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Abstract 
 
 Brucella abortus is a zoonotic agent that primarily infects cattle and causes 

brucellosis.  B. abortus strain RB51 is a live, attenuated vaccine licensed for cattle.  

However, there is no available vaccine to prevent human brucellosis.  Outer membrane 

vesicles have been tested as potential vaccines to prevent diseases caused by bacterial 

species.  OMV are constantly released from Gram-negative bacteria.  They are comprised 

principally of the outer membrane components and periplasmic proteins from the 

bacterial cell envelope.  The research in this thesis examined the adjuvant property of 

non-replicative, metabolically active irradiated strain RB51 and the protective ability of 

OMV derived from strain RB51.  Irradiated B. abortus strain RB51 was assessed for its 

ability to act as an adjuvant to induce protection against malaria.  It was found that 

irradiated B. abortus strain RB51 administered along with fasciclin related adhesive 

protein (FRAP) to mice induced a protective immune response and a significant decrease 

in parasitemia after challenge with Plasmodium berghei.  Strain RB51 and strain RB51 

over-producing Cu/Zn superoxide dismutase (Cu/Zn SOD) were used to produce OMV.  

Western blotting and SDS-PAGE gel staining confirmed the presence of OMV and the 

over-production of Cu/Zn SOD.  OMV were delivered to mice using an intraperitoneal 

route and, in some cases, with aluminum hydroxide adjuvant.  The immune response was 

assessed by antibody isotyping with respect to OMV and measuring splenic clearance 

(i.e. protection) from a B. abortus strain 2308 challenge.  The results demonstrate that 
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OMV from B. abortus strain RB51 or strain RB51 over producing Cu/Zn SOD produced 

a Th1 polarized immune response as measured by specific OMV antibodies and 

cytokines but no statistically significant protection was observed.    
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Chapter 1:  Literature Review 

OMV Background 

 Outer membrane vesicles (OMV) were identified almost 40 years ago in 

Pseudomonas aeruginosa exposed to N, N'-dimethylformamide (DMF) (93, 94).  The 

vesicles released from P. aeruginosa were described as blebs and bleb-like, a 

nomenclature that is still used to this day, however, OMV is much more widely used.  

OMV are products of Gram-negative bacteria and are comprised principally of the outer 

cell membrane, lipopolysaccharide (LPS), and periplasmic proteins (12, 57).  OMV have 

been shown to be a stress coping mechanism and a way to rid the cell of older or 

misfolded outer membrane proteins (OMP) and periplasmic proteins (58, 59).  OMV are 

constitutively released from Gram-negative bacteria during log phase (12, 13, 70).  The 

overall dimension of OMV, 50 to 250 nm, is comparable in size to the synthetic 

nanoparticles (1).  A wide range of functions has been proposed for the OMV including 

export of virulence factors and transfer of antibiotic resistance genes (12, 21, 40, 43).  

OMV are very complex particles e.g. in terms of the number of proteins and 

carbohydrates, and can obviously have very pleiotropic effects inside a host.   

 

 During the release of OMV from Gram-negative bacteria, the outer membrane 

looks similar to that of an apoptotic mammalian cell.  The outer membrane begins to 

bulge outward and protrude away from the inner membrane.  A membrane fission process 

then occurs, incorporating periplasmic components into the budding OMV, and encloses 

the bulging outer membrane to generate the complete OMV.  Production of OMV has 
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been observed in bacteria growing in the planktonic or biofilm mode, on solid or liquid 

media, in swarming cultures and in natural environments, including infected tissues (12, 

49, 59, 93).  In a pioneering study on OMV, only the cleaved, mature form of proelastase 

was found in OMV from P. aeruginosa while the cleaved form is found normally in the 

periplasm of the bacterial species (12).  The thought that only periplasmic proteins are 

incorporated into OMV was confirmed because the larger precursor of the proelastase, 

found only in the cytoplasm, was not present in the OMV.  

 

 OMV can be easily isolated from Gram-negative bacteria growing in liquid or on 

solid media (85, 108).  Isolation of OMV can be accomplished through differential 

centrifugations that separate the OMV from the planktonic bacteria.  Protocols using 

centrifugation have been shown to be effective in isolating OMV in most Gram-negative 

bacteria including, but not limited to Neisseria spp., Vibrio spp., and Pseudomonas spp. 

(40, 67, 85, 91, 93, 94).   

 

 LPS is constitutively produced in Gram-negative bacteria and present in OMV of 

both smooth and rough type Gram-negative bacteria.  Concentrations of LPS found in 

OMV are not affected by the phenotype of the bacteria, i.e. rough or smooth (12, 43, 94).  

LPS is an activator of innate immunity through the Toll-like receptor 4 (TLR4) pathway 

and in large amounts can cause a toxic effect in hosts infected with Gram-negative 

bacteria (17).  The toxicity of LPS is especially noted in the family Enterobactericae.  

Hence, antigenic differences in LPS mutants that make the molecule less toxic have been 

looked at in some species as potential vaccine candidates (e.g. N. meningitidis) (6, 9).  
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Outer membrane proteins (OMP), or lipoproteins, are also present in OMV.  OMP have 

been shown to activate innate immunity through a TLR2 dependent pathway (71) and 

could translate into an enhanced means for OMV to serve as vaccines. 

 

OMV Vaccines 

 OMV vaccines have been in development for more than 20 years (107).  The most 

common vaccine preparation for OMV is used in immunization against N. meningitidis 

infections in humans (8, 36, 79).  OMV vaccines have also been developed towards 

Vibrio cholerae, Bordetella pertussis, and other Gram-negative pathogens (77, 85, 89).  

OMV based vaccines consist of OMV isolated using traditional methods (10, 85).  The 

OMV have been delivered in many different ways including intranasal, intraperitoneal, 

intragastric and all induce measurable levels of protection (32, 77, 85). 

 

In the case of N. meningitidis, there are different serogroups within the species 

that have not been shown to produce cross protective antibodies after vaccination, using 

various methods and routes of inoculation (26, 54).  Using OMV from multiple serotypes 

or a multivalent OMV could circumvent this problem (54, 80).  Theoretically, if one were 

able to engineer multivalent OMV for different serotypes of the same organism, it should 

be possible to engineer a multivalent vaccine to target two different species of Gram-

negative bacteria.  Moreover, the possibility exists of using genetically engineered Gram-

negative bacteria to produce protective antigens in OMV to target organisms that are 

completely unrelated (e.g. Gram-positive bacteria, viruses, and parasites).   
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 OMV elicit a wide variety of cytokines and antibodies in the immunized host.  N. 

meningitidis OMV stimulate proinflammatory cytokines and chemokines including tumor 

necrosis factor- alpha (TNF-alpha), interleukin-1beta (IL-1beta), interleukin-6 (IL-6), and 

interleukin-8 (IL-8).  Cytokine stimulation from exposure to OMV has been proposed to 

be a preliminary step in setting up meningococcal pathogenesis.   However, innate 

immunity activation could lead to protective immunity when vaccinating with 

meningococcal OMV (46, 61).  TNF-alpha production by granulocytes and monocytes is 

dependent on TLR2 and TLR4 pathways during exposure to meningococcal OMV (62).  

OMV vaccines have also been shown to elicit strong, neutralizing serum and mucosal 

(i.e. IgM, IgG, and IgA) antibody responses (38, 110).  

 

Malaria Prevalence and Symptoms 

Malaria is considered the most deadly parasitic disease in the modern world (39).  

Plasmodium falciparum is the etiologic agent of malaria (25).  P. falciparum infects 300 

to 500 million people a year, causing approximately 1 million deaths each year.  The 

parasite has developed resistances to some of the most common drugs used to treat it, and 

no vaccine exists for P. falciparum to aid in prevention (35). 

 

Clinical diagnosis for malaria can be effectively achieved through microscopy.  

However, many clinical settings where malaria is prevalent do not have access to 

microscopy facilities.  The lack of accurate means for diagnosis typically leads to 

misdiagnosis (35).  Uncomplicated malaria presents clinically in children as fever, 

vomiting, and diarrhea, conditions that are typically of most other childhood ailments.  
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However, malaria in adults can cause multiple organ failure, including renal failure.  The 

difference between clinical presentation in young and adult individuals is not fully 

understood in malaria pathogenesis (35). 

 

Brucella Etiology and Pathogenesis 

 Bovine brucellosis is caused by a facultative, intracellular bacterial pathogen 

known as Brucella abortus (44).  Transmission can occur vertically, through 

contaminated milk, or through contaminated abortion secretions, the latter of which being 

the most important in cattle (18).  Infection can result from contact with skin, 

conjunctiva, or respiratory mucosa, but the most common means of infection occurs 

through the bovine respiratory tract (18).  Brucellosis presents clinically in cattle by 

causing abortions or producing weak, newborn calves (18).  However, symptoms of 

infection vary greatly between host species when infected with the intracellular pathogen 

(53).  Differences between clinical manifestations of different species are not fully 

understood (53).  The outcome of infection in cattle is highly dependent on age, 

reproductive and immunological status, natural resistance, and strain infectivity (2).  

Infection is often inapparent in bulls, but can lead to fever, anorexia, and depression (18).  

The most common lesion in Brucella infected bulls is orchitis, which can result in 

permanent infertility (60, 74). 

  

Abortion typically occurs in cattle during the last trimester of gestation (18) when 

B. abortus migrates to the uterus.  High levels of erythritol and steroid hormones secreted 

by trophoblasts surrounding the gravid uterus are likely the cause of this migration (18).  
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Erythritol is conducive to Brucella survival because B. abortus can use it as both a carbon 

source and an energy supply (81).  Multiplication of the Brucella causes an influx of 

inflammatory cells into the fetal placental area (81).  Metabolic exchanges are 

compromised due to this influx of cells resulting in fetal abortion (81).  After the initial 

abortion, most cows are able to progress to full parturition upon subsequent pregnancies, 

although another abortion is possible (18).       

 

Brucella Immunity 

 B. abortus activates innate and acquired immunity in vivo over the course of 

infection (44).  Innate immunity is the first line of defense against Brucella spp. infection.  

B. abortus LPS mediates the interaction between B. abortus and complement component 

in the host.  Complement components are found in the serum and are responsible for 

early serum bactericidal activity.  Smooth B. abortus are more resistant to serum 

bactericidal activities.  B. abortus LPS obtained from smooth strains does not activate the 

alternative complement pathway.  In fact, the classical, IgM-mediated complement 

pathway is the most prevalent way in which Brucella spp. activate complement in the 

host.  Neutrophils rapidly phagocytize B. abortus after opsonization in the serum.  

Neutrophils likely serve as a transport vesicle for B. abortus to lymphoid tissues.  

Macrophages are activated by IFN-γ and TNF-α.  The macrophages then phagocytize 

Brucella and exhibit bactericidal activity due mainly to myeloperoxidase-H2O2-halide 

activity during oxidative burst.  However, some of the Brucella survive and the host must 

rely on the cellular immune system to clear the pathogen (44).    
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 Cellular immunity is responsible for Brucella-specific immune responses and 

critical for vaccine-mediated protection (44).  CD8+ T cells are critical in controlling 

Brucella infection. CD8+ T cells are responsible for killing Brucella-infected 

macrophages. CD4+ T cells, CD8+ T cells, and macrophages secrete IFN-γ and IL-2 to 

help drive immune system polarization to a Th1 mediated response.  B cell production 

switches to IgG2a and IgG3 isotypes to facilitate opsonization.  Opsonization induces 

phagocytosis of extracellular bacteria and helps control Brucella infection (44). 

 

 Both innate and adaptive immunity are important in controlling Brucella infection 

(44).  Th1 polarization of the adaptive immune system is crucial in the host controlling 

infection.  Vaccination can enhance the protection afforded by the host’s immune system 

due to priming of the adaptive immune system (44). 

 

Brucella as an Adjuvant 

 An adjuvant is an immunological agent that is used to augment the host’s immune 

response towards a specific antigen.  Adjuvants can consist of many different types of 

entities, from individual peptides to oil emulsion mixtures.  Brucella peptides and killed 

Brucella are documented to have adjuvant capabilities (30, 78, 88).  Specifically, Golding 

et al. has shown that heat killed B. abortus conjugated to human immunodeficiency virus 

(HIV) peptides have been able to induce antibody mediated immunity and antiviral 

activity.  The HIV antigen was conjugated to the membrane of the heat killed B. abortus.  

The vaccine stimulated mucosal antibody mediated immunity to produce antiviral effects 
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(30, 88).  B. abortus’s adjuvant capabilities make it a very attractive option for vaccines 

that need a strong immune response.     

 

Brucella Vaccines 

 B. abortus vaccines have traditionally been based on live, attenuated B. abortus 

(87).  B. abortus strain 19 is attenuated and unable to grow in the presence of erythritol 

(11, 87).  However, the presence of the O-side chain caused vaccinated animals to 

become seropositive thus confounding serodiagnosis since vaccinated animals could not 

be differentiated from field-infected animals. The production of antibody against the O-

side chain due to vaccination with strain 19 makes this strategy unfavorable for use as a 

vaccine considering the current test and slaughter practices used to control brucellosis in 

cattle (87). 

 

 B. abortus strain 45/20 was utilized in the first attempt to use a rough, live, 

attenuated vaccine to protect against bovine brucellosis (87).  Attenuation was achieved 

through serial passage of the B. abortus 45/0 field isolate in a guinea pig 20 times.  The 

resulting strain 45/20 was able to protect guinea pig and cattle from brucellosis.  

However, the strain would revert to a smooth phenotype in vivo, and offset the purpose of 

developing the rough strain (87) i.e. avoidance of confounding serodiagnosis.   

 

B. abortus strain RB51 was developed at Virginia Polytechnic Institute and State 

University during the 1980’s and conditionally approved by the United States 

Department of Agriculture (USDA) for use in cattle in 1996 (86, 87) and unconditionally 
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approved in 2001.  Multiple passages of B. abortus strain 2308 on rifampicin containing 

medium created the rifampicin resistant, rough strain.  Strain RB51 produces little to no 

O-side chain in its LPS.  The vaccine is a live, attenuated vaccine and has never been 

licensed for human use (87).  Other rough Brucella vaccine strains have been created, B. 

melitensis VTRM1 and B. suis VTRS1, by deleting a large segment of the wboA gene 

encoding a glycosyltransferase involved in O-side chain biosynthesis in the parent of 

each strain.  Strains VTRM1 and VTRS1 did protect against challenge but did not have 

the same degree of attenuation as strain RB51 (87, 102).  This indicates that wboA 

encodes a potential virulence factor, but other genes are also affected in strain RB51, in 

addition to the IS711 insertional inactivation of wboA, that allow a higher level of 

attenuation (87). 

Perspective 

 OMV are natural products of Gram-negative bacteria that are comprised of 

different outer membrane components, lipoproteins, periplasmic enzymes and 

carbohydrates.  OMV are approximately 50-250 nm in size and these vesicles are thought 

to be responsible for shedding of old or nonfunctional outer membrane components in 

stressed and non-stressed conditions, among other possible functions. 

 

OMV have also shown to be useful to microbiologists and clinicians in terms of 

developing vaccines.  Not only have OMV vaccines been developed, they have been 

shown to be effective, safe, and protective against serious human diseases (15, 22, 67).  

OMV should be able to deliver over-expressed, periplasmic and recombinant antigens. 

Moreover as a biodegradable delivery system capable of activating innate immunity, 
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OMV could stimulate acquired immunity against the recombinant antigen of choice. 

When one is dealing with Gram-negative pathogens that are viewed as too dangerous or 

risky to deliver as live, attenuated vaccines, OMV based vaccines could be of particular 

interest. 

 

 An effective B. abortus based OMV vaccine could be used as a human vaccine or 

as a safer bovine vaccine than the vaccines currently used to protect against bovine 

brucellosis.  The studies in this thesis focus on using B. abortus strain RB51 as a killed 

adjuvant to improve protection against malaria or strain RB51 derived OMV to produce 

an effective vaccine against wild-type B. abortus strain 2308 infection in mice. 
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Chapter 2:  Brucella abortus as an Adjuvant for the FRAP 

Protein of Plasmodium falciparum 

Introduction 

 Malaria has become a worldwide problem and is the most lethal parasitic disease 

(39, 51).  P. falciparum infects 300-500 million people annually (25), and despite 

extensive efforts, no vaccine has been established that is effective at controlling the 

spread of malaria (75).  Therefore, a vaccine capable of generating a strong, protective 

immune response targeting an essential malarial peptide is needed to help control the 

spread of the pathogen. 

 

 Fasciclin Related Adhesive Protein (FRAP) is responsible for hemoglobin 

degradation upon replication of the malaria parasite inside a red blood cell (RBC) (39, 

75).  The hemoglobin molecule makes up 90% of the total protein found in RBC.  

Without the FRAP protein, the intracellular RBC environment would be toxic towards P. 

falciparum and the parasite would not be able to survive (39, 106).  Colonization of red 

blood cells by P. falciparum causes the onset of clinical symptoms associated with 

malaria (39).  A vaccine capable of eliciting a strong immune response towards the FRAP 

antigen may be able to control disease and prevent clinical signs.  

 

 In the present study, a FRAP based subunit vaccine is used in the mouse model to 

determine the vaccine’s protective ability.  The vaccine is mixed with irradiated B. 
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abortus strain RB51 as a free adjuvant in order to stimulate a protective immune response 

against challenge with the mouse parasite P. berghei.  Heat-killed B. abortus has 

previously been shown to be an effective adjuvant when conjugated to certain Human 

Immunodeficiency Virus (HIV) peptides (30, 45, 88).  B. abortus strain RB51 has also 

been shown to be an effective carrier for heterologous antigens able to induce protective 

immunity (73, 101, 105).  The data presented in these studies suggests that irradiated B. 

abortus strain RB51 could serve as a suitable adjuvant for the FRAP subunit vaccine.  
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Materials and Methods 

Bacterial Strains:  B. abortus RB51 

Irradiation 

B. abortus strain RB51 was grown for 23 hours at 37oC in trypticase soy broth 

(TSB) to a density of 108 cfu per ml.  The cells were centrifuged at 1,000 x g for 10 

minutes and then washed with phosphate buffered saline (PBS).  The cells were 

resuspended in PBS at a concentration of 109 cfu per ml.  One ml of the resuspended cells 

was exposed to 440 kilorads using a model 109 cobalt irradiator (J.L. Shepherd and 

Associates, San Fernando, CA).  After irradiation, the culture was plated on trypticase 

soy agar (TSA) and incubated for three days at 37oC to determine whether strain RB51 

had been rendered replication deficient. 

 

Vaccines:  subunit and strain construction 

The vaccines used in this study are listed in Table 1 (pg. 49).   The vaccines were 

delivered as 100 µl aliquots to each mouse intraperitoneally (i.p.).  All mice received 20 

µg of FRAP protein (Dharmendar Rathore, Virginia Bioinformatics Institute, Blacksburg, 

VA) for each vaccination and boost.  Irradiated strain RB51 was delivered to the mice at 

108 cfu for the first vaccination and 104 cfu for each boost.  Complete Freund’s adjuvant 

(Invitrogen, Carlsbad, CA), 50 µl of 1 mg/ml heat killed Mycobacterium tuberculosis, 

was used for the first vaccination and incomplete Freund’s adjuvant (Invitrogen, 

Carlsbad, CA), 50 µl, was used for each boost.  
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Vaccine immunizations 

CD-1 female mice were received from Charles River Laboratory (Wilmington, 

MA) at 4 weeks of age.  All mice were acclimated for two weeks in the animal housing 

facility of the Infectious Disease Unit in the College of Veterinary Medicine, as approved 

by IACUC #08-070-CVM. Vaccines were delivered i.p. and the first boost at three weeks 

post-vaccination.  The second boost was given at 3 weeks post-boosting.  Mice were bled 

retro-orbitally two weeks post each vaccination to harvest blood.  Whole blood was 

centrifuged at 1,931 x g to isolate serum and allow for assessment of antibody levels 

specific for FRAP protein.  

 

ELISA assay for antibody titrations 

Enzyme-linked immunosorbance assays (ELISAs) were performed with standard 

methodologies (92) using 50 µl of FRAP protein at a concentration of 2.5 µg/ml for the 

coating antigen. Fifty µl of mouse serum at a dilution of 1:100 from the vaccinated mice 

was used to bind to the coating antigen and 50 µl of secondary anti-mouse serum 

conjugated to HRP (ICN, Solon, OH) at a dilution of 1:5000 was used for color 

development.  TMB membrane peroxidase substrate (KPL, Gaithersburg, MD) was 

added to the plate to cause color production and TMB stop solution (KPL, Gaithersburg, 

MD) was added to stop the reaction.  The ELISA plates were read at 450nm and an OD 

value was obtained in a microplate reader (Versamax, Molecular Devices, Sunnyvale, 

CA). 
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Challenge of mice with Plasmodium berghei and assessment of protection. 

All mice were challenged i.p. with P. berghei prepared in whole blood 

(Dharmendar Rathore, National Institutes of Health, Bethesda, MD) at a concentration of 

106 parasites at two weeks after the final boost.  Parasitemia was assessed at 3, 5, 7, and 

10 days post challenge by examining blood smears prepared with Giemsa stain; 1000 

RBC were examined at a magnification of 400x and a percent parasitemia calculated by 

dividing parasitized red blood cells by 1000. 

 

Statistical Analysis 

All data were analyzed by two-way analysis of variance using Prism software 

(GraphPad Software, La Jolla, CA).  A P value of  <0.05 was considered significant.   
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Results 

Serologic Response 

Rationale: ELISA was performed on all serum samples to assess whether the vaccinated 

mice were developing a specific immunoglobulin response towards FRAP protein. 

  

As detected by ELISA, sera obtained from mice at 2 weeks post-vaccination and 2 

weeks post-boosting contained no IgG1 or IgG2a antibody specific for FRAP (Fig. 1).  

However, sera from 2 weeks after the second boost of Freund’s adjuvant and FRAP 

showed a significant increase in the amount of IgG1 and IgG2a compared to sera from 

saline vaccinated controls.  A higher amount of IgG1 was present in the sera of these 

mice when compared to IgG2a levels.  Sera from mice vaccinated with irradiated strain 

RB51 and FRAP also showed a significant increase in IgG1 and IgG2a at this time 

compared to saline vaccinated control mice.  A higher amount of IgG2a was present in 

the sera of mice vaccinated with irradiated strain RB51 and FRAP compared to IgG1 

levels.  Sera from mice vaccinated with saline and FRAP showed a significant increase in 

IgG2a levels at this time compared to saline vaccinated controls, but no significant 

increase in IgG1 levels compared to saline vaccinated controls.  
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Figure 1.  ELISA results read at OD450 for development of IgG1 and IgG2a antibody 

subtype towards FRAP. Significance was determined in all cases by two-way analysis of 

variance and a P value of ≤ 0.05 was considered significant compared to the negative 

control as measured at each time point and indicated by a *. 

 

Measurement of P. berghei parasitemia in whole blood 

Rationale:  Protection experiments were performed to determine if irradiated strain 

RB51 used as an adjuvant in conjunction with FRAP provided a protective immune 

response against P. berghei challenge. 
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The immunized groups of mice were challenged at 2 weeks post-booster 

vaccination with P. berghei i.p. (Fig. 2).  Groups vaccinated with Freund’s adjuvant and 

FRAP protein and irradiated strain RB51 and FRAP protein showed a significant 

decrease in parasitemia when compared to saline control and saline with FRAP protein 

vaccinated groups.  However, the group vaccinated with saline and FRAP protein also 

showed a significant decrease in parasitemia compared to saline controls at 7 and 10 days 

post challenge.   

 

Figure 2.  Parasitized RBC after infection measured at 0, 3, 5, 7, and 10 days post 

challenge.  1000 RBCs were examined at 400x magnification and percent parasitized 

RBCs determined. Significance was determined in all cases by two-way analysis of 



	  

	   19	  

variance and a P value of ≤ 0.05 was considered significant compared to the negative 

control as measured at each time point and indicated by a *. 

 

 

 
 



	  

	   20	  

 

Discussion 

 Previous studies have demonstrated that replication deficient (heat-killed) B. 

abortus can serve as an effective adjuvant producing protective immunity in the mouse 

model (30, 31, 45).  In the current study, based on measuring the IgG isotypes stimulated, 

irradiated B. abortus strain RB51 was shown to be effective at eliciting an antibody 

mediated immunity towards a malarial protein FRAP.  Furthermore, use of FRAP and 

irradiated  B. abortus strain RB51 as an adjuvant was able to provide protective immunity 

against malarial infection in the outbred CD-1 mouse. 

 

 FRAP is an attractive antigen for a malarial vaccine because it is essential in the 

process of the parasite surviving within the RBC (39, 106).  FRAP is responsible for 

detoxifying hemoglobin in the intracellular environment of the RBC (39, 75, 106).  Since 

clinical signs of malaria are attributed to this stage of infection (39), stopping the 

detoxification of hemoglobin performed by FRAP could be key in controlling the disease 

(39, 75, 76).     

 

 The IgG subclass profiles in response to FRAP with irradiated strain RB51 as an 

adjuvant exhibited much higher levels of IgG2a than IgG1.  Higher levels of IgG2a could 

indicate that irradiated strain RB51 is driving the immune response against FRAP to a 

Th1 polarization.  However, a Th1 polarization cannot be determined without studies 

examining cytokine profiles.  High levels of IgG2a are indicative of the adjuvant 

characteristics of B. abortus while presenting an antigen, in this case FRAP (30, 88).  In 



	  

	   21	  

contrast, FRAP with Freund’s adjuvant was able to induce higher levels of IgG1 than 

IgG2a against the antigen.  As an adjuvant irradiated strain RB51 was able to induce a 

Th1 polarized response against FRAP, and Freund’s adjuvant (complete and incomplete) 

was able to induce a Th2 polarized response against FRAP (90).  Both adjuvants were 

able to elicit a significant immune response towards FRAP in a murine model, but the 

type of antibody subclass response differed between the two groups of mice.  

 

 Mouse models of malaria are very important tools for studying malarial infection.  

However, P. falciparum cannot cause disease in the mouse model.  Genetically similar 

rodent malarial parasites, such as P. berghei, are therefore important tools in studying 

malarial pathogenesis in the mouse model (50).   

  

Blood stage parasitemia is an important measure of a vaccine’s efficacy against 

malarial infection (96, 109).  In this study, irradiated B. abortus strain RB51 was used as 

an adjuvant in a malarial vaccine.  Irradiated strain RB51 with FRAP induced a strong 

Th1 type response (90) and provided protective immunity against malarial infection 

similar to that of previous mouse model malaria studies (96, 109).  Freund’s adjuvant 

used with FRAP also provided a similar protective immune response compared to 

irradiated strain RB51. But protection in this case was due to a Th2 type response (90, 96, 

109).  However, Freund’s adjuvant cannot be used in human vaccines (90).  More studies 

showing the safety of irradiated strain RB51 could be performed to further validate 

approving irradiated strain RB51 as a safe and effective adjuvant for human vaccines.   
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The study presented in this thesis shows for the first time that irradiated B. 

abortus strain RB51 can serve as a safe and effective adjuvant to vaccines targeting 

pathogens.  Irradiated B. abortus strain RB51 could be an ideal adjuvant for malarial 

vaccines.  Not only would it provide a protective immune response towards malarial 

infection, but it could also provide protective immunity against Brucella infection (65, 

82).  Further studies using irradiated B. abortus strain RB51 could help elucidate its true 

potential as an adjuvant.          
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Chapter 3:  Outer Membrane Vesicle Based Vaccines 

 

Introduction 

 B. abortus is the etiologic agent of brucellosis, a disease that primarily affects 

cattle (33).  Brucellosis is also the most common zoonoses in the world, and is typically 

transmitted to humans through contact with infected animals (7, 27, 33).  Although 

brucellosis has become a major problem in the modern world, no approved human 

vaccines exist (4, 52). 

 

 Brucella spp. establish infection in humans by invading macrophages and 

avoiding host immune responses in order to establish chronic infection (27).  The 

incubation period for disease in humans can vary from 5 days to 5 months.  Disease in 

humans is typically known as Maltese fever or undulant fever (27, 29, 52).  The most 

common clinical symptoms in human disease are recurring fever, headache, fatigue, 

malaise, weight loss, and night sweats (27, 52).  Less common symptoms include 

abortions in pregnant females, endocarditis, and neurobrucellosis (27). 

 

 Outer membrane vesicles (OMV) have been shown to be safe and effective 

vehicles for human vaccines in prevention of diseases ranging from those caused by 

Vibrio cholerae to Neisseria meningitidis (5, 48, 77, 84).  OMV are shed constitutively 

by most Gram-negative bacteria and are comprised of the outer membrane, LPS, and 
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periplasmic constituents of the bacteria (56, 84).  OMV vaccines have proven to be safe 

for human, and they have also proven to be highly immunogenic (20, 34, 84, 85). 

 

 In the present study, due to previous success of OMV based vaccines (77, 85) and 

knowledge that Brucella spp. produce OMV (A. Contreras, Mexico, personal 

communication) (14, 28, 98), OMV from B. abortus strain RB51 were analyzed as a 

possible vaccine candidate against brucellosis in the mouse model.  Immunogenicity and 

protective ability of the vaccine was examined in the mouse model in hopes of 

developing a cattle vaccine completely incapable of causing brucellosis and possibly a 

safe human vaccine against brucellosis.   
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Methods and Materials 
 
 
Bacterial Strains:  B. abortus 2308, B. abortus RB51, B. abortus RB51/SOD   
 

Isolation of OMV 

Cultures of B. abortus strain RB51 and strain RB51/SOD were grown overnight 

at 37oC to approximately 350 Klett units measured with a Klett-Summerson photoelectric 

colorimeter in 1 liter of Brucella broth (Difco, Detroit, MI) supplemented with yeast 

extract or Brucella broth supplemented with yeast extract and 25 µg/ml chloramphenicol, 

respectively.  The cultures were centrifuged at 1,931 x g for 10 minutes and the 

supernatant was filtered through a 0.22-micron filter.  The filtered supernatant was 

checked for viability by streaking on trypticase soy agar (TSA) plates and then 

centrifuged at 176,509x g for 4 hours at 4oC in an Optima L-90K Ultracentrifuge 

(Beckman Coulter, Brea, CA).  The pellet was resuspended in 1 ml of sterile saline and 

stored at -20oC until needed.  Protein concentration was determined using a Bio-Rad DC 

Protein Assay Kit I (Bio-Rad, Hercules, CA) and the resulting color was read at OD750 in 

a Versamax microplate reader (Molecular Devices, Sunnyvale, CA).     

 

Electron Microscopy 

 100 µl of strain RB51 OMV or strain RB51/SOD OMV were suspended in 900 µl 

of 37% formalin fixative (Fisher Scientific, Worcestor, MA).  The concentration of OMV 

was either 80 µg/ml or 8 µg/ml.  The samples were suspended in 2% aqueous uranyl 

acetate solution for negative staining and placed onto 200-mesh formvar carbon coated, 
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copper grids (Electron Microscopy Sciences, Hatfield, PA) (20).  Excess liquid was 

wicked away and samples were viewed at 63,000x and 100,000x magnification on a 

Zeiss 10CA Transmission Electron Microscope (Virginia-Maryland Regional College of 

Veterinary Medicine).  

 

Immunoblot assay 

 150 µg of OMV obtained from B. abortus strain RB51 and B. abortus strain 

RB51/SOD were treated with 40 µl of 2X Laemmli Buffer (Bio-Rad, Hercules, CA) and 

run on 10% SDS-PAGE gels (Invitrogen, Carlsbad, CA).  Electrophoresis was performed 

at room temperature with a constant voltage of 165V for 50 minutes.  After 

electrophoresis, the proteins from one gel were stained overnight with Coomassie blue to 

visualize the proteins.  The proteins from the second gel were transferred to nitrocellulose 

membrane (Bio-Rad, Hercules, CA) by applying a current of 15V for 45 minutes on a 

semi-dry transfer cell (Bio-Rad, Hercules, CA); the membrane was incubated with a 

polyclonal goat antibody directed against Brucella spp. Cu/Zn SOD (99).  

Immunochemical detection was performed using horseradish peroxidase (HRP)-

conjugated mouse anti-goat immunoglobulins (ICN, Solon, OH) as the secondary 

antibody.  

 

Vaccine strain construction 

 The vaccines used in this study are listed in Table 2 (pg. 49).  The vaccines were 

delivered as 100 µl aliquots to each mouse intraperitoneally (i.p.)  Each mouse received 
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15 µg of OMV protein for either strain RB51 or strain RB51/SOD vaccination.  

Aluminum hydroxide adjuvant (Sigma-Aldrich Corp. St. Louis, MO), 650 µg, was used 

for both the primary vaccination and the booster in its respective groups.  

 

Vaccine immunization 

 BALB/c female mice were received from Harlan Laboratories (Dublin, VA) at 4 

weeks of age.  All mice were acclimated for two weeks in the animal housing facility at 

the Infectious Disease Unit in the College of Veterinary Medicine, as approved by 

IACUC # 08-070-CVM.  Vaccines were delivered i.p. and boosts were given to each 

mouse at two weeks post-initial vaccination.  Mice were bled retro-orbitally two weeks 

post each vaccination to check for antibody levels specific for strain RB51 OMV.  

 

Challenge of mice with Brucella abortus 2308 and collection of tissues 

 Two weeks post-boost immunization all mice were challenged i.p. with 6.6 x 104 

cfu of B. abortus strain 2308.  Mice were euthanized by CO2 asphyxiation and spleens 

were obtained from all mice at two weeks post-challenge.  Spleens were homogenized 

using tissue grinders, serial diluted in sterile saline, and plated on trypticase soy agar 

(TSA) plates; splenic cfu were determined after incubation at 37oC for 5 days.  

 

ELISA assay for antibody titrations 

 Enzyme-linked immunosorbance assays (ELISAs) were performed with standard 

methodologies (92) using strain RB51/SOD OMV for the coating antigen at a 
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concentration of 2.5 µg/ml in carbonate coating buffer.  Mouse serum at a dilution of 

1:100 in PBS from the vaccinated mice was used to bind to the coating antigen and 

secondary anti-mouse serum conjugated to HRP was used for color development. TMB 

membrane peroxidase substrate (KPL, Gaithersburg, MD) was added to the plate to cause 

color production and TMB stop solution (KPL, Gaithersburg, MD) was added to stop the 

reaction.  The ELISA plates were read at 450nm and an OD values were obtained in a 

microplate reader (Versamax, Molecular Devices, Sunnyvale, CA).   

 

Mixed Splenocyte culture 

 Cytokine assays were carried out as described previously (100).  Briefly, two 

groups of three 6-week old female BALB/c mice were vaccinated i.p. with 15 µg of strain 

RB51 OMV or 15 µg of strain RB51/SOD OMV in 0.05 ml of saline and 0.05 ml (650 

µg) of aluminum hydroxide adjuvant (Sigma-Aldrich, St. Louis, MO).  As a negative 

control, three 6-week old female BALB/c mice were vaccinated with 0.1 ml of saline.   

Two weeks post-inoculation, each group was boosted with their corresponding vaccines 

in the same dosages.  Five weeks post-boosting, the animals were killed by CO2 

asphyxiation and the spleens were harvested.  Single-cell suspensions were prepared from 

the spleens of normal and vaccinated mice by placing the spleens on sterile 60-mesh 

stainless steel screens and mincing them with scissors.  The splenocytes were cultured in 

96-well plates at a concentration of 3.1 x 106 cells/well in the presence of either 15 µg of 

strain RB51 OMV, 15 µg of RB51/SOD OMV, 0.5 µg of concanavalin A (ConA), or no 

additives (unstimulated control).  RPMI 1640 (Gibco-BRL, Carlsbad, CA) supplemented 
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with 2mM L-glutamine, 10% heat-inactivated fetal bovine serum, and 50 µM 2-

mercaptoethanol was used to grow the cells for 5 days at 37oC and 5% CO2 atmosphere.  

 

Cytokine Quantitation assays 

After stimulation of splenocytes, supernatants of 5-day old cultures were tested 

for the presence of interferon-gamma (IFN-γ), interleukin-4 (IL-4), and interleukin-17 

(IL-17) by solid phase sandwich ELISA.  The ELISA kits were purchased from Cell 

Sciences (Canton, MA) and the assays were performed according to the manufacturer’s 

instructions.  The minimum detectable level for samples of IFN-γ, IL-4, and IL-17 was 

less than 15 pg/ml, less than 0.6 pg/ml, and less than 6 pg/ml, respectively.     

 

Statistical Analysis 

All data were analyzed by two-way analysis of variance using Prism software 

(GraphPad Software, La Jolla, CA).  A P value of  <0.05 was considered significant. 
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Results 
OMV isolation and characterization 

 Rationale:  OMV characterization was performed in order to visualize the OMV 

samples.  The visualization ensured that the protein concentrations were due to actual, 

intact OMV.  

 

OMV from strains RB51 and RB51/SOD were isolated by ultra-centrifugation of 

Brucella free culture medium and determined to be at concentrations of 8.1 mg/ml and 

7.9 mg/ml protein, respectively.  The samples were viewed by electron microscopy at 

63,000x and 100,000x magnification and OMVs were found in all samples (Fig. 1). 

  

 

A 
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B 

 

Figure 1:  Electron microscopy of strain RB51 OMV.  A) Electron microscopy at 

100,000x magnification.   The first panel shows the approximate size of a single OMV, 

previously shown in literature to range from 50 to 250 nm.  The arrow is pointing to an 

individual OMV.  B) Electron microscopy at 63,000x magnification.  The second panel 

shows a large amount of OMV aggregated together.  

 

Immunodetection of Cu/Zn SOD in OMV from strain RB51 

 Rationale:  In order to determine that strain RB51/SOD OMV contained higher 

levels of Cu/Zn SOD than strain RB51 OMV, immunoblot analysis was performed using 

a goat polyclonal anti-Cu/Zn SOD serum.    
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In the immunoblot, no 18 kDa band corresponding to Cu/Zn SOD protein (103) 

was detected in strain RB51 OMV (Fig. 2A).  However, substantial levels of Cu/Zn SOD 

protein (~18 kDa) were detected in strain RB51/SOD OMV (Fig. 2A).  In addition, an 

immunoreactive band was found at approximately 40-45 kDa that is roughly double the 

size of denatured Cu/Zn SOD, a phenomenon noted in previous literature (16, 66, 103). 

 

The Coomassie blue stained SDS-PAGE gel showed strong bands at 

approximately 20 kDa likely to be attributed to Cu/Zn SOD.  Strain RB51/SOD OMV 

exhibited bands at approximately 28 kDa and 31 kDa that likely correspond to outer 

membrane proteins.  Strain RB51 OMV also exhibited a faint band at approximately 31 

kDa that should correspond with an outer membrane protein (19, 24, 98).  Strain RB51 

OMV and strain RB51/SOD OMV exhibited different protein profile in the range of 50 

kDa to 175 kDa (Fig. 2B).   

A
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B

 

 

 

 

Figure 2.  Western blot analysis of Cu/Zn SOD and Coomassie blue stained gels of 

OMV.  A) The cellular extracts (150 µg) loaded are as follows:  Lane 1, molecular mass 

standards; Lane 2, strain RB51 OMV; Lane 3, strain RB51/SOD OMV.  Approximately 

150 ug of OMV extract was loaded.  The membrane was reacted with goat anti-Cu/Zn 

SOD serum and HRP-conjugated mouse anti-goat serum.  B) Lane 1, molecular mass 

standards; Lane 2, strain RB51 OMV; Lane 3, strain RB51 SOD OMV; Lane 4, B. 

melitensis strain 16M OMV.  The membrane was treated with Coomassie Blue stain 

overnight and destained the next day with acetic acid/methanol. 
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Serologic Response 

 Rationale:  ELISA was performed on all of the serum samples to assess whether 

the mice vaccinated with strain RB51 OMV or strain RB51/SOD OMV preparations were 

developing a specific immunoglobulin response towards OMV.   

 

 As detected by ELISA, sera obtained from mice at 2 weeks post-vaccination 

contained no IgG1 or IgG2a antibody specific for strain RB51 OMV or strain RB51/SOD 

OMV, with or without adjuvant.   However, there were significant amounts of OMV 

specific IgG antibodies developed in strain RB51/SOD OMV with aluminum adjuvant, 

strain RB51 OMV with aluminum adjuvant, and strain RB51/SOD OMV vaccinated mice 

(Fig. 3a).   Sera obtained from mice vaccinated with different preparations of strain RB51 

OMV at 2 weeks post-boost had significantly higher [P < 0.05] OD readings than mice 

vaccinated with saline only (Fig. 3b). 

A   
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B 

 

Figure 3.  Relative serum antibody levels following immunization with strain RB51 

OMV preparations.  A) Serologic response 2 weeks following vaccination. B) Serologic 

response 4 weeks following boosting.  The abbreviation Alum. Adj. refers to vaccine 

preparations that included aluminum hydroxide adjuvant.  Significance was determined 

using two-way analysis of variance and a P value of ≤ 0.05 was considered significantly 

different than saline control and indicated by *.  

 

Cytokine Production in Mixed Splenocyte Cultures  

 Rationale:  Cytokine production from mouse mixed-culture splenocyte cells was 

used to further characterize the specific immune response towards preparations of strain 
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RB51 OMV vaccines.  The cytokine response further clarifies the polarization of the 

immune system (i.e. Th1 vs Th2) caused by strain RB51 OMV.  

 

 Culture supernatants of immune splenocytes obtained from vaccinated mice at 5 

weeks post-boosting produced significantly higher levels of IFN-γ in culture supernatants 

relative to saline vaccinated mice.  The IFN-γ levels produced were considerably lower 

than from the splenocytes stimulated with ConA used as a positive control (Fig. 4a).  

Only culture supernatants from splenocytes of strain RB51 OMV vaccinated mice that 

had been stimulated with RB51 OMV showed significant levels of IL-4 production.  The 

IL-4 level produced was similar to the level of IL-4 from ConA stimulated splenocytes 

(Fig. 4b). Vaccination down-regulated the amount of IL-4 that cells were able to produce 

when stimulated with ConA. Vaccination with strain RB51/SOD OMV with aluminum 

adjuvant down-regulated the amount of IL-17 that strain RB51 OMV stimulated cells 

were able to produce (Fig. 4c).  Vaccination with strain RB51 OMV and strain 

RB51/SOD OMV both in aluminum adjuvant up-regulated the amount of IL-17 that cells 

were able to produce when stimulated with ConA.       
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A 

 

 

B 
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C 

 

 

Figure 4.  Cytokine responses to preparations of strain RB51 OMV in a mixed 

splenocyte culture derived from BALB/c mice 5 weeks post-boosting.  The abbreviation 

Alum. Adj. refers to vaccine preparations that included aluminum hydroxide adjuvant.  

A) IFN-γ response to RB51 OMV stimulation.  B) IL-4 response to RB51 OMV 

stimulation.  C) IL-17 response to RB51 OMV stimulation.  Significance was determined 

in all cases by two-way analysis of variance and a P value of ≤ 0.05 was considered 

significantly different than saline control and indicated by a *. 
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Measurement of B. abortus 2308 CFU in Spleens 

Rationale:  Protection experiments were performed to determine whether the 

level of immune response to the OMV was protective in a mouse model against 

brucellosis infection (68, 69, 72, 99).  

 

The immunized groups of mice were challenged at 2 weeks post-booster 

vaccination with smooth, wild type B. abortus strain 2308.   The splenic cfu in OMV 

vaccinated groups were approximately 0.1-0.5 log units lower than the unvaccinated 

controls.  However, these differences were not statistically significant (Fig. 5). 
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Figure 5.  Splenic cfu from BALB/c mice challenged with B. abortus strain 2308.  The 

differences between the groups were not statistically significant.  The abbreviation Alum. 

Adj. refers to vaccine preps that included aluminum hydroxide adjuvant. Significance 

was determined by two-way analysis of variance and a P value of ≤ 0.05 was considered 

significantly different than saline control and indicated by a *.  
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Discussion 

 OMV based vaccines have been in use for many years.  Neisseria spp. OMV were 

among the first human vaccines using OMV to provide protective immunity (63, 79).  

OMV vaccines have since been created for other pathogens including Vibrio cholerae, 

Bordetella pertussis, and Salmonella enterica serovar Typhimurium (5, 41, 42, 64, 77, 

84, 85).  These vaccines represent a unique method to stimulate protective immunity in a 

host.  They are not live vaccines, so there is little to no risk of infection due to 

vaccination itself.  However, OMV should afford better immunity than traditional subunit 

vaccines due to the presentation of the antigens in their same native forms as the live 

pathogen. The inability of OMV to cause infection makes OMV based vaccines very 

attractive for human and animal vaccination against Brucella spp.  Brucella spp. infect 

over 500,000 humans annually, causing brucellosis and it is currently the most 

widespread zoonotic infection in the world (83).  Despite these facts, there is currently no 

approved human vaccine against Brucella spp (83, 87).  The work presented here 

suggests that Brucella spp. OMV can stimulate an immune response in the mouse model.  

 

The electron microscopy images confirmed that OMV were present in the 

vaccines.  At 100,000x magnification, individual OMV could be seen and fell within the 

typical size range as other, previously reported for isolated OMV (56).  However, there 

was size disagreement between the scale present on the image and the size measured by a 

tool in the program that created the image.  According to the measurement tool, the OMV 

were in the correct size range, at 153 nm, that has been previously reported (56).  But the 

scale present on the image would place the OMV in the size range of 40 to 50 nm, which 



	  

	   42	  

is slightly smaller than the previously accepted range of 50 to 250 nm.  This disagreement 

could be due to problems in the software and should be addressed when using this 

electron microscope to visualize OMV in the future.  At 63,000x magnification and a 

higher concentration of OMV, clusters of OMV were visible and appear to have 

aggregated together (Fig. 1B).  Working with lower dilutions, as in the 100,000x 

magnification image (Fig. 1A), allowed for the viewing of singular OMV.  

 

Denaturing gels stained with Coomassie blue allowed for visualization of the 

protein profile present in the OMV.  The B. abortus strain RB51/SOD OMV protein 

profile was compared to that from B. melitensis strain 16M OMV and B. abortus strain 

RB51.  But the strain 16M OMV used were quite old and exposed to much freezing and 

thawing and the proteins had likely degraded.  In fact, no protein bands were present in 

the strain VTRM1 OMV lane and that sample had likely completely degraded.  Large 

bands were present around 20 kDa in the lane containing strain RB51/SOD OMV and B. 

melitensis strain 16M OMV lanes.  These bands likely account for Cu/Zn SOD and strain 

RB51 OMV does have a small band at the same position.  Other bands are present at 

approximately 25 kDa and 31 kDa in strain RB51/SOD OMV and likely account for 

outer membrane proteins while other proteins present in the OMV could have populated 

the periplasm (55).  Strain RB51 OMV exhibited a single band at approximately 31 kDa 

that would likely be an outer membrane protein (19, 23).  The protein profile of strain 

RB51 OMV slightly differed from that of strain RB51/SOD OMV in the range of 50-150 

kDa.  A proteomics study was not performed on strain RB51/SOD OMV and strain RB51 

OMV, so the exact differences or reasons for differences cannot be elucidated.  The SDS-
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PAGE profile, along with the electron microscopy, further proves that the samples used 

for vaccination contained OMV from strain RB51 and strain RB51/SOD.   

 

 Immunoblotting was performed to ensure that strain RB51/SOD OMV did 

actually contain more Cu/Zn SOD than strain RB51 OMV.  A large, immunoreactive 

band was present at approximately 20 kDa in the strain RB51/SOD OMV lane and was 

confirmed by immunoblotting using anti-Cu/Zn SOD serum (103).  Strain RB51 OMV 

exhibited little to no immunologically detectable Cu/Zn SOD.  The immunoblot 

definitively confirmed that strain RB51/SOD OMV contains a greater amount of Cu/Zn 

SOD than strain RB51 OMV.   

 

Serology was performed to determine the type of antibody subclass response, i.e. 

IgG1 vs. IgG2a vs. IgG whole molecule, that strain RB51 OMV and strain RB51/SOD 

OMV caused in vivo (103).  Mice immunized with strain RB51 OMV and adjuvant did 

show a significant increase in whole IgG level.  But the increase was only seen at the first 

bleed, two weeks post-vaccination.  The lack of response after the boost vaccination 

could be due to problems found in the concentration of OMV i.e. denaturing protein gels 

showed a much lower concentration of protein compared to the concentration estimated 

colorimetrically.  However, the concentration problems were also present in strain 

RB51/SOD OMV vaccine, and that group of mice continued to produce antibodies 

according to the ELISA assays performed in this study.  To ensure that concentration 

issues were not the reason behind the lack of response after boosting, the experiment 

would need to be repeated with accurate measures for concentration of OMV.   
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Strain RB51/SOD OMV caused a significant increase in IgG1, IgG2a, and IgG 

whole molecule titer levels at two weeks post-boosting.  Increases in IgG1, IgG2a, and 

IgG whole molecule are indicative of a mixed response that could be eliciting both Th1 

and Th2 responses towards the OMV.  Polarization of the immune system, i.e. Th1 or 

Th2, was later determined by cytokine analysis.  A mixed response skewed towards Th1 

type immunity has been shown in other Brucella vaccine literature (47, 82, 101) using 

live, attenuated vaccines.    

 

Strain RB51/SOD OMV in aluminum hydroxide adjuvant produced significant 

levels of IgG1 and IgG antibodies at two weeks post-boosting.  Interestingly, the vaccine 

preparation produced little to no IgG2a, an immunoglobulin that is consistent with a Th1 

polarized response (47, 101).  Aluminum hydroxide adjuvant has previously been shown 

to skew immune responses to a Th2 bias (97).  The use of aluminum hydroxide adjuvant 

could be very useful in the situation with a heterologous vaccine i.e. Brucella OMV over-

expressing a heterologous antigen.  If a Th2 polarization is necessary for protective 

immunity against a certain organism, e.g. flu virus, then OMV from strain RB51 over-

producing an antigen from that target organism delivered with aluminum hydroxide 

adjuvant may be very effective.  With the use of different adjuvants, an immune response 

could be “tailor made” towards a certain pathogen.  Moreover, the use of adjuvants could 

really create wider uses for strain RB51 based OMV vaccines in the future. 
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 Cytokine assays were performed to further elucidate the type of immune response 

that strain RB51 based OMV were inducing in the mice.  The cytokines assayed were 

based on previous studies (37, 100), as they are indicative of Th1, Th2, or Th17 

responses.  IFN-γ was used to assess Th1 polarization, IL-4 was used to assess Th2 

polarization, and IL-17 was used to assess Th17 polarization (37, 100). 

 

 Because a strong Th1 polarized response is necessary for the mice to clear B. 

abortus strain 2308 infection (87), IFN-γ was assayed.   Strain RB51 OMV and strain 

RB51/SOD OMV stimulated splenocytes were able to generate significant increases in 

IFN-γ production when compared to negative controls.  In previous studies, B. abortus 

extracts were shown to increase IFN-γ levels significantly (100).  In the present study, 

strain RB51/SOD OMV increased IFN-γ to approximately half the level of the positive 

control.  Strain RB51 OMV stimulation in IFN-γ production cannot be compared to the 

positive control in the same manner, because the ConA positive control did not produce 

levels of IFN-γ in this group.  Lack of a positive control was likely due to human error 

and would have been repeated if splenocyte samples had been available to repeat the 

assay.  Strain RB51/SOD OMV stimulated splenocytes showed higher levels of IFN-γ 

production than the B. abortus extract stimulated splenocytes when compared to positive 

controls (100).  However, even with the increase in IFN-γ, protection was not achieved in 

this study. 

 

 Strain RB51 OMV vaccinated mice did not exhibit an immunoglobulin response 

indicating a Th1 response (i.e. IgG2a) that was specific to RB51 OMV (47); however, 
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they were able to induce a very strong IFN-γ response in primary, mixed splenocyte 

culture.  The data indicate that even though strain RB51 OMV may not induce a strong 

immunoglobulin response, they do elicit a very strong cytokine based, Th1 directed 

response.  Both strain RB51 OMV and strain RB51/SOD OMV stimulate a strong Th1 

response that should help the host clear a B. abortus 2308 infection (72, 82, 104).   

 

 Strain RB51 OMV stimulated splenocytes produced significant levels of IL-4 

indicative of a Th2 response (95).  Strain RB51 OMV vaccinated mice showed no trend 

of decrease in splenic cfu following a challenge with smooth strain 2308.  Strain 

RB51/SOD OMV stimulated splenocytes had little to no detectable levels of IL-4 and did 

provide protection against smooth strain 2308 in the mouse model.  

  

IL-17 production, which induces a Th17 immune response, is a pro-inflammatory 

response that has been shown to be important in fighting infection in aged mice, allergy 

related disorders, and autoimmunity disorders (3, 37).  Strain RB51 OMV and strain 

RB51/SOD OMV stimulated splenocytes showed significant increases in IL-17 

production.  In the unvaccinated control splenocytes there was a significant increase in 

the amount of IL-17 produced when stimulated with strain RB51 OMV or strain 

RB51/SOD OMV. However, vaccination with strain RB51/SOD OMV down-regulated 

the amount of IL-17 that strain RB51 OMV stimulated splenocytes were able to produce.  

Strain RB51 OMV vaccination did not have the same effect on strain RB51/SOD OMV 

stimulate splenocytes.  Vaccination with either strain RB51 OMV with aluminum 

adjuvant or strain RB51/SOD OMV with aluminum adjuvant did not have a positive 
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effect on the amount of IL-17 produced when splenocytes were stimulated with strain 

RB51 OMV and strain RB51/SOD OMV.  It would be interesting to repeat the 

experiment and stimulate with different purified outer membrane proteins and other 

purified proteins, such as Cu/Zn SOD, to determine which components of the OMV were 

causing this non-specific response.  More importantly, it would be useful to determine if 

the OMV vaccines protect aged mice against a Brucella challenge (37) to determine if 

Brucella based OMV vaccines could potentially be effective in the elderly human 

population.   

 

 Clearance studies, as indicated by splenic CFU, suggested a protective trend in 

mice vaccinated with strain RB51 OMV in aluminum hydroxide adjuvant as well as in 

mice vaccinated with strain RB51/SOD OMV.  However, neither of the decreases in 

splenic CFU was found to be statistically significant.  Protection could potentially be 

achieved by the use of more OMV during vaccination or additional boosting.  

Alternatively, the route of immunization could be varied.   In unpublished studies, OMV 

from B. melitensis given intramuscularly and boosted, induced protection in mice (A. 

Contreras, Mexico, personal communication). 

 

 The assay used to determine protein concentration (Bio-Rad, Hercules, CA) 

suggested a much higher concentration than what was observed after running an SDS-

PAGE containing extracts of strain RB51 OMV or strain RB51/SOD OMV.  Thus the 

small amount of actual OMV present in the vaccine preparations could account for the 

lack of protection observed in immunized mice.  The amount of OMV delivered was 
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sufficient to produce an immune response in terms of higher amounts of serum 

immunoglobulins and cytokines, but not sufficient to produce a protective immune 

response (68, 82). 

 

 Repeating the protection studies with a known concentration of strain RB51 OMV 

and strain RB51/SOD OMV would be a very important next step.  A more suitable assay 

to determine the protein concentration of OMV should be identified.  Alternative routes 

of inoculation should also be considered as they could affect the type and quality of 

immune response that is stimulated (unpublished data, A. Contreras).  In this study, 

intraperitoneal vaccination was chosen because of previously determined models for 

Brucella spp. vaccination and challenge protocols (72, 101, 103) using attenuated strains.  

However, strain RB51 OMV are not the same vaccine as a live, attenuated strain RB51 

vaccine and may require a different route of administration in order to be effective. 

 

 In conclusion, the studies presented in this thesis indicated for the first time that 

B. abortus strain RB51 derived OMV are capable of producing an immune response in 

mice.  A correlation existed between vaccination with strain RB51 derived OMV and a 

trends towards protection, although the protection levels were not significant.  Future 

research should address repeating the protection studies with the aforementioned 

suggestions in order to determine the protective capabilities of strain RB51 derived 

OMV.    



	  

	   49	  

  

Tables 
 

Table 1:  List of vaccines used in the study presented in Chapter 2. 
 
Vaccine Description 
Saline 
 

Negative control for vaccination. 

Saline/FRAP 20 ug 
 

Determined immune response to native 
protein. 

Freund’s Adjuvant (Complete and 
Incomplete)/FRAP 20 ug 
 

Standard characterized adjuvant to compare 
to irradiated strain RB51 

Irradiated strain RB51 (106 and 104 
cfu)/FRAP 20 ug 
 

Determined if irradiated RB51 was a 
suitable adjuvant to induce a protective 
immune response towards FRAP. 

 

 

 

Table 2:  List of vaccines used in the study presented in Chapter 3. 

 
Vaccine Description 
Saline 
 

Negative control for vaccination. 

15 ug RB51 SOD OMV in 
Aluminum Hydroxide 
Adjuvant (Alum. Adj. RB51 
SOD OMV) 

RB51 OMV that over express Cu/Zn SOD exported to the 
periplasm.  This vaccine was based in adjuvant to increase 
antigenicity. 

15 ug RB51 OMV in 
Aluminum Hydroxide 
Adjuvant (Alum. Adj. RB51 
OMV) 

RB51 OMV isolated from normal B. abortus RB51.  This 
vaccine was based in adjuvant to increase antigenicity. 

15 ug RB51 SOD OMV 
(RB51 SOD OMV) 
 

RB51 OMV that over express Cu/Zn SOD exported to the 
periplasm. 

15 ug RB51 OMV (RB51 
OMV) 
 

RB51 OMV isolated from vaccine strain B. abortus RB51. 



	  

	   50	  

References:     
 
1. Abraham, A. M., R. Kannangai, and G. Sridharan. 2008. Nanotechnology: a 

new frontier in virus detection in clinical practice. Indian J Med Microbiol 
26:297-301. 

2. Adams, L. G. 2002. The pathology of brucellosis reflects the outcome of the 
battle between the host genome and the Brucella genome. Vet Microbiol 90:553-
61. 

3. Aggarwal, S., and A. L. Gurney. 2002. IL-17: prototype member of an emerging 
cytokine family. J Leukoc Biol 71:1-8. 

4. Al-Tawfiq, J. A. 2008. Therapeutic options for human brucellosis. Expert Rev 
Anti Infect Ther 6:109-20. 

5. Alaniz, R. C., B. L. Deatherage, J. C. Lara, and B. T. Cookson. 2007. 
Membrane vesicles are immunogenic facsimiles of Salmonella typhimurium that 
potently activate dendritic cells, prime B and T cell responses, and stimulate 
protective immunity in vivo. J Immunol 179:7692-701. 

6. Andersen, S. R., G. Bjune, J. Lyngby, K. Bryn, and E. Jantzen. 1995. Short-
chain lipopolysaccharide mutants of serogroup B Neisseria meningitidis of 
potential value for production of outer membrane vesicle vaccines. Microb Pathog 
19:159-68. 

7. Araj, G. F. 1999. Human brucellosis: a classical infectious disease with persistent 
diagnostic challenges. Clin Lab Sci 12:207-12. 

8. Arigita, C., W. Jiskoot, J. Westdijk, C. van Ingen, W. E. Hennink, D. J. 
Crommelin, and G. F. Kersten. 2004. Stability of mono- and trivalent 
meningococcal outer membrane vesicle vaccines. Vaccine 22:629-42. 

9. Arigita, C., T. Luijkx, W. Jiskoot, M. Poelen, W. E. Hennink, D. J. 
Crommelin, P. Ley, C. Els, and G. F. Kersten. 2005. Well-defined and potent 
liposomal meningococcal B vaccines adjuvated with LPS derivatives. Vaccine 
23:5091-8. 

10. Balsalobre, C., J. M. Silvan, S. Berglund, Y. Mizunoe, B. E. Uhlin, and S. N. 
Wai. 2006. Release of the type I secreted alpha-haemolysin via outer membrane 
vesicles from Escherichia coli. Mol Microbiol 59:99-112. 

11. Beckett, F. W., and S. C. MacDiarmid. 1985. The effect of reduced-dose 
Brucella abortus strain 19 vaccination in accredited dairy herds. Br Vet J 
141:507-14. 

12. Beveridge, T. J. 1999. Structures of gram-negative cell walls and their derived 
membrane vesicles. J Bacteriol 181:4725-33. 

13. Beveridge, T. J., and J. L. Kadurugamuwa. 1996. Periplasm, periplasmic 
spaces, and their relation to bacterial wall structure: novel secretion of selected 
periplasmic proteins from Pseudomonas aeruginosa. Microb Drug Resist 2:1-8. 

14. Boigegrain, R. A., I. Salhi, M. T. Alvarez-Martinez, J. Machold, Y. Fedon, M. 
Arpagaus, C. Weise, M. Rittig, and B. Rouot. 2004. Release of periplasmic 
proteins of Brucella suis upon acidic shock involves the outer membrane protein 
Omp25. Infect Immun 72:5693-703. 

15. Boutriau, D., J. Poolman, R. Borrow, J. Findlow, J. D. Domingo, J. Puig-
Barbera, J. M. Baldo, V. Planelles, A. Jubert, J. Colomer, A. Gil, K. Levie, A. 



	  

	   51	  

D. Kervyn, V. Weynants, F. Dominguez, R. Barbera, and F. Sotolongo. 2007. 
Immunogenicity and safety of three doses of a bivalent (B:4:p1.19,15 and 
B:4:p1.7-2,4) meningococcal outer membrane vesicle vaccine in healthy 
adolescents. Clin Vaccine Immunol 14:65-73. 

16. Bricker, B. J., L. B. Tabatabai, B. A. Judge, B. L. Deyoe, and J. E. Mayfield. 
1990. Cloning, expression, and occurrence of the Brucella Cu-Zn superoxide 
dismutase. Infect Immun 58:2935-9. 

17. Cardoso, P. G., G. C. Macedo, V. Azevedo, and S. C. Oliveira. 2006. Brucella 
spp noncanonical LPS: structure, biosynthesis, and interaction with host immune 
system. Microb Cell Fact 5:13. 

18. Carvalho Neta, A. V., J. P. Mol, M. N. Xavier, T. A. Paixao, A. P. Lage, and 
R. L. Santos. 2010. Pathogenesis of bovine brucellosis. Vet J 184:146-55. 

19. Cassataro, J., K. Pasquevich, L. Bruno, J. C. Wallach, C. A. Fossati, and P. 
C. Baldi. 2004. Antibody reactivity to Omp31 from Brucella melitensis in human 
and animal infections by smooth and rough Brucellae. Clin Diagn Lab Immunol 
11:111-4. 

20. Chen, D. J., N. Osterrieder, S. M. Metzger, E. Buckles, A. M. Doody, M. P. 
DeLisa, and D. Putnam. 2010. Delivery of foreign antigens by engineered outer 
membrane vesicle vaccines. Proc Natl Acad Sci U S A 107:3099-104. 

21. Chitcholtan, K., M. B. Hampton, and J. I. Keenan. 2008. Outer Membrane 
Vesicles Enhance the Carcinogenic Potential of Helicobacter Pylori. 
Carcinogenesis. 

22. de Kleijn, E. D., R. de Groot, J. Labadie, A. B. Lafeber, G. van den 
Dobbelsteen, L. van Alphen, H. van Dijken, B. Kuipers, G. W. van Omme, 
M. Wala, R. Juttmann, and H. C. Rumke. 2000. Immunogenicity and safety of 
a hexavalent meningococcal outer-membrane-vesicle vaccine in children of 2-3 
and 7-8 years of age. Vaccine 18:1456-66. 

23. Delpino, M. V., J. Cassataro, C. A. Fossati, F. A. Goldbaum, and P. C. Baldi. 
2006. Brucella outer membrane protein Omp31 is a haemin-binding protein. 
Microbes Infect 8:1203-8. 

24. Estein, S. M., J. Cassataro, N. Vizcaino, M. S. Zygmunt, A. Cloeckaert, and 
R. A. Bowden. 2003. The recombinant Omp31 from Brucella melitensis alone or 
associated with rough lipopolysaccharide induces protection against Brucella ovis 
infection in BALB/c mice. Microbes Infect 5:85-93. 

25. Francis, S. E., D. J. Sullivan, Jr., and D. E. Goldberg. 1997. Hemoglobin 
metabolism in the malaria parasite Plasmodium falciparum. Annu Rev Microbiol 
51:97-123. 

26. Fukasawa, L. O., R. P. Schenkman, C. T. Perciani, S. M. Carneiro, W. O. 
Dias, and M. M. Tanizaki. 2006. Optimization of the conjugation method for a 
serogroup B/C meningococcal vaccine. Biotechnol Appl Biochem 45:141-6. 

27. Glynn, M. K., and T. V. Lynn. 2008. Brucellosis. J Am Vet Med Assoc 
233:900-8. 

28. Godefroid, M., M. V. Svensson, P. Cambier, S. Uzureau, A. Mirabella, X. De 
Bolle, P. Van Cutsem, G. Widmalm, and J. J. Letesson. Brucella melitensis 
16M produces a mannan and other extracellular matrix components typical of a 
biofilm. FEMS Immunol Med Microbiol. 



	  

	   52	  

29. Godfroid, J., A. Cloeckaert, J. P. Liautard, S. Kohler, D. Fretin, K. 
Walravens, B. Garin-Bastuji, and J. J. Letesson. 2005. From the discovery of 
the Malta fever's agent to the discovery of a marine mammal reservoir, brucellosis 
has continuously been a re-emerging zoonosis. Vet Res 36:313-26. 

30. Golding, B., N. Eller, L. Levy, P. Beining, J. Inman, N. Matthews, D. E. Scott, 
and H. Golding. 2002. Mucosal immunity in mice immunized with HIV-1 
peptide conjugated to Brucella abortus. Vaccine 20:1445-50. 

31. Golding, B., J. Inman, P. Highet, R. Blackburn, J. Manischewitz, N. Blyveis, 
R. D. Angus, and H. Golding. 1995. Brucella abortus conjugated with a gp120 
or V3 loop peptide derived from human immunodeficiency virus (HIV) type 1 
induces neutralizing anti-HIV antibodies, and the V3-B. abortus conjugate is 
effective even after CD4+ T-cell depletion. J Virol 69:3299-307. 

32. Gonzalez, S., E. Caballero, Y. Soria, K. Cobas, M. Granadillo, and R. Pajon. 
2006. Immunization with Neisseria meningitidis outer membrane vesicles 
prevents bacteremia in neonatal mice. Vaccine 24:1633-43. 

33. Gonzalez-Smith, A., R. Vemulapalli, E. Andrews, and A. Onate. 2006. 
Evaluation of Brucella abortus DNA vaccine by expression of Cu-Zn superoxide 
dismutase antigen fused to IL-2. Immunobiology 211:65-74. 

34. Gorringe, A. R., S. Taylor, C. Brookes, M. Matheson, M. Finney, M. Kerr, 
M. Hudson, J. Findlow, R. Borrow, N. Andrews, G. Kafatos, C. M. Evans, 
and R. C. Read. 2009. Phase I safety and immunogenicity study of a candidate 
meningococcal disease vaccine based on Neisseria lactamica outer membrane 
vesicles. Clin Vaccine Immunol 16:1113-20. 

35. Greenwood, B. M., D. A. Fidock, D. E. Kyle, S. H. Kappe, P. L. Alonso, F. H. 
Collins, and P. E. Duffy. 2008. Malaria: progress, perils, and prospects for 
eradication. J Clin Invest 118:1266-76. 

36. Haneberg, B., R. Dalseg, E. Wedege, E. A. Hoiby, I. L. Haugen, F. Oftung, S. 
R. Andersen, L. M. Naess, A. Aase, T. E. Michaelsen, and J. Holst. 1998. 
Intranasal administration of a meningococcal outer membrane vesicle vaccine 
induces persistent local mucosal antibodies and serum antibodies with strong 
bactericidal activity in humans. Infect Immun 66:1334-41. 

37. High, K. P., R. Prasad, C. R. Marion, G. G. Schurig, S. M. Boyle, and N. 
Sriranganathan. 2007. Outcome and immune responses after Brucella abortus 
infection in young adult and aged mice. Biogerontology 8:583-93. 

38. Hou, V. C., O. Koeberling, J. A. Welsch, and D. M. Granoff. 2005. Protective 
antibody responses elicited by a meningococcal outer membrane vesicle vaccine 
with overexpressed genome-derived neisserial antigen 1870. J Infect Dis 192:580-
90. 

39. Jani, D., R. Nagarkatti, W. Beatty, R. Angel, C. Slebodnick, J. Andersen, S. 
Kumar, and D. Rathore. 2008. HDP-a novel heme detoxification protein from 
the malaria parasite. PLoS Pathog 4:e1000053. 

40. Kadurugamuwa, J. L., and T. J. Beveridge. 1995. Virulence factors are 
released from Pseudomonas aeruginosa in association with membrane vesicles 
during normal growth and exposure to gentamicin: a novel mechanism of enzyme 
secretion. J Bacteriol 177:3998-4008. 



	  

	   53	  

41. Keenan, J. I., R. A. Allardyce, and P. F. Bagshaw. 1998. Lack of protection 
following immunisation with H. pylori outer membrane vesicles highlights 
antigenic differences between H. felis and H. pylori. FEMS Microbiol Lett 
161:21-7. 

42. Keenan, J. I., S. G. Rijpkema, Z. Durrani, and J. A. Roake. 2003. Differences 
in immunogenicity and protection in mice and guinea pigs following intranasal 
immunization with Helicobacter pylori outer membrane antigens. FEMS 
Immunol Med Microbiol 36:199-205. 

43. Khandelwal, P., and N. Banerjee-Bhatnagar. 2003. Insecticidal activity 
associated with the outer membrane vesicles of Xenorhabdus nematophilus. Appl 
Environ Microbiol 69:2032-7. 

44. Ko, J., and G. A. Splitter. 2003. Molecular host-pathogen interaction in 
brucellosis: current understanding and future approaches to vaccine development 
for mice and humans. Clin Microbiol Rev 16:65-78. 

45. Lapham, C., B. Golding, J. Inman, R. Blackburn, J. Manischewitz, P. Highet, 
and H. Golding. 1996. Brucella abortus conjugated with a peptide derived from 
the V3 loop of human immunodeficiency virus (HIV) type 1 induces HIV-specific 
cytotoxic T-cell responses in normal and in CD4+ cell-depleted BALB/c mice. J 
Virol 70:3084-92. 

46. Lapinet, J. A., P. Scapini, F. Calzetti, O. Perez, and M. A. Cassatella. 2000. 
Gene expression and production of tumor necrosis factor alpha, interleukin-1beta 
(IL-1beta), IL-8, macrophage inflammatory protein 1alpha (MIP-1alpha), MIP-
1beta, and gamma interferon-inducible protein 10 by human neutrophils 
stimulated with group B meningococcal outer membrane vesicles. Infect Immun 
68:6917-23. 

47. Leclerq, S., J. S. Harms, G. M. Rosinha, V. Azevedo, and S. C. Oliveira. 
2002. Induction of a th1-type of immune response but not protective immunity by 
intramuscular DNA immunisation with Brucella abortus GroEL heat-shock gene. 
J Med Microbiol 51:20-6. 

48. Lewis, S., M. Sadarangani, J. C. Hoe, and A. J. Pollard. 2009. Challenges and 
progress in the development of a serogroup B meningococcal vaccine. Expert Rev 
Vaccines 8:729-45. 

49. Lindmark, B., P. K. Rompikuntal, K. Vaitkevicius, T. Song, Y. Mizunoe, B. 
E. Uhlin, P. Guerry, and S. N. Wai. 2009. Outer membrane vesicle-mediated 
release of cytolethal distending toxin (CDT) from Campylobacter jejuni. BMC 
Microbiol 9:220. 

50. MacKenzie, J. J., N. D. Gomez, S. Bhattacharjee, S. Mann, and K. Haldar. 
2008. A Plasmodium falciparum host-targeting motif functions in export during 
blood stage infection of the rodent malarial parasite Plasmodium berghei. PLoS 
ONE 3:e2405. 

51. Mahajan, B., D. Jani, R. Chattopadhyay, R. Nagarkatti, H. Zheng, V. 
Majam, W. Weiss, S. Kumar, and D. Rathore. 2005. Identification, cloning, 
expression, and characterization of the gene for Plasmodium knowlesi surface 
protein containing an altered thrombospondin repeat domain. Infect Immun 
73:5402-9. 



	  

	   54	  

52. Mantur, B. G., and S. K. Amarnath. 2008. Brucellosis in India - a review. J 
Biosci 33:539-47. 

53. Mantur, B. G., S. K. Amarnath, and R. S. Shinde. 2007. Review of clinical and 
laboratory features of human brucellosis. Indian J Med Microbiol 25:188-202. 

54. Martin, S. L., R. Borrow, P. van der Ley, M. Dawson, A. J. Fox, and K. A. 
Cartwright. 2000. Effect of sequence variation in meningococcal PorA outer 
membrane protein on the effectiveness of a hexavalent PorA outer membrane 
vesicle vaccine. Vaccine 18:2476-81. 

55. Martin-Martin, A. I., P. Caro-Hernandez, P. Sancho, C. Tejedor, A. 
Cloeckaert, L. Fernandez-Lago, and N. Vizcaino. 2009. Analysis of the 
occurrence and distribution of the Omp25/Omp31 family of surface proteins in 
the six classical Brucella species. Vet Microbiol 137:74-82. 

56. Mashburn-Warren, L., R. J. McLean, and M. Whiteley. 2008. Gram-negative 
outer membrane vesicles: beyond the cell surface. Geobiology 6:214-9. 

57. Mayrand, D., and D. Grenier. 1989. Biological activities of outer membrane 
vesicles. Can J Microbiol 35:607-13. 

58. McBroom, A. J., A. P. Johnson, S. Vemulapalli, and M. J. Kuehn. 2006. Outer 
membrane vesicle production by Escherichia coli is independent of membrane 
instability. J Bacteriol 188:5385-92. 

59. McBroom, A. J., and M. J. Kuehn. 2007. Release of outer membrane vesicles 
by Gram-negative bacteria is a novel envelope stress response. Mol Microbiol 
63:545-58. 

60. McCaughey, W. J., and D. A. Purcell. 1973. Brucellosis in bulls. Vet Rec 
93:336-7. 

61. Mirlashari, M. R., E. A. Hoiby, J. Holst, and T. Lyberg. 2001. Outer 
membrane vesicles from Neisseria meningitidis: effects on cytokine production in 
human whole blood. Cytokine 13:91-7. 

62. Mirlashari, M. R., and T. Lyberg. 2003. Expression and involvement of Toll-
like receptors (TLR)2, TLR4, and CD14 in monocyte TNF-alpha production 
induced by lipopolysaccharides from Neisseria meningitidis. Med Sci Monit 
9:BR316-24. 

63. Naess, L. M., E. Rosenqvist, E. A. Hoiby, and T. E. Michaelsen. 1996. 
Quantitation of IgG subclass antibody responses after immunization with a group 
B meningococcal outer membrane vesicle vaccine, using monoclonal mouse-
human chimeric antibodies as standards. J Immunol Methods 196:41-9. 

64. Ochoa-Reparaz, J., B. Sesma, M. Alvarez, M. Jesus Renedo, J. M. Irache, 
and C. Gamazo. 2004. Humoral immune response in hens naturally infected with 
Salmonella Enteritidis against outer membrane proteins and other surface 
structural antigens. Vet Res 35:291-8. 

65. Oliveira, S. C., Y. Zhu, and G. A. Splitter. 1994. Recombinant L7/L12 
ribosomal protein and gamma-irradiated Brucella abortus induce a T-helper 1 
subset response from murine CD4+ T cells. Immunology 83:659-64. 

66. Onate, A. A., R. Vemulapalli, E. Andrews, G. G. Schurig, S. Boyle, and H. 
Folch. 1999. Vaccination with live Escherichia coli expressing Brucella abortus 
Cu/Zn superoxide dismutase protects mice against virulent B. abortus. Infect 
Immun 67:986-8. 



	  

	   55	  

67. Oster, P., J. O'Hallahan, I. Aaberge, S. Tilman, E. Ypma, and D. Martin. 
2007. Immunogenicity and safety of a strain-specific MenB OMV vaccine 
delivered to under 5-year olds in New Zealand. Vaccine 25:3075-9. 

68. Pasquevich, K. A., S. M. Estein, C. Garcia Samartino, A. Zwerdling, L. M. 
Coria, P. Barrionuevo, C. A. Fossati, G. H. Giambartolomei, and J. 
Cassataro. 2009. Immunization with recombinant Brucella species outer 
membrane protein Omp16 or Omp19 in adjuvant induces specific CD4+ and 
CD8+ T cells as well as systemic and oral protection against Brucella abortus 
infection. Infect Immun 77:436-45. 

69. Pasquevich, K. A., S. M. Estein, C. Garcia Samartino, A. Zwerdling, L. M. 
Coria, P. Barrionuevo, C. A. Fossati, G. H. Giambartolomei, and J. 
Cassataro. 2008. Immunization with recombinant Brucella spp. outer membrane 
proteins Omp16 or Omp19 in adjuvant induces specific CD4+ and CD8+ T cells 
as well as systemic and oral protection against Brucella abortus infection. Infect 
Immun. 

70. Peeters, C. C., I. J. Claassen, M. Schuller, G. F. Kersten, E. M. van der 
Voort, and J. T. Poolman. 1999. Immunogenicity of various presentation forms 
of PorA outer membrane protein of Neisseria meningitidis in mice. Vaccine 
17:2702-12. 

71. Punturieri, A., P. Copper, T. Polak, P. J. Christensen, and J. L. Curtis. 2006. 
Conserved nontypeable Haemophilus influenzae-derived TLR2-binding 
lipopeptides synergize with IFN-beta to increase cytokine production by resident 
murine and human alveolar macrophages. J Immunol 177:673-80. 

72. Rajasekaran, P., M. N. Seleem, A. Contreras, E. Purwantini, G. G. Schurig, 
N. Sriranganathan, and S. M. Boyle. 2008. Brucella abortus strain RB51 
leucine auxotroph as an environmentally safe vaccine for plasmid maintenance 
and antigen overexpression. Appl Environ Microbiol 74:7051-5. 

73. Ramamoorthy, S., N. Sanakkayala, R. Vemulapalli, N. Jain, D. S. Lindsay, 
G. S. Schurig, S. M. Boyle, and N. Sriranganathan. 2007. Prevention of 
vertical transmission of Neospora caninum in C57BL/6 mice vaccinated with 
Brucella abortus strain RB51 expressing N. caninum protective antigens. Int J 
Parasitol 37:1531-8. 

74. Rankin, J. E. 1965. Brucella Abortus in Bulls: A Study of Twelve Naturally-
Infected Cases. Vet Rec 77:132-5. 

75. Rathore, D. 2007. Targeting parasite-mediated host hemoglobin degradation in 
malaria. IDrugs 10:877-80. 

76. Rathore, D., T. F. McCutchan, M. Sullivan, and S. Kumar. 2005. Antimalarial 
drugs: current status and new developments. Expert Opin Investig Drugs 14:871-
83. 

77. Roberts, R., G. Moreno, D. Bottero, M. E. Gaillard, M. Fingermann, A. 
Graieb, M. Rumbo, and D. Hozbor. 2008. Outer membrane vesicles as acellular 
vaccine against pertussis. Vaccine 26:4639-46. 

78. Rosas, G., G. Fragoso, N. Ainciart, F. Esquivel-Guadarrama, A. Santana, R. 
J. Bobes, O. Ramirez-Pliego, A. Toledo, C. Cruz-Revilla, G. Meneses, P. 
Berguer, F. A. Goldbaum, and E. Sciutto. 2006. Brucella spp. lumazine 



	  

	   56	  

synthase: a novel adjuvant and antigen delivery system to effectively induce oral 
immunity. Microbes Infect 8:1277-86. 

79. Rosenqvist, E., E. A. Hoiby, G. Bjune, K. Bryn, O. Closs, B. Feiring, A. 
Klem, H. Nokleby, and L. O. Frolm. 1991. Human antibody responses after 
vaccination with the Norwegian group B meningococcal outer membrane vesicle 
vaccine: results from ELISA studies. NIPH Ann 14:169-79; discussion 180-1. 

80. Rouppe van der Voort, E., M. Schuller, J. Holst, P. de Vries, P. van der Ley, 
G. van den Dobbelsteen, and J. Poolman. 2000. Immunogenicity studies with a 
genetically engineered hexavalent PorA and a wild-type meningococcal group B 
outer membrane vesicle vaccine in infant cynomolgus monkeys. Vaccine 
18:1334-43. 

81. Samartino, L. E., and F. M. Enright. 1996. Brucella abortus differs in the 
multiplication within bovine chorioallantoic membrane explants from early and 
late gestation. Comp Immunol Microbiol Infect Dis 19:55-63. 

82. Sanakkayala, N., A. Sokolovska, J. Gulani, H. Hogenesch, N. 
Sriranganathan, S. M. Boyle, G. G. Schurig, and R. Vemulapalli. 2005. 
Induction of antigen-specific Th1-type immune responses by gamma-irradiated 
recombinant Brucella abortus RB51. Clin Diagn Lab Immunol 12:1429-36. 

83. Sauret, J. M., and N. Vilissova. 2002. Human brucellosis. J Am Board Fam 
Pract 15:401-6. 

84. Schild, S., E. J. Nelson, A. L. Bishop, and A. Camilli. 2009. Characterization of 
Vibrio cholerae outer membrane vesicles as a candidate vaccine for cholera. 
Infect Immun 77:472-84. 

85. Schild, S., E. J. Nelson, and A. Camilli. 2008. Immunization with Vibrio 
cholerae outer membrane vesicles induces protective immunity in mice. Infect 
Immun 76:4554-63. 

86. Schurig GG, R. I. R., Bagchi T, et al. 1991. Biological properties of RB51; a 
stable rough strain of Brucella abortus. Veterinary Microbiology 28:171-188. 

87. Schurig, G. G., N. Sriranganathan, and M. J. Corbel. 2002. Brucellosis 
vaccines: past, present and future. Vet Microbiol 90:479-96. 

88. Scott, D. E., H. Golding, L. Y. Huang, J. Inman, and B. Golding. 1998. HIV 
peptide conjugated to heat-killed bacteria promotes antiviral responses in 
immunodeficient mice. AIDS Res Hum Retroviruses 14:1263-9. 

89. Shang, E. S., C. I. Champion, X. Y. Wu, J. T. Skare, D. R. Blanco, J. N. 
Miller, and M. A. Lovett. 2000. Comparison of protection in rabbits against 
host-adapted and cultivated Borrelia burgdorferi following infection-derived 
immunity or immunization with outer membrane vesicles or outer surface protein 
A. Infect Immun 68:4189-99. 

90. Silva, D. G., P. D. Cooper, and N. Petrovsky. 2004. Inulin-derived adjuvants 
efficiently promote both Th1 and Th2 immune responses. Immunol Cell Biol 
82:611-6. 

91. Silva Junior, F. C., C. A. Gioia, J. M. Oliveira, S. C. Cruz, C. E. Frasch, and 
L. G. Milagres. 2007. Differential capacities of outer membrane proteins from 
Neisseria meningitidis B to prime the murine immune system after vaccination. 
Scand J Immunol 65:1-7. 



	  

	   57	  

92. Stevens, M. G., S. C. Olsen, G. W. Pugh, Jr., and M. V. Palmer. 1994. 
Immune and pathologic responses in mice infected with Brucella abortus 19, 
RB51, or 2308. Infect Immun 62:3206-12. 

93. Stinnett, J. D., H. E. Gilleland, Jr., and R. G. Eagon. 1973. Proteins released 
from cell envelopes of Pseudomonas aeruginosa on exposure to 
ethylenediaminetetraacetate: comparison with dimethylformamide-extractable 
proteins. J Bacteriol 114:399-407. 

94. Stinnett, J. D., L. F. Guymon, and R. G. Eagon. 1973. A novel technique for 
the preparation of transport-active membrane vesicles from Pseudomonas 
aeruginosa: observations on gluconate transport. Biochem Biophys Res Commun 
52:285-90. 

95. Street, N. E., J. H. Schumacher, T. A. Fong, H. Bass, D. F. Fiorentino, J. A. 
Leverah, and T. R. Mosmann. 1990. Heterogeneity of mouse helper T cells. 
Evidence from bulk cultures and limiting dilution cloning for precursors of Th1 
and Th2 cells. J Immunol 144:1629-39. 

96. Su, Z., M. Segura, and M. M. Stevenson. 2006. Reduced protective efficacy of a 
blood-stage malaria vaccine by concurrent nematode infection. Infect Immun 
74:2138-44. 

97. Ulanova, M., A. Tarkowski, M. Hahn-Zoric, and L. A. Hanson. 2001. The 
Common vaccine adjuvant aluminum hydroxide up-regulates accessory properties 
of human monocytes via an interleukin-4-dependent mechanism. Infect Immun 
69:1151-9. 

98. Uzureau, S., M. Godefroid, C. Deschamps, J. Lemaire, X. De Bolle, and J. J. 
Letesson. 2007. Mutations of the quorum sensing-dependent regulator VjbR lead 
to drastic surface modifications in Brucella melitensis. J Bacteriol 189:6035-47. 

99. Vemulapalli, R., A. Contreras, N. Sanakkayala, N. Sriranganathan, S. M. 
Boyle, and G. G. Schurig. 2004. Enhanced efficacy of recombinant Brucella 
abortus RB51 vaccines against B. melitensis infection in mice. Vet Microbiol 
102:237-45. 

100. Vemulapalli, R., A. J. Duncan, S. M. Boyle, N. Sriranganathan, T. E. Toth, 
and G. G. Schurig. 1998. Cloning and sequencing of yajC and secD homologs of 
Brucella abortus and demonstration of immune responses to YajC in mice 
vaccinated with B. abortus RB51. Infect Immun 66:5684-91. 

101. Vemulapalli, R., Y. He, S. M. Boyle, N. Sriranganathan, and G. G. Schurig. 
2000. Brucella abortus strain RB51 as a vector for heterologous protein 
expression and induction of specific Th1 type immune responses. Infect Immun 
68:3290-6. 

102. Vemulapalli, R., Y. He, L. S. Buccolo, S. M. Boyle, N. Sriranganathan, and 
G. G. Schurig. 2000. Complementation of Brucella abortus RB51 with a 
functional wboA gene results in O-antigen synthesis and enhanced vaccine 
efficacy but no change in rough phenotype and attenuation. Infect Immun 
68:3927-32. 

103. Vemulapalli, R., Y. He, S. Cravero, N. Sriranganathan, S. M. Boyle, and G. 
G. Schurig. 2000. Overexpression of protective antigen as a novel approach to 
enhance vaccine efficacy of Brucella abortus strain RB51. Infect Immun 
68:3286-9. 



	  

	   58	  

104. Vemulapalli, R., Y. He, N. Sriranganathan, S. M. Boyle, and G. G. Schurig. 
2002. Brucella abortus RB51: enhancing vaccine efficacy and developing 
multivalent vaccines. Vet Microbiol 90:521-32. 

105. Vemulapalli, R., N. Sanakkayala, J. Gulani, G. G. Schurig, S. M. Boyle, D. S. 
Lindsay, and N. Sriranganathan. 2007. Reduced cerebral infection of Neospora 
caninum in BALB/c mice vaccinated with recombinant Brucella abortus RB51 
strains expressing N. caninum SRS2 and GRA7 proteins. Vet Parasitol 148:219-
30. 

106. Vinayak, S., D. Rathore, S. Kariuki, L. Slutsker, Y. P. Shi, L. Villegas, A. A. 
Escalante, and V. Udhayakumar. 2009. Limited genetic variation in the 
Plasmodium falciparum heme detoxification protein (HDP). Infect Genet Evol 
9:286-9. 

107. Wedege, E., and L. O. Froholm. 1986. Human antibody response to a group B 
serotype 2a meningococcal vaccine determined by immunoblotting. Infect Immun 
51:571-8. 

108. Williams, J. N., P. J. Skipp, H. E. Humphries, M. Christodoulides, C. D. 
O'Connor, and J. E. Heckels. 2007. Proteomic analysis of outer membranes and 
vesicles from wild-type serogroup B Neisseria meningitidis and a 
lipopolysaccharide-deficient mutant. Infect Immun 75:1364-72. 

109. Zhang, Z. H., P. H. Jiang, N. J. Li, M. Shi, and W. Huang. 2005. Oral 
vaccination of mice against rodent malaria with recombinant Lactococcus lactis 
expressing MSP-1(19). World J Gastroenterol 11:6975-80. 

110. Zhu, W., C. E. Thomas, C. J. Chen, C. N. Van Dam, R. E. Johnston, N. L. 
Davis, and P. F. Sparling. 2005. Comparison of immune responses to 
gonococcal PorB delivered as outer membrane vesicles, recombinant protein, or 
Venezuelan equine encephalitis virus replicon particles. Infect Immun 73:7558-
68. 

	  
 
	  


