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In this study, a Burkholderia mallei ∆tonB mutant deficient in iron acquisition 

was constructed, characterized and evaluated for its protective properties in acute 

inhalational mouse models of glanders and melioidosis infection.  Compared to wild type, 

the B. mallei ΔtonB exhibits slower growth kinetics, siderophore hypersecretion and the 

inability to utilize hemin, hemoglobin and myoglobin as iron sources.  A series of animal 

challenge studies showed an inverse correlation between percent survival in BALB/c 

mice and iron-dependent B. mallei tonB mutant growth.  Upon evaluation of the B. 

mallei ∆tonB mutant’s potential as a protective vaccine, 100% survival was achieved 

after wild-type challenge in those animals previously immunized with 1.5x10
4 

CFU of the 

B. mallei ∆tonB mutant.  At 21 days post immunization, B. mallei tonB vaccinated 

animals showed significantly higher levels of B. mallei specific IgG1, IgG2a and IgM 

compared to PBS vaccinated animals.  At 48 h post-challenge, PBS-treated animals 

exhibited higher levels of serum inflammatory cytokines and more severe pathological 

effects in target organs compared to animals immunized with the B. mallei ∆tonB mutant.  

In a cross-protection study with Burkholderia pseudomallei, B. mallei ∆tonB mutant-

immunized animals showed significant protection when evaluated in an acute inhalational 



vi 

melioidosis mouse model.  While the wild-type was cleared in all the vaccination studies, 

animals failed to clear the B. mallei ∆tonB mutant, which was primarily recovered from 

the spleen.  Although further work is need to reduce its long-term persistence, 

maintaining immunogenicity, the B. mallei ∆tonB mutant demonstrates great potential as 

backbone attenuated strain for vaccine development against both glanders and 

melioidosis. 
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INTRODUCTION 1 

Chapter 1: The Pathogens  2 

Burkholderia mallei and Burkholderia pseudomallei are Gram-negative, 3 

intracellular pathogens that cause severe infections in humans and animals known as 4 

glanders and melioidosis, respectively [1,2].  B. pseudomallei is an environmental 5 

saprophyte endemic to the wet soil and stagnant water of Southeast Asia and Northern 6 

Australia [3-5].  B. mallei is an obligate mammalian pathogens in which solipeds (horses, 7 

mules and donkeys) in many parts of the world including the Middle East and Asia [6,7] 8 

serve as the natural reservoir for infection [8].  Human infections with either pathogen are 9 

associated with environmental exposure through inhalation, ingestion, cuts and skins 10 

abrasions [9-14]. The course and clinical manifestations of infection is dependent on the 11 

route of exposure. Direct contact with the skin can lead to a localized chronic suppurative 12 

infection of the skin. Inhalation of an aerosol containing either pathogen can lead to 13 

septicemic, pulmonary, or chronic infections of the muscle, liver and spleen.  Melioidosis 14 

is typically treated with an aggressive regiment of antibiotic therapy for 20 weeks [4,15].  15 

Even with early administration of therapy, an acute infection caused B. pseudomallei has 16 

a mortality rate of approximately 40% and a relapse rate of 10-15% among surviving 17 

patients [15].  Human cases of glanders have occurred rarely and sporadically among 18 

laboratory workers and those in direct contact with infected animals [16].  In these cases, 19 

glanders was also treated with an intense mixed antibiotic regimen that is has shown to be 20 

partially effective.  Glanders has a 95% case fatality rate for untreated septicemia 21 

infections and 50% case fatality rate in antibiotic-treated individuals[17].  Treatment of 22 

both melioidosis and glanders is problematic due to the pathogen’s high intrinsic 23 

resistance to many antibiotics [4,15]. Moreover, there is no prophylactic or therapeutic 24 
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vaccine available for man or animals [18,19].  Due to their potential for airborne 25 

transmission, ineffective treatment options and ability to cause a severe course of 26 

infection, the Centers for Disease Control have classified these two Burkholderia species 27 

as category B select agents.  Furthermore, these pathogens are also considered a top 28 

candidate for bioterrorist use [20].  Their destructive potential has heightened concerns 29 

among public health officials due to the increased potential of opportunistic infection 30 

among growing populations of diabetic and immunocompromised people [21-23].  For 31 

military personnel and susceptible individuals, the availability of a vaccine would be the 32 

most efficacious and cost-effective way to protect from disease. 33 

Chapter 2: Vaccines for Melioidosis and Glanders 34 

INACTIVATED WHOLE CELL VACCINES 35 

Historically representing a starting point for vaccine development, inactivated, 36 

whole cell vaccines have proven to be effective in the prevention of disease [24].  37 

Composed of chemically or physically killed microorganisms, these vaccines are 38 

considered safe for immunocompromised individuals since there is no risk of wild type 39 

reversion or the onset of disease.  Inactivated, whole cell vaccines induce robust 40 

antibodies responses and can general humoral immunity if boosters are given.         41 

 To test the protective efficacy of nonviable B. mallei, Amemiya et al. [25] made 42 

three cell preparations that consisted of heat inactivated B. mallei ATCC 23344 43 

(HKGB15), irradiation inactivated B. mallei ATCC 23344 (IRGB15) or irradiation 44 

inactivated B. mallei capsule negative mutant (CapGB15).  BALB/c mice were 45 

vaccinated subcutaneously (s.c.) with one of three B. mallei cell preparations and were 46 

given a boosted 21 days later.  Four weeks after the boost, vaccinated mice were 47 

challenged intraperitoneal (i.p.) with 329 times the median lethal dose (LD50) and 48 

observed for survival up to 21 days post challenge. All but one animal failed to survive 49 
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the challenge.  The spleen of the surviving mouse vaccine with IRGB15 was greatly 50 

oversized and heavily colonized with bacteria.  When lowering the challenge dose to 34 51 

LD50, all but one animal vaccinated with HKGB survived.  Despite these results, it was 52 

unclear whether the increase in survival was due to the vaccine treatment or the 53 

combination of using older animals, which are more tolerant to infection, and lowering 54 

the challenge dose.  Overall, it was concluded that none of the B. mallei cells preparations 55 

were unable to protect vaccinated mice against wild type challenge (X >300 LD50). 56 

 In a similar study, Sarkar-Tyson et al. [26] tested the protective efficacy of heat 57 

inactivated B. thailandensis, B. mallei and B. pseudomallei against an aerosol challenge 58 

model of murine melioidosis and glanders.  BALB/c mice were immunized i.p. with 59 

1x10
7 

CFU of heat inactivated bacteria followed by two boost separated by two-week 60 

intervals.  Five weeks after the last boost, vaccinated mice were i.p. or aerosol challenged 61 

with wild type bacteria.  Heat-inactivated B. pseudomallei (K96243) vaccinated mice 62 

challenged i.p. with 100 LD50 of B. pseudomallei  (K96243) showed 80% greater survival 63 

three weeks after challenge compared to control mice that all died by day 4.  Similar 64 

results were seen in a parallel study using heat-inactivated B. pseudomallei strain 576.  65 

Vaccinated mice challenged i.p. with 100 LD50 of B. pseudomallei 576 showed even 66 

greater protection with 100% survival out to three weeks post challenge compared to 67 

control mice that all died by day 4.  To investigate the protective potential of these heat-68 

inactivated strains against strain composed of different O-antigen serotypes, mice were 69 

vaccinated either heat-inactivated B. pseudomallei K96243 or B. pseudomallei 576.  70 

Vaccinated mice were then i.p. challenged with the 100 LD50 of heterologous strain.   In 71 

both experiments, all control mice died by day 4 whereas all vaccinated mice survival 72 

three weeks post challenge.  Investigator in this study next examined the ability of B. 73 

mallei or B. thailandensis to cross protect against B. pseudomallei infection.  Five weeks 74 

after the last boost, vaccinated mice were challenged i.p. with 40 LD50 of B. pseudomallei 75 

K96243.  Vaccination with heat-inactivated B. mallei or B. thailandensis provided 76 
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comparable protection against B. pseudomallei K96243 challenge compared to both B. 77 

pseudomallei strains when followed out to 45 days.  Lastly, the protective capability of 78 

heat-inactivated formulations composed of each of these Burkholderia species against 79 

aerosolized B. pseudomallei and B. mallei was evaluated.  Vaccinated mice were 80 

challenged with 18 LD50 of B. pseudomallei K96234 or 3.5 LD50 of B. mallei five weeks 81 

after the last boost.  Challenge by the aerosol route resulted in much lowered protection 82 

with heat-inactivated B. thailandensis conveying the least protection.  The varying rates 83 

of survival observed in treatment mice suggest that different heat inactivated 84 

Burkholderia species/strains generate alternative immune responses.   From the result of 85 

the last three studies, Sarkar-Tyson et al. [26] concluded that three factors, bacterial 86 

strain, route of vaccine administration, and route of challenge, must be considered to 87 

generate an optimal immune response. 88 

 In a follow up study by Sarkar-Tyson et al. [27], B. pseudomallei mutants 89 

carrying different inactivated polysaccharides gene clusters were generated and 90 

investigated for their role in virulence and protective potential as heat inactivated whole 91 

cell vaccines.   B. pseudomallei strains used in this study carried an insertional 92 

inactivation in one of four polysaccharide gene clusters: capsular polysaccharide (type 1 93 

O-PS), LPS O-antigen (type II O-PS) and two novel polysaccharide gene clusters (type 94 

III O-PS and type IV O-PS).  Previously, B. pseudomallei type I O-PS and type II O-PS 95 

cluster mutants have been showing to be attenuated in animal models of disease [25,28-96 

30].  To ascertain the roles of the type III O-PS and type IV O-PS polysaccharides in 97 

virulence, mice were challenge with the B. pseudomallei BPSS0421 or BPSS1883 98 

mutant, respectively, at 10
4
 CFU via the i.p. route.  Control mice all died 3 days post B. 99 

pseudomallei wild type challenge.  Mice challenged with B. pseudomallei BPSS0421 or 100 

BPSS1883 resulted in an increased mean time to death (MTTD) of 7.8 and 11.6 days, 101 

respectively.  Next Sarkar-Tyson et al. [27] determined the protective potential of each 102 

polysaccharide gene cluster individually by immunizing mice three times at two week 103 
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intervals with 10
8

 CFU of heat-inactivated B. pseudomallei wild-type or one of the 4 104 

polysaccharide gene cluster (type I-IV O-PS) mutants.  Five weeks after the last boost, 105 

vaccinated mice were challenged with 10 LD50 of wild-type B. pseudomallei and 106 

monitored for survival for 35 days.  The MTTD of vaccinated mice increased 107 

approximately three fold compared to PBS vaccinated mice that had a MTTD of 9.2 days.  108 

The MTTD for mice vaccinated with the heat-inactivated B. pseudomallei wild-type or B. 109 

pseudomallei mutants with nonfunctioning polysaccharide gene clusters type I O-PS, 110 

type II O-PS, type III O-PS and type IV O-PS are the following: 26.6, 32.5, 33, 29.7 and 111 

28.3 days, respectively [27].  The varying levels of protection seen among vaccinated 112 

mice were attributed to their exposure to the distinct antigen profile of heat inactivated B. 113 

pseudomallei strain used for immunization.  In addition, these results could be used to 114 

extrapolate the relative importance of each polysaccharide in protection against murine 115 

melioidosis. 116 

LIVE ATTENUATED VACCINES  117 

 Given the facultative intracellular life style of B. pseudomallei and B. mallei, it 118 

has been proposed that live attenuated vaccines are best suited for protecting against 119 

infection.  A live attenuated vaccine consists of an altered, viable version of a pathogen 120 

that can generate protective immunity without causing disease.  Live attenuated vaccines 121 

work by mimicking natural infection which allows the production of both cellular and 122 

humoral immune responses that are highly specific, effective and long lasting.  123 

The efficacy of using live attenuated vaccines against both B. pseudomallei and B. 124 

mallei has been investigated with some success.  In 2002, Atkins et al. [31] identified and 125 

characterized a B. pseudomallei strain 576 branch chain amino acid auxotroph (2D2) that 126 

was generated by mutating the ilvI gene encoding the large subunit of the acetolactate 127 

synthase enzyme.  Survival studies showed the B. pseudomallei 2D2 mutant to be highly 128 

attenuated in mice and effectively cleared from all organs by 30 days post challenge.  129 
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Mice vaccinated i.p. with B. pseudomallei 2D2 mutant (10
6 

CFU) and subsequently 130 

challenged i.p. five weeks later with  B. pseudomallei strain 576 or strain BRI (10
6 

CFU) 131 

showed significant, yet partial protection.  At 32 days post challenge with B. 132 

pseudomallei 576, vaccinate and naïve mice showed 80% and 0% survival, respectively.  133 

Vaccinated and naïve mice challenged with B. pseudomallei strain BRI had survival rates 134 

of 100% and 20% respectively. Differential protection conferred by the B. pseudomallei 135 

2D2 mutant was speculated to result from the intrinsic differences in virulence between 136 

the challenge strains, clinical isolates of human melioidosis that produce 137 

immunologically distinct forms of LPS.  This group reported a similar outcome in a 138 

parallel study where the B. pseudomallei serC mutant, a serine autotroph, was evaluated 139 

as a vaccine candidate.  Results of this study showed 80% and 78.5% protection mice 140 

immunized i.p. with the B. pseudomallei serC mutant at 28 days post i.p. challenge with 141 

B. pseudomallei strains 576 and K96243, respectively [32].  In both studies, not only it 142 

was illustrated that live attenuated B. pseudomallei mutant auxotroph vaccination could 143 

provide cross-protection against heterologous strains of B. pseudomallei, but also 144 

highlighted the ability of antigens other than LPS to generate protective immunity.  To 145 

make these auxotroph’s clinical useful, Rodrigues et al [32] speculated the need to 146 

introduce additional mutations, such as the generation of a B. pseudomallei serC ilvI 147 

double auxotroph, to confer an irreversibly attenuated virulence phenotype. In a follow up 148 

study on the B. pseudomallei 2D2 mutant, Haque et al. [33] evaluated it’s potential to 149 

provide long term protection against murine melioidosis.  Performing the same 150 

vaccination and challenge studies outlined by Atkins et al. [31], Haque et al. [33] 151 

reported a median survival time (MST) of 3 days and high bacterial burdens in 152 

unvaccinated mice.  Conversely, vaccinated mice had an increased MST of 52 days with 153 

significantly reduced bacterial burdens.  However, vaccinated mice began to succumb to 154 

infection about 30 days post challenge, a finding which may mean the B. pseudomallei 155 

2D2 vaccine is only able to protect against the acute phase of melioidosis.   156 
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Since parenteral vaccination does not always protect against inhalation exposure, 157 

Ulrich et al. [34] generated a B. mallei branch chain amino acid auxotroph (ILV1) to 158 

evaluate its potential to protect against aerosol-initiated murine glanders.  Similar to what 159 

was seen with B. pseudomallei 2D2 mutant, survival studies showed the B. mallei ILV1 160 

mutant to be highly attenuated and cleared by mice within 7 days post aerosol exposure.  161 

Mice vaccinated and then boosted 22 days later with the B. mallei ILV1 mutant at a 162 

predicted inhalational dose of 7.3x10
4
 and 4.7x10

4 
CFU, respectively, were challenged 163 

with 440 LD50 of aerosolized B. mallei ATCC 23344.  By day 4 post challenge, all naïve 164 

animals had succumbed to infection where as 90% of vaccinated mice were still alive.  165 

However, vaccinated mice expired over time and by one-month post challenge only 25% 166 

survived.  When exposed to a lower dose of B. mallei ATCC 23344 (5 LD50), 50% of 167 

vaccinated mice survived till one-month post challenge. Necropsies revealed abscesses 168 

and pyogranulomas present on all the spleens, which were enlarged, and livers of 169 

surviving mice.  Vaccinate mice were chronically infected with the challenge strain, 170 

which was detected in the lungs, liver and spleen.  Although the B. mallei ILV1 mutant 171 

was unable to provide full protection against both high and low dose B. mallei aerosol 172 

challenge, it did increase the MST of vaccinated animals compared to naïve controls.  173 

Ulrich et al. [34] postulated that the B. mallei ILV1 mutant was cleared too rapidly to 174 

provide the antigenic exposure needed to generate a fully protective immune response.  175 

Cuccui et al. [35] came to a similar conclusion to rationalize the minor protection seen in 176 

i.n. B. pseudomallei K96243 (1x10
3
 CFU) challenged mice that were i.n. vaccinated 35 177 

days prior with the B. pseudomallei aroB mutant (1x10
5
 CFU), an aromatic compound 178 

auxotroph.  Subsequent colonization studies showed complete clearance of the B. 179 

pseudomallei aroB mutant (6.5x10
5
 CFU) by day 3 post i.n. challenge. Thus, the 180 

generation of an auxotroph that can persist longer in vivo may be required to generate 181 

protective immunity against aerosolized exposure to B. mallei.   182 
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The hypothesis that the persistence of a live attenuated vaccine is important for 183 

the protective potential is further supported in a study by Breitbach et al. [36], which 184 

evaluated the vaccine potential of two live attenuated B. pseudomallei E8 mutants 185 

deficient in different steps of purine biosynthesis.  The B. pseudomallei prototrophic 186 

mutant 30:93 contains a non-functional purN gene that encodes step 3 and the B. 187 

pseudomallei auxotrophic mutant 56:65 contains a non-functional purM gene that 188 

encodes step 5.  Mice challenged i.p. with wild-type B. pseudomallei E8 (10
6
 CFU) 189 

showed greater protection when vaccinated i.n. four weeks prior with 5x10
3
 CFU the B. 190 

pseudomallei 30:93 purN mutant vs. the B. pseudomallei 56:65 purM mutant.  However, 191 

the same level of protection was achieved in mice vaccinated i.n. with a higher dose 192 

(5x10
5
 CFU) of the B. pseudomallei 56:65 purM mutant.  The B. pseudomallei 30:93 193 

purN mutant was also reported to establish a 10
2
-10

3
-fold higher bacterial burden in the 194 

spleen and liver of challenged mice compared to the B. pseudomallei 56:65 purM mutant.  195 

It was speculated that prolonged persistence of the B. pseudomallei 30:93 purN mutant 196 

resulted in more sufficient protection against i.p. challenge.  The enhance burden of the 197 

B. pseudomallei 30:93 purN mutant could be attributed to its prototrophic nature, which 198 

is theorized to result from its expression of an alternative third step pathway of purine 199 

synthesis.  The B. pseudomallei auxotrophic 56:65 purM mutant has no way to 200 

compensate for its loss of function, which could explain its rapid clearance in vivo. To 201 

examine a possible link between persistence and protective potential, Breitbach et al. [36] 202 

compared the survival of wild-type B. pseudomallei (5x10
4 

CFU) i.p. challenged mice 203 

vaccinated i.p. with live, heat-killed or UV-irradiated preparations of the B. pseudomallei 204 

30:93 purN mutant.  All mice immunized with 10
8
 CFU of killed preparations perished 205 

by four weeks post challenge whereas mice immunized with 10
5
 CFU of live bacteria 206 

showed 100% survival.  The inability of killed preparations to provide protection 207 

comparable to that of live preparation supports the theory that persistence of viable 208 

bacteria is important for protective potential.  As these results are in agreement with 209 



9 

previous reports [37-40], it was proposed that increased short-term persistence of a live 210 

attenuated vaccine enhances the immune system’s exposure to protective antigens that 211 

result in the generation of a more educated, protective response.  Although the B. 212 

pseudomallei 30:93 purN mutant was shown to provide protection during the acute phase 213 

of melioidosis, like many vaccine candidates previously tested, it failed to prevent against 214 

the development of chronic forms [30-32,35,36,41].  215 

Investigating an alternative approach to increasing short-term vaccine persistence, 216 

Norris et al. [42] employed an i.n. prime-boost vaccination strategy in an effort extend 217 

protection and prevent the development of chronic melioidosis.  Ten mice primed via i.n. 218 

vaccination with 1x10
7
 CFU of the B. pseudomallei 1026b asd mutant, a strain 219 

autotrophic for diaminopimelate (DAP), were then boosted in the same manner two 220 

weeks later.  Vaccinate mice i.n. challenged with 4x10
3
 CFU of wild-type B. 221 

pseudomallei 1026b three weeks post boost showed enhanced protection compared to the 222 

naïve controls, which all perished by day 3.  However, despite this enhanced protection, 223 

all vaccinated animals developed chronic infection and perished by 60 days post 224 

challenge.  Despite the incorporation of a boost to increase antigenic exposure, the failure 225 

to generate protective immunity against chronic melioidosis was attributed to the B. 226 

pseudomallei 1026b ∆asd mutant’s inability to persist long enough or disseminate and 227 

proliferate enough in vivo.  Further, Norris et al. [42] suggested the i.n. route of 228 

vaccination may have been insufficient to provide systemic protection.  This could 229 

account for the fact that the mice were protected from the initial lung infection during the 230 

acute phase but eventually succumbed to the systemic infection of the chronic phase.  231 

The incorporation of an intramuscular or subcutaneous vaccination with the inhaled 232 

vaccination could be a means to produce the systemic dissemination need to generate 233 

protection against chronic and/or latent infection. 234 

 Subcutaneous administration of the attenuated B. pseudomallei mutant Bp82 was 235 

evaluated by Silva et al. [43] for its ability to generate systemic protection in an 236 
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inhalational model of murine melioidosis.  The previously characterized Bp82 mutant is a 237 

B. pseudomallei 1026b derivative containing a purM gene deletion that makes it 238 

auxotrophic for adenine and thiamine [44].  Keeping with the prime-boost strategy, 239 

BALB/c and C57BL/6 mice were immunized twice s.c. with 5x10
6
 CFU of the B. 240 

pseudomallei mutant Bp82 10 days apart.  Vaccinated BALB/c and C57BL/6 mice 241 

challenged i.n. with 5 LD50 of wild-type B. pseudomallei 1026b showed 60% and 100%, 242 

respectively, survival till the experimental end of 60 days.  The difference in protection 243 

can be attributed to the differential intrinsic resistances between mice strains, in which 244 

C57BL/6 mice are more resistant to B. pseudomallei infection where as BALB/c are more 245 

susceptible.  These findings indicate that subcutaneous administration can effectively 246 

generate systemic protection from inhalational B. pseudomallei challenge.  However, the 247 

inability to achieve 100% survival in susceptible murine models of infection necessitates 248 

further study to optimize protection. 249 

SUBUNIT VACCINES 250 

 As indicated above, Burkholderia infections are difficult to treat with antibiotics 251 

and there are several reports indicating it is feasible to protect against melioidosis, at least 252 

in animal models of disease, with non-living vaccines [79]. There has also been some 253 

progress in identifying partially protective subunits.  Current evidence indicates that other 254 

surface-expressed or secreted proteins are immunogenic and structural similarity exists 255 

between the proteins in B. pseudomallei and B. mallei [80,81].   Therefore, a recent study 256 

was aimed to identify Burkholderia protective proteins that could be administered in 257 

vaccines to generate cross-protective immunity against both B. mallei and B. 258 

pseudomallei [38]. The genes encoding each B. mallei protein, BimA (autotransporter 259 

protein), BopA (type III secreted protein), and B. pseudomallei LolC (ABC transporter 260 

protein), were cloned into pCDNA3.1+ and pET28a and the His-tag proteins were 261 

purified by chromatography. Six to eight week old female BALB/c mice were primed 262 
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with 10 µg of recombinant proteins mixed with Cytosine-phosphate-Guanosine (CpG) 263 

adjuvant and mixed with ISCOM, followed by a 2 week boost of 5 µg recombinant 264 

proteins with adjuvant. Four weeks post-boost, animals were infected by intranasal 265 

inoculation with 2 LD50 of B. mallei ATCC 23344. It was found that immunization with 266 

the recombinant B. mallei proteins generated significant protection against lethal inhaled 267 

B. mallei ATCC 23344 and survival of 100% up to 21 days post-infection, in mice 268 

vaccinated with recombinant BimA or BopA [38]. Experiments were also conducted to 269 

determine whether the Burkholderia recombinant antigens were also capable of 270 

generating protective immunity against B. pseudomallei challenge. For these experiments 271 

BALB/c mice were immunized with 2 µg of the purified recombinant BimA, BopA, or 272 

LolC proteins given with cationic liposome-nucleic acid complex (CLDC) adjuvant, and 273 

then boosted 2 more times. Mice were subjected to lethal intranasal challenge with 2 274 

LD50 of B. pseudomallei strain 1026b. Immunization with BopA elicited the greatest 275 

protective activity, resulting in 60% survival against B. pseudomallei challenge [38]. 276 

Moreover, sera from recovered mice demonstrated reactivity with the recombinant 277 

proteins. Dendritic cells stimulated with each of the different recombinant proteins 278 

showed distinct cytokine patterns. In addition, T cells from immunized mice produced 279 

IFN-γ following in vitro re-stimulation. This study demonstrated that it was possible to 280 

elicit cross-protective immunity against both B. mallei and B. pseudomallei by 281 

vaccinating animals with one or more novel recombinant proteins identified in B. mallei 282 

and the serological results suggest that an optimal level of Th1 (IgG2a) and Th2 (IgG1) 283 

responses are important for protection in B. mallei infection [38]. 284 

  PROTEIN-POLYSACCHARIDE CONJUGATE VACCINES 285 

 Gram-negative capsular polysaccharides (CPS) and lipopolysaccharides (LPS) are 286 

important virulence factors and major targets of the immune response to infection. 287 

Polysaccharides make excellent vaccines, as evidenced by the number of capsule-based 288 
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vaccines that are currently licensed for humans, including those to combat Haemophilus 289 

influenzae, Streptococcus pneumoniae, Neisseriae meningitidis, and Salmonella enterica 290 

serovar Typhi infection. Although effective in some groups of individuals, 291 

polysaccharides alone are generally poor vaccinogens that do not produce an anamnestic 292 

response because of the lack of T-cell involvement in the generation of immunity. The T-293 

independent immune response generated by polysaccharide-based vaccines is generally 294 

associated with the production of IgM. To elicit a more favorable T-dependent response, 295 

polysaccharides are often conjugated to proteins. This is particularly important when 296 

polysaccharide vaccines are to be used in children, since this group generally responds 297 

poorly to this type of vaccine in the absence of a protein carrier. Using current 298 

technology, it is difficult to produce and manufacture these glycoconjugate vaccines, 299 

which require purification of capsular polysaccharide from the native pathogen and 300 

chemical coupling to a protein carrier. Demonstrating that it can be used to produce 301 

recombinant glycans, pioneering studies on PglB promises to resolve these technological 302 

problems [45]. It is worth noting that an experimental conjugate of B. pseudomallei O-303 

antigen linked to flagellin protein was immunogenic and able to provide protection 304 

against melioidosis. Unfortunately, B. mallei are not motile, and this limits the utility of 305 

this conjugate for protecting against glanders.  306 

 Although surface polysaccharides are proven human vaccines, different 307 

polysaccharides amongst strains of the same bacterial species make the development of 308 

vaccine difficult. In contrast, in B. pseudomallei and B. mallei the CPS appears to be 309 

conserved across all strains and only two types of LPS O-antigen have been reported. 310 

Against this background the prospect is excellent for devising a B. pseudomallei / B. 311 

mallei vaccine based on CPS and/or LPS O-antigen.                                                                  312 

Cellular and Humoral immunity against Burkholderia infection 313 
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 314 

Although host immune responses to B. mallei and B. pseudomallei infection, 315 

including the innate, the humoral and the cellular components, have been studied for a 316 

number of years, immune components of protection remain largely undetermined.  As 317 

facultative intracellular pathogens, the capability of both species to invade, replicate and 318 

survive within host cells suggests that cell-mediated responses combined with a humoral 319 

response are linked to protection.  Elicitation of the T helper 1 (Th1)-mediated immune 320 

response has been extensively reported in the literature as an essential link in protection 321 

against B. mallei and B. pseudomallei infections.  Th1-mediated immune responses 322 

produce a cytokine profile that supports inflammation and cell-mediated responses. 323 

 Investigating the protective effects of 3 different B. mallei killed, whole-cell 324 

vaccine treatments in BALB/c mice, Amemiya et al. analyzed cytokine and antigen-325 

specific isotype profiles in an attempt to define protective responses against B. mallei 326 

infection.  Researchers reported a mixed Th1/Th2 cytokine profile, a higher IgG1/IgG2a 327 

ratio of serum immunoglobulin and inefficient protection against infection in treatment 328 

animals [25].  The initial protection was correlated to the increased production of Th1-329 

like cytokines (IL-2 and IFN- ) and Th2-like cytokines (IL-4, IL-5, and IL-10) [25].  330 

However, the failure to protect against B. mallei infection was attributed to the 331 

treatment’s inability to generate a polarized Th1 or Th2 cytokine profile [25]. 332 

Furthermore, the Th2 skew indicated by the higher IgG1/IgG2a ratio suggest elicitation 333 

of Th1 immunity may provide better protection.  Therefore, Amemiya et al. [46] next 334 

incorporated interlukin-12 (IL-12) into the vaccine regimen with inactivated B. mallei. 335 

Secreted by macrophages and dendritic cells, IL-12 enhances the cytotoxic activity of 336 

natural killer cell and CD8+ cytotoxic T lymphocytes, stimulates production of IFN-γ and 337 

promotes the Th1 subset of adaptive immunity.  Upon the addition of IL-12, researchers 338 

reported greater protection against wild-type challenge with an increased mean survival 339 

time of 11 days [47].  This protection was attributed to the increased IL-12-mediated 340 
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production of IgG2a, a more Th1-like antibody response, and IFN-γ, a cytokine critical 341 

for protection against intracellular bacteria [47]. Similar results were reported in the 342 

aforementioned vaccination studies where CpG-containing oligodeoxynucleotides 343 

(ODN), cationic liposome DNA complexes (CLDC) and Burkholderia auxotrophs were 344 

used as treatment prior to Burkholderia wild-type challenge. Eliciting production of IL-345 

12 and type 1 interferon via Toll-like receptor 9 pathways, CpG-containing ODNs were 346 

reported to result in 100% protection when used as a pretreatment compared to the 70% 347 

mortality observed in control BALB/c mice [48]. Potent activators of innate immunity, 348 

CLDCs were reported to provide 100% protection against both B. mallei and B. 349 

pseudomallei infection surviving till the experimental end on day 21 whereas control 350 

mice demonstrated 100% mortality by day 3 [49]. To define the components in CLDC 351 

mediated protection against infection, researchers used antibody depletion and/or 352 

BALB/c knockout mice to study the roles of IFN-γ and NK cells. Neutralization of both 353 

IFN-γ and NK cells abrogated CLDC-mediated protection [49]. Thus, CLDC-mediated 354 

protection was reported to be dependent on the production of IFN-γ and NK cells 355 

activation [49]. Overall, studies for B. pseudomallei and T cell-mediated immunity 356 

suggest that IFN-γ expressing cells should be the targets for an effective vaccination 357 

strategy. 358 

 Mutants of B. pseudomallei and B. mallei, auxotrophic in the branch chain amino 359 

acid biosynthetic pathway, have shown to be protective in challenge studies. Compared to 360 

100% mortality in control mice, vaccination studies show 50% and 80% survival in 361 

auxotroph pretreated animals after infection with wild type B. mallei and B. 362 

pseudomallei, respectively [50,51]. As evident by the high IgG2a/IgG1 ratio, the B. 363 

mallei auxotrophic mutant’s skewing of Th1 immunity was attributed to the protection 364 

seen in vaccinated animals [51]. Investigating further the cellular involvement in 365 

protection conferred by the B. pseudomallei auxotroph (2D2) vaccination, Haque et al. 366 

[52] compared the survival times of severe combined immunodeficient (SCID) mice 367 
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adoptively transferred with T cells from immunized mice to that of naïve T cell recipient 368 

counterparts after wild type challenge. Increased survival in SCID mice that received T 369 

cells from 2D2 immunized mice suggests that T cell mediated responses play an 370 

important role in the protection conferred by 2D2 immunization [53]. In the same study, 371 

to determine the role of specific T cell subtypes, 2D2 immunized mice antibody depleted 372 

of either CD4+ or CD8+ T cells were challenged with wild type B. pseudomallei and then 373 

monitored for survival [53]. No change in 2D2-mediated protection was seen in mice 374 

depleted of CD8+ T cells [53]. On the other hand, immunized CD4+ T cell depleted mice 375 

displayed an increased susceptibility to infection, as seen with the naive control mice, 376 

compared to that of immunized mice receiving isotype control antibodies [53]. These 377 

data demonstrated that 2D2 vaccine induced immunity was mediated by CD4+, but not 378 

CD8+ T cells.  379 

B. mallei iron transport systems implicated as essential virulence 380 

determinants by comparative genomic analysis.  381 

To date, virulence factors utilized by B. mallei for infection, dissemination and 382 

colonization within the body remain relatively unknown. Thus far, only four virulence 383 

factors, the capsule, the quorum sensing system, the type III (T3SS) and type VI  (T6SS) 384 

secretion systems, have been shown to be essential for virulence in animal models 385 

[21,54-60].  Comparative analysis of the sequenced B. mallei ATCC 23344 genome has 386 

provided further insight into its mechanisms of pathogenesis and evolutionary history.  387 

To elucidate factors essential for survival in the host, Nierman et al. [21] used DNA 388 

microarray analysis to compare gene expression profiles of B. mallei collected from the 389 

livers of Syrian golden hamsters to B. mallei grown in Luria-Bertani (LB) medium.  390 

Among the genes with the most notable differential expression in the hamster, an 391 

environment where free iron concentrations are deficient for bacterial survival, were iron 392 
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storage and iron acquisition proteins [21].  The down-regulated expression of iron storage 393 

proteins and up-regulated expression of iron acquisition proteins illustrates the 394 

adjustments necessary for optimal B. mallei survival in the host.  In a similar experiment 395 

conducted by Kim et al. [61], B. mallei collected from mouse livers and spleens were 396 

evaluated for differential gene expression when compared to B. mallei grown in LB.  397 

Substantiating the findings of Nierman et al. [21], B. mallei genes involved in iron 398 

acquisition were among the most up-regulated genes identified by Kim et al. [61].  Iron is 399 

an essential factor for bacterial growth and survival, as it is involved in a multitude of 400 

biological processes, e.g., electron transport, oxygen activation, H2O2 reduction [62].  To 401 

evaluate iron-regulated gene expression in B. mallei, Tuanyok et al. [63] used DNA 402 

microarray analysis to compare gene expression profiles of B. mallei grown in iron-403 

depleted or replete conditions.   In iron-depleted conditions, the genes encoding most 404 

respiratory metabolic systems and proteins of related function were down-regulated in 405 

expression.  Conversely, genes encoding siderophore-mediated iron transport systems, 406 

heme-hemoglobin receptors and alternative metabolic enzymes were up-regulated [63].  407 

Taken as a whole, findings from these studies suggest that iron acquisition systems are 408 

essential for B. mallei adaptive survival with host.  Therefore, an aim of the current study 409 

was to investigate this hypothesis.  To our knowledge, this is the first investigation into B. 410 

mallei iron acquisition systems and their contribution to virulence.  This work is 411 

significant because the information gained from this study could not only enhance the 412 

overall knowledge of B. mallei pathogenesis, but also lead to the identification of new 413 

targets for vaccine development. 414 

 415 

TonB is an essential determinate for virulence and target of attenuation 416 

and vaccine development.   417 
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Iron is the only transition metal known to be growth limiting and to play an 418 

essential role in bacterial virulence [20,62,64-70].  The removal of free iron from the 419 

environment on the part of the host has been theorized to be a primary defense 420 

mechanism against infection.  Known as iron withholding, this mechanism functions to 421 

deprive invading pathogens of iron in a way that this growth-essential element is still 422 

accessible for host metabolism [71].  In the host, iron is bound by proteins such as 423 

ferritin, transferrin, and lactoferrin, or sequestered within hemoglobin.  Heme, the most 424 

abundant form of iron-containing complex, is first synthesized by the host and then is 425 

either incorporated into hemoglobin or bound by hemoplexin [71].  Ferritin is the primary 426 

intracellular iron-storage protein that acts as a buffer between iron deficiency and iron 427 

overload.  Transferrin and lactoferrin are important extracellular binding proteins that 428 

attach to iron so tightly that, when in equilibrium, only one iron ion per liter remains free 429 

[62].  As a result, free iron levels in the mammalian host under normal conditions are 430 

only available at growth-limiting concentrations for microorganisms estimated to be as 431 

low as 10
-24 

M [72-74].  Upon infection, the host responds defensively by lowering free 432 

iron levels an additional 30% [71].  To replicate in the host, bacteria generally need to 433 

acquire 10
5
 to 10

6
 iron ions per cell division [62].  To fulfill this requirement, bacteria 434 

have multiple iron acquisition systems that are grouped under four categories of iron 435 

uptake: siderophore, heme, Fe
3+

 and Fe
2+

 (Illustration 1) [18].  These iron acquisition 436 

systems attain this element by using one of two general mechanisms.  In the first 437 

mechanism, bacteria synthesize and secrete siderophores.  These high-affinity, iron-438 

chelating compounds competitively bind extracellular iron ions and transport them back 439 

into the cell as an iron complex via specific transport systems [62].  In the second 440 

mechanism, bacteria synthesize high-affinity transferrin and lactoferrin outer-membrane 441 

receptors that are able to seize iron from host transferrin and lactoferrin for transport 442 

across the outer membrane [62].  For both mechanisms, the import of iron from the 443 

extracellular space requires the energy-dependent process of active transport.  Since there 444 
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is no energy source in the outer membrane, nearly all Gram-negative bacteria depend 445 

upon the function of the cytoplasmic membrane-bound, energy-transducing protein TonB 446 

for iron acquisition [75].     447 

 448 

Illustration 1: Bacterial iron transport. A schematic view of Gram-negative iron uptake 449 

systems is shown.  Inset table depicts the specific iron transport systems of 450 

B. mallei and B. pseudomallei.  451 

TonB, along with its accessory proteins ExbB and ExbD, functions to transport 452 

energy derived from the proton motive force in the cytoplasm to outer-membrane 453 

receptors for active transport of iron into the periplasm [76-81].  When assessed in 454 

models of infection, all null mutations in the tonB gene resulted in attenuation, a 455 

conserved phenotype among all plant, animal and human Gram-negative pathogens 456 

evaluated thus far [82-95].  When studying the tonB mutation in Klebsiella pneumoniae, 457 

Hsieh et al. [86] reported the mutant’s inability to grow in iron-deficient media, reduced 458 

capability to grow on blood agar or LB media, and severe attenuation of virulence, which 459 
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resulted in a higher LD50 when inoculated in mice [86].  Furthermore, when used to 460 

immunize mice in vaccination studies, the K. pneumoniae tonB mutant was reported to 461 

provide 100% protection against wild-type challenge [86].  These results provide proof of 462 

concept that Gram-negative tonB mutants are attenuated and, in one case, can provide 463 

protection against infection.  In all these studies, among the genes with the most up-464 

regulated expression in vivo or under iron-depleted conditions were those involved in 465 

TonB-dependent transport, including tonB itself [21,61,63].  Thus, from what little is 466 

known, B. mallei iron-transport systems, specifically their contribution to virulence and 467 

potential as targets for vaccine development, necessitate further investigation with a 468 

focused emphasis on the TonB-dependent iron transport.  As to our knowledge, this is the 469 

first investigation into TonB-dependent iron transport in Burkholderia.  Results from 470 

these studies could further solidify TonB as a desirable target for B. mallei vaccine 471 

development.  In addition, the knowledge gained from this study is applicable to the 472 

development of vaccines for any pathogen that employs the TonB-dependent iron 473 

transport system. 474 
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OBJECTIVES OF THIS STUDY 475 

The long-term objective of this research is to develop an appropriate vaccine that 476 

is not only protective but also provides sterile immunity against B. mallei infection. In 477 

order to develop an appropriate vaccine for B. mallei, research should be focused on 478 

gaining a better understanding of its virulence factors and pathogenesis within the host in 479 

addition to host protective innate and adaptive responses, which, at present, are relatively 480 

unresolved for B. mallei.  Thus, a more immediate goal of this research is to evaluate 481 

gene targets for live attenuated vaccine development.  Whole genome DNA microarray 482 

studies suggest that iron acquisition systems play an important part in host adaption 483 

[21,61,63].  Iron is only present in growth limiting concentrations within the host; 484 

therefore, in order to establish infection, most Gram negative bacteria employ TonB-485 

dependent active transport for iron uptake [62].  TonB functions to transport energy 486 

derived from the proton motive force in the cytoplasm to outer-membrane receptors for 487 

the import of iron into the periplasm [62].   Studies on TonB have reported severe 488 

attenuation in null mutants and, when assessed as a live attenuated vaccine candidate, 489 

provided 100% protection in BALB/c mice against lethal wild type challenge [82-84,86-490 

95].  Thus, I believe that eliminating iron uptake by mutating the tonB gene will generate 491 

an attenuated B. mallei mutant that elicits protective immunity.  I have tested my central 492 

hypothesis by completing the following three aims: 1) to assess the fitness and 493 

characteristics of the B. mallei ∆tonB mutant, 2) determine the contribution of ∆tonB to 494 

B. mallei invasion, dissemination and establishment of infection in BALB/c mice and 3) 495 

to determine the protective effects of vaccinating BALB/c mice with the live attenuated 496 

B. mallei ∆tonB mutant.  In addition to this work, I focused on implementing a new in 497 

vivo imaging system to monitor disease progression, host responses and treatment 498 

outcomes.  For this, I chose to evaluate the protective potential of CpG pretreatment in an 499 
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acute respiratory BALB/c mouse model of B. mallei infection.   For proof of concept, I 500 

chose the bioluminescent B. mallei reporter strain CSM001 to monitor real time bacterial 501 

infection in combination with a new technique that employs a Neutrophil-Specific 502 

Fluorescent Imaging Agent to visualize neutrophil trafficking in vivo.   All in vivo 503 

observations were followed by quantitative studies for validation.  504 
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MATERIALS AND METHODS 505 

B. mallei ∆tonB mutant studies 506 

IN VITRO STUDIES  507 

Bacterial Strains and Growth Conditions 508 

The bacterial strains and plasmids used in this study are listed in Table 1.  All E. 509 

coli strains were grown in Luria-Bertani (LB) media at 37ºC or 30ºC, as required.  All 510 

manipulations of B. mallei were conducted in CDC/USDA-approved and registered 511 

biosafety level 3 (BSL3) facilities at the University of Texas Medical Branch and 512 

experiments with select agents were performed in accordance with BSL3 standard 513 

operating practices.  For all the experiments, all B. mallei strains were taken from freezer 514 

stocks, plated on LB agar containing 4% glucose (LBG) and incubated at 37ºC in 5% 515 

CO2 for 3 days.  For liquid cultures, a few colonies (2-3) were inoculated into 20 mL of 516 

LBG broth and incubated overnight with agitation at 37ºC in 5% CO2.  When employing 517 

antibiotic selection, kanamycin and polymyxin B were used at concentration of 50 µg/mL 518 

and 30 µg/mL, respectively. For counter-selection, co-integrates were grown in YT broth 519 

(10 g of tryptone and 10 g of yeast extract in 1 L of dH2O) and then plated on sucrose 520 

agar (YT agar supplemented with 5% sucrose) as described by Hamad et. al [96].  When 521 

appropriate, LBG broth and agar were supplemented with FeSO4 at a concentration of 522 

200 µM.  Unless otherwise stated, B. mallei ATCC 23344 (WT) or B. mallei CSM001 (B. 523 

mallei Lux), B. mallei TMM001 (∆tonB) and B. mallei TMM002 (pTonB-comp) were 524 

used in all experiments. 525 

DNA Methods, PCR and Cloning  526 

Cloning methods were performed as previously described [96].  Chromosomal 527 



23 

Table 1: Bacterial Strains and Plasmids 528 

Strains Relevant features Reference 

B. mallei ATCC 

23344 

Human clinical isolate; Km
S
Pb

R
 [97] 

B. pseudomallei 

K96243 

Human clinical isolate; Km
R
Gm

R
Zeo

R
 Pb

R
 [98] 

B. mallei CSM001 B. mallei ATCC 23344 with a mini-Tn5::luxKm2; 

Km
R
Pb

R
 

[99] 

B. mallei TMM001 B. mallei ATCC 23344 with an unmarked deletion 

of bmaa1801 (∆tonB) 

This study 

B. mallei TMM002 ∆tonB complemented with  pTonB-comp; Km
R
 This study 

E. coli S17-1 For conjugal transfer, recA thi pro hsdRM+ RP4:2-

Tc:Mu:KmTn7 Tp
R
 Sm

R
 

[100] 

E. coli S17-1(pTonB-

allex) 

E. coli S17.1 with the recombinant suicide plasmid 

pTonB-allex; Km
R
 

This Study 

Plasmids   

pMo130 Suicide vector for allelic exchange in 

Burkholderia; used to construct pTonB-allex; 

pUC19 ori, RK2 oriT, xylE, sacB, Km
R
 

[96] 

pTonB-allex pMo130 derived recombinant suicide plasmid used 

to generate ∆tonB; Km
R
 

This study 

pMo168 Replicative vector for Burkholderia; 

oripBBR1, mob+, xylE, Km
R
 

[96] 

pTonB-comp pMo168 derived recombinant replicative vector 

used to complement ∆tonB; pMo168:: bmaa1801; 

Km
R
 

This study 

and plasmid DNA were isolated using the DNeasy Qiagen Blood and Tissue kit, and the 529 

QIAGEN Plasmid Mini Kit, respectively (Qiagen, Inc., Valencia, CA).  Polymerase chain 530 

reaction (PCR) products were purified with either the QIAquick PCR purification kit or 531 

QIAquick gel extraction kit (Qiagen).  Restriction enzymes and T4 DNA ligase were 532 

purchased from NEB and used in accordance with manufacturer instruction (New 533 

England Biolabs Inc., Ipswich, MA).  All primers used in this study were purchased from 534 

Sigma-Aldrich Co (St. Louis, MO).  All fragments obtained for cloning were amplified 535 

with Phusion High-Fidelity DNA polymerase (New England Biolabs) using the following 536 

Touchdown PCR protocol: 1 cycle of 95ºC for 5mins, 29 cycles of 95ºC for 30 sec, 70ºC 537 

http://www.qiagen.com/products/catalog/sample-technologies/dna-sample-technologies/plasmid-dna/qiagen-plasmid-mini-kit
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to 55ºC (-5ºC/cycle) for 30 sec, 72ºC for 2 min, 29 cycles of 95ºC for 30 sec, 55ºC for 30 538 

sec, 72ºC for 30 sec, 1 cycle of 72ºC for 7 min and 12ºC until the end. 539 

Construction and Complementation of a B. mallei ∆tonB mutant 540 

Matched adaptamers containing 3’ enzyme restriction sites and 5’ complementary 541 

sequences were amplified via touchdown PCR.  The sequences of the PCR primers were 542 

as follows: ΔtonB US forward primer (5’ AAG CTA GCC CTC GGC GCG GCG ATC 543 

CGC GAC GT) (underlined sequence indicates a newly introduced NheI site); ΔtonB US 544 

reverse primer (5’ CGG TAT TGC CGA GAT TAA CGG TGC GGC ACG TCG T); 545 

ΔtonB DS forward primer (ACG ACG TGC CGC ACC GTT AAT CTC GGC AAT ACC 546 

G); ΔtonB DS reverse primer (CCA AGC TTT ACG AGC ATG ACG TCG ACG AGC 547 

GGC GTC ATG TTG) (underlined sequence indicates a newly introduced HindIII site).  548 

The adaptamers were fused together via splicing by overlap (SOE) PCR to create a 1794 549 

bp chimeric fragment containing sequences flanking the tonB gene plus its first 33 550 

codons.  The chimeric fragment was digested with NheI and HindIII and ligated into the 551 

pMo130 vector to create the allelic exchange plasmid pTonB-allex.  The pTonB-allex  552 

plasmid was then transformed into E. coli S17-1 and introduced into B. mallei via 553 

conjugal transfer.  Merodiploids were selected based on their growth on kanamycin (Km) 554 

agar plates and ability to turn yellow after exposure to pyrocathecol.  Single deletion 555 

mutants were counter selected on 5% sucrose YT agar supplemented with 200 μM FeSO4 556 

(Illustration 2).  The ΔtonB mutant was then confirmed via PCR amplification, followed 557 

by sequencing, of the tonB gene and flanking DNA regions using the following primers: 558 

Confirmation forward primer (5’ GCG CCA CGC GGC CGA TTG CCG CTT TCT); 559 

Confirmation reverse primer (ACA GAA CCG TGC CGT CGC TTT).  To restore the 560 

∆tonB mutant to wild-type function, pMo168 carrying a functional tonB gene plus its 561 

native promoter was used for complementation.  Briefly, a fragment containing the wild- 562 
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 563 

Illustration 2: Mutagenesis schematic.  Diagramed are the pMo130 plasmid map and the 564 

processes used to generate an unmarked deletion of the tonB gene via allelic 565 

exchange.  Figure adapted and used with permission from Hamad et al. [96]. 566 

 type bmaa1801 gene plus approximately 120 bp of its upstream sequence flanked by 567 

enzyme restriction sites was amplified using the following PCR primers: 568 

Complementation forward primer (CCG CTA GCC TGA TTT TCC GCA AGT GAT 569 

GCA GCA CT) (underlined sequence indicates a newly introduced NheI site); 570 

Complementation reverse primer (CCA AGC TTT TAA TCG GTC AGA GTG AAG 571 

TCA TAA GGC) (underlined sequence indicates a newly introduced HindIII site).   The 572 
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fragment was then digested with NheI and HindIII and ligated into the pMo168 plasmid 573 

(Addgene plasmid 27389) to create pTonB-comp. After transformation into E. coli S17-574 

1, pTonB-comp was introduced into B. mallei via conjugal transfer. The ∆tonB mutant 575 

containing pTonB-comp was isolated via selection on LBG Km agar plates and 576 

confirmed by PCR amplification, followed by sequencing, of the region flanking the tonB 577 

gene using the same primers used to confirm the ΔtonB mutant. 578 

Growth Kinetics  579 

Overnight cultures were used to inoculate 50 mL of LBG with 6x10
6
 CFU of each 580 

strain.  Inoculated cultures were then incubated with agitation at 37°C.  At the indicated 581 

time points, 1 mL aliquots from each culture taken to measure optical density at 600 nm 582 

(using a spectrophotometer).  Individual data points represent the OD600 mean ± standard 583 

deviation (SD) of three independent experiments.  A significant difference due to 584 

treatment over time was ascertained via two-way ANOVA. Significant differences of 585 

each OD600 reading at every time point compared to wild type was ascertained via one-586 

way ANOVA followed by Dunnett’s multiple comparisons test.  A p-value of x < 0.05 587 

was considered significant.    588 

Iron Utilization Assay 589 

Overnight cultures were diluted to 1 x 10
5
 bacteria mL

-1
 in LBG containing 200 590 

µM of 2,2’-dipyridyl and poured onto plates, as previously described [91].  Disks 591 

containing iron sources were placed on the surface of the LBG plates, which was 592 

incubated at 37°C for 48 h.  Iron utilization was quantified by the measuring the diameter 593 

of growth around the disk. Disks contained 10 µL of the following compounds at the 594 

specified concentrations: hemin 8.0 µM, hemoglobin 4.5 µM, myoglobin 4.5 µM 595 

transferrin and lactoferrin, 30 µM; or FeSO4, 10 mM [91].  596 

Siderophore Secretion Assay 597 
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Ten µl samples of overnight cultures, grown in LBG or LBG supplemented with 598 

200 µM FeSO4 or 200 µM 2, 2’-dipyridyl, were spotted onto Chrome azurol S (CAS) 599 

agar plates and incubated at 37°C.  Halos were then monitored and diameter of color 600 

change was measured over the course of the next 4 days.  For one liter of CAS agar, 601 

solutions 1-4 were prepared as previously described [101].  Solutions 1-3 were 602 

autoclaved and then cooled to 50°C.  Solutions 2 and 4 were added to solution 3 and 603 

solution 1 was added last with constant stirring to mix the ingredients without forming 604 

bubbles.  An unpaired t test with equal standard deviation was performed on halo 605 

measurements to ascertain a significance difference between the strain specific halos 606 

produced. 607 

Animal Studies 608 

Female, 6- to 8-week-old, BALB/c mice obtained from Harlan Laboratories 609 

(Indianapolis, IN, USA) were housed in microisolator cages under pathogen-free 610 

conditions. Animals were provided with rodent feed, water ad libitum and maintained on 611 

a 12 h light cycle. Before experiments, mice were afforded an adaption period of at least 612 

1 week. This study was carried out in strict accordance with the recommendations in the 613 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. 614 

The protocol was approved by the Animal Care and Use Committee of the University of 615 

Texas Medical Branch (Protocol Number: 0503014A). 616 

Survival Study 617 

Anesthetized BALB/c mice (n=8 per treatment) were challenged by the intranasal 618 

(i.n.) route with the indicated colony forming unit (CFU) of B. mallei ∆tonB mutant, 619 

grown in LBG ± 200 µM FeSO4 and diluted in phosphate buffered saline (PBS) in a total 620 

volume of 50 µL (25 µL/ nare).  BALB/c mice were monitored and deaths were recorded 621 

over a period of 14 days.  Survival curves were generated and analyzed using the Kaplan-622 
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Meier method.  A significant difference in survival curves was ascertained via a Log-rank 623 

test. A p-value of x < 0.05 was considered significant.    624 

Colonization Study 625 

Anesthetized BALB/c mice (n=8 per treatment) were challenged i.n. with 1.5x10
4
 626 

CFU/50 µL of the wild-type CSM001 strain and the tonB mutant grown in LBG ± 200 627 

M FeSO4.  At 24, 48 and 72 h post challenge, BALB/c mice were euthanized and 628 

necropsied for organ collection.  The lungs, liver and spleen were homogenized in 1 mL 629 

of PBS using a tissue grinder (Covidien, Mansfield, MA) and then the bacteria were 630 

enumerated by standard plate counts on LBG supplemented with 200 M FeSO4.  631 

Significant differences in colonization at 24 h and 48 h were individually ascertained via 632 

one-way ANOVA followed by Tukey’s multiple comparisons test.  Significant difference 633 

in colonization at 72 h was extrapolated using an unpaired t test with equal standard 634 

deviation. A p-value of x < 0.05 was considered significant.  635 

Vaccine Study 636 

Anesthetized BALB/c mice (n=8 per treatment) were immunized i.n. with PBS or 637 

the indicated CFU of B. mallei ∆tonB mutant diluted in PBS in a total volume of 50 µL 638 

(25 µL/ nare).  BALB/c mice were challenge 21 days post immunization with 1.5x10
5
 639 

CFU of a B. mallei WT luminescent reporter strain (CSM001) or 9 x10
2
 CFU of wild-640 

type B. pseudomallei, diluted PBS in a total volume of 50 µL (25 µL/ nare). BALB/c 641 

mice were monitored and deaths were recorded until the end of the study.  Survival 642 

curves were generated and analyzed using the Kaplan-Meier method.  A significant 643 

difference (p ≤ 0.05) in survival curves was ascertained via a logrank test.  To ascertain 644 

significant differences in individual treatment as compared to the PBS-treatment control, 645 

an additional logrank test was employed using an adjusted definition of significance (p ≤ 646 

0.05 of pairwise comparisons). 647 
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In vivo Imaging  648 

Bioluminescent images were acquired using an IVIS Spectrum (Caliper Corp., 649 

Alameda, CA, USA), as previously described [99].  Briefly, anesthetized BALB/c mice 650 

placed in the isolation chamber were transferred to the imaging chamber and connected 651 

an internal anesthesia delivery system that maintained 1-2% isoflurane. Bioluminescent 652 

signal was measured after three minutes exposure with no excitation (filters blocked) and 653 

an open emission filter to capture all luminescent signals from labeled bacteria.  To 654 

depict the differences in intensity of the signal, bioluminescence is represented in the 655 

images with a pseudocolor scale ranging from red (most intense) to violet (least intense).  656 

Scales were manually set to the same values for every comparable image to normalize the 657 

intensity of the bioluminescence across time points.  658 

B. mallei specific IgG1, IgG2a and IgM titer analysis 659 

Serum extracted from PBS- or B. mallei ∆tonB mutant-vaccinated BALB/c mice 660 

21 days post treatment was evaluated for B. mallei specific IgG1, IgG2a and IgM using 661 

the Ready-Set-Go!® ELISA Kit (Affymetrix eBioscience, San Diego, CA) as instructed 662 

by the manufacturer.  Briefly, microplates (Costar, Cambridge, MA) were coated with 10 663 

µg/ml of heat inactivated B. mallei and incubated overnight at 4°C.  Wells were then 664 

washed twice with 1x PBS, 0.05% Tween-20 and then blocked over night with the 2x 665 

Assay Buffer provided in the kit.  After the wells were washed, a 1:10,000-fold dilution 666 

of the serum samples were added to the appropriate wells followed by the detection 667 

antibody provided by the kit.  After 3 h incubation, the wells were washed four times 668 

before 100 µL of the substrate solution was added.  After 15 min incubation, 100 µL of 669 

stop solution consisting of 2 N H2SO4 was added and absorbance was measured at 450 670 

nm with the Epoch microplate spectrophotometer (Winooski, VT). 671 

Histopathological Evaluation 672 
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At the indicated time points, anesthetized BALB/c mice were euthanized and 673 

necropsies were preformed to collect the lung, liver and spleen.  Organs were instilled 674 

with 10% formalin, paraffin-embedded and processed for histopathology. Hematoxylin 675 

and Eosin stained slides were examined and blindly scored by a pathologist (Dr. Sbrana) 676 

for the follow observations: perivascular and peribronchial inflammatory infiltrates, 677 

necrosis and microabscesses in the lung; granulomas, necrosis and histocytosis in the 678 

spleen; and inflammation and necrosis in the liver.  Severity of pathology was scored 679 

using the follow scale: 0 (unremarkable), 1 (minimal), 2 (mild), 3 (moderate) and 4 680 

(severe).  Pathology scores were added together to give the total score for each organ.  681 

Each image is representative of three replicates per treatment. A two-way ANOVA was 682 

performed on each organ individually to assess a significant difference in treatment over 683 

time.  Student’s t test was performed to ascertain a significant difference between the 684 

treatments of each organ, individually, at 0 and 48 h.  685 

Cytokine Quantification 686 

At the indicated time points, whole blood was collected by cardiac puncture from 687 

anesthetized BALB/c mice.  The blood was stored in microvette tubes without anti-688 

coagulant and incubated at room temperature for 20 min to permit clotting. Serum was 689 

collected after centrifugation of the tubes and store at -80°C.  Samples were inactivated 690 

as previously described [102] and verified for sterility by plating 10% of the sample on 691 

LBG supplemented with 200 μM FeSO4.  Serum chemokine/cytokine levels were 692 

measured using the murine bioplex ELISA kit (BioRad Bio-Plex Pro™ Mouse Cytokine 693 

23-plex Assay) according to the manufacturer’s specification.  Assaying samples diluted 694 

1:4 in PBS, the following molecules were targeted: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, 695 

IL-6, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-17A, eotaxin, G-CSF, GM-CSF, 696 

IFN-γ KC, MCP-1 (MCAF), MIP-1α, MIP-1β, RANTES, and TNF-α.   Data values 697 

represent the SEM of 3 animals per treatment and were ascertained as previously 698 
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described [103]. A significant difference in individual serum cytokine levels in PBS vs. 699 

ΔtonB treated BALB/c mice was determined using the Mann-Whitney test.  700 

CPG studies 701 

Bacterial strains and growth conditions 702 

B. mallei lux (CSM001), a previously constructed luminescent reporter strain 703 

[104], was cultured on LBG and 50 µg/ml of kanamycin (Km) for 48 h at 37°C followed 704 

by an overnight culture at 37°C with shaking to obtain an exponential growth phase 705 

inoculum. Optical density readings (OD600) were used to calculate dose concentration.  706 

Bacterial colonies sub-cultured to LBG broth were centrifuged, washed and re-suspended 707 

in sterile PBS to obtain the desired infectious dose.  708 

GpG treatment Study  709 

Phosphorothioate-stabilized class-C CpG ODNs was purchased from InvivoGen, 710 

San Diego, CA, USA. Anesthetized BALB/c mice (n = 10) were treated i.n. with either 711 

20 µg of CpG class-C 2395 (TCG TCG TTT TCG GCG CGC GCC G) or PBS in a 50 µL 712 

volume (25 µL/ nare).  After 24 h post-treatment, BALB/c mice were then challenged i.n. 713 

with 1.0x10
4 

CFU of B. mallei WT CSM001 in a 50 µL volume (25 µL/ nare), a dose 714 

empirically determined to show luminescent signal 48 h after CSM001 infection [38].  715 

BALB/c mice were monitored and deaths were recorded over a period of 21 days.  716 

Survival curves were generated and analyzed using the Kaplan-Meier method.  A 717 

significant difference (P ≤ 0.05) in survival curves was ascertained via a logrank test. 718 

Bacterial Burden Analysis 719 

BALB/c mice (n = 18) were treated with either CpG or PBS and then challenged 720 

with CSM001 as described above. At 24, 48 and 72 h post infection, following whole-721 
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body imaging, BALB/c mice (n = 3) from each group were sacrificed and lungs, livers 722 

and spleens were harvested. Organs were homogenized by fine mincing with surgical 723 

scissors followed by pushing through a 70 µm pore nylon tissue strainer. The 724 

homogenates were then serial diluted 10-fold for plating on LBG supplemented with 50 725 

µg/ml of Km. Plates were incubated at 37°C for 48 h prior to CFU determination.  726 

In vivo Imaging 727 

Bioluminescent and fluorescence images were acquired at 24, 48 and 72 h post 728 

infection, as described above, using an IVIS Spectrum (Caliper Corp., Alameda, CA, 729 

USA).  Three hours prior to imaging, the Neutrophil-Specific, near infrared (NIR) 730 

Fluorescent Imaging Agent (Kerafast, Boston, MA) was administered to class-C CpG 731 

ODN or PBS-pretreated BALB/c mice by way of tail vein injection. Images were 732 

collected after 1 second of exposure utilizing a 745 nm excitation and 800 nm emission 733 

filters.  To depict the differences in intensity of the signal, bioluminescence and 734 

fluorescence are represented in the images with a pseudocolor scale ranging from red 735 

(most intense) to violet (least intense) and yellow (most intense) to dark red (least 736 

intense), respectively.  Scales were manually set to the same values for every comparable 737 

image to normalize the intensity of the bioluminescence and fluorescence across time 738 

points.  Bioluminescent and fluorescent images were than superimposed to show co-739 

localization of bacteria and neutrophils. 740 

Cell Preparation and Flow Cytometry 741 

BALB/c mice treated with CpG or PBS 24 h prior to B. mallei CSM001 challenge 742 

as described above were sacrificed at time 0 (right before challenge) and 72 h after 743 

infection.  Lungs were harvested and prepared as previously described [105] and used for 744 

flow cytometric analysis.  Briefly, a single cell suspension was prepared by fine mincing 745 

the lung tissue with surgical scissors followed by pushing through a 100 µm, followed by 746 
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a 70 µM, pore nylon tissue strainer (BD Biosciences, San Jose, CA, USA).  The resulting 747 

homogenate was treated with RBC Lysis Buffer (Sigma) according to manufacturer’s 748 

instruction.  Trypan blue exclusion was used to determine white blood cell counts and 749 

viability.  Single cell suspensions were than stained with fluorescent monoclonal 750 

antibodies for flow cytometric analysis, using procedures previously described.  The 751 

following monoclonal antibodies (mAb) against mouse antigens were purchased from BD 752 

Biosciences (San Jose, CA, USA), Ly6G/C-PE, CD11c-FITC, CD11b-PerCpCy5.5, and 753 

F4/80-APC.  Corresponding isotype controls included: IgG2b-PE, IgG2b-FITC, IgG2a-754 

APC, or IgG1-PerCPCy5.5.  Cells were then washed and re-suspended in 400 µl of 4% 755 

ultrapure formaldehyde (Polysciences Inc.).  Samples were fixed for 48 h, with fresh 4% 756 

formaldehyde replacement at 24 h, and sterility confirmed by selective plating.  A total of 757 

350 µL of sample was analyzed on a FACS Canto (BD Biosciences, UTMB Flow 758 

Cytometry and Cell Sorting Core Facility) and compensation for spectral overlap was 759 

performed using FACS DIVA software (BD Biosciences). Isotype- and fluorochrome-760 

matched non-specific control antibodies determined background fluorescence, and 761 

analysis was performed using FCS Express v4.0 Flow Research ed. (De Novo Software) 762 

as described previously. Data are presented as the number of gated events corresponding 763 

to the expected live leukocyte side scatter and forward scatter gate. Assessment is based 764 

on the number of F4/80
+
Ly6G/C

+
 (macrophages), F4/80

+
Ly6G/C

+
 (inflammatory 765 

monocytes), and F4/80
−
CD11c

−
CD11b

+
Ly6G/C

+
 (neutrophils) cells in the live leukocyte 766 

gate. Data are shown as mean ± SEM. One-way ANOVA followed by a Dunnett's 767 

multiple comparison tests for group comparisons (GraphPad Software v4.0). Statistically 768 

significant values are designated as *, p < 0.05. 769 

Histopathology 770 

After imaging, BALB/c mice were euthanized and their lungs removed.  Lungs 771 

were instilled with formalin, paraffin-embedded and processed for histopathology. 772 
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Hematoxylin and Eosin stained slides were examined by a pathologist (Dr. Sbrana) for 773 

differences in inflammation, inflammatory infiltrates, microabscesses and necrosis in the 774 

tissues. 775 
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RESULTS AND DISCUSSION 776 

Chapter 6: A Burkholderia mallei tonB mutant as an effective vaccine 777 

conferring protective immunity against inhalational glanders and 778 

melioidosis 779 

INTRODUCTION  780 

 Melioidosis and glanders are severe zoonotic diseases caused by two closely 781 

related Gram-negative pathogens known as Burkholderia pseudomallei and Burkholderia 782 

mallei, respectively [22,106].  The genomic relatedness between these two pathogens 783 

suggests that B. mallei is a host-adapted clone of B. pseudomallei, which evolved from a 784 

process of reductive evolution.  Genes retained by B. mallei share 99% sequence identity 785 

with their B. pseudomallei orthologs and of those, 650 genes have been identified as 786 

putative virulence determinants via in silico genomic subtraction from non-pathogenic 787 

Burkholderia species [107].  In addition to this evidence, the presence of very few B. 788 

mallei specific genes suggest it’s possible to generate a live attenuated vaccine with a B. 789 

mallei backbone that can cross-protect against both melioidosis and glanders [61]. 790 

 Where B. pseudomallei is an environmental saprophytic pathogen ubiquitous in 791 

soil and fresh water surfaces, B. mallei is an obligate mammalian pathogen that typically 792 

infects solipeds (horses, donkeys and mules) [23,106].  Despite these differences in 793 

epidemiology, the clinical manifestations and pathological effects of B. pseudomallei or 794 

B. mallei infection bear striking resemblance.  Both pathogens can be contracted via the 795 

cutaneous, oral and/or inhalational routes.  Depending on the dose and route of 796 

transmission, B. pseudomallei or B. mallei infection may result in an acute or chronic 797 

disease.  Clinical manifestations of acute infection, which include fever, malaise, abscess 798 

formation, pneumonia and sepsis, from either disease are non-specific.  The lack of 799 

pathognomonic symptoms, which, in addition to their ability to cause silent infection, 800 
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makes rapid and accurate diagnosis problematic for these Burkholderia infections.  Since 801 

mortality rates among severe infections are high, and there are no reliable antibiotic 802 

therapy or licensed pre- and post-exposure vaccines, both pathogens remain top 803 

candidates for bioterrorist use and thus have been classified as category B, tier 1, 804 

biothreat agents [106].  The destructive potential of B. pseudomallei and B. mallei has 805 

heightened concerns among public health officials due to the increased potential of 806 

opportunistic infection among growing populations of diabetic and immunocompromised 807 

people [22]. For military personnel and susceptible individuals, the availability of a 808 

vaccine would be the most efficacious and cost-effective way to protect from disease.   809 

 For a majority of bacterial pathogens, the acquisition of iron and iron complexes 810 

has long been recognized as major determinant in the pathogenesis and thus also 811 

represent promising targets for vaccine development.  Iron is the only nutrient known to 812 

be generally growth-limiting, playing an essential role in bacterial virulence [62,70,108-813 

111]. To replicate, bacteria need to acquire 10
5
 to 10

6 
iron ions per cell division [62]. This 814 

requirement for iron is based on its involvement in a variety of biological processes, such 815 

as DNA and protein synthesis, energy generation, and oxidative stress protection [70].  816 

Thus, a pathogen’s success of establishing infection in the host is contingent upon its 817 

ability to acquire iron.  In the host, iron is tightly bound by proteins such as ferritin, 818 

transferrin, and lactoferrin, or by those sequestered within hemoglobin [71].  Upon 819 

infection, the host responds defensively by lowering free iron levels an additional 30% 820 

[71].  To fulfill this requirement, bacteria have evolved multiple mechanisms to seize and 821 

then actively transport host iron from the extracellular space into the periplasm.  Bacterial 822 

acquisition systems attain iron by using one of two general mechanisms.  In the first, 823 

bacteria synthesize and secrete siderophores, which are high-affinity, iron-chelating 824 

compounds that competitively bind extracellular iron ions for cell uptake [62].  In the 825 

second, bacteria synthesize high-affinity outer-membrane receptors that are able to seize 826 

iron from host iron-binding proteins for transport into the cell [62].  Because the ability to 827 
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acquire this element is directly linked to survival and thus to virulence, different 828 

components of the iron transport system have been targeted for vaccine and therapeutic 829 

development with some success.  However, in the case of B. pseudomallei and B. mallei, 830 

very little information exists concerning iron uptake mechanisms in the host and their 831 

roles in virulence.  In one study, Kvitko el at. [112]  generated single, double and 832 

quadruple mutants defective in siderophores and/or hemoglobin utilization to elucidate 833 

their contribution to B. pseudomallei virulence.  Contrary to similar studies performed on 834 

closely related pathogens, these mutants remained fully virulent in an acute model of 835 

murine melioidosis [112].  Failure to eliminate virulence was attributed to redundancy in 836 

the iron transport system, citing a reliance on alternative iron sources and acquisition 837 

mechanisms. 838 

 The import of iron from the extracellular space requires the energy-dependent 839 

process of active transport.  Since the outer membrane lacks an energy source, most all 840 

Gram-negative bacteria depend upon the protein TonB, which functions to energize all 841 

outer-membrane iron receptors [69,80,81].  When assessed in multiple models of 842 

infection, tonB mutants displayed severe attenuation compared to their wild-type 843 

homologs [82,86,92,94].  However, the K. pneumoniae ΔtonB mutant, when used to 844 

immunize mice in vaccination studies, was reported to provide 100% protection against 845 

wild-type challenge [86].  Thus, Burkholderia TonB-dependent iron-transport systems, 846 

specifically their contribution to survival, persistence and potential as targets for vaccine 847 

development, should be investigated further.  In this communication, we describe the 848 

construction and characterization of a B. mallei ∆tonB mutant as a protective vaccine 849 

candidate to prevent acute inhalational glanders and melioidosis in a murine model.    850 

RESULTS  851 

Mutant Construction and Phenotype 852 
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 A previously described method for genetic manipulation via allelic exchange was 853 

used to create an unmarked tonB mutant in the B. mallei strain ATCC 23344 [96].  To 854 

ensure the mutant phenotype was not due to polar effects incurred during mutagenesis, 855 

the tonB deletion mutant was transformed with the plasmid pTonB-comp, which carries 856 

the intact tonB gene plus its native promoter (Table 1). Unlike the wild type, the tonB 857 

mutant appears as bright yellow colonies that discolor the surrounding media (Figure 1).  858 

   859 

Figure 1: The B. mallei ∆tonB mutant displays an alternative phenotype.  B. mallei 860 

strains wild-type (lower left), ΔtonB mutant (top) and the complement 861 

ΔtonB (pTonB-comp) (lower right) were grown on LBG + 200 M FeSO4 862 

for 3 days at 37°C at 5% CO2.  The figure shows the differences in colony 863 

color and alteration of the media as a result of the tonB gene deletion. 864 

The mutant phenotype was restored to wild-type levels in the complemented strain, 865 

which grew as muted yellow-beige colonies with no media discoloration.  866 

Growth Rate Study 867 

 To determine the effect of the tonB deletion on growth rates and the iron 868 

requirement of the mutant, growth curves were initiated with the following strains and 869 
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broth conditions: wild type in LBG, tonB in LBG, and tonB in LBG + 200 M FeSO4 870 

(Figure 2).   871 

 872 

Figure 2: The attenuated B. mallei ∆tonB mutant’s growth kinetics is partially rescued 873 

by iron supplementation.  Overnight cultures of B. mallei wild type ( ) and 874 

B. mallei ΔtonB (  ) were diluted 1:100 in 50 mL of Luria broth with 4% 875 

glycerol (LBG).  An additional overnight culture of ΔtonB ( ) was diluted 876 

1:100 in 50 mL of LBG + 200 μM FeSO4.  At the indicated time points, 877 

optical densities at 600 nm of all strains were measured.  The means plotted 878 

with their SD are representative of three independent experiments.  879 

Statistical significance was determined by Dunnett’s test of multiple 880 

comparisons relative to wild-type.   p < 0.001,  p = 0.0001, 881 

 p < 0.0001. 882 

When grown in LBG, the tonB mutant exhibited an attenuated growth rate, displaying a 883 

longer lag phase, compared to that of the wild type. When grown in LBG enriched with 884 

200 M FeSO4, the growth rates of the tonB mutant increased substantially approaching 885 

that of the wild type.  Notably, the tonB mutant, when grown in iron rich media, 886 

maintained wild-type growth rates longer, showing statistical differences at 10 h vs. 5 h.  887 
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Siderophore Secretion Assay 888 

 To ascertain if the deletion of tonB in B. mallei results in the differential 889 

siderophore production, both the B. mallei wild-type and tonB mutant were plated on 890 

CAS agar.  The CAS media was used because when strong iron chelators, such as 891 

siderophores, are secreted, they are able to strip the dye complex of iron, which results in 892 

the formation of blue to orange/yellow zones (Figure 3).  Siderophore secretion zones 893 

were measured after 894 

 895 

Figure 3.       B. mallei ∆tonB mutant displays hyper-secretion of siderophores.  Ten 896 

microliters of B. mallei wild-type (A) and ΔtonB mutant (B) overnight 897 

cultures grown in LBG were spotted on a filter disk that was then placed on 898 

CAS agar media.  CAS agar plates were then incubated for at 37°C for 96 h. 899 

96 h and calculated as the diameter of the yellow halo minus the diameter of colony 900 

growth or filter disk.  The B. mallei ΔtonB mutant produced significantly larger halos 901 

(33.3 ± 0.5 mm) compared to those of the wild type (12.3 ± 0.6 mm). 902 

Iron Utilization Assay 903 

 A disk diffusion assay was performed to examine the B. mallei ∆tonB mutant’s 904 

ability to utilize the following sources of iron: FeSO4, hemoglobin, hemin, lactoferrin, 905 

and transferrin.  Iron assimilation was determined by measuring the diameter (mm) of 906 

bacterial growth around the disk containing specific iron sources placed on iron-depleted 907 

A B 
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media (Table 2).  The B. mallei wild-type strain was able to grow by utilizing all iron 908 

sources, while the B. mallei ∆tonB mutant was only capable of utilizing FeSO4, the only 909 

iron source acquired by a TonB-independent process.  910 

Table 2.  Diameter (mm) of B. mallei wild-type and ΔtonB mutant colonial growth 911 

utilizing individual iron sources. 912 

 913 

In vivo Survival Study 914 

 We determined in previous characterization studies of our acute respiratory 915 

murine inhalational glanders model that the 50% lethal dose using B. mallei strain ATCC 916 

23344 is 7.4x10
4
 CFU/50 L (unpublished data).  To ascertain the role of tonB in B. 917 

mallei virulence, we challenged BALB/c mice intranasally (i.n.) with 1.5 x 10
5
 CFU 918 

(~2LD50), 1.5 x 10
6
 CFU (~20LD50) and 1.5 x 10

7
 CFU (~200 LD50) of B. mallei tonB 919 

grown in LBG ± 200 M FeSO4 and monitored them for survival up to day 14.  The 920 

Kaplan-Meier curve shows an inverse correlation between the tonB mutant dose and/or 921 

iron concentration and the survival rate (Figure 4).  Despite growth conditions, all 922 

BALB/c mice challenged with 1.5 x 10
7
 CFU of the tonB mutant succumbed to 923 

infection by 4 days post challenge.  At lower doses, the effect of supplementing B. mallei 924 

tonB with 200 M FeSO4 on survival was still apparent.  At day 14, survival increased 925 

from 62.5% to 100% and 0% to 12.5% when BALB/c mice received a challenge dose of 926 

1.5 x 10
5
 CFU and 1.5 x 10

6
 CFU of the tonB mutant, respectively, when grown in LBG 927 

alone. 928 

 929 

Strain FeSO4 Hemoglobin  Hemin  Lactoferrin  Transferrin  

B. mallei wild-

type 

25.8 ± 3.5 14.2 ± 1.8 17.7 ± 1.5 12.5 ± 0.5 12.8 ± 2.1 

B. mallei 

ΔtonB mutant 

14.7 ± 1.5 0 0 0 0 
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 930 

Figure 4.  Attenuated virulence of the B. mallei ∆tonB is partially rescued by iron 931 

supplementation in growth media.  Mice (n=8) were challenged i.n. with 1.5 932 

x 10
5
 CFU (solid circle/open circle), 1.5 x 10

6
 CFU (solid square/open 933 

square) or 1.5 x 10
7
 CFU (solid triangle/open triangle) of ∆tonB grown in 934 

LBG with (open) or without (closed) 200 µM FeSO4.  The statistical 935 

significance of differences in survival times was determined by plotting 936 

Kaplan-Meier curves, followed by a log rank test.   p ≤ 0.0001. 937 

Colonization Study 938 

 By using the same murine infection model described in the previous section, we 939 

performed a colonization study to determine the role of TonB in B. mallei’s ability to 940 

disseminate and colonize to target organs.  BALB/c mice challenged i.n. with 1.5 x 10
4
 941 

CFU of the wild-type or ∆tonB mutant grown in LBG ± 200 µM FeSO4 were euthanized 942 

at 24, 48 and 72 h post challenge.  At each time point, the lungs and spleen were  943 

removed, homogenized, and plated for CFU elucidation.  Compared to the wild-type 944 

strain, the numbers of the B. mallei ∆tonB recovered from the lungs were significantly  945 

reduced, independent of growth conditions, at 24 h (
 
p ≤ .05) and 48 h ( p ≤ .0001) 946 
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 947 

Figure 5.  The attenuated ability of the B. mallei ∆tonB mutant to colonize target 948 

organs is partially rescued by iron supplementation in the media.  Bacterial 949 

burden in the lungs (A) and spleen (B) of mice infected with B. mallei wild-950 

type and ΔtonB mutant grown + 200 M FeSO4 at 24, 48 and 72 h post 951 

infection. Bars plotted with their SD represent the mean of three 952 

independent experiments.  Significant differences in colonization at 24 and 953 

48 h were individually ascertained via one-way ANOVA followed by 954 

Tukey’s multiple comparisons test.   Significant difference in colonization at 955 

72 h was extrapolated by using an unpaired t test with equal SD.    p ≤ .05, 956 
p ≤ .001, p ≤ .0001, ns = no significance. 957 

(Figure 5).  A similar trend in the spleen showed significantly reduced numbers of the B. 958 

mallei ∆tonB mutant compared to the wild-type at 24 h ( p ≤ .05) and 48 h ( p ≤ 959 

.001).  When grown in LBG + 200µM FeSO4 prior to challenge, the B. mallei ∆tonB 960 

resembles the wild-type strain, showing no statistical difference in the number of bacteria 961 

recovered from the lungs.  However, a statistical difference was seen in the recovery of 962 

the ∆tonB mutant grown in LBG ± 200 µM FeSO4 in the spleen at 72 h ( p ≤ .05) 963 

(Figure 5).  BALB/c mice challenged with the wild type expired before the last time point 964 

and are thus not represented in the 72 h time point. 965 

Vaccine Studies 966 

 To evaluate the protective efficacy of tonB mutant immunization against wild- 967 

A B 
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type challenge, BALB/c mice were immunized i.n. with PBS, 1.5 x 10
4
 CFU or 1.5 x 10

5
 968 

CFU of the tonB mutant grown in LBG only.  At 21 days post-immunization, 969 

vaccinated BALB/c mice were challenged i.n. with 1.5x10
4
 CFU of the B. mallei strain 970 

CSM001.  The CSM001 strain, a wild-type homolog containing a luminescent reporter, 971 

was used instead of the wild type to assess the protective potential of ∆tonB mutant 972 

vaccination via real-time in vivo monitoring of CSM001 strain dissemination.  All PBS-973 

treated BALB/c mice died by day 4 with a calculated median survival of 3 days post 974 

challenge (Figure 6).   975 

 976 

Figure 6.  B. mallei ∆tonB mutant (1.5x10
5
 CFU) provides 100% protect against wild 977 

type challenge. Mice (n=8) were immunized i.n. with PBS (solid triangle), 978 

1.5x10
4
 CFU (solid circle) or 1.5x10

5
 CFU (solid diamond) of ∆tonB.  979 

Three weeks later, BALB/c mice were challenged with 1.5x10
5
 CFU of a B. 980 

mallei WT luminescent reporter strain (CSM001). The statistical 981 

significance of differences in survival times was determined by plotting 982 

Kaplan-Meier curves, followed by a log rank test. 
 
p < 0.0001. 983 

 984 
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However, in BALB/c mice immunized with the tonB mutant at a dose of 1.5 x 10
5
 CFU 985 

or 1.5 x 10
4
 CFU, survival was 100% ( p = 0.0003) and 87.5% ( p = 0.0003), 986 

respectively. 987 

 To evaluate dissemination and colonization of the B. mallei CSM001 strain, we 988 

monitored vaccinated and naïve BALB/c mice for bioluminescence signals at 72-h post 989 

challenge and every 7 days thereafter until the experiment ended.  At 72-h post challenge, 990 

PBS-treated BALB/c mice exhibited a luminescent signal associated with anatomical 991 

locations corresponding to the lungs, liver, spleen and brain. However, this luminescent 992 

signal was never detected at these locations in BALB/c mice immunized with the B. 993 

mallei tonB (Figure 7). To evaluate whether tonB mutant immunization resulted in the  994 

 995 

Figure 7.  IVIS Images show reduced bacterial burden in B. mallei ∆tonB vaccinated 996 

mice 72 h post challenge with luminescent wild-type.  Mice immunized with 997 

PBS (A) or ∆tonB (B) and subsequently challenged with CSM001were 998 

imaged for bioluminescent signal at 72 h post challenge and every 7 days 999 

thereafter until the experiment end.  The intensity of emission is represented 1000 

as a pseudocolor image. 1001 

production of sterile immunity, BALB/c mice surviving the experimental challenge were 1002 

euthanized and organs harvested from survivors to be analyzed for gross pathology and 1003 

bacterial persistence.  Although the lungs and livers showed no signs of gross pathology, 1004 

surviving BALB/c mice presented with splenomegaly accompanied by multiple splenic 1005 

abscesses (Figure 8) mirroring that we previously described in the spleen at stage 3 of 1006 

murine melioidosis infection [102].  Bacteria were isolated from the lungs, liver and 1007 
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spleen of BALB/c mice immunized with 1.5 x 10
5
 CFU of B. mallei tonB and only from 1008 

the spleen in BALB/c mice immunized with 1.5 x 10
4
 CFU of the tonB mutant (data not 1009 

shown).  Based on the phenotypic yellow pigment Pxb resistance and Km sensitivity, we 1010 

were able to conclude that all bacteria recovered corresponded to B. mallei ∆tonB and not 1011 

the CSM001 luminescent wild-type strain.  In an attempt to eliminate long-term 1012 

persistence of the B. mallei tonB mutant, as well as the organ pathology, a vaccine 1013 

titration study was initiated to identify the lowest tonB mutant immunization dose that 1014 

still provides 100% protection.  The vaccine titration study used the following B. mallei 1015 

tonB mutant doses for immunization: 1.5 x 10
4
 CFU, 1.5 x 10

3
 CFU, or 1.5 x 10

2
 CFU.  1016 

 1017 

 1018 

Figure 8.  Effects of ∆tonB mutant vaccination on mouse gross pathology.  BALB/c 1019 

mice were inoculated with either PBS (A) or 1.5x10
5
 CFU of ∆tonB (B).  At 1020 

day 21, the lung (bottom right), liver (top) and spleen (bottom left) were 1021 

extracted and visually assessed for affects due to treatment.  The visual 1022 

difference in lungs and livers of both treatment groups were relatively 1023 

unremarkable.  The spleens of ∆tonB mutant treated animals were enlarged 1024 

and contained one or multiple abscesses. 1025 

 1026 
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At day 21, before B. mallei CSM001 (1.5 x 10
4
 CFU) challenge, and 48 h after challenge, 1027 

three mice from each immunization group were euthanized and organs and serum 1028 

harvested for histopathological and cytokine analysis.  In accordance with the previous 1029 

vaccination study, all PBS-treated BALB/c mice challenged with B. mallei CSM001 died 1030 

by day 4, with a median survival of 3 days.  The titration curve exhibits a significant 1031 

dose-dependent increase in survival in tonB- treated BALB/c mice challenged with B. 1032 

mallei CSM001 (Figure 9).   1033 

 1034 

Figure 9.  B. mallei ∆tonB mutant (1.5x10
4
 CFU) provides 100% protect against wild 1035 

type challenge.  Mice were immunized i.n. with PBS (solid triangle), 1036 

1.5x10
4
 CFU (solid circle), 1.5x10

3
 CFU (solid inverted triangle) or 1.5x10

2
 1037 

CFU (solid square) of B. mallei ∆tonB. Three weeks later, BALB/c mice 1038 

were challenged with 1.5x10
5
 CFU of a B. mallei WT luminescent reporter 1039 

strain (CSM001).  The statistical significance of differences in survival 1040 

times was determined by plotting Kaplan-Meier curves, followed by a log 1041 

rank test.  p < 0.001,  p <0.01. 1042 

 1043 
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All BALB/c mice immunized with 1.5 x 10
2
 CFU expired by day 15, with an increased 1044 

mean survival of 9 days ( p = 0.0016).  In BALB/c mice immunized with 1.5 x 10
3
 1045 

CFU or 1.5 x 10
4
 CFU, survival increased to 62.5% ( p = 0.0016) and 100% ( p = 1046 

0.00016), respectively, by the end point of 28 days.  In addition to the cytokine and 1047 

histopathological analysis described below, an assessment of bacterial burden in 1048 

surviving animals showed the spleen and, to a lower extent, the liver chronically infected 1049 

with the vaccine strain but not the wild-type strain (data not shown). 1050 

Serum immunoglobulin analysis  1051 

 To determine differences in the antibody composition of PBS- and B. mallei 1052 

∆tonB mutant-treated BALB/c mice, serum was analyzed by using an ELISA.  To probe 1053 

for B. mallei-specific antibodies, we coated the ELISA plates with 10 µg/well of antigen  1054 

acquired from heat-inactivated B. mallei lysate.  When assayed at a 1:10,000 dilution and 1055 

compared to the wild type, lysate from B. mallei ∆tonB-treated BALB/c mice had  1056 

significantly higher titers of all B. mallei-specific antibodies tested (Figure 10).  Mean 1057 

differences in absorbance for IgG1, IgG2a, and IgM were 5.4 (p = 0.0009)-, 4.8 (p = 1058 

0.0106)-, and 10.9 (p = 0.0028)-fold higher, respectively, in B. mallei ∆tonB-vaccinated 1059 

mice. 1060 

Histopathological analysis 1061 

  The BALB/c mice tissues (lungs, liver and spleen)  from the vaccine titration study (n=3 1062 

per treatment) at 0 h and 48 h post-challenge were histologically analyzed. 1063 

Representative images of the lungs, liver and spleen from PBS- and tonB-immunized 1064 

BALB/c mice are presented in Figure 11.  At 0 h, the lungs, livers and spleens of PBS- 1065 

treated BALB/c mice were unremarkable, presenting as normal healthy tissue with 1066 

normal architecture (Figure 11A-C).  BALB/c mice immunized with the ∆tonB mutant 1067 

presented with the following mild-to- moderate changes in pathology: perivascular and 1068 
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peribronchial inflammatory infiltrates in the lung sections (Figure 11D), hepatitis with 1069 

multifocal necrosis and scattered abscesses in the liver sections (Figure 11E), and 1070 

 1071 

Figure 10.    B. mallei specific Ig levels in B. mallei ∆tonB mutant vs PBS vaccinated 1072 

mice before challenge.  Serum samples from BALB/c mice taken at 21 days 1073 

post PBS or B. mallei ∆tonB mutant vaccination were diluted 1:10,000 and 1074 

analyzed for B. mallei specific IgG1 (A), IgG2a (B) and IgM (C) using a 1075 

class specific HRP-conjugated anti-mouse Ig monoclonal antibody. Bars 1076 

plotted with their SD represent the mean of three animals.  Statistical 1077 

significance was determined by the unpaired t test with equal SD.  p < 0.05 1078 
 p < 0.001,  p < 0.0001.  1079 

necrosis of follicles and accumulation of neutrophils in spleen sections (Figure 11F).  At 1080 

48 h, PBS-treated BALB/c mice showed moderate-to-severe pathological changes, such 1081 

as abscesses and multifocal inflammatory infiltrates in the lungs (Figure 11G and Figure 1082 

12A), areas of hepatocellular necrosis, occasional abscesses with necrotic cores and areas 1083 

of focal necrosis in the liver (Figure 11H), and congestion of the red pulp, proliferation of 1084 
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large foamy macrophages (inset of Figure 12C) and necrosis affecting the mantle zone 1085 

(Figure 11I and Figure 12C).  Similarly, B. mallei ∆tonB-immunized BALB/c mice 1086 

showed moderate-to-severe changes in pathology, but with a few differences.  In the 1087 

 1088 

Figure 11.  Representative images of CSM001 infected mice organ pathology.  Figures 1089 

A-L display the types of pathology seen in H&E stained lungs, liver and 1090 

spleen of CSM001 (1.5x10
5
 CFU) challenged BALB/c mice previously 1091 

immunized with PBS or ∆tonB (1.5x10
4
 CFU) at 0 h and 48 h post 1092 

challenge. 1093 

lungs, large, multifocal inflammatory infiltrates, as well as abscesses, were present with 1094 

focal consolidation observed as well (Figure 11J and Figure 12B).  The liver presented  1095 
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 1096 

 1097 

Figure 12.  Histopathology of B. mallei ∆tonB mutant vs PBS vaccinated mice 48 h post 1098 

challenge. H&E stained lung (A, B) and spleen (C, D) of CSM001 (1.5x10
5 

1099 

CFU) challenged mice previously immunized with PBS (A, C) or ∆tonB 1100 

(1.5x10
4 
CFU) (B, D) 48 h post challenge. Scale bar = 100μM.  Scores (E-1101 

G) were assigned for the lung, liver and spleen tissue sections after 1102 

microscopic examination. Bars plotted with their SD are representative of 1103 

three animals.  Statistical significance was determined by the Mann-1104 

Whitney’s test.   p < 0.05. 1105 

 1106 
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with hepatitis and multiple foci of hepatocellular necrosis (Figure 11K), and large 1107 

granulomas were formed in the spleen (Figure 11L and Figure 12D).  Histopathology 1108 

scores showed significant differences due to treatment over time in the lungs ( p ≤ 1109 

0.0001), liver ( p ≤ 0.0001) and spleen ( p ≤ 0.001).  When comparing the 1110 

differences in treatment at 0 h and 48 h, the lungs ( p = 0.05), liver (
 
p = 0.05) and 1111 

spleen ( p = 0.05) showed a robust trend toward significance as seen in Figure 12E-G. 1112 

Serum Cytokine Analysis 1113 

Cytokine analysis was conducted on the serum of vaccine titration study mice (n=3 per 1114 

treatment) collected at 48 h post wild-type challenge.  The majority of cytokines were 1115 

highly expressed in the serum of PBS-treated BALB/c mice compared to those 1116 

immunized with the B. mallei ∆tonB (Figure 13).  Of those to note, IL-6 (p = 0.049), 1117 

GM-CSF (p = 0.037), MCP-1 (p = 0.022), and RANTES (p = 0.032) were significantly 1118 

up regulated in PBS-immunized mice, which is consistent with our previous studies 1119 

(Figure 13) [102].  Furthermore, values for serum G-CSF were well above the standard, 1120 

and thus the values were set to the highest extrapolated value.  Analytes, IL-1β (p = 1121 

0.097), G-CSF, (p = 0.067) and KC (p = 0.05) showed a trend of up-regulated expression 1122 

in PBS- vs ΔtonB–treated BALB/c mice (Figure 13).  Of those more highly expressed in 1123 

tonB mutant-treated BALB/c mice, IL-12 (p40) showed the greatest significance in 1124 

differential expression with a p value equal to 0.0005.  1125 

Cross Protection Study 1126 

 Since B. mallei is a host-adapted clone of B. pseudomallei, the tonB mutant was 1127 

tested for its protective potential in an acute inhalational model of murine melioidosis.  1128 

BALB/c mice were vaccinated with 1.5 x 10
4
 CFU of B. mallei tonB.  At 21 days post- 1129 

immunization, BALB/c mice were challenged with 3 LD50 (9.0 x 10
2 
CFU) of B. 1130 
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 1131 

Figure 13.  Cytokine/chemokine profile of B. mallei ∆tonB mutant vs PBS vaccinated 1132 

mice 48 h post challenge. Serum chemokines/cytokines with higher 1133 

expression levels in CSM001 (1.5x105 CFU) challenged BALB/c mice 1134 

previously receiving PBS vs immunization with TMM001 (∆tonB) (1.5x104 1135 

CFU) at 48 h post challenge. Bars plotted with their SD are representative 1136 

three animals.  Statistical significance was determined by one-way ANOVA 1137 

followed by the Dunnett's test.  p ≤ 0.05. 1138 

pseudomallei strain K96243 [103].  In accordance with previous data, all PBS-treated 1139 

BALB/c mice died by 5 days post-challenge with a median survival of 5 days (Figure 1140 

14).  In BALB/c mice immunized with the tonB mutant, survival was increased to 75%  1141 

(, p ≤ 0.001) at the end point of 36 days.  As with the previously B. mallei tonB 1142 

vaccination studies, bacteria were recovered from immunized BALB/c mice who 1143 

presented with splenomegaly accompanied by abscesses. 1144 

DISCUSSION 1145 

To date, immune correlates of protection for B. mallei and B. pseudomallei are not 1146 

clearly defined.  Due to their intracellular lifestyle, these pathogens use an array of  1147 
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 1148 

Figure 14.  B. mallei ∆tonB mutant provides increased protection against B. 1149 

pseudomallei wild type challenge.  Mice were vaccinated i.n. with PBS 1150 

(solid triangle) (n=7) or 1.5x104 CFU (solid circle) of TMM001 (∆tonB) 1151 

(n=8).  Three weeks later, BALB/c mice were challenged (day 0) with 9.36 1152 

x 10
2
 CFU of B. pseudomallei K96243.  Statistical significant differences in 1153 

survival times were determined by plotting Kaplan-Meier curves, followed 1154 

by a log rank test. 
 
p < 0.0001. 1155 

virulence factors to invade, replicate, and cause pathogenesis from within host cells, 1156 

which can impede immune detection and, in some cases, protection.  An extensive review 1157 

of the literature suggested to us that an ideal vaccine for both pathogens would induce 1158 

robust humoral and cell-mediated responses [106,113].  Thus, we decided to examine live 1159 

attenuated vaccines, as these are often cited as the most efficacious approach to vaccine 1160 

development against intracellular pathogens, since they mimic natural infection, inducing 1161 

both humoral and cell-mediated immunity, without causing disease.  Moreover, this 1162 

thorough exposure to the live attenuated strain allows the immune system to customize a 1163 
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protective response, in addition to generating an immune memory for lifelong protection 1164 

against infection.   1165 

 In the present study, we set out to create such a vaccine by targeting the B. mallei 1166 

protein TonB.  Anchored in the cytoplasmic membrane, TonB plays an essential role in 1167 

energizing the outer membrane receptors responsible for the active transport of 1168 

extracellular iron containing-complexes into the periplasm of the cell.  Introduction of a 1169 

591-bp deletion in the B. mallei tonB gene (BMAA1801) generated a mutant strain 1170 

disrupted in its ability to assimilate hemin, hemoglobin, lactoferrin, and transferin for 1171 

growth under iron-chelated conditions.  In contrast, growth halos were produced around 1172 

filter disks saturated with FeSO4, which showed the B. mallei ∆tonB mutant capable of 1173 

utilizing sources whose important mechanisms are independent of the TonB protein.  1174 

Aerobically growing bacterial mutants with non-functioning transport systems were 1175 

found to become iron starved in the absence of free iron sources, such as FeSO4 [114]. 1176 

This condition was reported to lead to a distinct stress response characterized by the de-1177 

repression or induction of genes involved in iron acquisition [115]. In a futile attempt to 1178 

acquire iron, said mutants were found to respond by hypersecreting siderophores [114-1179 

120].  This is consistent with our findings in the CAS agar assay that show the ∆tonB 1180 

mutant producing yellow halos, a result synonymous with siderophore secretion,  and 1181 

these were 4-mm large in diameter, at a minimum, when compared to wild-type halos 1182 

(Figure 3).  The latter finding is consistent with the morphologically distinct, yellow 1183 

colonies of the B. mallei ∆tonB mutant, when compared to those from the wild-type, 1184 

which are white-beige (Figure 1).  This change in morphology is reported to result from 1185 

the constitutive production and accumulation of iron-bound siderophores, which are 1186 

yellow-to-brown vs. iron-free siderophores which are uncolored [119-121].  The 1187 

accumulation of iron-bound siderophores shows the B. mallei ∆tonB mutant unable to 1188 

dissociate iron from siderophores, which provides further evidence of a disruption in iron 1189 

transport and assimilation (Table 2). 1190 
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 In growth curve experiments, it was found that the B. mallei ∆tonB mutant was 1191 

incapable of maintaining wild-type growth kinetics (Figure 2).  Upon supplementing the 1192 

starter culture with free iron, the B. mallei ∆tonB mutant exhibited increased growth rates 1193 

more reminiscent of the wild-type, which is illustrated by a shorter lag phase and  1194 

prolonged maintenance of wild-type growth kinetics.  In a separate growth curve study, 1195 

our lab showed the full rescue of the B. mallei ∆tonB mutant phenotype after both the 1196 

starter and sub-culture were supplemented with free iron (data not shown).  Thus, the 1197 

direct correlation between free iron and the B. mallei ∆tonB mutant growth rate shows the 1198 

importance of TonB and its role of facilitating iron transport in fitness.   1199 

 In regard to virulence, a survival study in BALB/c mice showed an inverse 1200 

correlation between the percentage of survival and B. mallei ∆tonB mutant dose and/or 1201 

concentration of free iron (Figure 4). Compared to previous survival studies in BALB/c 1202 

mice challenged with the wild-type, the B. mallei ∆tonB mutant strain is 30 times more 1203 

attenuated with triple the dose, resulting in 100% survival.  Decreased mortality observed 1204 

in animals challenged with the B. mallei ∆tonB mutant grown in LBG alone illustrates the 1205 

importance of iron and its TonB-mediated acquisition to virulence.   1206 

 To prevent infection, vertebrate hosts employ a process known as iron 1207 

withholding, a form of nutritional immunity that sequesters free iron from the 1208 

environment [110].  The inaccessibility of free iron causes the invading pathogen to 1209 

undergo a period of iron starvation which induces and/or increases the expression of iron 1210 

acquisition systems to survive [108].  The absence of functional TonB-dependent iron 1211 

acquisition systems could have rendered the B. mallei ∆tonB mutant incapable of 1212 

overcoming this state of iron deficiency, resulting in decreased fitness of the mutant.  1213 

This notion is supported by the diminished ability of the B. mallei ∆tonB mutant to 1214 

survive, colonize, and disseminate to target organs (Figure 5) and could account for its 1215 

attenuated virulence.  Further, upon artificial complementation with exogenous iron, the 1216 
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B. mallei ∆tonB mutant phenotype was partially rescued, with the most noticeable 1217 

difference in the later time points found in the spleen.   1218 

 In a series of vaccine titration studies, it was empirically determined that a dose of 1219 

1.5 x 10
4
 CFU of the B. mallei ∆tonB mutant resulted in 100% protection (Figure 9) and 1220 

wild-type clearance following challenge.  Protected animals developed strong B. mallei-1221 

specific IgG1, IgG2a, and IgM responses (Figure 10), which were attributed to B. mallei 1222 

∆tonB mutant-mediated protection.  The observation and correlation of strong IgG and 1223 

IgM elicitation and protection are cited often in Burkholderia vaccine studies 1224 

[34,43,122,123].  In human cases, it was found that patients with less severe, localized 1225 

infection produced detectable Burkholderia-specific IgM antibody titers, whereas none 1226 

were detected in patients suffering from acute disseminated infection [122].   Thus, it is 1227 

possible to suggest that B. mallei ∆tonB mutant vaccination protects against lethal 1228 

infection by neutralizing bacteria and/or preventing their dissemination to target organs 1229 

via antibody-mediated mechanisms. 1230 

 B. mallei ∆tonB mutant immunization resulted in pathological differences that 1231 

may explain increased survival and protection. In general, histopathological scoring 1232 

shows a robust trend toward significant differences in the pathology seen in the lungs, 1233 

liver and spleen of control vs. B. mallei ∆tonB-immunized animals (Figure 12 e-g).  1234 

Further analysis of these tissues revealed two discriminatory elements of pathology 1235 

between vaccine treatments.  First, despite the finding that the lungs and livers from both 1236 

treatment groups displayed the same type of tissue damage, the pathological changes in 1237 

the B. mallei ∆tonB-immunized mice were much less severe (Figure 11).  And second, 1238 

the differential alteration in spleen architecture implied the treatment groups responded 1239 

differently to infection.  For example, splenic tissues from PBS-treated mice show a 1240 

diffuse response to injury (i.e. diffuse severe histiocytosis), while splenic tissue from B. 1241 

mallei ∆tonB mutant immunized BALB/c mice show a focal response to injury (i.e. 1242 

granuloma formation) (Figure 11c-d).  These histological observations suggested to us 1243 
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that immunization with the B. mallei ∆tonB mutant may result in the induction of an 1244 

immune response that reduces the severity of tissue damage, in addition to confining 1245 

infection to preventing disseminated disease, an important cause of morbidity and 1246 

mortality in many diseases [122,124-126]. 1247 

 These histopathological differences between control and B. mallei ∆tonB mutant 1248 

vaccinated mice are mirrored by the differences observed in their serum cytokine and 1249 

chemokine expression.  A comparison of the expression profiles showed unprotected 1250 

control animals having higher expression levels of the following cytokines: IL-1β, IL-6, 1251 

GM-CSF, KC, MCP-1, RANTES and G-CSF (Figure 13).  Pleiotropic in nature, 1252 

macrophage-derived pro-inflammatory cytokines IL-1β and IL-6 possess both potent 1253 

immunological and inflammatory properties [127-130].  Unregulated levels of pro-1254 

inflammatory cytokines can disrupt the antimicrobial activity/degrees of host 1255 

immunopathology balance and directly contribute to disease immunopathogenesis and 1256 

progression.  In models of murine melioidosis, it has been established that high levels of 1257 

pro-inflammatory cytokines IL-1β and IL-6 are preceded by B. pseudomallei 1258 

dissemination and concur with acute sepsis and mortality [131,132].  In addition, clinical 1259 

evidence has shown a correlation between elevated serum levels of IL-1β and IL-6 and 1260 

poor prognosis in patients with septic melioidosis [133-135].  Produced by activated 1261 

macrophages, IL-1β is an important mediator of the inflammatory response involved in 1262 

an array of processes, such as cell proliferation, differentiation, and apoptosis [136].  The 1263 

deleterious role of IL-1β has been attributed to a variety of causes, such as excessive 1264 

recruitment of neutrophils, which are speculated to support intracellular growth of B. 1265 

pseudomallei; tissue damage; and inhibition of IFN-γ, an essential protective factor 1266 

against B. pseudomallei and B. mallei infection [137].  Furthermore, IL-1 is a potent 1267 

inducer of the cytokine cascade, which promotes the production of IL-6, GM-CSF, and 1268 

G-CSF (CSF responses) [138].  Secreted by activated macrophages, IL-6 is a pro-1269 

inflammatory cytokine that functions to mediate fever and acute phase responses [139].  1270 

http://en.wikipedia.org/wiki/Apoptosis
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During bacterial infection, IL-6 is able to induce MCP-1 production and has also been 1271 

implicated in the suppression of IFN-γ and IL-12, a cytokine well know for it protective 1272 

properties against B. pseudomallei and B. mallei infection [140-142].  In line with our 1273 

results, previous work in the lab conducted by Judy et al. [103] showed that cytokines IL-1274 

1β, IL-6, G-CSF, KC, MCP-1 and RANTES, were detected in much higher levels at 1-3 1275 

days post B. pseudomallei challenge in the lungs of unprotected control animals vs those 1276 

of CpG-treated animals.  The cytokine profile of control mice seems to be indicative of a 1277 

highly inflammatory environment.  These results are consistent, not only in this study, but 1278 

in our previous work on the natural history B. pseudomallei virulence, in which the serum 1279 

of infected animals showed dramatic increase in KC, G-CSF, and MCP-1 (20).  Given the 1280 

role of these cytokines for recruitment and activation of neutrophils and 1281 

monocyte/macrophage populations, these cytokines were correlated with observed 1282 

leukocyte infiltration and pathology at sites of infection [102].  Lastly, since B. mallei 1283 

and B. pseudomallei are genetically closely related, the B. mallei ∆tonB mutant was 1284 

further tested for its potential to provide protection in an acute inhalational model of 1285 

murine melioidosis (Figure 14).  The significant cross protection seen in B. mallei ∆tonB 1286 

mutant-vaccinated mice provides an optimistic outlook for the development for a single 1287 

vaccine for both pathogens. 1288 

 Our vaccine is unique in that immunization provided considerable protection and 1289 

clearance of wild-type, while the B. mallei ∆tonB mutant was able to persist in all long-1290 

term surviving animals.  This persistence may be an attribute of long-term protection as a 1291 

result of increasing the immune system’s accessibility to protective antigen or 1292 

contributing to the development in an environment adverse to wild-type colonization via 1293 

chronic elicitation of the immune response.  This notion is supported by previous live 1294 

attenuated vaccine studies that showed survivors are generally all colonized at the end of 1295 

the study [36,42,143].  Furthermore, the failure to provide systemic, long-term protection 1296 

has been attributed to the rapid clearance of the attenuated vaccine strain [42,143] .  1297 
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Based on these and previously reported results, our studies are now focused on reducing 1298 

the long-term persistence of the B. mallei ∆tonB mutant.  The current objective is to 1299 

further optimize our vaccine strain by the following strategies: (1) introducing additional 1300 

mutations into the backbone, (2) investigating alternative routes of administration, and 1301 

(3) investigating alternative vaccine strategies, such as the incorporation of a prime-boost 1302 

regiment or a two-pronged approach in which vaccination consists of a combination of 1303 

two immunization routes.  Overall, we believe the present study represents a good 1304 

starting point for projects in which the B. mallei ∆tonB mutant could be further optimized 1305 

to become an effective vaccine against glanders and melioidosis. 1306 

 1307 

 1308 

 1309 

 1310 

 1311 

 1312 
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 1314 
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 1316 

 1317 

 1318 
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 1320 

 1321 

 1322 
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Chapter 7: Monitoring Therapeutic Treatments against Burkholderia 1323 

Infections Using Imaging Techniques 1324 

INTRODUCTION 1325 

In developing vaccines, researchers have looked to the employment of adjuvants 1326 

to generate and/or improve protective immunity. There has been significant interest in 1327 

using cytosine-phosphate-guanine (CpG)-containing oligodeoxynucleotides (ODNs) as 1328 

an adjuvant for preventative therapeutic measures [103,144-155]. CpG provides 1329 

protection from a variety of pathogens, such as Klebsiella pneumoniae, Yersinia pestis, 1330 

Listeria monocytogenes, Burkholderia pseudomallei, respiratory syncytial virus and 1331 

human immunodeficiency virus, by enhancing non-specific immunity commonly 1332 

associated with a strong polarized Th1-cell response, including increased production of 1333 

IFN-γ and Th1-associated antibody isotypes [144-150]. Pre- and post-vaccination with 1334 

CpG has been shown to protect and in some cases may contribute to the cessation of 1335 

disease transmission [144]. Mimicking bacterial DNA, CpG ODNs activate toll-like 1336 

receptor (TLR) 9 signaling and thus, function as potent stimulators of innate immunity 1337 

[156,157]. CpG ODNs are categorized in A-, B- and C-classes, based on varying 1338 

properties of length, sequence, backbone and formation of secondary or tertiary 1339 

structures.  Although all act as TLR-9 agonists, the three classes have been described as 1340 

eliciting different innate immune responses [157]. Class-A is characterized by strong 1341 

natural killer (NK) cell and precursor dendritic cell (pDC) activation, high levels of IFN-1342 

α production, and limited B cell activation, whereas class-B is categorized by strong B 1343 

cell activation, moderate NK and pDC activation with moderate IL-12 and limited IFN-α 1344 

production [158-163]. Class-C has intermediate properties of both class-A and -B and 1345 

thus is categorized by a strong B cell, antigen presenting cells (APC) and NK cell 1346 

activation, induction of pDC IFN-α production and preferential development and 1347 

differentiation of T helper 1 (Th1) cells [156,159,164,165].  The activation of innate 1348 
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immunity by the administration of CpG has been shown to provide protection against an 1349 

array of intracellular pathogens [144-150]. Against low aerosol challenge of B. mallei, 1350 

BALB/c mice pre-treated with CpG had lower levels of bacterial burden in the lungs and 1351 

increased survival compared to controls [166]. The protection provided by CpG pre-1352 

treatment was associated with enhanced levels of IL-12 and IFN-γ, IFN-γ-inducible 1353 

protein 10 and IL-6 [153]. Similar results were seen in an acute fatal sepsis model of B. 1354 

pseudomallei infection in BALB/c mice where CpG pre-treatment conferred more than 1355 

90% protection which was attributed to elevated levels of IL-12 and IFN-γ [152]. In an 1356 

attempt to define immune correlates of protection provided by CpG pre-treatment, Judy 1357 

et al. [101] showed that protection against an acute respiratory model of B. pseudomallei 1358 

infection in BALB/c mice is linked to elevated levels of IL-12 and recruitment of 1359 

inflammatory monocytes and neutrophils to lungs prior to infection. Because B. mallei is 1360 

considered a dwarfed clone of B. pseudomallei, data from experiments ascertaining the 1361 

protective efficacy of CpG treatment in an acute model of glanders should reflect the 1362 

infectious trends seen in melioidosis [167]. 1363 

 In the present study, the protective potential of CpG pre-treatment was evaluated 1364 

in an acute respiratory BALB/c mouse model of B. mallei infection. In addition to 1365 

assessing class-C CpG ODN protective capabilities and the role inflammatory cell 1366 

recruitment is playing during murine glanders, our study has focused on the 1367 

implementation of in vivo imaging techniques to monitor disease progression and 1368 

treatment. Since our previous study showed that CpG class-C provides the greatest 1369 

protection against B. pseudomallei, this CpG ODN was chosen for evaluation. The 1370 

bioluminescent B. mallei reporter strain CSM001 was used to monitor real time bacterial 1371 

infection combined with a new technique that employs a Neutrophil-Specific Fluorescent 1372 

Imaging Agent to visualize neutrophil trafficking in vivo.  1373 

RESULTS  1374 
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Class-C CpG ODNs treatment increases percent survival in BALB/c mice. 1375 

Using the pre-established acute respiratory challenge (i.e., intranasal) model of 1376 

glanders [104], two groups of 10 BALB/c mice were treated intranasally (i.n.) with 20 µg 1377 

of class-C CpG or PBS. Twenty four hours after treatment, BALB/c mice were infected 1378 

i.n with 1 x 10
4 

CFU of B. mallei CSM001. This combination of class-C CpG ODN 1379 

treatment and CSM001 challenge was used in all the following studies unless otherwise  1380 

 1381 

Figure 15: Survival of BALB/c mice immunized with Class-C CpG and challenged 1382 

with CSM001.  Mice were immunized i.n. with PBS or CpG 24 h prior to 1383 

i.n. challenge with 1.5 x 10
5
 CFU of CSM001.  CpG immunized mice 1384 

showed 60% survival at day 21, whereas in the control group, mice began to 1385 

die at day 3 with 0% survival by day 7.  Both a Log-rank test (p= 0.0029) 1386 

and a Gehan-Breslow-Wilcoxon test (p=0.0094) found both Kaplan-Meier 1387 

survival curves to be statistically different. 1388 

mentioned.  As previously demonstrated with this model, the majority of deaths in the 1389 

control group occurred on days 3 and 4, with all PBS-treated animals succumbing to 1390 

infection by day 7 (Figure 15).  On the other hand, treatment with class-C CpG resulted 1391 
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in increased protection shifting the curve from 0% to 60% survival until the study was 1392 

terminated at day 21.  1393 

Class-C CpG ODNs treatment reduces bacterial load in BALB/c mice. 1394 

To assess the effects of class-C CpG ODN treatment on CSM001’s ability to 1395 

establish infection and colonize target organs, BALB/c mice were treated and infected as 1396 

described in the experimental section.  At 24, 48 and 72 h post-infection, 3 animals per 1397 

group were euthanized, their lungs, livers and spleens homogenized, serial diluted in PBS 1398 

and plated  1399 

 1400 

Figure 16: Bacterial burden of BALB/c mice immunized with Class-C CpG and 1401 

challenged with CSM001.  Bacterial burden in the lungs (A), liver (B) and 1402 

spleen (C) was ascertained in three mice per group per time point.  To 1403 

determine statistical differences, values were log transformed and then 1404 

subjected to a paired two tailed Student t test. *, p  < .05. 1405 

on LBG agar supplemented with kanamycin (Km).  BALB/c mice treated with class-C 1406 
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CpG ODN showed significantly reduced levels of bacteria in the lung, liver and spleen at 1407 

every time point, as compared to PBS-treated BALB/c mice (Figure 16).  Bacterial 1408 

numbers peaked at mean values of 1.38 x 10
6 

CFU, 3.43 x 10
2
 CFU

 
and 1.70 x 10

2 
CFU 1409 

in the lung, liver and spleen, respectively; in class-C CpG ODN treated mice at 24 h and 1410 

then receded to low levels in the lung or undetectable levels in the liver and spleen by 72 1411 

h post-infection.  On the other hand, bacterial numbers in PBS-treated mice continued to 1412 

increase exponentially over the sampling period peaking at 72 h with a mean value of 1413 

2.31 x 10
8
 CFU, 7.23 x 10

6 
CFU and 6.60 x 10

6 
CFU in the lung, liver and spleen, 1414 

respectively. 1415 

Class-C CpG ODNs treatment leads to higher neutrophil-specific fluorescence 1416 

signal in BALB/c mice 1417 

Class-C CpG ODNs immunized mice challenge with B. pseudomallei wild-type 1418 

showed increased neutrophil and inflammatory monocyte trafficking to the lung, reduced 1419 

bacterial burden and increased survival time compared to control mice treated with PBS 1420 

[168]. Due to the close relatedness of these two pathogens, we then focused on the visual 1421 

analysis of neutrophil trafficking in BALB/c mice treated with class-C CpG ODN or PBS 1422 

and infected with B. mallei CSM001. Three hours prior to imaging, two BALB/c mice 1423 

from each group were administered the Neutrophil-Specific, Fluorescent Imaging Agent 1424 

via tail vein injection. At 24, 48 and 72 h, BALB/c mice were anesthetized and monitored 1425 

for bioluminescent bacteria and fluorescent neutrophil-specific signal, using an in vivo 1426 

imaging system (IVIS Spectrum) to collect and quantifying the photons emitted by 1427 

neutrophils and CSM001 within the animals (Figure 17).  1428 

 Nothing significant was visualized at 24 h (Figure 17a, 17c) or 48 h (data not 1429 

shown); however, at 72 h, B. mallei CSM001 organisms are seen in the head region, 1430 

lungs, livers and spleens of CpG treated mice. In addition, trafficking and recruitment of 1431 

neutrophils to the site of infection at 72h (Figure 17b) is also seen in similar areas.  By 1432 
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overlaying these images, it is possible to see dissemination, trafficking and co-1433 

localization of bacteria and neutrophils.  This ability is extremely informative when study 1434 

progression of bacterial infection and host responses to combat and control bacterial 1435 

dissemination. Thus, these results support the value of in vivo imaging technology. PBS-1436 

treated animals expired before the 72 h and thus were not imaged.  1437 

 1438 

Figure 17: In vivo whole body imaging of BALB/c mice immunized with Class-C CpG 1439 

or PBS and challenged with B. mallei CSM001. In vivo whole body 1440 

bioluminescence and fluorescence images of Class-C CpG treated (A, B) 1441 

and PBS treated (C) were taken at 24 h (A ,C) and 72 h (B) post-infection. 1442 

The intensity of emission is represented as a pseudocolor image. The 1443 

luminescence and fluorescent images were then overlaid to visualize 1444 

bacteria and neutrophil localization. 1445 

 1446 
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Class-C CpG ODNs treatment leads to increase levels of inflammatory monocytes 1447 

during early infection of BALB/c mice. 1448 

The influx of neutrophils, inflammatory monocytes and alveolar macrophage 1449 

populations associated with class-C CPG ODNs treatment and B. mallei infection was 1450 

assessed by flow cytometry of cells found in lung tissue. As shown in Figure 19, a 1451 

hierarchical gating strategy was used to quantitate numbers of specific populations within 1452 

lung tissue based on surface marker expression. 1453 

Acquired samples were first selected based on side scatter and forward scatter 1454 

characteristics consistent with leukocytes (Gate 1) (Figure 19a). The Gate 1 cell 1455 

populations were further separated based on expression of F4/80 (Gate2, F480+ and Gate 1456 

3, F4/80-) to distinguish monocyte and macrophage populations (F4/80+) from 1457 

neutrophils (F4/80-). Neutrophil numbers were further determined from the F4/80- 1458 

population based on lack of CD11c expression (Gate 4) and expression of CD11b (Gate 1459 

5) and Ly6 G/C (Figure 19b). Data are shown as number of events (cells) from the same 1460 

volume of total lung homogenate as described in the experimental section. The use of 1461 

these markers additionally enabled assessment of alveolar macrophages that are 1462 

phenotypically defined as F4/80+CD11b-CD11c+. 1463 

Twenty four hours (Time 0 h) after pre-treatment with class-C CpG ODN, the 1464 

numbers of inflammatory monocytes (F4/80+Ly6 G/C+) increased in BALB/c mice 1465 

compared with those treated with PBS (Figure 18d). At 72 h, an inverse trend is seen with 1466 

PBS-treated mice showing significantly higher numbers of inflammatory monocytes 1467 

(Figure 18d). Although neutrophil levels were 1.7 times higher at 0 h in class-C CpG 1468 

ODN treated vs PBS treated BALB/c mice, this increase was not statistically significant 1469 

due to animal variability (Figure 18c). Following challenge with B. mallei; however, 1470 

neutrophil numbers were increased in both treatment groups by 72 h post-infection. PBS-1471 

treated mice had significantly higher numbers of alveolar macrophages numbers at 0 and 1472 

72 h compared to class-C CpG ODN treated mice (Figure 18e). 1473 
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 Figure 18: Flow cytometry analysis of inflammatory cell populations in BALB/c mice 1476 

immunized with Class-C CpG or PBS and challenged with B. mallei 1477 

CSM001.Cells from the lung were isolated at 0 h (before infection) and 72 h 1478 

(after infection).  Cells were labeled with Ly6G/C-PE, CD11c-FITC, 1479 

CD11b-PerCPCy5.5, F4/80-APC monoclonal antibodies or corresponding 1480 

isotype controls and analyzed using FCS Express v4.0 Flow   Research 1481 

Edition (De Nova Software).  Panel A (Gate1) shows gating of leukocytes 1482 

from PBS treated group by selecting cells that display the appropriate 1483 

forward and side scatter characteristics.  The inflammatory monocyte 1484 

population (F4/80+ Ly6G/C+) as depicted in panel 4B (upper  plots) was 1485 

obtained from cells in gate 1.  Cell populations were further separated based 1486 

on lack of the F4/80 marker (gate 2) and lack of the CD11c (gate 4) in order 1487 

to obtain the neutrophil population (CD11c, F4/80–, CD11b+, Ly6G/C+) as 1488 

shown in panel B (lower plots).  Results are representative of 3 animals per 1489 

group.  Shown in panels C, D and E are neutrophil, inflammatory 1490 

monocytes and alveolar macrophage numbers respectively of PBS (solid 1491 

circles) or Class-C CpG (open circles) pre-treated animals at 0 h and 72 h 1492 

after infection.  Data are shown as mean ± SEM.  One-way ANOVA 1493 

followed by a Dunnett’s multiple comparison  tests for group comparisons 1494 

(Graph Pad Software v4.0).  Statistically significant value is designated *, p 1495 

< 0.05. 1496 

Class-C CpG ODNs treatment results in decreased tissue damage in the lungs 1497 

Lungs sections from B. mallei-infected BALB/c mice treated with class-C CpG 1498 

ODN or PBS were compared at 24, 48 and 72 h after challenge (Figure 19).  At 24 h, 1499 

lungs from class-C CpG ODN- and PBS-treated BALB/c mice show mild to moderate 1500 

and moderate to focally severe, respectively, perivascular and peribronchial inflammation 1501 

with a considerable neutrophilic component. Interstitial inflammatory infiltrates, which 1502 

are mostly neutrophils, are present with numerous scattered micro-abscesses throughout 1503 

the lung parenchyma (Figure 19a and 19d).  Collection of neutrophils and cellular debris 1504 

within the bronchial lumen are also seen in PBS-treated BALB/c mice (Figure 19a).  At 1505 

48 and 72 h, areas of necrosis begin to form in microabscesses in both treatment, 1506 

although, necrotic areas in the lungs of CpG treated BALB/c mice (Figure 19e and 19f) 1507 

are much smaller and localized compared to lungs of PBS treated BALB/c mice (Figure 1508 

19b and 19c). 1509 

 1510 
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 1511 

Figure 19: Histological analysis of lungs from BALB/c mice immunized with Class-C 1512 

CpG or PBS and challenged with B. mallei CSM001. Representative images 1513 

of Hematoxylin and Eosin stained mouse lungs sections from B. mallei-1514 

infected mice pre-treated with PBS (A–C) or class-C CpG ODN (D–F) at 24 1515 

h (A, D), 48 h (B, E) and 72 h (C, F) after challenge.  Magnification 40x and 1516 

scale bar = 100µM. Each panel is representative of the tissue pathology 1517 

observed in three mice per treatment group.  Arrows highlight pathology 1518 

described in the text.  1519 

DISCUSSION  1520 

B. mallei is the causative agent of glanders, a disease with high mortality rates in 1521 

untreated infections [169]. Despite B. mallei’s classification as a biothreat agent, there is 1522 

currently no licensed pre- and post-exposure vaccine that may protect against infection.  1523 

There are very little data on the efficacy of treating human glanders with antibiotics. 1524 

Currently, the treatment regimen consists of long-term administration of mixed 1525 

antibiotics that, if diagnosed early and accurately, is often only partially effective [170]. 1526 

In the case of B. pseudomallei and B. mallei, there has been significant interest in using 1527 

the cytosine-guanine (CpG)-containing oligodeoxynucleotides (ODNs) as adjuvant for 1528 

preventative therapeutic measures [103,145,151-155,161,171,172]. The interest resides in 1529 

the fact that CpG interacting with TLR-9 receptors, primarily expressed on B cells and 1530 



71 

DCs, stimulates the secretion/production of Ig, cytokine and chemokines and biases host 1531 

immune reactivity in favor of Th1 responses (IL-12 and IFN-γ) [173]. CpG treatment has 1532 

been shown to rapidly activate T cells, B cells, macrophage proliferation, and secretion of 1533 

antibodies as well as an array of Th1-associated cytokines [161]. In addition, CpG is 1534 

speculated to stimulate non-specific innate inflammatory responses to aid in development 1535 

of antigen specific immunity. Of the three classes of CpG, class-C attains properties 1536 

intermediated to those in class-A and -B CpG which include B-cell and NK-cell 1537 

activation, in addition to induction of IFN-α secretion from DCs [156]. 1538 

 Our previous studies have demonstrated that of the different classes of CpG, the 1539 

class-C provided better protection against an acute respiratory murine model of B. 1540 

pseudomallei infection [103], and therefore, a similar model was chosen for analysis in 1541 

the present study. Also, the BALB/c mouse model was previously optimized in our 1542 

laboratory for acute respiratory B. mallei infection and bioluminescent imaging [99]. 1543 

BALB/c mice are a good animal model to study infection since B. mallei exhibits an 1544 

organ-tropism, localizing specifically to the lung, liver and spleen [106]. In addition, 1545 

BALB/c mice are susceptible to aerosol and due to the symptoms exhibited after 1546 

infection; this becomes a clinical relevant model for vaccine/therapeutic testing. Thus, in 1547 

this study, class-C CpG ODN was assessed for the ability to protect against B. mallei in 1548 

the acute respiratory model of BALB/c infection. Protection was evaluated by percentage 1549 

of survival, bacterial burden, real-time bacterial dissemination and lung histopathology. 1550 

In an attempt to dissect immune processes of protection, treated and untreated groups 1551 

were further monitored in real time for neutrophil trafficking and quantified for their 1552 

neutrophil, inflammatory monocyte and macrophage populations. In addition, this study 1553 

highlights, for the first time, the use of a new multi-modal imaging technique which 1554 

employs neutrophil-specific, fluorescent imaging agent, to monitor neutrophil trafficking 1555 

in vivo simultaneously with luminescent B. mallei dissemination. 1556 
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CpG treatment has resulted in the prolonged survival in an array of animal models 1557 

infected with a variety of intracellular and extracellular pathogens such as B. 1558 

pseudomallei, B. mallei, Klebsiella pneumoniae Listeria monocytogenes, Yersinia pestis, 1559 

Francisella tularensis, and mycobacteria [103,106,145,146,149,152-154,174,175]. This 1560 

protection is attributed to the rapid and early induction of innate immunity which 1561 

provides increased resistance through controlling infection and lowering/preventing the 1562 

dissemination of pathogens to target organs. Consistent with previous findings [103], 1563 

class-C CpG treatment resulted in increased survival of BALB/c mice (Figure 15) with 1564 

lowered and/or undetectable levels of B. mallei present in target organs (Figure 16). As 1565 

expected with the selected infective dose (10
4
 CFUs), the majority of PBS treated animals 1566 

died on day 3 with 0% surviving on day 7 (Figure 15. Although some animals also died 1567 

around day 3, protective effects of class-C CpG ODN treatment increased survival to 1568 

60% in BALB/c mice until the experiment was terminated on day 21. In parallel with the 1569 

survival study, mice from each treatment group were sacrificed at different time points to 1570 

assess the effect of class-C CpG treatment on bacterial load in the lungs, liver and spleen 1571 

(Figure 16). Bacterial burden in all organs showed inverse trend in the mean values 1572 

between class-C CpG treated and untreated groups as time progressed. From 24 to 72 h, 1573 

bacterial burden in untreated BALB/c mice increases exponentially, whereas in class-C 1574 

CpG-treated BALB/c mice the opposite effect is seen, with bacterial burden decreasing 1575 

exponentially over time with the exception of the 48 h time point in the spleen, where 1576 

bacterial burden seemed to increase slightly and then, in the case of two animals, 1577 

decreased to undetectable levels. Consistently, class-C CpG displays the potential to 1578 

decrease bacterial number by 6- to 7- logs as seen in all organs by 72 h post-infection. 1579 

Our results indicated that increased survival in BALB/c mice may be attributed to class-C 1580 

CpG ODNs ability to control infection in the lungs and/or prevent/reducing B. mallei’s 1581 

dissemination to target organs. 1582 

http://www.mdpi.com/2076-0817/2/2/383/htm#fig_body_display_pathogens-02-00383-f001
http://www.mdpi.com/2076-0817/2/2/383/htm#fig_body_display_pathogens-02-00383-f002
http://www.mdpi.com/2076-0817/2/2/383/htm#fig_body_display_pathogens-02-00383-f001
http://www.mdpi.com/2076-0817/2/2/383/htm#fig_body_display_pathogens-02-00383-f002
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 The use of CpG DNA with a variety of vaccines has improved protective 1583 

immunity in many animal challenge models. CpG act as an immune adjuvant, 1584 

accelerating and boosting cellular immune and antigen-specific antibody responses 1585 

independent of the infecting pathogen [99,103,144,145,147-154,156-161,163-1586 

165,167,173-175]. In the absence of this influx, bacteria are able to multiply and 1587 

disseminate freely until an appropriate immune response can be elicited, as was the case 1588 

for the PBS-treated BALB/c mice. By the time an immune response was induced, the 1589 

infection was too advanced, causing animals to eventually succumb to infection. Previous 1590 

experiments on CpG treatment in models of B. pseudomallei infection attribute the rapid 1591 

trafficking of neutrophils to protection [103,175]. As the primary antimicrobial effector 1592 

cell of innate immunity, neutrophils serve as a first line of defense against pathogens that 1593 

has infiltrated the body [175,176]. When an inflammatory response is initiated, 1594 

neutrophils leave the circulatory system and migrate to the site of infection for 1595 

containment and clearance of the invading pathogen. Classically, neutrophils are viewed 1596 

as phagocytes that ingest microbes and kill them by different mechanisms [144,159]. 1597 

Further, neutrophils also provide signals that play a role in innate immune system 1598 

activation and function, which are important for communication with other innate 1599 

immune cells (i.e., macrophages, DCs) and the adaptive immune system (T cells and B 1600 

cells) [176,177]. 1601 

 Due to these characteristics and previous supporting evidence gathered with B. 1602 

pseudomallei [103], neutrophil trafficking in response to B. mallei infection was observed 1603 

and characterized. To accomplish this, a new technique for monitoring neutrophil 1604 

trafficking in vivo in real time was optimized using a neutrophil-specific, fluorescent 1605 

imaging agent. This reagent is a Cyanine7-conjugate, PEG-modified hexapeptide that 1606 

specifically binds the formylpeptide receptor (FPR) of neutrophils [178]. The main 1607 

novelty that comes from this experiment is the fact that the dye allows real time 1608 

monitoring of neutrophils activation and trafficking.  Because the dye is non-toxic and 1609 
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the fluorescence signal corresponds to neutrophil number, the same animal can be 1610 

monitored throughout the duration of the experiment, giving semi-quantitative data, 1611 

which lowers the number of animals needed for an experiment and also negates the need 1612 

for animal sacrifice when looking at neutrophil localization. 1613 

 However, a more in depth look at the cell populations was taken, were the 1614 

lungs of treatment groups at 0 (pre-infection) and 72 h post-infection were extracted and 1615 

processed for flow cytometric analysis. In accordance with earlier studies [103] class-C 1616 

CpG ODN pre-treatment in BALB/c mice resulted in a substantial increase in 1617 

inflammatory monocytes at time zero vs. PBS-treated BALB/c mice (Figure 18C). 1618 

Neutrophil numbers increased prior to infection due to CpG treatment (Figure 18D), 1619 

which we had previously observed; this increase was not statistically different than PBS 1620 

treated mice. The lack of differences in the number of events could be explained by 1621 

sample timing.  When optimizing the use of the Neutrophil-Specific, Fluorescent Imaging 1622 

Agent, the highest fluorescence’s intensity was observed 24 h after CpG treatment; thus, 1623 

the 24 h pre-treatment time point was chosen for this assay. However, in previous studies 1624 

of acute respiratory models of B. pseudomallei infection, where neutrophils numbers 1625 

were higher in CpG treated mice vs. PBS treated mice at time zero, CpG treatment was 1626 

administered 48 h before sampling.  Thus, given our sampling time points, the window of 1627 

detecting difference in the neutrophil numbers seen previously may have been missed.  1628 

To assess class-C CpG treatment effect on lung architecture, histopathological lung 1629 

sections were examined at 24, 48 and 72 h post-infection (Figure 19). In general, both 1630 

treatment groups show the same types of inflammatory processes in the lung; although in 1631 

the PBS treatment animals the pathology seems to be more severe (Figure 19A–C). At 24 1632 

h, lungs from class-C CpG ODN- and PBS-treated BALB/c mice (Figure 19A, D) show 1633 

mild to moderate and moderate to focally severe, respectively, perivascular and 1634 

peribronchial inflammation with a considerable neutrophilic component (Figure 20b).  1635 

Interesting trends are noticed in both treatments. In the PBS-treatment, higher numbers of  1636 
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 1637 

Figure 20: Representative examples of lung tissue pathology seen in infected BALB/c 1638 

mice. Representative images of Hematoxylin and Eosin stained mouse lungs 1639 

sections that highlight the following pathology: normal lung (A), 1640 

Perivasculitis (black arrow) and vasculitis with neutrophil component (white 1641 

arrow) (B), scattered microabscesses (black arrows) and cell debris in 1642 

bronchial lumen with neutrophil component (white arrow) (C), areas of 1643 

necrosis (black arrows) (D), microabscesses (black arrows) (E) and small 1644 

necrotic foci (black arrow) (F). Magnification 40x and scale bar = 100 µM.  1645 

microabscesses are observed in the lungs at 48 h compared to 24h and 72 h. On the other 1646 

hand, in class-C CpG ODN treated BALB/c mice; the highest number of microabscesses 1647 

is observed at 24 h and progressively decreases at 48 and 72 h. This is supported by the 1648 
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early recruitment of immune cells which kill and contain the infection early and thus 1649 

negates the constant stimulation and influx of inflammatory cells [179]. Further, this 1650 

would explain the higher number of clear air-sacs, reduction in microabscesses and 1651 

inflammatory cells and tissue damage in class-C CpG ODN animals. 1652 

In conclusion, pre-treatment of CpG 24 h before CSM001 challenge, reduced 1653 

bacteria burden and tissue damage in target organs which resulted in a 60% increase in 1654 

protection compared to mock treated animals. This protection can be attributed to an 1655 

increase in inflammatory monocytes and neutrophils, as illustrated by the successful 1656 

implementation of a dye that allowed the simultaneous visualization of neutrophils and 1657 

bacteria.  The application of multi-modal imaging could provide a new novel tool for 1658 

non-invasive monitoring of the dynamics of neutrophils accumulation in the lung over 1659 

time following induction of infection. This additional capability could prove to be highly 1660 

valuable as we work toward developing therapeutic interventions for the treatment of 1661 

Burkholderia respiratory infections. 1662 

 1663 

 1664 

 1665 

 1666 

 1667 

 1668 

 1669 

 1670 

 1671 

 1672 

 1673 

 1674 
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Conclusions and Future Directions 1675 

The goal of this study was to generate a vaccine that could cross protect and 1676 

provide sterile immunity against B. mallei and B. pseudomallei infection.  To achieve this 1677 

goal, I generated a B. mallei ∆tonB mutant that is attenuated in growth, in vivo 1678 

colonization and virulence when tested in murine models of respiratory glanders.  When 1679 

evaluated as a vaccine, the B. mallei ∆tonB mutant provided 100% protected that resulted 1680 

in wild-type clearance in vaccinated mice challenged with a lethal dose of wild-type B. 1681 

mallei.  The B. mallei ∆tonB mutant was also able to provide substantial cross protection 1682 

to vaccinated mice challenge with a lethal dose of B. pseudomallei.  Evaluating the 1683 

protection generated by B. mallei ∆tonB mutant vaccination, immunized mice had 1684 

significantly increased levels of B. mallei specific IgG1, IgG2 and IgM.  In Burkholderia 1685 

infected subjects, both animal and human, increased serum IgG1, IgG2 and IgM levels 1686 

has been associated with localized infection, increased protection and an overall better 1687 

prognosis of survival.  These results are consistent with the histopathology data that show 1688 

more localized and less severe pathology the lungs, liver and spleen of wild-type 1689 

challenged mice previously vaccinated with the B. mallei ∆tonB mutant vs. mice 1690 

vaccinated with PBS.  In agreement with these results, the cytokine/chemokine profiles of 1691 

mice challenge with wild-type B. mallei show higher levels of inflammatory analytes in 1692 

the PBS mice vaccinated animals vs. B. mallei ∆tonB mutant vaccinated animals that 1693 

showed high levels of IL-12, a cytokine extensively reported in the literature for its 1694 

ability to control pathogen growth and dissemination, and to provide protection. 1695 

 The B. mallei ∆tonB mutant has showed great potential as a vaccine candidate 1696 

against B. mallei and B. pseudomallei infection.  However, it does have a few drawbacks 1697 

that can be addressed with further optimization.  In addition to the draw backs that plague 1698 

every live attenuated vaccine, such as concerns about wild-type reversion and use on the 1699 

immunocompromised, the B. mallei ∆tonB mutant is unique in the fact that it shows long 1700 
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term persistence.  All live attenuated vaccines candidate developed for glanders and 1701 

melioidosis have attributed the failure to fully protect, particularly in the chronic phase, 1702 

to the rapid clearance of the organism from the host.  Based on these conclusions, long- 1703 

term persistence of the B. mallei ∆tonB mutant may play a huge role in generating 1704 

protective immunity.  For example, the long term persistence may increase the immune 1705 

systems exposure to protective antigen or lead to the periodic elicitation of protective 1706 

immunity, which may result in immune memory and generation of an enhanced, educated 1707 

immune response 100% effective in fighting wild-type infection.  Although to reduce the 1708 

probability of chronic infection, the B. mallei ∆tonB mutant’s long-term persistence must 1709 

be addressed.  To create a B. mallei ∆tonB mutant that can persist short term, additional 1710 

mutations must introduced.  Recently, B. mallei ∆tonB ∆hcp1 double mutant was 1711 

generated to reduce not only probability of reversion but also persistence.  In the chance 1712 

that this double mutant does not produce expected outcome, I believe future studies 1713 

should include the comparison of B. mallei gene expression under iron rich and iron 1714 

depleted conditions.  From these results we can down select our gene targets for 1715 

mutagenesis by choosing those most up-regulate under iron depleted conditions.  1716 

Furthermore, I believe different routes and approaches to vaccination must be considered. 1717 

Alternative administration, such as i.p or s.c., of the B. mallei ∆tonB mutant could result 1718 

in decreased persistence.  In the case that the introduction of an additional mutation into 1719 

the B. mallei ∆tonB mutant results in reduced protection, I think it’s important to 1720 

investigate a prime-boost vaccination strategy or us a two-pronged approach in which 1721 

vaccination consist of a combination of two routes of immunization.  For example, a 1722 

vaccine regiment that incorporated both i.n. and s.c. immunizations may see great 1723 

protection locally and systemically.  Overall, I believe this work represent a good starting 1724 

point in which the B. mallei ∆tonB mutant could be further optimized to become an 1725 

effective vaccine for glanders and melioidosis. 1726 
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