei (Godoy et al., 

2003).  The concept of gene loss contributing to the evolution of bacterial pathogens from 

non-pathogenic bacteria has been defined (Maurelli et al., 1998).  Thus, it is tempting to 

speculate that B. mallei may have evolved from B. pseudomallei by a genomic reduction 

process, subsequently adapting to the mammalian host environment.  Comparative 

analysis of B. mallei with virulence-associated genes found in pathogenic bacteria have 

revealed genes encoding an exopolysaccharide capsule, a lipopolysaccharide, type IV 

pili, as well as type III (plant and animal-like) and type VI secretion systems (Fig.1) 

(Whitlock et al., 2007).  Interestingly, most of the secretion systems and virulence 

associated genes described so far are located in chromosome 2, while genes involved in 

metabolism, capsule production and LPS biosynthesis are found in chromosome 1.
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Fig. 1.  Circular diagrams of chromosome 1 and chromosome 2 in B. mallei. Locations of 
selected genes encoding known virulence factors (black letters) and potential virulence-
associated elements (gray letters) as displayed in PATHEMA 
(http://pathema.tigr.org/tigr-scripts/Burkholderia/PathemaHomePage.cgi). The size of the 
two chromosomes and the locus tag number for each one of the genes are also depicted 
(reproduced with permission by Whitlock, et al. and Wiley-Blackwell). 

Chromosome 1
(3510148 bp)

Putative type VI 
secretion system
(BMA2826-2833)

wcb capsule 
(BMA2287-2310)

Putative type IV 
pilus (BMA2070-
2073)

LPS biosynthesis 
loci (BMA1976-1992) Putative adhesin

(BMA1926)

Putative adhesin
(BMA1027)

Putative 
phospholipase C 

(BMA0584)

Type III secretion 
system (plant-like) 
(BMAA1617-1640)

Chromosome 2
(2325379 bp)

Putative type VI 
secretion system
(BMAA0396-0412)

Putative type VI 
secretion system
(BMAA0438-0455)

Type VI secretion 
system (BMAA0729-
0744)

Putative adhesin
(BMAA0649)

Putative 
phospholipase C 

(BMA0079)

Putative adhesin
(BMAA0810)

Putative collagenase
(BMAA1173)

Putative adhesin
(BMAA1324)

Type III secretion 
system (animal-like) 

(BMAA1520-1552)

Type IV pili loci 
(BMAA1603-
1612)

Putative adhesin
(BMAA1756)

Putative type VI 
secretion system
(BMAA1897-1915)



 5

Exopolysaccharide Capsule 

Initial reports suggested that B. mallei lacked a capsule (Jennigs, 1963; Kovalev, 

1971).  However, subsequent studies have demonstrated that a polysaccharide capsule is 

present in B. mallei, and this extracellular structure is a virulence determinant (DeShazer 

et al., 2001; Fritz et al., 1999; Fritz et al., 2000; Popov et al., 1995; Popov et al., 2000).  

Employing subtractive hybridization, DeShazer et al. identified a polysaccharide gene 

cluster in B. mallei ATCC 23344 antigenically similar to B. pseudomallei.  Further, 

molecular characterization indicated wcbF as an essential gene for production of capsular 

polysaccharide.  Additionally, demonstration of a surface capsule on B. mallei ATCC 

23344 by immunogold electron microscopy has been noted (DeShazer et al., 2001; Fritz 

et al., 2000).  Challenge with the wild type and the capsule negative mutant showed a > 

105-fold difference in virulence in Syrian hamsters and >103-fold difference in BALB/c 

mice when infected by the intraperitoneal and aerosol route respectively, demonstrating 

that the capsular polysaccharide is a key virulence factor (DeShazer et al., 2001).  Similar 

studies with B. pseudomallei have identified genes responsible for production of capsular 

polysaccharides demonstrating comparable virulence association (Reckseidler et al., 

2001). 

Lipopolysaccharide 

Another surface structure in B. mallei is the lipopolysaccharide (LPS), which is 

predicted to possess a lipid component (Lipid A), a core region, and cell wall antigens 

(O-antigens).  Analysis of LPS profiles of B. mallei strains has helped aid with the 

identification of the gene cluster responsible for O polysaccharide biosynthesis in B. 

mallei ATCC 23344 (Burtnick et al., 2002).  Sequence analysis revealed a 19.9 kb 

contiguous sequence containing the entire B. mallei O polysaccharide biosynthetic gene 

cluster.  Sequence alignment of the B. pseudomallei and B. mallei O polysaccharide 

biosynthetic regions revealed 99% identity at the nucleotide level with nomenclature 

consistent to that of B. pseudomallei.  Resistance to the bactericidal effects of normal 
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human serum have been demonstrated for both B. pseudomallei and B. mallei ATCC 

23344, while those strains lacking intact O polysaccharide moieties (NCTC 120 and 

ATCC 15310) were completely killed following incubation with 30% normal human 

serum, implicating LPS as a potential virulence determinant (Burtnick et al., 2002; 

DeShazer et al., 1998).  Furthermore, B. mallei LPS has been shown to activate hTLR4-

complexes on HEK293 cells expressing hTLR4/MD2-CD14 as well as stimulate cytokine 

and chemokine responses by antigen presenting cells (Brett et al., 2007). 

Type IV Pili 

It is well known that interaction of bacteria with host cell membranes is a 

prerequisite step for the infectious process to occur.  The analysis of the adherent 

capability of Burkholderia species has been limited, with the exception of B. 

pseudomallei, B. thailandensis and B. cepacia (Brown et al., 2002; Chiu et al., 2001; 

Kespichayawattana et al., 2004).  Investigations of temperature regulation on adherence 

to eukaryotic cells in vitro using the clinical isolate B. pseudomallei 08, revealed 

increased adherence when grown at 30oC versus 37oC (Brown et al., 2002).  Additionally, 

adherence demonstrated a statistically significant increase when experiments were 

conducted with stationary-phase cultures as opposed to those grown to log-phase (Brown 

et al., 2002).  Conversely, temperature failed to modulate direct adherence of B. 

pseudomallei K96243 to eukaryotic cells (Boddey et al., 2006).  B. pseudomallei K96243 

contains a type IV pilin protein, PilA, which contributes to adherence to cultured 

respiratory cell lines, implicating this pili as a potential mediator in the pathogenic 

process (Essex-Lopresti et al., 2005).  The ability to colonize the eukaryotic monolayer 

may involve multiple cellular interactions, depending on the strain: bacterium-cell 

interactions (adherence) and bacterium-bacterium interactions (microcolonies).  To our 

knowledge, no adherence or microcolony studies exist in the literature for B. mallei, 

although a type IV pilin protein has been identified, showing no protective characteristics 

following active or passive immunization (Fernandes et al., 2007).  The lack of protection 

offered by type IV pili immunization may, in part, be due to a lack of pili production 
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during infection. Although anti-pilin antibody titers were detected in immunized animals, 

it is possible that these antibodies were the result of preformed pili in the inoculating 

dose. 

Type Three Secretion Systems 

Investigations into the intracellular characteristics of B. mallei have 

predominantly focused on the type III secretion system (TTSS) as a possible mechanism 

responsible for the invasion, escape from intracellular compartments and survival in host 

cells.  A variety of  gram-negative bacteria utilize the TTSS for translocation of effector 

proteins into the host cell cytoplasm, allowing the bacteria to evade host defenses and 

survive the intracellular environment (Phalipon & Sansonetti, 2007; Waterman & 

Holden, 2003; Zhou & Galan, 2001).  Aerogenic exposure of B. mallei to BALB/c mice 

includes localization of the pathogen in the upper and lower sections of the respiratory 

tract and transportation of bacteria within alveolar macrophages to regional lymph nodes, 

suggestive of intracellular survival (Lever et al., 2003).  Additionally, certain species of 

Burkholderia are capable of intracellular invasion in both phagocytic and non-phagocytic 

cell lines, such as RAW 264.7, J774.2, J774.1, A549, HeLa and Vero cells (Harley et al., 

1998; Jones et al., 1996; Pilatz et al., 2006; Ribot & Ulrich, 2006).  Previous studies have 

shown the ability of B. mallei to invade murine J774.2 peritoneal macrophage, escape 

into the host cell cytoplasm, replicate intracellular, and induce directional actin 

polymerization, dependent on a functional TTSS (Ribot & Ulrich, 2006; Stevens et al., 

2005).  Burkholderia mallei carries two chromosomal regions encoding for TTSSs, one 

with similarity to animal-like TTSS and a second TTSS similar to that found in plant 

pathogens (Fig. 1).  The B. mallei ATCC 23344 animal-like TTSS encodes 30 ORFs, and 

it is genetically similar to that of B. pseudomallei (Hueck, 1998).  These B. mallei TTSS 

genes are clustered in a distinct region of chromosome 2, sharing homology with both 

Salmonella inv/spa/prg and Shigella ipa/mxi/spa TTSSs (Table 1) (Whitlock et al., 2007).  

Correlations of the B. mallei TTSS and pathogenicity have been established.  A 

functional animal-like TTSS is required for full pathogenicity of B. mallei ATCC 23344 
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in the BALB/c mouse and Syrian hamster models of infection (Ulrich & DeShazer, 

2004).  Mutations in the B. mallei bsaQ and bsaZ genes (homologues of Salmonella invA 

and spaS genes) demonstrated decreased virulence as evident by survival, clinical signs, 

and bacterial burden of lungs, liver and spleen (Ulrich & DeShazer, 2004).  Although B. 

mallei TTSS mutants display attenuated virulence, protection offered by these mutants 

has been shown to be sub-optimal, suggesting that vaccine candidates may exist within 

the TTSS (e.g. the TTSS effector molecules or the TTSS needle cap protein) (Whitlock 

GC & Torres AG, unpublished data).  The requirement of a competent TTSS for 

intracellular survival of B. mallei within phagocytic cell lines has been documented, 

however, the experimental approach taken was limited to the contribution of a functional 

TTSS apparatus by disruption of protein delivery (Ribot & Ulrich, 2006).  Therefore, 

identification of putative effector molecules is essential to decipher the molecular 

mechanisms associated with the B. mallei TTSS.  One of the effectors secreted through 

the type three secretion system by intracellular Shigella, namely IcsB, has been shown to 

play a role in intracellular replication (Ogawa et al., 2003; Ogawa et al., 2005).  IcsB 

shares approximately 24% sequence similarity with B. mallei BopA at the amino acid 

level, though the role of BopA in B. mallei infection is unknown.  Recently, a B. 

pseudomallei mutant lacking the putative effector BopA showed a significant delay in 

time to death when challenged by the intraperitoneal route (Stevens et al., 2004).  In 

addition, recent data with a B. pseudomallei bopA mutant displayed reduced levels of 

invasion and intracellular survival in RAW 264.7 cells compared to wild type (Cullinane 

et al., 2008).  In silico analysis reveals a second gene cluster encoding a plant-like TTSS 

in B. mallei, which displays 99% sequence identity to B. pseudomallei, and in a lesser 

degree to plant TTSS analogs (Rainbow et al., 2002).  Identification of a plant host for B. 

mallei has not been determined, although the presence of an apparently intact plant-like 

TTSS within the B. mallei genome (Table 2) (Whitlock et al., 2007) suggests that a 

possible contribution of this secretion system to bacterial virulence may exist.     
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Table 1. B. mallei Type III secretion (animal-like) system. 

Protein or 
gene name 

Similarity Predicted function and 
characteristics 

BMAA1518.1 CitB (B. pseudomallei) and CitB (Y. 
pestis) 

DNA-binding response regulator 

BicP BicP (B. pseudomallei) and Tir 
(Shewanella baltica) 

type III secretion chaperone 

BopA BopA (B. pseudomallei) and IcsB (S. 
dysenteriae) 

putative type III secreted intercellular 
spread protein 

BMAA1522 BURPS1106A_A2066 (B. 
pseudomallei) 

Unknown 

BopE BopE (B. pseudomallei) and SopE (S. 
enterica) 

type III secreted G-nucleotide 
exchange factor 

BapC BapC (B. pseudomallei) and putative 
transglycosylase (Ralstonia eutropha) 

putative exported and invasion protein 

BapB BapB protein (Burkholderia 
thailandensis) and ACP (Thermotoga 
maritima) 

acyl carrier protein of unknown 
function 
 

BapA ISS (Ostreococcus tauri) Putative protein disulfide-isomerase 
BprD BipD (B. pseudomallei) and IpaD (S. 

dysenteriae) 
type III secretion needle tip protein 
(IpaD/SipD/SspD family) 

BprA BprA (B. pseudomallei) and HNS (B. 
vietnamiensis) 

putative HNS-like regulatory protein 

BipC BipC (B. pseudomallei) and IpaC (S. 
flexneri) 

type III secretion effector (IpaC/SipC 
family) 

BipB BipB protein (B. pseudomallei) and 
SipB (S. enterica) 

type III secreted cell invasion protein 

BicA BicA (B. pseudomallei) and SicA 
(Salmonella enterica) 

type III secretion low calcium 
response chaperone (LcrH/SycD 
family) 

BsaZ BsaZ (B. pseudomallei) and SpaS (S. 
typhimurium) 

type III secretion apparatus protein 
(YscU/HrpY family) 

BsaY BsaY (B. pseudomallei) and YsaT (Y. 
enterocolitica) 

type III secretion apparatus protein 
(SpaR/YscT/HrcT family) 

BsaX BsaX (B. pseudomallei) and YsaS (Y. 
enterocolitica) 

type III secretion apparatus protein 

BsaW BsaW (B. pseudomallei) and YsaR (Y. 
enterocolitica) 

type III secretion apparatus protein 
(YscR/HrcR family) 

BsaV BsaV (B. pseudomallei) and SpaO (S. 
enterica) 

type III secretion system apparatus 
protein (YscQ/HrcQ family) 

BsaU BsaU (B. pseudomallei) Putative surface presentation of 
antigens protein 

BsaT BsaT (B. pseudomallei) Putative surface presentation of 
antigens protein 
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BsaS BsaS (B. pseudomallei) and SpaL (S. 
enterica) 

type III secretion system ATPase 

BsaR BsaR (B. thailandensis) and SpaK (S. 
enterica) 

type III secretion system protein 

BsaQ BsaQ (B. thailandensis) and YsaV (Y. 
enterocolitica) 

type III secretion system apparatus 
protein 

BsaP BsaP (B. pseudomallei) and MxiC (S. 
flexneri) 

type III secretion regulator 
(YopN/LcrE/InvE/MxiC family) 

BsaO BsaO (B. pseudomallei) and InvG (S. 
enterica) 

type III secretion outer membrane pore 
(YscC/HrcC family) 

BsaN BsaN (B. pseudomallei) and InvF (S. 
enterica) 

type III secretion system 
transcriptional regulator (AraC family) 

BMAA1546 BURPS1106A_A2090 (B. 
pseudomallei) 

conserved hypothetical protein of 
unknown function 

BsaM BsaM (B. pseudomallei) and PrgH (S. 
enterica) 

type III secretion system needle 
protein (PrgH/EprH family) 

BsaL BsaM (B. pseudomallei) and EprI (E. 
coli O157:H7) 

type III secretion system needle 
protein 

BsaK BsaM (B. pseudomallei) and PrgJ (S. 
typhimurium) 

needle complex minor subunit 

BsaJ BsaM (B. pseudomallei) and EprK (E. 
coli O157:H7) 

type III secretion apparatus lipoprotein 
(YscJ/HrcJ family) 

OrgA OrgA (B. pseudomallei) and OrgA (S. 
typhimurium) 

oxygen-regulated type III secretion 
system protein (OrgA/MxiK family) 

BMAA1552 Bpse17_02004987 (B. pseudomallei) 
and OrgB (S. typhimurium) 

oxygen-regulated type III secretion 
apparatus protein (HrpE/YscL family) 

 

Table reproduced with permission by Whitlock, et al. and Wiley-Blackwell. 
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Table 2. B. mallei Type III secretion (plant-like) system. 

Protein or gene 
name 

Similarity Predicted function and 
characteristics 

BMAA1617 BPSS1607 (B. pseudomallei) and 
HrpB1 (Xanthomonas oryzae pv. 
oryzicola) 

type III secretion system protein 

BMAA1618 Bpse17_02005433 (B. 
pseudomallei) and RimL 
(Anabaena variabilis) 

Putative acetyltransferase 

BMAA1619 BURPS305_2288 (B. 
pseudomallei) 

hypothetical protein of unknown 
function 

BMAA1620 BURPS1106A_A2187 (B. 
pseudomallei) 

hypothetical protein of unknown 
function 

HrpB HrpB (B. pseudomallei) and HrpB 
(Ralstonia solanacearum) 

type III secretion transcriptional 
regulator (AraC/XylS family) 

BMAA1622 BPSS1611 (B. pseudomallei) and 
HpaB (B. cenocepacia) 

type III secretion chaperone 

BMAA1623 BURPS1710b_A0670 (B. 
pseudomallei) 

hypothetical protein of unknown 
function 

BMAA1624 Bpse110_02005542 (B. 
pseudomallei) and BTH_II0759 (B. 
thailandensis) 

putative type III secretion protein 

BMAA1625 Pseudogene authentic frameshift of a type III 
secretion inner membrane protein  

BMAA1626 BpseP_03005479 (B. pseudomallei) 
and BTH_II0756 (B. thailandensis) 

putative type III secretion protein 

SctS (EscS) Hrp (B. pseudomallei) and HrcS 
(Xanthomonas oryzae) 

type III secretion inner membrane 
protein (HrpO family) 

SctR (EscR) SctR (B. pseudomallei) and YscR 
(B. cepacia) 

type III secretion apparatus 
protein (YscR/HrcR family) 

SctQ SctQ (B. pseudomallei) and SPOA 
(B. thailandensis) 

type III secretion inner membrane 
protein (YscQ/HrcQ family) 

SctV (EscV) HrcV (B. pseudomallei) and EscV 
(B. dolosa) 

type III secretion inner membrane 
protein (HrcV family) 

BMAA1631 BpseP_03005485 (B. pseudomallei) 
and HrcU protein (Xanthomonas 
oryzae) 

type III secretion inner membrane 
protein (YscU/HrpY family) 

BMAA1632 BPSS1622 (B. pseudomallei) and 
HrpB1 (Xanthomonas oryzae) 

type III secretion protein 
(HrpB1/HrpK family) 

BMAA1633 HrpB2 (B. pseudomallei) and 
HrpB2 (Xanthomonas oryzae) 

type III secretion protein 

BMAA1634 Pseudogene authentic frameshift of a type III 
secretion inner membrane protein 

BMAA1635 HrpB4 (B. pseudomallei) and 
HrpB4 (Xanthomonas campestris) 

type III secretion protein 
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SctL SctL (B. pseudomallei) and HrpF 
(Ralstonia solanacearum) 

type III secretion inner membrane 
protein (HrpE/YscL family) 

SctN SctN (B. pseudomallei) and HrpB6 
(Xanthomonas oryzae) 

type III secretion system ATPase 

BMAA_BmtmRNA3 sRNA  
SctT SctT (B. pseudomallei) and HrcT 

(Acidovorax avenae) 
type III secretion inner membrane 
protein (SpaR/YscT/HrcT family) 

 
 
Table reproduced with permission by Whitlock, et al. and Wiley-Blackwell.

Table 2. Continued 
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Type VI Secretion Systems 

T6SS is an export mechanism to transport proteins across the cell envelope of 

gram negative bacteria.  Although largely confined to the Proteobacteria, T6SSs also 

occur in the Planctomycetes and the Acidobacteria phyla, possibly the result of horizontal 

gene transfer from the Proteobacteria (Bingle et al., 2008).  A genomic search of B. 

mallei ORFs assigned to conserved components of the highly regulated type VI secretion 

systems (T6SSs), revealed four putative T6SSs located on chromosome 2 and one 

truncated on chromosome 1 (BMA2826-2833) (Schell et al., 2007).  Three of these T6SS 

gene clusters (clusters 1-3) possess >80% sequence conservation with B. pseudomallei 

and B. thailandensis, while cluster 4 (BMAA1897-1915) is exclusive to pathogenic B. 

mallei and B. pseudomallei.  Cluster 1 (BMAA0729-0744) appears to be transcriptionally 

regulated by the VirAG two-component system and AraC-type regulator BMAA1517.  A 

hemolysin-coregulated protein (Hcp) family member encoded in cluster 1 is secreted in 

vitro by this T6SS and displays immunogenic characteristics in mice, horses and humans 

(Schell et al., 2007).  In addition, overexpression of VirAG or BMAA1517 results in 

enhanced secretion of the T6SS encoded protein Hcp1.  Syrian hamsters injected 

intraperitoneal (i.p.) with B. mallei T6SS mutants demonstrated 100% survival compared 

to B. mallei ATCC 23344 wild-type challenged animals up to 14 days (Schell et al., 

2007).  Further, immunoglobulin recognition of Hcp1 in multiple infected hosts 

demonstrates the ability of Hcp1 expression in vivo, lending to its potential use as 

candidate vaccine. 



 14

Chapter 3: Host Immune Response to Burkholderia mallei Infection 

The role of cellular versus humoral immunity in the protective responses against 

B. mallei is unclear and a focus of current research.  Experimental evidence indicates that 

both play a role, but that stimulation of a Th1-like immune response may be important for 

protection (Amemiya et al., 2002; Amemiya et al., 2006).  Currently, there is no available 

animal or human vaccine against B. mallei infection.  Development of an effective 

vaccine will require an animal model capable of predicting immune components 

necessary to induce immunity while exhibiting pathogenesis seen in human disease.  

Among potential rodent model species for vaccine development; guinea pigs and 

hamsters are the most susceptible to B. mallei infection.  Mice are relatively intermediate 

in susceptibility on par with humans and thus an ideal model for development of vaccine 

targets and immune functional studies.  Mouse strains vary in relative levels of 

susceptibility with BALB/c mice ranking among the more susceptible strains and 

C57BL6 as the more resistant by both i.p. and aerosol methods of infection (Fritz et al., 

2000; Lever et al., 2003).   

Type 1 Mediated Cellular Response 

Immune correlates of protection are not fully developed for B. mallei although its 

capacity to replicate inside the host cell suggests that Type 1 mediated cellular immune 

responses will be linked to a protective response.  Recent vaccine studies utilizing various 

non-viable B. mallei strains have demonstrated that a mixed Type 1/Type 2 response is 

not protective.  These studies evaluated both antigen-specific isotype (IgG1-Type 2 

versus IgG2a-Type 1) and cytokine responses to recall stimulation as a readout system 

(Amemiya et al., 2002).  Following i.p. inoculation of B. mallei ATCC 23344, BALB/c 

mice demonstrate a strong IFN-γ response, accompanied by IL-18, IL-12, IL-27, and IL-6 

expression within 24 h after infection (Rowland et al., 2006).  Stimulation of Toll-like 

receptor 9 with a CpG containing oligodeoxynucleotide exhibited elevated IL-12 and 

IFN-γ levels following B. mallei aerosol challenge (Waag et al., 2006).  Additionally, 
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BALB/c mice pre-treated i.p. with CpG motifs result in increased survival and lower 

levels of B. mallei in lungs and spleens (Waag et al., 2006), in addition to studies which 

have used heat-killed or irradiated bacilli and the Type 1 inductive cytokine IL-12 

(Amemiya et al., 2006; Ulrich et al., 2005).  IL-12, in combination with non-viable B. 

mallei, has been shown to be superior in inducing protection relative to killed bacteria 

alone.  Much of the enhancement is thought to occur via increased production of IFN-γ 

and activation of macrophages although the cellular source of IFN-γ (conventional αβ T 

cells, NK cells, NKT cells or γδ T cells) is not well defined for B. mallei.  In naive mice, 

IFN-γ production has been shown to be essential for protection from B. pseudomallei 

infection in the first 24 h (Haque et al., 2006; Santanirand et al., 1999). The studies of B. 

pseudomallei and T cell-mediated immunity suggest that IFN-γ expressing cells should 

be the targets for an effective vaccination strategy.  The effector role for IFN-γ in 

mediating protection against B. mallei may include both immunoregulatory and non-

regulatory functions.  Regardless, the stimulation of IFN-γ response is a desirable goal for 

a B. mallei vaccine.   

Type 2 Mediated Cellular Response 

  Both antibody responses (IgG2a/IgG1 ratios) and passive immunotherapy with 

monoclonal antibodies to B. mallei LPS have demonstrated a role for antibody mediated 

protection to infection (Trevino et al., 2006).  BALB/c mice injected i.p. with anti-B. 

mallei monoclonal antibodies 18 h prior to whole-body aerosol challenge with 20 lethal 

doses 50% (LD50; 1.9 x 104 CFU) of B. mallei ATCC 23344 demonstrated 100% survival 

(Trevino et al., 2006).  In contrast, administration of anti-B. mallei monoclonal antibodies 

18 h post-challenge, was ineffective in providing protection (Trevino et al., 2006).  

Although protection was achieved in the above study, experiments were limited to 14 

days post-challenge.  Bacterial burden of harvested spleens demonstrated significant 

numbers of B. mallei indicating a lack of sterilizing immunity, suggestive of an antibody-

induced reduction of infecting organisms, perhaps below the lethal threshold.  Aerogenic 
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exposure to B. mallei auxotrophs show enhanced production of whole bacillus-specific 

IgG2a over IgG1, demonstrating the potential in protection against aerosol challenge 

(Ulrich et al., 2005). Clearance and/or limitation of available pathogen in the initial phase 

of infection would presumably limit the number of internalized organisms by host cells, 

thus circumventing the immune-evasive characteristics of an intracellular pathogen.  In 

addition to humoral immunity, a specific cell-mediated immunity will most likely prove 

advantageous in the development of an efficacious vaccine regimen. 
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Chapter 4: Vaccine Strategies 

Development of an efficacious vaccine against B. mallei is currently lacking, 

despite eloquent attempts at identifying potential candidates.  The use of live attenuated 

B. mallei vaccine candidates have been investigated, showing modest protection (Ulrich 

& DeShazer, 2004; Ulrich et al., 2005).  Administration of oligodeoxynucleotides  with 

CPG motifs has shown short-lived resistance to B. mallei infection, as pretreatment 

greater than 2 weeks before challenge was not protective (Waag et al., 2006).  While the 

mechanism behind this protection remains unknown, a potential may exist in CpG motifs 

as adjuvants for future vaccine strategies.  Although B. mallei TTSS mutants display 

attenuated virulence, protection offered by these mutants has been shown to be sub-

optimal (Ulrich & DeShazer, 2004).  This would suggest that vaccine candidates may 

exist within the TTSS, such as effector molecules.  The potential of B. mallei type three 

secreted proteins as subunit vaccines remains unknown; however, TTSS components of 

other Gram-negative pathogens have been identified as protective antigens (Leary et al., 

1995; Potter et al., 2004; Sawa et al., 1999).  The B. mallei heat shock protein GroEL has 

demonstrated immunogenecity in a glanders patient, presumably infected by the 

cutaneous route, producing a strong antibody response (Amemiya et al., 2007).  Heat 

shock proteins are molecular chaperones that are up-regulated by changes in 

environmental conditions whereby they participate in protein folding, transport and 

degradation of misfolded or aggregated proteins.  Little is known regarding heat shock 

proteins in B. mallei and association with the cell surface or possible exportation is not 

clear.  In addition to the humoral response to GroEL, CD4 and CD8 specific T-cells 

recognize GroEL in Mycobacterium tuberculosis and Yersinia pestis (Noll et al., 1994; 

Silva et al., 1994).  Recombinant heat shock proteins have been utilized as vaccines in a 

number of animal models of disease, including histoplasmosis and leishmaniasis (Carrillo 

et al., 2008; Scheckelhoff & Deepe, 2002).  Protective immunity against mucosal 

infection by Helicobacter pylori identified the GroES-like protein as a potential subunit 

vaccine component (Ferrero et al., 1995).  Intranasal vaccination with recombinant 
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GroES protein has also shown protection against intranasal Mycobacterium avium; 

however, the protection was dependent on administration of a CpG oligodeoxynucleotide 

(Fattorini et al., 2002).  Given that mucosal surfaces represent the first line of defense 

against invading pathogens, a vaccine generating a mucosal immune response would be 

an effective approach to prevent bacterial colonization.  The use of these and other 

approaches relies on a reasonable understanding of the protective innate and adaptive 

host response which, at present, is relatively unresolved for B. mallei and also in part for 

B. pseudomallei.  
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Objectives of this Dissertation Study 

The detailed mechanism(s) of Burkholderia mallei pathogenesis is virtually 

unknown, with the production of a polysaccharide capsule and presence of secretion 

systems as the only known mechanisms associated with virulence.  Various gram-

negative pathogens utilize a TTSS to deliver bacterial (effector) proteins into host cells to 

modulate immunological and cellular responses.  The intracellular survival of B. mallei 

within murine macrophage J774.2 cells requires TTSS, although the effector protein(s) 

involved are unknown.  Additionally, previous reports have documented that B. mallei 

TTSS is required for phagosomal membrane lysis and bacterial escape into the 

macrophage cytoplasm.  While progress has been made in demonstrating the importance 

of the TTSS contribution to B. mallei pathogenicity, additional work is needed to identify 

the potential secreted (effector) molecule(s) involved.  BopA, a predicted effector protein 

of B. mallei, shares 24% amino acid homology to the TTS effector IcsB of Shigella 

flexneri, which is responsible for intercellular spread and host cell invasion.  

Characterization of the involvement of this putative TTS protein with bacterial survival 

strategies will provide crucial information for the development and assessment of a 

candidate vaccine.  The work presented herein identified an N-terminal portion of BopA 

sufficient to drive secretion throughout the type III apparatus and characterized the 

potential virulence-associated functions of B. mallei TTS protein BopA to subvert the 

host cell and promote intracellular replication and survival utilizing an in vitro respiratory 

cell model.  Additionally, in vivo studies assessed the attenuation of virulence offered by 

the B. mallei bopA mutant.  Furthermore, evaluation of the immune effectors involved in 

the protective host response to B. mallei infection identified key cellular and humoral 

components.  Finally, a recombinant BopA sub-unit vaccine was utilized to assess the 

efficacy as a potential vaccine candidate.       
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MATERIALS AND METHODS 

In Vitro Studies   

Bacterial strains and growth conditions 

Bacterial strains and plasmids are listed in Table 3. E. coli was grown on Luria-

Bertani (LB) agar or in LB broth at 37°C. B. mallei and B. pseudomallei strains were 

grown at 37°C on LB agar containing 4% glycerol (LBG) for 2-3 days, at which time, 

isolated colonies were seeded to overnight LBG broth cultures (20 ml) with shaking at 

200 rpm.  Cultures were monitored by optical density (OD 600 ) and harvested at late 

logarithmic phase (OD = 0.8-1.0).  Bacteria were pelleted by centrifugation, washed and 

re-suspended in sterile phosphate-buffered saline (PBS, pH 7.4) to obtain the desired 

CFU ml-1.  All procedures were performed under a class II biosafety cabinet in the 

UTMB Keiller BSL-3 facility. When appropriate, antibiotics were added at the following 

concentrations unless otherwise noted: 15 μg ml-1 of polymyxin B (PxB), 150 μg ml-1 of 

kanamycin (Km) and 5 μg ml-1 of gentamicin (Gm) for B. mallei and 100 μg ml-1 of 

ampicillin (Ap) and 25 μg ml-1 of tetracycline (Tc) for E. coli.   

Cell lines 

The human respiratory epithelial cell line A549 was a generous gift of Dr. Kent 

Tseng (UTMB) and cultured in DMEM/F12 (Gibco, Grand Island, NY) supplemented 

with L-glutamine, 15 mM HEPES and 10% heat-inactivated fetal bovine serum at 37°C 

with 5% CO2.  Mouse respiratory epithelial cell line LA-4 and the mouse alveolar 

macrophage cell line MH-S were a kind gift of Dr. Istvan Boldogh (UTMB) and cultured 

in DMEM/F12 (Gibco, Grand Island, NY) supplemented with L-glutamine, 15 mM 

HEPES and 10% heat-inactivated fetal bovine serum or DMEM supplemented with L-

glutamine and 10% heat-inactivated fetal bovine serum at 37°C with 5% CO2 
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respectively.  Mouse macrophage-like J774A.1 cells (ATCC) were maintained in DMEM 

media with L-glutamine and 10% FBS. 

DNA manipulations 

Plasmid DNA was isolated using QIAGEN QIAprepTM plasmid preparation kit 

(Qiagen, Valencia, CA) according to the manufacturer’s guidelines. Plasmids were 

introduced into clinical isolates of E. coli by electroporation as previously described 

(Dower et al., 1988).  Briefly, 50μl of electrocompetent cells were mixed with 5μl of 

plasmid DNA and incubated at 37°C for 1 h.  Standard molecular techniques were used 

for chromosomal DNA isolation, restriction digestion, ligation, transformation and 

conjugation (Maniatis et al., 1982).  B. mallei DNA transfer was accomplished using 

conjugation methods as previously described (Choi et al., 2006). 
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Table 3. Bacterial strains and plasmids. 

Strains Relevant Characteristics Reference  

E. coli     
  E2348/69 Prototype enteropathogenoic E. coli (Levine et al., 1985) 
  CVD 452 escN mutant of E2348/69 (Jarvis et al., 1995) 
  86-24 Prototype enterohemorhagic E. coli (Tarr et al., 1989) 
SM10 (λpir) thi thr leuB tonA lacY supE 

recA::RP4-2-Tc::Mu-Km, Kmr 
(Simon et al., 1983) 

HB101 F- mcrB mrr hsdS20(rB
- mB

-) recA13 
leuB6 ara-14 proA2 lacY1 galK2 xyl-
5 mtl-1 rpsL20(Smr) glnV44 λ- 

(Boyer & Roulland-
Dussoix, 1969) 

B. mallei     
  ATCC 23344 1944 human isolate, Pxbr BEI Resources/ American 

Type Culture Collection 
  GCW006 ATCC 23344:pGCW03, Gmr (Whitlock et al., 2008) 
  GCW005 ATCC 23344:pGCW02; bopA-, Gmr (Whitlock et al., 2008) 
 B. pseudomallei     
 576 Human isolate of fatal melioidosis in 

Thailand  
(Atkins et al., 2002) 

Plasmids     
  pGY100 Full length yplA in pTM100 vector, 

Tcr 
(Young & Young, 2002) 

  pGY661 C-terminal yplA in pTM100 vector, 
Tcr 

(Young, GM unpublished) 

  pGEM-T Easy PCR cloning vector, Apr Promega 
  pGSV3 Mobilizable Gmr suicide vector (DeShazer et al., 2001) 

  pGCW01 pGY661 with BglII 653 bp bopA N-
terminal, Tcr 

(Whitlock et al., 2008) 

  pGCW02 ATCC 23344 bopA internal 300 bp 
amplimer in pGSV3, Gmr 

(Whitlock et al., 2008) 

  pGCW03 EcoRI digested bopA-yplA from 
pGCW01 in pGSV3, Gmr 

(Whitlock et al., 2008) 
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Construction of bopA-‘yplA fusion plasmid and the B. mallei bopA-‘yplA 

reporter strain 

A novel reporter system approach was used to define the secreted properties of B. 

mallei. The reporter system was constructed as part of the transposon mTn-‘yplA which 

carries a reporter of protein secretion (S. M. Warren, B.M. Young and G.M. Young, 

unpublished data) consisting of the phospholipase activity domain of YplA from Y. 

enterocolitica (Young et al., 1999).  YplA recognition by the TTSS involves a secretion 

signal located at the protein’s amino-terminus, removal of this region prevents YplA 

export, while maintaining the enzymatic activity located in a functional domain within 

the carboxy-terminal half of the polypeptide (Warren & Young, 2005).  Therefore, we 

PCR amplified the B. mallei region (653 bp) encoding the secretion signal and the 

promoter region upstream of the bopA gene using primers bopA-F (5’-CCA GAT CTA 

TTG CTC ATG CGC-3’) and bopA-R (5’-CCA GAT CTA TCG CAG TGC TTG-3’) 

(BglII restriction sites underlined), and cloned in frame with the ‘yplA truncated gene 

found in plasmid pGY661 to create plasmid pGCW01. Such plasmid was introduced in 

enteropathogenic E. coli E2348/69 and its type III secretion isogenic mutant (CVD 452) 

for proof of concept studies. 

B. mallei strain ATCC 23344 carrying the bopA-‘yplA fusion in the genome was 

created by insertional mutagenesis. To begin with, the plasmid pGCW01 was digested 

with EcoRI and the resulting purified (1453 bp) product was ligated into the EcoRI site of 

the suicide vector pGSV3 to create plasmid pGCW03.  The resulting plasmid was 

introduced into B. mallei by conjugation using the donor strain SM10 (λ pir).  

Gentamicin resistant colonies, isolated after 48h incubation at 37°C, were screened for 

indole production with Kovac’s reagent (BD, Franklin Lakes, NJ). The presence of the 

pGCW03:bopA-‘yplA plasmid within the chromosomal bopA gene was confirmed by 

PCR and with the functional studies listed below. 
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Phospholipase assays 

Detection of the secreted and enzymatically active BopA-‘YplA fusion protein, in 

response to one or more environmental conditions, was achieved by plating bacteria on 

Phospholipase indicator agar (PLA). This medium consists of LB agar supplemented with 

4% (v/v) glycerol, 1% (v/v) Tween 80 and 1 mM CaCl2. Secretion of YplA or BopA-

‘YplA active proteins were detected by the formation of halos around the colonies 

representing phospholipase activity.  Confirmation of the presence of a BopA-‘YplA 

fusion protein was obtained by examination of culture supernatants by Western blot 

analysis using anti-YplA antibodies. 

To detect the phospholipase activity in liquid cultures, overnight E. coli cultures 

were subcultured to an OD 600 of 0.2 in 5 ml of LB broth and grown for 5 h at 37°C.  

Using a turbidimetric assay as described elsewhere (von Tigerstrom & Stelmaschuk, 

1988), 300 µl of culture supernatants were assayed for phospholipase activity at 37°C.  

The OD 500 of each reaction was measured at several time intervals. Extracellular 

phospholipase activity (EPA) was calculated as a rate of turbidimetric change using the 

following formula: EPA = (1,000 x OD 500)/(OD 600 x V x T), where OD 500 is the optical 

density of the assay solution, OD 600 is the optical density of the E. coli culture 

immediately before harvesting, V is the volume of supernatant used, and T is the time 

elapsed of the assay.  

 

Construction of B. mallei bopA mutant (GCW005) 

 B. mallei defective in BopA expression was constructed in the chromosome 2 of 

strain ATCC 23344 by insertional mutagenesis as follows. An internal 300 bp bopA 

fragment was PCR amplified with Taq polymerase (Invitrogen, Carlsbad, CA) using 

primers bopAmut-F (5’-CCG AAT TCT GTA CGA GCA CGT CAG TTG G-3’) and 

bopAmut-R (5’-CCG AAT TCA TCG CCG GAA AAT AGA CCT TG-3’), and cloned 

into the gentamicin-resistant suicide vector pGSV3. The resulting plasmid, pGCW02, 

was introduced into B. mallei by conjugation using the donor strain SM10 (λ pir), 
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yielding GCW005. Site-specific recombination of the plasmid into B. mallei ATCC 

23344 chromosome 2 was verified by PCR analysis using primers BopAGC-F (5’-CCG 

AAT TCA TGA TCA ATG TCG GTG CAT TCG TC-3’) and BopAGC-R (5’-CCA 

AGC TTC GGC GAT CGC AGC CGC CAT G-3’).  Polar effects of bopA disruption are 

unlikely, based on the Virtual Institute of Microbial Stress and Survival (VIMSS) operon 

predictions server and computational algorithms previously described (Ermolaeva et al., 

2001). 

Growth kinetics of the GCW005 and wild type strains were assessed in LBG 

broth to verify comparable replication rates.  Bacterial membrane stability of GCW005 

was confirmed using a sodium dodecyl sulfate (SDS) sensitivity assay previously 

described (Stathopoulos et al., 1996).  Briefly, overnight cultures of wild type and 

GCW005 were grown in 20 ml LBG broth at 37°C and adjusted to OD 600 of 1.0 in 5 ml 

of LB broth.  SDS was added (0, 0.01, 0.02, 0.05 % final concentration) and incubated at  

37°C .  Readings at OD 600 were recorded at 12 h and samples plated on LBG agar for 

CFU confirmation. 

SDS-PAGE and Western blot analysis 

Bacterial strains were grown overnight and sub-cultured to an OD 600 of 0.2 in 5 

ml of appropriate medium to induce secretion of proteins. Bacterial cells were removed 

by centrifugation in a microcentrifuge at 13,000 x g for 5 min. The upper two-thirds of 

the supernatants were 0.2 μm filtered and collected.  Proteins were precipitated with 10% 

(wt/vol) ice-cold trichloroacetic acid overnight at 4°C.  To examine proteins, samples 

were suspended in Laemmli protein sample buffer (Laemmli, 1970) and used for sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).  Samples were heated 

to 95°C for 5 minutes and equivalent amounts loaded onto 10% polyacrylamide gels and 

run at 120 volts.  Samples were transferred onto polyvinylidene fluoride (PVDF) 

Immobilon-P transfer membrane (Millipore, Bedford, MA) and blocked in 5% non-fat 

milk overnight at 4°C.  Detection of YplA and BopA-‘YplA fusion proteins were 

completed by probing with a polyclonal anti-YplA antibody kindly provided by B. 
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Young (UC Davis).  Western blots were visualized with enhanced chemiluminescence 

(ECL) detection reagents (Amersham, Piscataway, NJ). 

Bacterial adhesion and invasion assays 

Human A549 and murine LA-4 respiratory epithelial cells were seeded onto 24 

well plates (Corning, Ithaca, NY) at a concentration of 5 x 105 cells/well.  Following 

overnight incubation at 37°C with 5% CO2, cells were washed twice with sterile PBS and 

1mL of fresh media added.  Bacterial suspensions (5 x 107 CFU/ml) of B. mallei, B. 

pseudomallei, and E. coli were prepared as described above and 100μl added to each well 

to achieve a multiplicity of infection (MOI) of 10:1, followed by centrifugation at 800 x g 

for 2 min. and incubation at 37°C for 2 h.  Bacterial suspensions were confirmed by 

plating serial dilutions on LBG or LB agar plates with subsequent incubation at 37°C for 

24 - 48 h to determine CFU/ml.  For adherence assays, non-adherent bacteria were 

removed with five washes of sterile PBS.  Cell monolayers were lysed with 0.1% Triton 

X-100 in PBS, and serial dilutions plated and incubated at 37°C for 48 h.  Percent 

adherence was determined based on the initial quantity of inoculating bacteria.  

Individual wells inoculated with representative bacterial suspensions and media only (no 

cells) served as negative controls of non-specific binding to plastic wells.  For invasion 

assays, the wells were washed twice with sterile PBS and fresh culture media containing 

150 μg/ml kanamycin added followed by additional 2 h incubation at 37°C in 5% CO2 to 

kill extracellular bacteria.  Thereafter, cell monolayers were washed twice with sterile 

PBS and lysed with 0.1% Triton X-100.  Serial dilutions of the lysate were plated on 

LBG agar and CFU/ml determined.  Percent invasion was determined based on the initial 

quantity of inoculating bacteria.  All assays were performed in triplicate and reported as 

the mean + SEM. 
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Bacterial intracellular survival assays 

To determine the intracellular survival of B. mallei in murine alveolar (MH-S) 

macrophages and macrophage-like J774A.1 cells, an invasion assay was initiated with a 

MOI of 10:1.  After 2 h, wells were washed twice with sterile PBS and fresh culture 

media containing 250 μg/ml kanamycin and cells were incubated for an additional 2 h at 

37°C / 5% CO2.  Thereafter, cell monolayers were either washed twice with sterile PBS 

and lysed with 0.1% Triton X-100 or replenished with fresh culture media containing 100 

μg/ml kanamycin and incubated an additional 2 h or 6 h (additional 10 h for J774A.1) 

followed by lysis with 0.1% Triton X-100.  Serial dilutions of the lysates were plated and 

CFU/ml determined.  Percent survival at 2, 4 and 8 h time points were determined based 

on the initial quantity of inoculating bacteria.  All assays were performed in triplicate and 

reported as the mean + SEM. 

Cell cytotoxicity assay 

Lactate dehydrogenase (LDH) assays of cultured supernatants were performed as 

previously described (Decker & Lohmann-Matthes, 1988; Rae, 1977).  Briefly, prior to 

Triton X-100 lysis, 100 μl of supernatants from infected cultures was added to 96-well 

plates and allowed to incubate at room temperature with 100 μl of LDH detection reagent 

(BioVision, Mountain View, CA). Following incubation, OD485 was determined.  Control 

wells of tissue-cultured cells alone were representative of spontaneous LDH release, 

while maximum release was achieved by adding 200 μl of 0.1% Triton X-100. The 

percentage of toxicity was calculated as follows: (OD485 experimental- OD485 

spontaneous)/ (OD485 maximum- OD485 spontaneous) performed in triplicate and reported 

as the mean + SEM. 

Giemsa staining and transmission electron microscopy 

Cell monolayers in T-25 flasks (Corning, Ithaca, NY) were infected with B. 

mallei or B. pseudomallei at an MOI of 10 for transmission electron microscopy (TEM).  
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Following 6 h infection at 37°C, cells were washed with PBS and fixed in a mixture of 

2.5% formaldehyde, 0.1% glutaraldehyde, 0.03% trinitrophenol and 0.03% CaCl2 in 0.05 

M cacodylate buffer (pH 7.2). After washing in 0.1 M cacodylate buffer, the cells were 

scraped off the plastic, pelleted and processed further as a pellet.  They were post-fixed in 

1% OsO4 in the same buffer, stained en bloc in 1% uranyl acetate in 0.1 M maleate buffer 

(pH 5.2), dehydrated in ethanol, and then embedded in Poly/Bed 812 (Polysciences, 

Warrington, PA). 

Giemsa staining of 2 h, post-infected bacteria was performed on cover-slips 

placed in 24-well plates and cells fixed in 1 ml 100% methanol.  Cover-slips were 

allowed to air dry and 300 μl of a 1:20 dilution of Giemsa stain (Sigma Diagnostics, St. 

Louis, Mo) added and incubated for 30 minutes at room temperature.  Cover-slips were 

washed with PBS and placed on slides for viewing on an Olympus BX 51 microscope 

with DP70 camera. 

Caspase 3 activity 

Caspase-3 activity of cell lysates were determined based on the 

spectrophotometric (405 nm) detection of cleaved DEVD-p-nitroanilide (DEVD-pNA) 

(Biovision Research Products, Mountain View, CA) following the manufacturer’s 

guidelines.  Briefly, 5 x 105 MH-S cells were seeded on 24-well plates and infected with 

5 x 105 cfu of wild-type B. mallei or its bopA mutant for 4 h (MOI 1:1), followed by 2 

washes of PBS and lysing of cells in 50 μl lysis buffer (Biovision Research Products, 

Mountain View, CA).  Cell lysates were incubated for 1 h at 37°C with a 50-μl reaction 

buffer and substrate (Biovision Research Products, Mountain View, CA) prior to 

colorimetric detection.  Incubation with 10 μm of the phosphatidylinositol-3-kinase (PI-

3K) inhibitor 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one hydrochloride 

(LY294002) or media only for 14 h served as positive and negative controls, respectively.  

Results were reported as fold change over un-induced negative control, assayed in 

triplicate.  

 



 29

 

 

 

DNA fragmentation analysis 

MH-S cells (infected and uninfected) were incubated at 37°C for 4 h prior to 

DNA extraction with DNeasy extraction kit (Qiagen, USA) and  treated with proteinase 

K (100 μg/ml). Extracted DNA was separated by electrophoresis on 1.3% agarose gel 

(containing 10 μg/ml ethidium bromide) for analysis of fragmentation. The gel was 

photographed under a UV transilluminator.  Cells treated with 10 μm LY294002 and 

media alone for 14 h served as positive and negative controls, respectively. 

Complement mediated B. mallei J774A.1 uptake assays 

  Five x 105 J774A.1 cells were seeded onto Corning costar 24 well plates 

(Corning, NY) with DMEM and incubated overnight at 37°C with 5% CO2.  Bacterial 

suspensions were incubated at 37°C for 45 minutes supplemented with 2% mouse serum 

from Sigma-Aldrich (St. Louis, MO.), heat inactivated mouse serum (56°C 30 minutes), 

or bacteria alone and then added at an MOI of 10:1 to J774A.1 cells in triplicate.  

Inoculated wells were centrifuged at 800 g for 2 minutes and incubated for 2 hours at 

37°C with 5% CO2 followed by a PBS wash (x2) and 2 hour incubation with 250 μg/ml 

kanamycin.  Wells were washed twice with PBS and lysed with 0.1% Triton X-100, 

followed by serial 10-fold dilutions plated on LBG plates and incubated at 37°C for 2 

days.  Colony forming units were enumerated and uptake expressed as a percentage of 

initial inoculating dose + SEM. 

Flow cytometry analysis  

Cytometric analysis of B. mallei-infected MH-S cells was performed by 

incubating the fluorescent-reactive dye ethidium monoazide bromide (EMA) (Molecular 

Probes, Inc., Eugene, OR.) with 4, 8 and 24 h-infected MH-S cells on ice for 30 minutes.  
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Following cell staining, samples were immediately analyzed with BD CellQuest Pro 

software on a FACSCaliber flow cytometer (Emission peak 450 nm). Greater than 10,000 

events were analyzed per sample.  Gating of uninfected and 70 % ethanol-treated cells 

served as negative and positive controls, respectively. 

Flow cytometric verification of cell depletions was performed on 0.1-ml blood 

samples transferred to micro centrifuge tubes containing 90 μl of acid citrate dextrose 

(ACD) solution.  Red blood cells were lysed using ACK-lysing buffer (Biosource 

International, Inc., Camarillo, CA) according to the manufacturer’s instruction.  

Antibodies used for analysis of surface markers included: FITC-conjugated rat anti-

mouse CD45R/B220 (RA3-6B2, BD Pharmingen San Diego, CA) for B cells; FITC-

conjugated rat anti-mouse CD8α (53-6.7) and CD4 (GK1.5, BD Pharmingen, San Diego, 

CA) for CD8+ or CD4+ cells, respectively.  Samples evaluated for CD4+ and CD8α+ cells 

were also incubated with biotin-conjugated hamster anti-mouse CD3e (145-2C11) 

monoclonal antibody (BD Pharmingen, San Diego, CA) and subsequently with 

streptavidin APC Cy7.  Isotype-matched, non-specific controls were assayed in parallel 

(BD Pharmingen, San Diego, CA).  Surface staining was performed according to 

previously published protocols (Lambert et al., 2005).  Following cell staining, the 

samples were fixed with 2% buffered paraformaldehyde overnight prior to analysis by 

flow cytometry. 

Immunoglobulin determinations  

Immunoglobulin subclass IgG1 and IgG2a titers in mice were determined by a 

whole bacterial cell ELISA performed in 96-well, Immulon 2 HB, round-bottom plates 

(Dynex Technologies). B. mallei (heat-inactivated) antigen was diluted in 0.1 M 

carbonate buffer (pH 9.5) and 50 μl of diluted cells placed into wells. Plates were stored 

overnight at 4°C. The plates were washed with washing solution (1× PBS, 0.05% Tween- 

20), and incubated with 100 μl of blocking solution (1× PBS, 1% bovine serum albumin, 

0.05% Tween 20) for 1 h at 37°C. Dilutions of mouse sera were made with blocking 

solution in duplicate and plates were incubated for 1 h at 37°C. Following incubation, 
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plates were washed and 50 μl of anti-Ig-horseradish peroxidase subclass conjugate 

(Southern Biotechnology Associates, Inc. Birmingham, Ala.), was added to each well and 

incubated for 1 h at 37°C.  After washing, 50 μl of 2,2′-azino-di-(3-ethylbenzthizoline)-6-

sulfonate (ABTS) peroxidase substrate (KPL, Inc., Gaithersburg, Maryland) was added to 

each well and plates incubated for 25 min at room temperature. The amount of bound 

antibody was determined colorimetrically by absorbance at 405 nm. 

Expression and purification of BopA 

The nonsignal peptide regions of the open reading frame (ORF) encoding BopA 

(amino acids 23-512) was amplified from B. mallei ATCC 23344 genomic DNA by PCR 

using primers OQ50-F (5’-ATA TAT ACC ATG GCG CGC GGC CCG GTG GTG 

TCG-3’) and OQ51-R (5’-TAT ATA TGC GGC CGC GGC GGC GAT CGC AGC CGC 

CAT GAA CG-3’) and Taq polymerase (Qiagen, Valencia, CA). The PCR product was 

subsequently cloned into the vector pET28a for expression of the protein with C-

terminus-associated His6 tags in E. coli BL21 cells. The authenticity of the cloned DNA 

and the polyhistidine tag was confirmed by nucleotide sequencing of these regions. 

Expression of the BopA protein was induced in E. coli cultured at 250 rpm to an OD600 of 

20.0 using Overnight ExpressTM instant TB medium (Novagen, Madison, WI). The 

protein was purified from cell culture supernatants using Ni-NTA agarose beads (Qiagen, 

USA) on Poly-Prep chromatography columns (Bio-Rad, Hercules, CA). Briefly, 200 ml 

cultures of E. coli cells were disrupted by lysis with CelLytic B 10xTM (Sigma, St. louis, 

MO) and centrifuged at 13,000 x rpm for 10 min, and then the resulting cell supernatant 

was transferred to 1 ml Ni-NTA agarose beads with 5 ml lysis buffer (50 mM NaPO4, 

300 mM NaCl, 10 mM Imidazole, pH 7.8) and rotated overnight at 4°C.  Next, Ni-NTA 

agarose beads were washed in 10 ml wash buffer (50 mM NaPO4, 300 mM NaCl, 25 mM 

Imidazole, pH 7.8) and centrifuged at 1500 x rpm for 2 min, loaded onto the column and 

eluted using buffer containing 200 nm imidazole, which was subsequently removed by 

buffer exchange, leaving the protein buffered in 10 mM HEPES, 300 mM NaCl, pH 7.4. 

The purity of the resulting proteins was examined by SDS-PAGE followed by staining 
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with Coomassie brilliant blue dye, and the protein concentrations were determined using 

a bicinchoninic acid (BCA) assay (Pierce Biotechnology, IL).  Recombinant BopA was 

assayed for endotoxin levels by the Limulus Amoebocyte Lysate (LAL) assay per 

manufacturer’s guidelines (Cambrex). 
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In Vivo Studies 

Animals 

Female, 6- to 8- week-old, BALB/c mice were obtained from Harlan Laboratories 

(Indianapolis, Indiana).  The in vivo effects of GCW005 on survival were accomplished 

by comparing BALB/c mice (n=8) challenged intranasal (i.n.) with 5 x 105 cfu (2 LD50) 

and 1 x 106 cfu (4 LD50) with 2 LD50 of wild-type B. mallei ATCC 23344.  LBG was 

delivered i.n. (50 μl) as a vehicle control.  Animals were monitored for 10 days post 

infection, and the percentage of survival was calculated.  At day 10, 2 LD50 survivors 

(wild type (n=1) and GCW005 (n=4)) were sacrificed, and the lungs and spleen were 

harvested, weighed, and homogenized in 5 ml PBS.  Bacterial colonization of tissues was 

quantitated by plating 10-fold serial dilutions of tissue homogenates on LBG agar plates.  

Plates were incubated at 37°C for 2 days and cfu/g tissue determined. Stability of 

GCW005 following in vivo infection was confirmed by sub-culturing colonies recovered 

on polymxin B (15 μg/ml) agar plates to gentamicin (5 μg/ml) plates.  

Bacterial burden studies were performed on BALB/c mice (n=7) challenged i.n. 

with 1 LD50 B. mallei ATCC 23344.  At days 2 and 21 post infection, 2 and 5 animals, 

respectively, were sacrificed, and the lungs and spleen harvested, weighed, and 

homogenized in 5 ml PBS.  Bacterial colonization of tissues was quantitated as 

previously described. 

C57BL/6 mice deficient in mature B-cells (μMT), CD4 T-cells (CD4-/-) and CD8 

T-cells (CD8-/-) and wild-type mice were obtained from The Jackson Laboratory (Bar 

Harbor, Maine). 

Vaccinations and challenges 

Cell and cytokine depletion studies utilized BALB/c and C57BL/6 mice grouped 

and vaccinated with 1 x 105 CFU/100 µl of heat-killed (HK) (3 h at 85°C) B. mallei 
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(without adjuvant) by i.p. injection using a 25-gauge syringe.  Two weeks post HK 

vaccination mice were injected i.p. with 2 x 107 CFU/100 µl of live B. mallei (~20 LD50) 

(Fritz et al., 2000).  Aliquots from the inoculums were plated to confirm the infecting 

dose.    

Recombinant BopA vaccination was performed by i.n. delivery with adjuvant.  

Briefly, 10 µg of rBopA was mixed with 12.5 μg immune-stimulating complex (ISCOM) 

AbISCO 100 (Isconova AB, Sweden), 12.5 μg of CpG oligodeoxynucleotide (ODN) 

2395 (Coley Pharmaceuticals, Wellesly, MA) and HEPES buffer (pH~7.4).  

Alternatively, 10 µg of bovine serum albumin (BSA) was mixed with 12.5 μg immune-

stimulating complex (ISCOM) AbISCO 100 (Isconova AB, Sweden), 12.5 μg of CpG 

oligodeoxynucleotide (ODN) 2137 (Coley Pharmaceuticals, Wellesly, MA) and HEPES 

buffer (pH~7.4) as a control.  The vaccines were delivered by i.n. injection of 50 µl on 

days 0 (prime) and 14 (boost).  On days 0 and 14, serum samples were obtained from 

mice by intraorbital bleed under isoflurane anesthesia.  Two weeks post-boost, mice were 

challenged with 2 LD50 of B. mallei by i.n. delivery.    

  All procedures and animal protocols used in these studies were approved by the 

Biosafety and Institutional animal care and use (IACUC) committees at UTMB and 

conducted in either BSL-3 or ABSL-3 laboratories. 

Cell and cytokine depletions 

 Acute in vivo cell/cytokine depletion was performed with monoclonal rat anti-

mouse CD4 (GK1.5), CD8α (53-6.7) or B220 (RA3-6B2) obtained from R&D Systems, 

Inc. (Minneapolis, MN) by methods similar to those previously described (Estes & Teale, 

1991).  Functional grade purified rat anti-mouse interferon-gamma (IFN-γ, AN-18) was 

obtained from eBioscience (San Diego, CA) and purified anti-mouse tumor necrosis 

factor (TNF-α, MP6-XT3) from BD Pharmingen (San Diego, CA).  IFN-γ and TNF-α 

antibodies were injected i.p. 6 h prior to challenge, 200 μg per mouse in 200 μl PBS or at 

later time points as indicated.  Rat IgG isotype control was obtained from Southern 

Biotech (Birmingham, AL) and administered i.p. on day of challenge, 200 μg/mouse.  
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Rat anti-mouse CD4, CD8α and B220 were injected i.p. twice, 1 day prior to challenge 

and on day of challenge, with an equivalent dosage sufficient to deplete T or B cells from 

6 x 108 bone marrow cells per injection.  The efficiency of depletion at time of infection 

for CD4+, CD8+, and B220+ cells was confirmed by flow cytometry analysis immediately 

prior to infection.   

  Statistical analysis 

Survival curves were calculated by Kaplan Meier survival analysis with log-rank 

tests between groups using GraphPad Prism (V.4.03 for windows).  Statistical analysis 

was performed with the paired Student’s t-test. P value < 0.05 was considered significant. 

Select agent handling 

The B. mallei strain GCW005 (bopA mutant) was generated in April 2007.  

Authorization from the Centers for Disease Control Select Agent Program (CDC-SAP) to 

utilize and publish data generated from the Gmr B. mallei bopA mutant was granted.  The 

studies performed herein were in accordance with CDC-SAP mandated guidelines and 

procedures.  Pursuant to the CDC-SAP guidelines, the strain has since been destroyed. 
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RESULTS AND DISCUSSION 

Chapter 5:  Construction of a reporter system to study Burkholderia 
mallei type III secretion and identification of the BopA effector protein 

function in intracellular survival 

INTRODUCTION 

  Comparative analysis of B. mallei with virulence-associated genes found in 

pathogenic bacteria has revealed possession of multiple secretion systems (Whitlock et 

al., 2007).  The type-three secretion system (TTSS) is one of at least six different types of 

protein secretion employed by Gram-negative bacteria to transport proteins from the 

cytoplasm to either the host cytosol or external milieu.  While the TTS apparatus itself is 

substantially conserved, each bacterial species has effector molecules and subsequent 

biochemical activities unique to that species.  For example, intracellular pathogens such 

as Salmonella and Shigella use a TTSS for invasion of and/or multiplication within host 

cells (Phalipon & Sansonetti, 2007; Wallis & Galyov, 2000; Waterman & Holden, 2003; 

Zhou & Galan, 2001).  Yersinia species employ a TTSS to resist uptake of bacteria by 

phagocytic cells (Grosdent et al., 2002).  Additionally, in enteropathogenic Escherichia 

coli, a TTSS remodels the cytoskeleton of enterocytes, leading to the formation of a 

pedestal underneath the bacterium (Celli et al., 2000).  In silico analysis has shown the 

presence of a TTSS in B. mallei, having a genetic similarity to the B. pseudomallei 

animal pathogen-like TTSS locus as well as both Salmonella inv/spa/prg and Shigella 

ipa/mxi/spa systems (Hueck, 1998; Rainbow et al., 2002).  Polar mutations in the B. 

mallei ATCC 23344 animal pathogen-like TTSS have demonstrated its requirement for 

intracellular survival in murine J774.2 macrophages, as disruption of this TTSS reduced 

intracellular replication, prevented phagosomal escape into the host cell cytoplasm and 
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inhibited membrane protrusion, although the identity of the putative effector molecule (s) 

involved in these phenotypes remains unknown (Ribot & Ulrich, 2006).   

 

RESULTS  

In silico analysis and construction of BopA N-terminal reporter. 

Five genes are predicted to encode secreted proteins in the region containing the 

animal-like TTSS in B. mallei, sharing common features with other TTS effector proteins 

(Whitlock et al., 2007).  As shown in Fig. 2A, the predicted N-terminal amino acid 

sequence of two Yersinia outer membrane proteins (Yops) whose secretion signals have 

been best studied (YopE is translocated into host cells and YplA is secreted to the 

extracellular milieu) were compared with the N-terminal amino acid sequences of the B. 

mallei predicted effector proteins. The hydrophobic residues are highlighted in gray and, 

at first glance, the B. mallei secreted proteins harbor an N-terminal sequence that 

adequately fits the profile predicted by the secretion signal hypothesis: about 50% of its 

amino acids are hydrophobic, and they are somewhat evenly spaced.  Similar patterns are 

evident in other Yersinia TTSS effector sequences, in which the wild-type secretion 

signal seems to fit the parameters set by the peptide signal hypothesis (Ramamurthi & 

Schneewind, 2003).  The mechanism by which proteins are recognized by the TTSS 

machinery will probably not conform strictly to paradigms that are widely applicable to 

other secretion systems but basic knowledge about the structure could be useful to 

generate fusion proteins that allow determination of the optimal conditions for secretion 

in other organisms.  Therefore, to initiate characterizing the B. mallei TTS effector 

protein BopA, we employed a reporter system that could be used to identify effectors 

secreted by the B. mallei TTSS.  The plasmid-based reporter system (Fig. 2B) contained 

the intact functional domain of Y. enterocolitica yplA gene but lacked its secretion signal. 

Enzymatic activity was detected by indicator agar plates, liquid-based enzymatic assays 

and western blots. YplA’s phospholipase activity correlates with secretion of the protein 
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by a TTSS system; therefore, fusion of the BopA putative TTSS effector protein secretion 

signal (Fig. 2A) and the YplA activity domain will only display enzymatic activity if the 

N-terminal  signal is sufficient to drive secretion of the fusion protein to the extracellular 

environment (Petersen & Young, 2002).     

 

 
 
 

Fig. 2.  N-terminal amino acid sequence evaluation of putative B. mallei TTSS proteins. 

(A) Comparison of the first 15 amino acid residues of two well-characterized Yops (Y. 

enterocolitica translocated YopE and secreted YplA proteins) with the B. mallei TTS 

proteins BopA and E, Bip B, C and D.  Hydrophobic residues are highlighted in gray. (B) 

The yplA gene from Y. enterocolitica in plasmid pGY100 was used as a reporter system 

to detect phospholipase activity. The YplA secretion signal was replaced with the BopA 

secretion signal to create plasmid pGCW01. 
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BopA N-terminal sequence driven secretion.  

Plasmids pGY100 (produces a YplA protein that is constitutively secreted in the 

presence of either a functional TTSS or flagella apparatus) (Fig. 2B) and pGY661 

(encoding the YplA protein lacking its secretion signal) were used to test whether i) the 

YplA protein can be secreted by an heterologous TTSS-expressing bacteria; and ii) the B. 

mallei bopA secretion signal (SS) could replace the yplA SS and mediate secretion of the 

YplA protein. We fused the bopA SS to the SS-less ‘yplA (pGY661) to create plasmid 

pGCW01 and evaluate its ability to drive secretion of the YplA protein (Fig. 2B). Control 

and recombinant plasmids were transformed in the enteropathogenic E. coli (EPEC) 

strain E2348/69 (this prototype strain contains a well characterized and functional TTSS 

and flagella apparatus) and its isogenic escN mutant (a mutation in the structural protein 

of the TTS apparatus, whose strain only contains a functional flagella secretion system). 

The different strains were grown and plated on indicator plates and secretion of YplA 

and/or the fusion protein were determined by “halo” formation, indicative of secretion-

induced phospholipase activity (Fig. 3). While EPEC E2348/69 (pGY661) did not result 

in halo production (due to lack of an effective secretion signal in yplA gene), E2348/69 

(pGY100) demonstrated a phenotype indicative of YplA secretion dependent activity 

(Fig. 3A).  Next, we tested the ability of the E. coli TTSS mutant escN to secrete and 

produce similar halo formation.  The constitutively active YplA was effectively secreted 

by the escN mutant, apparently through the intact flagella apparatus, while the fusion 

BopA-‘YplA protein failed to generate halo formation in this strain (Fig. 3A).  

Conversely, the EPEC strain E2348/69 carrying the bopA-‘yplA fusion produced halo 

formation consistent with successful secretion.  Production of the secreted intact or fused 

YplA reporter proteins was confirmed by immunoblots of culture supernatants using anti-

YplA sera and extracellular phospholipase enzymatic assay (Fig. 3B and 3C).  This data 

suggests that the BopA amino-terminal located secretion signal is sufficient to drive 

secretion of our reporter via an intact TTSS. 
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Fig. 3. B. mallei BopA secretion signal mediates ‘YplA secretion. (A) The 

enteropathogenic E. coli strain E2348/69 containing a functional TTSS and the ΔescN 

strain (TTSS-deficient mutant) containing either the pGY100 (constitutively expressed 

YplA) or pGCW01 (BopA-‘YplA fusion protein) were used to detect secreted 

phospholipase activity on indicator plates. (B and C) Secretion of YplA and BopA-’YplA 

were confirmed by Western blot using anti-YplA sera (B) and by detection of the 

phospholipase activity using a turbidimetric assay (C). E. coli O157:H7 8624 expressing 

YplA (pGY100) and pGY661 served as positive and negative control of secretion 

respectively. EPA, extracellular phospholipase activity. 
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B. mallei BopA-‘YplA secretion at pH 7.5. 

Next, studies were designed to determine whether this reporter system was useful 

to define conditions necessary for successful secretion of BopA-’YplA in B. mallei.  We 

introduced plasmid pGCW03 into B. mallei strain ATCC 23344 to create the reporter 

strain GCW006. The wild type and the reporter B. mallei strains were grown in different 

media and conditions known to induce secretion of proteins in other bacteria possessing 

TTSS (He et al., 2004).  The initial conditions of secretion tested included temperature 

(30ºC and 37ºC), pH (5, 6, 7, 7.5, and 8), culture media (LB and minimal media), ions 

(EDTA and 2,2’-dipyridyl), and aeration (shaking or static). We first tested whether the 

wild-type B. mallei displayed extracellular phospholipase activity, but we could not 

induce the formation of halos on indicator plates under any of the conditions tested (Fig. 

4).  In contrast, the B. mallei:bopA/yplA strain produced halos when the bacteria was 

grown on LBG (pH 7.5) indicator plates at 37ºC (Fig. 4).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.  B. mallei bopA/yplA reporter mediates ‘YplA secretion at pH 7.5.  B. mallei strain 

GCW006 (ATCC23344:pGCW03) displayed extracellular phospholipase activity in LBG 

(pH 7.5). In contrast, wild type B. mallei strain ATCC23344 did not display any 

enzymatic activity under any of the conditions tested. 

   B. mallei ATCC23344                           GCW006 
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Further, confirmation of cell viability at pH 7.5 demonstrated that the bacterial 

cells were intact and the secretion was not the result of cell lysis. Although additional 

work to characterize the system is required, this is the first report of a functional reporter 

system developed in B. mallei which can be used to determine optimal conditions of 

secretion. 

Intracellular characteristics and survival in J774A.1 cells. 

Given that BopA is predicted to be a TTSS effector protein, pilot studies were 

initiated evaluating the ability of B. mallei to occupy macrophages and survive/replicate 

intracellularly and tested whether the absence of this protein may have an effect on 

invasion, intracellular survival or replication within macrophages. First, the bopA gene 

was inactivated by insertional mutagenesis using the suicide vector pGSV3.  Data 

presented in Fig. 4 suggested that the TTSS is still functional even after the bopA/yplA 

gene fusion protein was inserted, demonstrating that alterations of this effector protein 

continued to maintain a functional TTSS.  Additionally, in vitro growth kinetics and SDS 

sensitivity demonstrated comparable growth rates and cell wall permeability for both 

wild-type and the bopA mutant GCW005 strains (Fig 6A and 6B).  TEM of infected 

J774A.1 murine macrophage–like cells displayed wild-type B. mallei free in the host cell 

cytoplasm (Fig. 5A and 5B).  Although the bopA mutant strain was visualized free of any 

intracellular vacuoles (Fig. 5C), the numbers were not as prevalent as compared to wild-

type, while several organisms were seen within intracellular compartments (Fig. 5D).  To 

further quantitate this observed phenotype, in vitro intracellular survival assays were 

performed.  The ability to survive in the intracellular environment of J774A.1 

macrophage-like cells was determined after 2h infection and 2h kanamycin treatment.  

Approximately 1% of the original wild-type strain inoculum was recovered from the 

macrophage-like cell line, representing the percentage of phagocytosed organisms. In 

contrast, only ~0.5% of the bopA mutant was recovered, suggesting that BopA might 

have a role in phagocytic uptake in the cell model used (Fig. 6C). Next, we determined 

whether the bacterial strains tested were able to survive in the intracellular environment.  
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As shown in Fig. 6D, the wild type strain survived and replicated intracellularly for up to 

8 h, with a slight decline after 12 h. Interestingly, the bopA mutant was also recovered 

from the intracellular compartments but the percentage of surviving bacteria was 

statistically diminished as compared to the wild-type strain. Despite the low numbers, the 

bopA mutant was capable of surviving the intracellular environment but the differences 

observed as compared to the wild-type suggest that BopA protein is important for 

intracellular survival.        

 

Fig. 5.  B. mallei intracellular characteristics. Transmission electron microscopy of B. 

mallei wild type (A and B) infected J774A.1 cells display intracellular organisms within 

the cytoplasm.  B. mallei bopA mutant infected cells resulted in limited organisms within 

the cytoplasm (C).  B. mallei bopA mutant within a vacuole (arrow indicates disruption of 

vacuole (D).    
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Fig. 6.  Growth rate, cell wall sensitivity, uptake and survival of B. mallei ATCC23344 

and GCW005 (bopA mutant) strains in J774A.1 cells. (A) The growth kinetics of B. 

mallei ATCC23344 and GCW005 in LBG media was monitored for 14h. (B) SDS 

sensitivity of wild type and bopA mutant was determined by incubating 12 h at 37°C with 

varying concentrations of SDS. (C) The J774A.1 cell line was infected with a MOI 10:1 

(5x106 cfu) and after 2h; the extracellular bacteria were killed by kanamycin treatment  

and cells were incubated for an additional 2h period to determine the percent invasion. 

(D) Percent survival was calculated at 4, 8 and 12h post infection. Kanamycin was 

maintained throughout the experiment. Mean + SEM assayed in triplicate. 
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DISCUSSION 

Normally expressed as part of the Yersinia flagellar regulon, the yplA gene 

encodes a phospholipase that is secreted by the flagellar TTS apparatus and is only active 

once it reaches the extracellular milieu (Young et al., 1999).  However, when expressed 

constitutively, YplA can also be recognized and exported by other TTSS (Young & 

Young, 2002).  As with other TTSS substrates, YplA recognition by a TTSS involves a 

secretion signal located at the protein’s amino-terminus. Removal of this region prevents 

YplA export, whereas its enzymatic activity depends on a functional domain located 

within the carboxyl half of the polypeptide.  Employing a plasmid based reporter system, 

we have demonstrated the utility of a screening system to evaluate the ability of potential 

secretion signals located in the N-terminal domain of effector proteins to mediate YplA 

secretion.  Our results indicate that the B. mallei BopA N-terminal-located secretion 

signal drives secretion via a functional TTSS. Lack of YplA enzymatic activity in the E. 

coli TTSS mutant escN confirmed that a functional and intact TTSS is necessary for 

delivery of our bopA/’yplA gene fusion protein.  Moreover, we screened conditions 

conducive to express the secretion machinery and demonstrated successful YplA activity 

of our reporter in B. mallei.  YplA activity was seen in the E. coli TTSS mutant escN 

harboring the constitutively active pGY100, suggestive of a possible flagellar apparatus 

export of YplA.  In fact, YplA has been shown to be exported via the flagellar export 

apparatus in Y. enterocolitica (Young et al., 1999), however, B. mallei lacks flagella.  

Therefore, further studies with a B. mallei TTSS mutant strain are needed to further 

confirm the role (or lack thereof) of the TTS apparatus in the secretion of the BopA-

‘YplA protein.  

To our knowledge, this is the first report of a reporter system introduced into B. 

mallei for the use of identifying potential effector proteins, based on their amino terminal 

sequences.  The importance of developing reporter systems to study bacterial secretion is 

supported by a recent paper by Miyake, M. et al. (Miyake et al., 2008), where they 

devised a colorimetric method that monitors secretion of effector proteins into host 

cytoplasm through the bacterial type III secretion machinery. Being a technically simple 
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and inexpensive method, it is a good alternative for studying the mechanism by which 

effectors are secreted through the TTSS. Unfortunately, due to the restrictions of working 

with a select agent organism, few plasmids that are maintained in B. mallei, and few 

antibiotic markers approved to introduce in B. mallei, we are limited to the availability of 

tools to use for genetic manipulation. Therefore, our approach using insertional 

mutagenesis in selected genes is superior to other existing procedures as it overcomes 

these challenges while advancing our understanding about the secretion properties of B. 

mallei.   

We then further characterized the BopA protein in regards to intracellular survival 

and replication.  As noted earlier, B. mallei BopA shares homology with both S. 

dysenteriae and S. flexneri IcsB (responsible for intercellular spread). Our data with 

J774A.1 cells demonstrated a key role for BopA in the ability to be phagocytosed and 

survive within this cell line.  Although a Shigella flexneri icsB mutant multiplies and 

spreads, its intracellular multiplication eventually plateaus (Allaoui et al., 1992).  At this 

stage, the icsB mutant co-localizes with markers for acidic lysosomes or 

autophagosomes. Further, when host cells are exposed to known autophagy inhibitors, it 

was shown that the icsB mutant population decreases greatly (Ogawa et al., 2005).  In the 

early stage of invasion, examination showed that most of the wild type cells, and even the 

icsB mutant cells, are released from the phagosomes into the cytoplasm. After 3–4h of 

infection, the icsB mutant is frequently enclosed by lamellar membranous structures, with 

striking contrast to the phagocytic membrane surrounding the invading bacteria (Ogawa 

et al., 2005).  Thus, it has been proposed that the interaction between IcsB released by the 

TTSS and other S. flexneri proteins, such as VirG, in the vicinity of the bacterial surface, 

seems to be the mechanism for camouflage against autophagic recognition. It is tempting 

to speculate that perhaps the lack of virulence seen in the B. pseudomallei BopA mutant 

correlates with the inability to survive intracellularly as we have shown here. Further, our 

studies presented here and unpublished results suggested that the B. mallei BopA protein 

might be playing a role similar to the IcsB protein, allowing B. mallei to multiply 

intracellularly because it mediates the escape from autophagy. Future studies into the 
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mechanism(s) involved in these intracellular events and BopA’s contribution will be vital 

to an overall understanding to pathogenesis. 
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 Chapter 6:  Cellular tropism of Burkholderia mallei in a respiratory cell 
model 

INTRODUCTION 

A feature common to B. mallei, B. pseudomallei and B. cepacia complex is the 

localization of infection to the lungs and airways (Acha & Szyfres, 2003; Isles et al., 

1984; Lever et al., 2003; Tablan et al., 1985).  Previous studies have shown the ability of 

B. mallei to survive within the intracellular environment of murine J774.2 peritoneal 

macrophages (Ribot & Ulrich, 2006).  Experiments investigating the intracellular 

characteristics of Burkholderia spp. in phagocytic cell lines have historically used 

macrophage-like cell lines not derived from the lungs, but rather those with similarities to 

peritoneal macrophages.  The populations of macrophages obtained from different 

anatomical sites differ functionally and phenotypically (Caignard et al., 1985).  

Therefore, a respiratory cell model was developed to evaluate and characterize the 

intracellular phenotype of B. mallei and the bopA mutant.  Investigations into 

Burkholderia spp. intracellular effects on non-phagocytic cell lines have used a variety of 

epithelial cell lineages.  B. cepacia complex has shown a correlation between in vitro and 

in vivo invasiveness using the human alveolar epithelial cell line A549 model (Cieri et 

al., 2002).  B. pseudomallei-infected mice, via i.n. delivery, demonstrate bacterial 

outgrowth from the lungs, as well significant lung inflammation (Wiersinga et al., 2008).  

B. pseudomallei is capable of entry into non-phagocytic eukaryotic host cells, including 

A549, HeLa and Vero cell lines (Jones et al., 1996), while data is lacking regarding B. 

mallei.  In addition, the adherent properties of B. mallei have received little attention 

(Brown et al., 2002; Chiu et al., 2001). 

Apoptosis, or programmed cell death, is a normal biochemical program of multi-

cellular organisms manifested by cleavage of chromosomal DNA, which occurs 

frequently during invasion of different pathogens (Gao & Abu Kwaik, 2000; Monack & 

Falkow, 2000).  Activation of the apoptotic pathway is characterized by a family of 

cysteine proteases (caspases) that cleave specific target proteins (Cohen, 1993).  This 

apoptotic activation plays an important role in the pathogenic process of various 
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infectious diseases (Weinrauch & Zychlinsky, 1999).  Bacterial induced apoptosis has 

been reported to require internalization and translocation of effector molecules through a 

functional TTSS (Hersh et al., 1999; Hilbi et al., 1998; Sun et al., 2005).   

To our knowledge, no adherence or colonization studies exist in the literature for 

B. mallei, examining cellular tropism as it relates to respiratory involvement.  

Additionally, studies involving B. mallei-induced cell death as it relates to a respiratory 

cell model are lacking.  The present study examined the ability of B. mallei ATCC 23344 

to adhere and invade respiratory epithelial cells in vitro and investigated the capability of 

murine alveolar macrophages to allow intracellular survival.  In addition, we compared 

the wild-type strain with a B. mallei TTS bopA mutant (known for its defective 

intracellular survival during infection of J774A.1 macrophage cell line) (Chapter 5 and 

Whitlock et al., 2008) for their ability to invade and survive in the intracellular 

environment and cause disease using an i.n. mouse model of infection.     

RESULTS  

Bacterial burden of murine tissues following intranasal delivery. 

Lungs from  BALB/c mice challenged i.n. with 1 x 105 cfu B. mallei strain ATCC 

23344 demonstrated a tropism for the lungs at day 2 post-infection with a mean cfu/g  

tissue of 5.5 x 106 (Fig. 7).  Bacterial outgrowth in the lung tissue decreased substantially 

by day 21 post-infection to 2.95 x 102 cfu/g, while bacterial burden to the spleen 

increased from 3 x 106 to 1.8 x 107 (Fig. 7).  Similar work utilizing the aerosol delivery of 

B. mallei in BALB/c mice demonstrated a course of infection comparable to these 

findings (Alekseev et al., 1994; Lever et al., 2003).  While respiratory involvement is 

evident, a cellular basis for infection is lacking.  Therefore, in vitro cellular adhesion and 

invasion assays were initiated to identify a potential pulmonary host cell targeted during 

B. mallei infection.  Additionally, a possible mechanism of dissemination was 

investigated in the alveolar macrophage line MH-S. 

 



 50

 

Fig. 7.  B. mallei colonization of BALB/c tissues.  At days 2 and 21 following i.n. 

challenge of BALB/c mice with 1 LD50 of B. mallei ATCC 23344, lungs (black) and 

spleens (white) were harvested and subjected to serial plating for bacterial burden.  Data 

are expressed as mean + SEM, n=7. * p<0.05. 
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Invasive and adherent properties of B. mallei and B. pseudomallei to 

murine and human respiratory epithelial cell lines. 

To begin investigating the invasive properties of B. mallei, we conducted standard 

invasion assays (MOI 10:1) utilizing the human alveolar type II pneumocyte line A549 

and the murine lower respiratory epithelial cell line LA-4.  B. pseudomallei strain 576 

and E. coli HB101 were used as positive and negative controls, respectively.  B. mallei 

and a TTS effector mutant bopA (GCW005) exhibited negligible levels of infection in 

both cell lines, as compared to those found in the invasive B. pseudomallei control (Fig. 

8, panels A and B).  To determine if the non-invasive phenotype exhibited by B. mallei 

was a result of host cell destruction followed by exposure to extracellular kanamycin, we 

employed lactate dehydrogenase (LDH) cytotoxicity assays on cultured cells (Fig. 8, 

panel C).  Additionally, non-infected cells were examined for potential kanamycin-

induced, compromised host-cell membrane integrity.  All strains tested resulted in LDH 

values less than those of the kanamycin control, with the exception of the values found 

for B. pseudomallei on the LA-4 cell line, which were not statistically significant 

(p=0.202).  Invasion assays performed at an alternative MOI of 1:1 resulted in a similar 

non-invasive phenotype for B. mallei (data not shown). 
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Fig. 8.  Burkholderia invasion of respiratory epithelial cells in vitro.   Monolayers of 

murine (A) LA-4 and (B) human A549 cells were infected with B. mallei, B. 

pseudomallei or E. coli at an MOI of 10:1 and the percentage of (from initial inoculum) 

invasion and (C) cytotoxicity determined at 4 h post-infection.  Data are expressed as 

mean + SEM and were performed in triplicate * p<0.05, ** p>0.05. 
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Due to the low invasive phenotype of B. mallei and given that the interaction of 

bacteria with host cell membranes is a prerequisite for the infectious process, we 

investigated whether the defective invasion phenotype was due to the inability of B. 

mallei to bind in our tissue culture model.  Murine respiratory epithelial LA-4 adherence 

percentages for B. mallei and GCW005 were significantly reduced compared to those 

seen with B. pseudomallei (p=0.024 and p=0.012 respectively), while the percentages of 

adherence in A549 cells were similar between wild-type B. mallei and B. pseudomallei 

(Fig. 9A and 9B).  Conversely, GCW005 (B. mallei bopA mutant) displayed decreased 

adherence to A549 cells (Fig. 9B).  Control wells of infected media alone confirmed the 

lack of adherence to plastic wells, further validating our model.  Adherence of B. 

pseudomallei at 37oC to A549 cells (~2%) has been reported and is in agreement with the 

present findings (Brown et al., 2002).   

 

 

 

 

 

 

 

 

 

 

Fig. 9.  Burkholderia adherence to respiratory epithelial cells in vitro.  Monolayers of 

murine (A) LA-4 and (B) human A549 cells were infected with B. mallei, B. 

pseudomallei or E. coli at an MOI of 10:1 and the percentage of (from initial inoculum) 

adherence determined at 2 h post-infection.  Data are expressed as mean + SEM 

performed in triplicate * p<0.05, ** p>0.05. 
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To my knowledge, this is the first report of adherence and invasion assays 

performed on murine LA-4 cells with Burkholderia spp.  These results are suggestive of 

an adherent/non-invasive phenotype for B. mallei and are substantiated by Giemsa 

staining (Fig. 10G and 10H), although the lack of intracellular B. mallei observed by 

electron microscopy does not confirm a non-invasive phenotype.  Thus, under the 

conditions tested, B. mallei appears to lack (or fail to express) the necessary requirements 

for respiratory epithelial invasion. B. pseudomallei, on the contrary, adheres to both 

epithelial cell lines (Fig. 10A,B,D,E) and, as proven also by TEM, invades them, escapes 

from the initial phagosomes and multiplies freely in the cytosol (Fig. 10C and 10F). 
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Fig. 10.  Light and transmission electron microscopy of B. mallei- and B. pseudomallei- 

infected respiratory epithelial cells.  Fixed monolayers of LA-4 (A, B, C, G) or A549 (D, 

E, F, H) infected with B. pseudomallei (A-F) or B. mallei (G,H) at an MOI of 10:1 were 

Giemsa-stained following invasion (B, E) or adherence (A, D, G, H) assays.  At 6 h post 

infection, fixed monolayers were also examined by transmission electron microscopy (C, 

F).  Arrows indicate adherent bacteria.  Black scale bar = 1 µm (C,F), 10 µm (A, B, D, E, 

G, H). 
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(Figure 10 continued) 
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(Figure 10 continued) 
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Murine alveolar macrophage uptake and intracellular survival of B. 

mallei and B. pseudomallei. 

To complete the investigation into respiratory cellular tropism, we infected the 

murine alveolar macrophage cell line MH-S with B. mallei ATCC 23344 and GCW005 at 

an initial MOI of 10:1.  Following 2, 4 and 8 h post inoculation, we failed to recover 

intracellular B. mallei from the exposed cells (Fig. 12A).  To confirm the validity of this 

non-permissive phenotype exhibited by MH-S cells, we performed LDH cytotoxicity 

assays. The LDH levels of B. mallei-infected cell supernatants immediately following 

infection and 2, 4 and 8 h post infection indicated that there was no direct toxicity to the 

host cells (Fig. 12B).  Intracellular organisms were recovered at 2 h post infection in MH-

S cells infected with B. pseudomallei, as well as 4 and 8 h post infection, a finding 

indicative of intracellular survival and replication (Fig. 12A).  LDH levels of B. 

pseudomallei-infected cell supernatants correlated well with the establishment of 

intracellular infection at 4 h post infection (Fig. 12B).  Alternative strains of B. mallei 

(China 5) and B. pseudomallei (K96243) were tested and resulted in a similar pattern of 

intracellular recovery (Fig. 11).  The inability to recover intracellular B. mallei from MH-

S cells led us to evaluate the phagocytic capability of these cells to B. mallei. Coating of 

organisms with naïve mouse serum enhanced opsonization, while heat-killed treated 

serum reduced uptake to a baseline comparable to the organism alone (Fig. 12C).  

Additionally, coating of B. mallei with heat-killed immune serum obtained from infected 

BALB/c mice demonstrated results comparable to those found with naïve serum (Fig. 

12C).  Similar studies of B. mallei uptake and survival in RAW 264.7 macrophage 

demonstrated the inability to survive intracellularly at an MOI of 10:1, while an MOI of 

1:1 was conducive to survival (Brett et al., 2008).  Subsequently, the potential for MH-S 

uptake of B. mallei was investigated at the lower MOI of 1:1.  The percentages of 

survival at the lower MOI indicated an initial uptake of both the wild-type and GCW005 

mutant strain (Fig. 12D).  Interestingly, we failed to recover wild-type B. mallei from 

intracellular compartments at 4 and 8 h post-infection, while the mutant GCW005 was 

recovered at these time points (Fig. 12D), which suggested that BopA may contribute to 
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intracellular survival.  No significant LDH release was detected at MOI 1:1 (data not 

shown). 

    Fig. 11.  Phagocytosis and survival of alternative Burkholderia strains in             

alveolar macrophage.  MH-S monolayers were infected at an MOI of 10:1 and the 

percentage of intracellular survival (of initial inoculum) determined at 2 h (black), 4 h 

(white) and 8 h (hatched) post infection. 
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Fig. 12.  Phagocytosis and survival of Burkholderia in alveolar macrophage. (A) MH-S 

monolayers were infected at an MOI of 10:1 and the percentage of intracellular survival 

(of initial inoculum) determined at 2 h (black), 4 h (white) and 8 h (hatched) post 

infection. (B) LDH cytotoxicity assays were performed on culture supernatants following 

infection and 2, 4, and 8 h post infection. (C) Monolayers of MH-S cells were infected 

with wild-type B. mallei (B.m) at an MOI of 10:1 pre-incubated with naïve serum (NS); 

56°C heat-inactivated naive serum (HK NS); or heat-inactivated immune serum (HK IS); 

and percent uptake/survival determined following a 2-h infection. (D) MH-S monolayers 

were infected with B. mallei or GCW005 at an MOI of 1:1 and percentage of intracellular 

survival determined at 2 h (black), 4 h (white) and 8 h (hatched) post infection. Data 

expressed as mean + SEM performed in triplicate * p<0.05, ** p<0.05, *** p<0.05. 
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B. mallei-induced cell death of alveolar macrophage MH-S. 

The data generated in the model system allowed me to speculate that the TTS 

effector BopA may contribute to bacterial survival and/or escape from the MH-S host 

cell, thereby exposing B. mallei to extracellular kanamycin, and subsequently killing the 

organism.  The Gram-negative pathogens Shigella, Salmonella and Pseudomonas are 

capable of evading the killing effects of macrophages by cellular escape and host cell 

death induction (Zychlinsky et al., 1992).  Results of the in vivo studies performed on 

i.n.-infected BALB/c mice led to suggest that B. mallei is capable of dissemination by an, 

as yet, unknown mechanism.  While the TTSS of B. mallei has shown a role in 

maintaining bacterial burden in the lungs of aerosol-challenged BALB/c (Ulrich & 

DeShazer, 2004), data are lacking regarding a possible role for individual TTS effectors 

(e.g. BopA) in a respiratory cell model.  In order to investigate a possible mechanism 

involved in the intracellular recovery of GCW005 and the potential contribution towards 

host cell escape, the relationship of B. mallei infection and apoptosis in a series of studies 

was evaluated.  The MH-S cells demonstrated features consistent with apoptosis, 

analyzing DNA fragmentation at 4 h post infection (MOI 1:1) (Fig. 13A). Further 

investigation into a possible mechanism for this cell death led to the analysis of caspase-3 

activity, which was found to be increased (~ 1.6-fold at 4 h treatment) for both wild-type 

B. mallei- and GCW005- infected cells, as compared to findings in media-only control 

cells (Fig. 13B).  To begin to address the cytotoxic effect associated with apoptosis, I 

analyzed B. mallei- infected MH-S cells by flow cytometry at 4, 8 and 24 h post infection 

for compromised cell wall permeability (as assessed by access of a reactive dye to the 

bacterial cytoplasm).  MH-S cells infected at an MOI of 1:1 demonstrated low levels of 

cytotoxicity at 4 and 8 h post infection, with approximately 73% of the population being 

viable (Figs. 14A, C and D), findings similar to those in uninfected cells. At 24 h post-

infection, cytotoxicity in MH-S cells treated with B. mallei increased 100% in MH-S 

cells, while the percentage of viable cells decreased to roughly 41% (Fig. 14E).  

GCW005-infected cells showed levels of cytotoxicity indistinguishable from those seen 

in wild-type B. mallei (data not shown).  Cells infected at an MOI of 10:1 resulted in 
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increased numbers of dead cells as early as 2 h, compared to the findings at MOI 1:1, 

which is suggestive of  a dose-dependent toxicity (data not shown).  These results imply 

that an apoptotic secondary necrosis may occur.    

 

 

Fig. 13.  DNA fragmentation and caspase 3 activity of B. mallei-infected MH-S cells.  

(A) MH-S cells were infected with wild-type B. mallei at an MOI of 10:1 (lane1) and 1:1 

(lane 3) or GCW005 (bopA mutant) at MOI 10:1 (lane 2) and 1:1 (lane 4). DNA was 

extracted 4 h post infection and separated by electrophoresis in 1.3% agarose gel. Media 

only (lane 5) and LY294002-treated (lane 6). Flanking lanes are 100-base pair markers.  

(B) MH-S cells were infected (MOI 1:1) with wild- type B. mallei, GCW005 or treated 

with LY294002 and 4 h post-infection cell lysates assayed for caspase 3 activity increase 

over media only.  Data are expressed as mean + SEM performed in triplicate. 
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Fig. 14.  Secondary necrosis of B. mallei-infected MH-S.  MH-S cells were infected at an 

MOI 1:1 with wild-type B. mallei.  Seventy % ethanol treatment of 24-h incubated (A) 

MH-S cells and (B) media alone served as positive and negative controls, respectively. 

After (C) 4 h, (D) 8 h, and (E) 24 h post infection, cells were washed and incubated with 

fluorescent reactive dye for cell viability assessment by flow cytometry.  Data are 

representative of two independent experiments.  Log fluorescence (X-axis), percent cell 

count (Y-axis). 
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Contribution of the TTS effector BopA to virulence in vivo. 

To substantiate the involvement and contribution of the TTSS, and, in particular, 

of the BopA effector protein to the pathogenicity of B. mallei, we infected BALB/c mice 

by the i.n. route with 2 and 4 LD50 of the GCW005 mutant strain and compared survival 

percentages to those in wild-type infected animals.  Mean survival time for animals 

infected with 2 LD50 of GCW005 was 7.5 days, with 50% overall survival (p=0.022), 

while wild-type B. mallei-infected animals had a 5-day mean survival time and 0% 

survived by day 10 post-infection (Fig. 15A).  No bacteria were recovered from the lung 

tissue taken at day 10 post-infection from GCW005- infected BALB/c mice challenged at 

the 2 LD50 level (Fig. 15B).  These studies support the in vitro data, which suggest that 

BopA plays a role during infection and may be required for intracellular survival within 

alveolar macrophages by mechanisms that remain to be investigated. 
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Fig. 15.  Attenuated virulence of B. mallei bopA mutant.   BALB/c mice (n=8) were 

challenged by intranasal delivery with B. mallei or GCW005 (bopA mutant) and 

monitored for the percentage of survival.  (A) GCW005 animals challenged with 2 LD50 

resulted in a 50% survival rate (p=0.022) vs. that of the wild type. Control animals were 

dosed with vehicle only. (B) At day 10 post infection, lungs and spleens were harvested 

from surviving animals infected with both the wild type (black, n=1) and GCW005 (gray, 

n=4) and plated for bacterial burden.  No organisms were detected in GCW005-infected 

lungs.  Data are expressed as mean + SEM for GCW005. 
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DISCUSSION 

Inhalational exposure of mice to B. mallei initially results in localization of the 

bacteria within the upper and lower respiratory tract, followed by its general 

dissemination, presumably through bacteremia (Alekseev et al., 1994; Lever et al., 2003).  

Here, we described the ability of B. mallei ATCC 23344 to adhere to, but not invade, 

human and murine respiratory epithelial cells during in vitro experimentation.  An overall 

lower adherence to human A549 cells was observed in all species evaluated.  This was in 

agreement with previous studies utilizing the B. pseudomallei strains 08 and K96243 

(Ahmed et al., 1999; Brown et al., 2002) that showed a low adherence to human 

epithelial cells in vitro.  It has been reported that the B. pseudomallei type IV pilus 

structural protein PilA is necessary for optimal adherence to eukaryotic cells in vitro and 

is up-regulated at temperatures < 37°C (Boddey et al., 2006; Essex-Lopresti et al., 2005).  

Analysis of the B. mallei genome revealed a putative type IV pilin gene; however, our 

experiments were conducted exclusively at 37°C, which would minimize the possible 

involvement of this pilus in the adherence of B. mallei.  We found that, despite B. 

mallei’s low attachment to human respiratory epithelia, an increased attachment occurred 

in the murine respiratory cell line LA-4.  These findings correlate with the observations 

of B. mallei’s bacterial burden in infected murine lungs and substantiate previous in vivo 

findings of B. pseudomallei’s ability to adhere to the murine respiratory tract (Ahmed et 

al., 1999).   

Activation of mitogen-activated protein (MAP) kinase pathways was reported to 

contribute to bacterial invasion (Hobbie et al., 1997; Kohler et al., 2002; Tang et al., 

1998).  While it has been shown that phosphorylation of p38 MAP kinase by B. 

pseudomallei is required for invasion of A549 cells (Utaisincharoen et al., 2005), data are 

lacking regarding the effects of B. mallei invasion.  Bacterial components, including 

lipopolysaccharide and, potentially, TTS-effector proteins of B. pseudomallei, may play a 

role in this MAP kinase-dependent invasive phenotype (Utaisincharoen et al., 2000).  

Sequence alignments within the O antigen regions of B. pseudomallei and B. mallei have 

revealed a 99% identity at the nucleotide level (Burtnick et al., 2002), leaving the 
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possible involvement of  TTS effectors (under the conditions tested, namely an absence 

or lack of activation in vitro) to explain the inability of B. mallei to invade epithelial cells.  

B. pseudomallei invasion of A549 cells can be inhibited by cytochalasin D treatment, a 

finding leading to the suggestion that host cell microfilaments function in organism 

uptake (Jones et al., 1996), possibly facilitated via the TTS effector BopE (Stevens et al., 

2003).  Although B. mallei contains a gene encoding BopE within the TTSS locus, 

sharing ~99% homology with B. pseudomallei BopE, a non-invasive phenotype persisted 

in both LA-4 and A549 cell types analyzed.  Minimal toxicity was recorded following 

infection of respiratory epithelial cell lines with B. mallei and B. pseudomallei.  LDH 

assays resulted in low release of LDH into the media, supporting the idea that lack of 

recoverable B. mallei was not due to a lack of host cell viability.   

This is the first report of B. mallei interaction with alveolar macrophage in vitro.  

Identification of B. mallei within alveolar macrophage during  aerosol infection of mice 

provide evidence for this cellular interaction (Lever et al., 2003), although the inability to 

distinguish viable organisms leaves the question of intracellular survival unanswered.    

Initial MOIs of 10:1 resulted in no recoverable B. mallei from MH-S cells (Fig. 11 

and 12A).  To determine the ability of MH-S cells to effectively phagocytose B. mallei, 

we demonstrated that serum coating of organisms enhanced organism uptake while serum 

heat inactivation reduced uptake to numbers similar to untreated.  Additionally, we 

evaluated the potential of FcR mediated uptake on MH-S cells.  By coating organisms 

with heat treated immune serum of infected BALB/c, we enhanced organism uptake as 

compared to untreated MH-S cells.  Taken together, these data suggest that MH-S cells 

are capable of passive B. mallei phagocytosis, however, an active contribution from B. 

mallei was lacking. 

The murine alveolar macrophage cell line MH-S was permissive to B. mallei 

uptake and demonstrated reduced numbers of intracellular organisms as compared to B. 

pseudomallei.  Furthermore, we have confirmed the contribution of the TTS effector 

BopA protein to virulence, presumably through participation in the intracellular life-style 

of B. mallei.  The effects of BopA on intracellular survival within the peritoneal 
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macrophage cell line J774A.1 were recently described (Whitlock et al., 2008).  In fact, it 

has been shown that the B. pseudomallei TTS effector BopA plays a role in mediating 

bacterial evasion of autophagy, allowing for increased intracellular survival (Cullinane et 

al., 2008).  Interestingly, it appears that both B. mallei and GCW005 exhibit contrasting 

intracellular survival characteristics in the alveolar macrophage line MH-S compared to 

the J774A.1 cell line with increased intracellular survival of GCW005 compared to wild-

type B. mallei.  This was unexpected based on the previous intracellular performance of 

B. mallei in peritoneal macrophage lines (Ribot & Ulrich, 2006).  Lowering of the MOI 

to 1:1 enabled us to recover intracellular B. mallei (presumably through the reduced 

activation of macrophages) from infected MH-S cells at numbers equivalent to those seen 

in L. pneumophila (Matsunaga et al., 2001; Yan & Cirillo, 2004) as well as B. mallei 

infected RAW 264.7 macrophages (Brett et al., 2008).  B. pseudomallei infected MH-S 

cells demonstrated intracellular survival and replication up to 8 h post-infection.  It is 

possible that B. mallei possess the ability to escape MH-S cells’ killing of intracellular 

organisms by an unknown mechanism.  The inability of the bopA mutant to escape from 

the intracellular compartment might explain the recovery of organisms after 4 h of 

infection.  If BopA truly contributes to escape from intracellular compartments of MH-S 

cells, this may result in the wild type B. mallei escaping into antibiotic containing media, 

whereas GCW005 remains within the intracellular compartment.  The increased 

efficiency of B. pseudomallei to survive within MH-S cells correlated with its ability to 

induce cellular damage as represented by a mean LDH percentage of 52.6 % at 8 h post 

infection.  Conversely, insignificant LDH release resulted from B. mallei infected MH-S 

cells. 

Several bacterial organisms can escape macrophage by an apoptotic pathway, 

including Shigella, Salmonella and Legionella (Gao & Kwaik, 2000).  B. pseudomallei 

induces apoptotic cell death in macrophages (Kespichayawattana et al., 2000) and this  

induction appears to involve the B. pseudomallei TTS protein BipB, although its role as a 

translocator or effector remains unanswered (Suparak et al., 2005).  The lack of an 

elevated LDH level in our B. mallei infected MH-S cell supernatants indicated a lack of 
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cell membrane permeability.  Thus, we investigated the possibility of apoptotic induced 

cell cytotoxicity.  DNA fragmentation and caspase-3 studies showed evidence consistent 

with caspase-induced apoptosis in B. mallei infected MH-S cells.  Further evaluation of 

B. mallei induced cell death was carried out utilizing flow cytometry analysis.  B. mallei 

did not induce cytotoxicity at 4 and 8 h post infection; in contrast, a sharp increase was 

seen 24 h after infection of MH-S cells.  B. pseudomallei has been shown to induce 

caspase-1 dependent cell death in the human monocytic leukemia cell line THP-1 as early 

as 4 h post-infection and correlated with bacterial entry (Sun et al., 2005).  In contrast, we 

have demonstrated that B. mallei appear to induce cell death without correlation to 

invasion of alveolar macrophages, perhaps through an apoptotic pathway that rapidly 

leads to secondary necrosis (Murray & Wilton, 2003). 

Our in vivo data, with increased survival of GCW005 challenged mice, 

demonstrated the contribution of BopA to virulence.  This lack of virulence may 

contribute to the inability of GCW005 to effectively escape the intracellular compartment 

of alveolar macrophages.  Bacterial burdens of lung tissues taken 10 days post-infection 

resulted in no recoverable organisms, substantiating our theory that GCW005 had a 

reduced ability to survive within host cells.  In conclusion, the adherence and invasion 

assays developed by utilizing a respiratory cell model for B. mallei have given insight 

into the host/pathogen interaction incountered following a respiratory route of exposure.  

A possible mechanism of dissemination may involve cellular escape from alveolar 

macrophage, allowing for the entry of B. mallei into capillary beds within the lung 

interstitium.  Cellular escape may also occur at lymph nodes, given that alveolar 

macrophages are capable of trafficking to tracheobronchial lymph nodes (Harmsen et al., 

1985).  Intracellular survival and replication within peritoneal macrophages may allow 

for maintenance of the organism within the spleen following dissemination.  Our future 

studies are directed at analyzing these possibilities and testing the involvement of 

additional cell types (e.g. dendritic cells, neutrophils), leading to a more complete 

understanding of B. mallei respiratory infection.  
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Chapter 7:  Host immunity in the protective response to vaccination 
with heat-killed Burkholderia mallei  

INTRODUCTION 

There is no human or animal vaccine available for glanders, and development of a 

partial or fully protective adaptive host response to the organism has not been well-

defined.  Previous studies with B. mallei and the host response have shown that a mixed 

immune response consisting of both Th1- and Th2-associated cytokines with a 

predominant IgG1 subclass does not correlate with protection (Amemiya et al., 2002).  

Additional studies with passive transfer of monoclonal antibodies specific for B. mallei 

have correlated with early protection from infection (Trevino et al., 2006).  Other studies 

have also shown the Th1 cytokine IL-12 to mediate partial protection to non-viable B. 

mallei-vaccinated mice (Amemiya et al., 2006).  Thus, full correlates of protection 

mediated by the adaptive immune system against B. mallei remain to be fully elucidated. 

The following series of studies, were designed to address the impact of depletion 

of the major effector lymphoid cell populations (B220+ B cells, CD4+ or CD8+ T cells), 

key pro-inflammatory/Type 1 cytokines (IFN-γ or TNF-α) and complement components 

on survival in BALB/c mice vaccinated with heat killed (HK) bacilli followed by an 

intraperitoneal (i.p.) or intranasal (i.n.) challenge with live organism.  The results of this 

study demonstrate participation of B220+ cells and pro-inflammatory cytokines IFN-γ 

and TNF-α in protection following HK vaccination. 

Although B. mallei TTSS mutants display attenuated virulence, protection offered 

by these mutants has been shown to be sub-optimal.  This would suggest that vaccine 

candidates may exist within the TTSS, such as effector molecules.  The potential of B. 

mallei TTS proteins as subunit vaccines remains unknown; however, TTSS components 

of other Gram-negative pathogens have been identified as protective antigens (Leary et 

al., 1995; Sawa et al., 1999).  It remains to be determined if components of the B. mallei 
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TTSS can confer protection, although, we have demonstrated limited protection against 

B. mallei in a systemic infection model with DNA encoding BopA (data not shown).  

Studies utilizing anti-B. mallei monoclonal antibodies administered i.p. 18 hours before 

aerosol challenge have shown significant protection (Trevino et al., 2006).  Additionally, 

decreased infection of murine macrophage was reported when co-cultured with anti-B. 

mallei antibodies.  Thus, antibody-mediated protection appears to result in a reduction of 

intracellular pathogens.  These data suggest the potential for protection against B. mallei 

infection does exist, presumably by limiting or reducing the number of pathogens 

internalized by host cells.   

RESULTS 

Heat-killed B. mallei vaccination mediates partial protection from lethal 

challenge.  

To begin addressing this issue in an animal model of acute infection, our lab 

established that immunological naive BALB/c mice challenged i.p. with 2 x 107 CFU 

resulted in death by day 4-6, while i.p. immunization with 1 x 105 HK bacteria provided 

partial protection against a subsequent challenge.  Two independent experiments resulted 

in similar findings of 40 % survival for HK-vaccinated mice with a mean survival time 

(MST) of 8 days versus 4 days in naïve mice (Fig. 16).  The administration of vaccines 

for B. mallei during an outbreak would mandate relatively rapid onset of protection for 

human or veterinary use.  Based on non-routine use and vaccine implementation in the 

course of an outbreak, a 14 day window was chosen for assessment of protection.  The 

results indicate that HK vaccination can afford partial protection to an otherwise lethal 

challenge of B. mallei by the i.p. route.  
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Fig. 16.  Percentage of survival in heat-killed vaccinated BALB/c mice.  BALB/c mice 

were vaccinated with 1x105 CFU/100 µl of HK B. mallei by intraperitoneal injection.  

Two weeks post HK vaccination, mice were injected i.p. with 2 x 107 CFU/100 µl of live 

B. mallei (~20 LD50).   HK vaccination resulted in a 40 % survival rate for HK-

vaccinated mice with a mean survival time (MST) of 8 days (p=0.1526).  

Immunologically naïve mice demonstrated 100% mortality by day 6.  Data are 

representative of 2 independent experiments. 
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Effects of cell depletion on HK-vaccinated survival. 

To dissect the cellular basis for protection mediated by HK vaccination, 13 days 

after immunization with HK bacteria (day -1), and at day of challenge, mice were dosed 

with antibodies to deplete CD4+, CD8+ or B220+ cells.  Antibody depletion of CD4+, 

CD8+, or B220+ cells in these mice was confirmed by flow cytometric analysis with 

depletion efficiencies for CD4, CD8, and B220 populations at 99.7%, 96%, and 95%, 

respectively, relative to mice treated with isotype control monoclonal antibodies (data not 

shown).  The results demonstrated decreased survival rates when isotype control 

antibody-treated mice were compared to B220 (p=0.3418), CD4+ (p=0.5417) and CD8+ 

(p=0.4684) cell-depleted mice, a finding that indicated a possible role for vaccine 

induced antibody production.  All cell-depleted mice demonstrated an MST of 4 days 

compared to 5 days in isotype control-treated animals.  When challenged with 2x107 

CFU/mouse by the i.p. route, loss of T cells resulted in reduced survival (50%) relative to 

the non-specific isotype control (Fig. 17).  In contrast to the loss of T cells, depletion of 

B220+ cells resulted in 100% mortality relative to the non-specific isotype control (Fig. 

17).  To further evaluate the necessity of these effector cells in providing protection 

following HK vaccination, relatively resistant C57BL/6 mice, deficient in mature B-cells 

(μMT), CD4 T-cells (CD4-/-) or CD8 T-cells (CD8-/-) were subjected to an identical HK 

vaccination and challenge regimen.  Mature B-cell-deficient mice demonstrated a 50% 

decreased survival (p=0.0888) compared to the wild-type mice with an MST of 35.5 days 

(Fig. 18).  CD4-/- and CD8-/- mice exhibited a 60% (p=0.1343) and 0% reduced survival, 

respectively (Fig. 18). 
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Fig. 17.  Percentage of survival among CD8, CD4, or B220 cell-depleted, HK-vaccinated 

BALB/c mice.  Following cell depletion, mice were challenged with 2x107 CFU B. mallei 

(n=5 per group).  CD4 (p=0.5417) and CD8 (p=0.4684)-depleted mice demonstrated a 

50% decreased survival rate compared to that of the isotype control.  B220-depleted mice 

resulted in 100% decreased survival (p=0.3418) compared to that in non-depleted isotype 

control mice. 
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Fig. 18.  Percentage of survival among C57BL/6 B-cell (μMT), CD4 T-cell (CD4-/-) and 

CD8 T-cell (CD8-/-)-deficient, HK-vaccinated mice.  Two weeks post vaccination, mice 

were challenged with 2 x 107 CFU/100 µl of live B. mallei by intraperitoneal injection.  

B-cell-deficient mice demonstrated a 50% decreased survival (p=0.0888) compared to 

that of the wild-type mice with a MST of 35.5 days (n=6).  CD4-/- and CD8-/- mice 

resulted in 60% (p=0.1343) and 0% reduced survival, respectively (n=5). 
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Effects of cytokine depletion on HK vaccination. 

Similar studies were performed to determine the role of IFN-γ or TNF-α in acute 

infection in BALB/c mice immunized with HK bacteria.  Six hours before challenge, 

mice were dosed with neutralizing IFN-γ or TNF-α antibodies.  Individual depletion of 

either TNF-α (p=0.0145) or IFN-γ (p=0.0446) resulted in 100% mortality with an MST 

of 3 and 2 days, respectively, compared to the HK-vaccinated isotype control mice (Fig. 

19).  In contrast, 40% of HK-vaccinated, isotype control mice survived to at least 12 days 

post-challenge (Fig. 19). To further evaluate the host TNF-α response during an 

established B. mallei chronic infection, we infected 12 BALB/c mice by the i.p. route 

with 1 x 106 CFU B. mallei.  One animal was terminally ill on day 37 post-infection.  On 

day 42 post-infection, the remaining 11 mice were dosed with either anti-TNF-α (n=6), or 

control mAb (AFRC Mac 49) (n=5). No further deaths were observed in the control 

mAb-treated mice.  Rapid mortality was observed in the anti-TNF-α-treated group, with 

all mice dying within 7 days of treatment (p=0.0023) relative to the isotype-treated 

controls (Fig. 20). 
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Fig. 19.  Percentage of survival in IFN-γ or TNF-α depleted, HK-vaccinated mice.  

Following individual cytokine depletions, mice were challenged with 2x107 CFU B. 

mallei by intraperitoneal injection (n=5 per group).  At day 6 post infection, IFN-γ 

depleted mice demonstrated a 100% mortality (p=0.0446) compared to that of the isotype 

control.  At day 3 post infection, TNF-α-depleted mice demonstrated 100% mortality 

(p=0.0145) compared to that of the isotype control.  Results are representative of two 

experiments with the same group sizes. 
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Fig. 20.  TNF-α impact on chronic B. mallei infection.  BALB/c mice challenged i.p. with 

1x106 CFU B. mallei were depleted of TNF-α (n= 6) or antibody control (n= 5) at day 42 

post infection (arrow).  Rapid mortality was observed at 7 days post TNF-α depletion 

(p=0.0023). 

 

Immunoglobulin production in HK vaccinated BALB/c mice. 

We further characterized the ability of HK vaccination to induce a predominant 

IgG isotype by determining IgG2a /IgG1 ratios in i.p. and i.n. vaccinated BALB/c mice.  

Pre (day 14 post vaccination) and post (day 2 post infection) exposure serum samples 

were obtained and evaluated for IgG isotype concentrations (Table 4).  Administration of 

heat killed vaccine by the intranasal route resulted in a ratio of 0.60, indicative of a Th2 

driven response.  Conversly, administration of HK vaccine by intraperitoneal route 

produced a Th1-like immune response with a ratio of 1.13.   
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Table 4.  Murine immune responses to HK vaccination. 

Vaccine Pre-immunized Post-immunized 
  IgG2a IgG1 Ratio IgG2a IgG1 Ratio 

HK i.n. 0.00 1.07 ± 0.005 0.00 0.88 ± 0.031 1.46 ± 0.027 0.60 

HK i.p. 0.01 ± 0.012 0.23 ± 0.015 0.04 1.04 ± 0.037 0.92 ± 0.0005 1.13 

None 0.00 0.00 0.00 0.86 ± 0.0.25 1.01 ± 0.002 0.85 
 

Samples were tested in duplicate and optical densities (OD) read at 450 nm.  Values are 

reported as mean (± S.E.M.). n = 5 for pre-exposure and n = 2 for post exposure. 

 

BopA sub-unit vaccination confers protection against intranasal B. 

mallei challenge. 

Given the inhalation route of a deliberate or intentional release of B. mallei, the 

hypothesis that vaccination with BopA protein results in protection from a subsequent 

aerosol challenge was tested.  To demonstrate a physiologically relevant model of human 

infection, we will vaccinate BALB/c mice by intranasal route with recombinant BopA 

protein, followed by intranasal challenge of ATCC 23344 B. mallei. Intranasal 

immunization of mice will allow us to evaluate the effectiveness of the respiratory 

mucosa to induce a protective immune response to BopA in a vaccinated animal model.  

To evaluate the potential of B. mallei BopA protein as an efficacious vaccine 

candidate, recombinant BopA (rBopA) was expressed, purified (Fig.21) and administered 

by intranasal vaccination.  Six to eight week old female BALB/c were primed with 10 μg 

of rBopA with adjuvant, followed by a 2 week boost of 5 μg rBopA with adjuvant.  Two 

weeks post boost, animals were infected by intranasal inoculation with 2 LD50 of B. 

mallei.  Control animals vaccinated with non-specific protein and adjuvant resulted in 

12.5% survival (Fig. 22).  In contrast, rBopA vaccinated mice demonstrated 100% 
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survival up to 21 days post-infection (end of study), demonstrating potential as a vaccine 

candidate.  

                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21.  Recombinant BopA expression and purity on SDS-PAGE.  1 μl (lane 1) and 10 

μl (lane 2) of purified rBopA was electrophoresed on 10% SDS-PAGE.  Protein standard 

(M) flanking each lane.  Arrow indicates 56 kDa rBopA with a 27 kDa degradation 

product confirmed by MALDI-TOF/MS as belonging to BopA. 
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Fig. 22.  Percentage of survival in B. mallei sub-unit vaccinated mice.  BALB/c mice 

were challenged i.n. with 6.5x105 CFU B. mallei 4 weeks following intranasal 

vaccination with BimA (n= 2), BopA (n=5), Combo (n=5), LolC (n=6), HcP (n=8) or 

Control (n= 8).  BopA and BimA vaccinated animals resulted in 100 % survival up to 21 

days post challenge (end of study). 
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DISCUSSION 

Recent studies have shown a key role in protection from lethal challenge for IFN-

γ in non-vaccinated mice from either NK and/or NKT cells following experimental 

exposure to B. mallei and B. pseudomallei (Rowland et al., 2006; Santanirand et al., 

1999).  A similar protective role in the innate response to infection has been 

demonstrated for TNF-α in B. pseudomallei infection (Santanirand et al., 1999).  The 

studies presented here are consistent with the essential role of these factors in the relative 

levels of protection conferred by vaccination with heat-killed B. pseudomallei and would 

appear to be viable early markers for protection from lethal acute infection (Haque et al., 

2006).  Currently, there are no fully protective vaccines against B. mallei or B. 

pseudomallei in a murine model, particularly for the sensitive BALB/c versus C57BL6 

models.  Previous studies have also demonstrated that both the humoral and cell-

mediated arms are essential for protection from B. pseudomallei infection (Healey et al., 

2005).  Thus, loss or reduction of TNF-α  and IFN-γ levels result in significantly reduced 

survival rates, substantiating previous reports of the role of these factors in protection 

against B. mallei (Rowland et al., 2006).  Moreover, we demonstrate a role for sustained 

TNF-α production in the maintenance of host survival throughout the course of B. mallei 

infection.  Mice with an established B. mallei chronic infection rapidly lost the ability to 

control the growth of the bacillus upon neutralization of TNF-α.  This would suggest a 

potential role for TNF-α in the maintenance of productive granulomas which may limit 

the spread of bacteria in chronically infected hosts, or, alternatively, in direct or indirect 

microbicidal or bacteriostatic activities at the sites of infection.  Additional studies are 

needed to determine more precisely the role of TNF-α in host protection to B. mallei.   

Multiple innate and adaptive cell types may contribute to the production of IFN-γ 

in response to infection with B. mallei following vaccination.  Our results with individual 

depletion of CD4+ and CD8+ T cells suggests that both cell types may compensate for the 

functional loss of the other effector cell type in the production of this key cytokine.  The 

effector role for IFN-γ in mediating protection against B. mallei may include both 
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immunoregulatory and non-regulatory functions.  Regardless, the requirement of IFN-γ, 

as demonstrated by administration of neutralizing antibody prior to infection, indicates 

that stimulation of IFN-γ response is a desirable goal for a B. mallei vaccine.  Similarly, 

B220-positive cells appear to play a role in protection following vaccination with heat-

killed B. mallei.  Interestingly, this protective immunity, occurring in other intracellular 

pathogens, is not exclusively dependent on B cells (Mittrucker et al., 2000).  Passive 

protection has been demonstrated against acute Burkholderia infection by monoclonal 

antibodies (Jones et al., 2002; Trevino et al., 2006).  Protection against B. pseudomallei 

infection by anti-LPS, capsular polysaccharide and proteins has been short-lived, 

suggesting that antibody production offers limited protection in the initial stages of 

infection by an as-yet-undefined mechanism (Jones et al., 2002).  We have shown that 

following depletion of B220+ cells, survival rates decreased as much as 100% relative to 

non-depleted controls and individual CD4/CD8-depleted mice via the intraperitoneal 

route.  Results from C57BL/6 mice deficient in mature B-cells (μMT), CD4 T-cells 

(CD4-/-) or CD8 T-cells (CD8-/-) substantiate the requirement for B-cell involvement by 

evidence of μMT and CD4-/- decreased survival.  Although CD8-/- C57BL/6 demonstrated 

no decreased survival in our HK-vaccinated model, a lack of potential endogenous 

protein production by HK B. mallei may have contributed to limited MHC-I presentation.  

The lack of an effective CTL response to vaccination did not appear to alter survival in 

what would appear to be a CD4/B-cell (humoral)-driven response.  In CD4-deficient 

mice, we have the additional potential variable that a CD4-dependent antibody response 

might also be inhibited during the vaccination phase relative to mice treated with 

antibody immediately prior to and during the early phases of infection.  Although not 

statistically significant, we did observe a decrease in survival in μMT (mature B cell) 

deficient mice as early as day 9 post challenge, whereas CD4-deficient mice produced 

similar results at day 32 post challenge, indicating a role for B cells independent of CD4 

T cell help, perhaps through a T-independent mechanism of antibody production.  

Immunoglobulin responses to HK vaccination resulted in modest levels of IgG1 

following 2 weeks post vaccination, while post-exposure levels were indicative of 
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efficient class switching to a favorable IgG2a isotype.  This data substantiates previous 

findings showing enhanced production of IgG2a over IgG1 in the protective response to 

aerosol challenged mice (Ulrich et al., 2005).  The protective capability of rBopA 

delivered as an intranasal vaccine demonstrates the potential type three secreted proteins 

have as vaccine candidates.  Future studies into the protective immune response induced 

by rBopA vaccination will aid in a complete understanding into the protective host 

immune response against B. mallei.  In summary, our results provide a basis for future 

studies of protection via vaccination using either subunit or whole-organism vaccine 

preparations from lethal infection in the experimental BALB/c mouse model.  

Understanding and defining the role of B cells in adaptive B. mallei immunity will likely 

be fundamental to the design of an efficacious vaccine and important goals of future 

research.      
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CONCLUSIONS 

The research findings herein describe the virulence function of the B. mallei TTS 

effector BopA and its requirement to maintain pathogenicity in a murine model.  Cell 

based models demonstrated a key role for BopA in intracellular survival.  This ability to 

escape the phagocytic vacuole environment may explain, at least in part, the initial 

mechanism for bacterial dissemination.  BALB/c mice infected with the bopA mutant 

substantiate these in vitro findings, where a lack of organisms were recovered from the 

respiratory tissues.  Additionally, this dissertation work describes the ability of B. 

pseudomallei strain 576 to effectively adhere, invade and survive within murine 

respiratory epithelial cells (LA-4).  Although this work did not focus on the pathogenesis 

of B. pseudomallei, it would be tempting to further evaluate the contribution of surface 

expressed proteins (e.g. flagella) on cellular adherence and invasion of these respiratory 

cell lines.  The absence of a functional flagella in B. mallei may contribute to the lack of 

cellular invasiveness observed and should be considered for future investigations.   

Evaluation of the immune effectors involved in a partial protection model 

identified key roles for type 1 cytokines and B lymphocytes.  These findings correlate 

with previous data describing a mixed Th1/Th2 immune response following B. mallei 

infection (Amemiya et al., 2002).  The ATCC 23344 B. mallei strain evaluated in these 

studies possesses a polysaccharide capsule that may contribute to a T-independent 

antibody response.  Further investigations into conjugate vaccine candidates will result in 

a more precise evaluation of an effective immune response. 

There is no human or animal vaccine currently available for glanders, and an 

understanding of the adaptive host response to the organism is not well defined.  

Therefore, an understanding of the molecular basis of host/pathogen interactions 

mediated by TTSS effector proteins is essential for the successful development of 

effective vaccines.  Previous studies have demonstrated the potential of type three-

secreted proteins as targets for vaccine development, and Canada has recently licensed a 

cattle vaccine against E. coli O157:H7 type three-secreted proteins (Dean-Nystrom et al., 
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2002; Li et al., 2000; Potter et al., 2004).  Although the mechanisms for B. mallei 

intracellular survival are yet to be elucidated, characterization of the BopA effector will 

aid in a better understanding of its contribution in pathogenesis and potential for 

protection.  By employing a pulmonary cell-based model with an inhalation-infected 

animal model, data was generated relevant to the initial phase of respiratory tract 

infection by B. mallei.   
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