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Vaccines are undoubtedly one of the greatest medical successes in human history, saving 

countless lives and billions of dollars through preventative medicine.  Diseases such as measles, 

polio and smallpox have all been but eradicated.  However, previous approaches to vaccine 

development using live attenuated or inactivated pathogens have stalled against pathogens with 

more sophisticated pathogenesis or are difficult to culture at a large scale.  Whereas early 

approaches to vaccination sought to use whole organisms, and current approaches focus on the 

design of synthetic particles, our work seeks to harness the ability of Escherichia coli as a 

recombinant expression platform and its ability to produce nanoscale outer membrane vesicles 

(OMVs) as an all-in-one vaccine delivery system in vivo.  Outer membrane vesicles (OMVs) 

have been shown to deliver recombinant protein antigens along with immunostimulatory 

components in a naturally produced liposome that closely mimics live pathogens.  In this work, 

we have engineered E. coli OMVs to recombinantly display pathogenic carbohydrate structures 

bacterial pathogens such as Neisseria meningitidis and Francisella tularensis as well as the 

tumor-associated T antigen.  These glycoengineered OMVs (glycOMVs) have shown to elicit a 

robust adaptive immune response in vaccinated mice as indicate by a significant increase in 

production of carbohydrate-specific antibodies.  Furthermore, we have been able to demonstrate 

that vaccination with F. tularensis OMVs confers protection in mice against subsequent infection 

by the pathogen.  These experiments serve as a proof-of-concept model that highlights the 

versatility of OMVs as a novel vaccine platform.
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CHAPTER 1 

INTRODUCTION – VACCINE IMMUNOLOGY AND  

CURRENT TECHNOLOGIES 

 

Vaccines are undoubtedly one of the greatest medical successes in human history, saving 

countless lives and billions of dollars through preventative medicine.  Diseases such as measles, 

polio and smallpox have all been but eradicated 1.  Indeed, according to the CDC, between 1994 

and 2013, vaccination programs have prevented over 300 million illnesses, 21 million 

hospitalizations and have saved almost 300 million dollars in the United States alone.  However, 

previous approaches to vaccine development using live-attenuated or inactivated pathogens have 

stalled against pathogens with more sophisticated mode of infection.  Additionally, some 

pathogens are difficult/challenging to culture at scales needed for commercial production 2.   

New techniques in biological and material engineering as well as an increased understanding of 

the immune system have led to advancement in vaccine technology.  Whereas early forays into 

vaccine development approached the problem from the top down by using whole organisms, 

current technologies take a bottom up approach to development, by identifying and designing a 

vaccine around a specific target; the hepatitis B surface antigen is one example 3.  Indeed, as 

vaccine technologies become more sophisticated, a similar depth of knowledge in the inner 

workings of the immune system is needed. 

 

Immunology of Vaccines 

The immune system can be split into two branches, the innate immune and adaptive immune 

systems.  The innate immune system provides the host with a universal defense against any 
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foreign body and responds very quickly.  In contrast, the adaptive immune system provides a 

highly antigen-specific immune response 4.  In the context of vaccines, stimulation of a strong 

adaptive immune response is vital as the targeted, specific immunity and memory results in 

protection against subsequent exposure.  Nonetheless, the innate immune system does play an 

important role in not only combating initial infection, but also, more importantly for vaccines, 

inducing and regulating the adaptive immune system 5. 

 In the design of current and next generation vaccines, stimulation of this innate response 

becomes an important consideration as well as a large obstacle.  In contrast to the days or weeks 

required to raise an adaptive response, the innate immune system reacts quickly, within minutes 

to recognize and respond to foreign organisms.  Recognition of foreign organisms is achieved 

through a number of microbial sensors, including toll-like receptors (TLRs) present on immune 

cells and non-immune cells.  These sensors recognize invariant molecular patterns found on most 

pathogens called pathogen-associated molecular patterns (PAMPs).  These PAMPs are 

conserved across many organisms and include bacterial lipopolysaccharides, lipoproteins, double 

stranded RNA, DNA and specific glycan structures 6, 7.  Binding of PAMPs to TLRs signals the 

release of various cytokines and chemokines that recruit monocytes to the site of infection and 

signal their differentiation into macrophages, and more importantly dendritic cells (DCs) 8.  

These initial steps in building an innate immune response are key to the overall goal of 

immunological memory.  Specifically, DCs are recognized as one of the most important cell 

types in bridging the gap between the innate and adaptive immune system 4. 

 DCs have the unique ability to stimulate an adaptive immune response through the 

presentation of antigens to T cells.  Prior to activation, naïve DCs circulate throughout the 

lymphatic system.  As a response to infection or tissue damage, naïve DCs migrate to the 
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damaged area where they release proinflammatory cytokines to stem infection as part of the 

innate response 9.  Additionally, naïve DCs are highly phagocytic and upon recognition of 

PAMPs, will readily capture the associated antigen 4.  Upon antigen capture and uptake, DCs 

undergo a dramatic phenotypic change into mature antigen-presenting cells.  Capture antigens 

are internalized into endocytic vesicles where they are broken down, loaded onto major 

histocompatibility class II (MHCII) molecules and presented on the DC cell surface 10-12.  These 

mature DCs then migrate to lymph nodes where the antigens are presented to naïve T cells as the 

first step in activating the adaptive immune system. 

 As the name suggests, the adaptive immune system can adapt to provide a specific made-

to-order response to a particular antigen through the maturation of antigen specific T cells and B 

cells.  The process begins with the maturation of naïve T cells as a response to antigen 

presentation by mature DCs.  The T cells undergo maturation into CD4+ and CD8+ helper T 

cells.  The antigen-specific CD4+ helper T cells serve as a secondary signal to B cells that have 

been similarly activated by interactions with the same antigen (Figure 1.1).  This two-step 

process causes B cells to proliferate and differentiate into plasma B cells that switch from 

production of IgM antibodies with broad-specificity and low-affinity to antigen-specific, high-

affinity IgG antibodies 4.  CD8+ T cells are cytotoxic; their role is to induce apoptosis in 

damaged or infected host cells 4.  But, the most important quality of the adaptive immune 

system, is the development of immunological memory.  During the proliferation and 

differentiation of B cells and T cells, a small population of both cells will differentiate into 

memory cells.  While plasma B cells are short-lived cells and whose main purpose is to produce 

antigen-specific IgG antibodies, memory B cells can be maintained for decades after the initial 

infection.  Upon secondary exposure to the same antigen, these memory B cells can quickly 
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proliferate into plasma B cells without the long cascade of steps required against an unfamiliar 

antigen, resulting in a more efficient, and successful immune response.  Similarly, memory T 

cells serve to detect and kill infected cells upon secondary exposure years or decades after initial 

vaccination 13.  All of the steps to develop an innate and adaptive immune response are critical to 

creating an effective vaccine as well as serve as points for further optimization. 

Linxiao Chen� 7/28/15 8:36 PM
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secondary signal (provided by cytokines) is also necessary to induce production of antigen-specific IgG 
antibodies
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Carbohydrate Antigens 

Carbohydrates located on the surface of pathogens are important virulence factors and are often 

directly linked to pathogenesis 14.  In pathogenic bacteria, surface carbohydrates, in the form of 

capsular polysaccharides (CPS) or lipopolysaccharides (LPS) serve to both protect the bacteria 

from the host immune system by modulating the surface charge of bacterial membranes as well 

as mediate interactions with host cells 15-18.   The compositions of these surface carbohydrates are 

highly specific to the organism, and thus are promising targets for vaccine development.  

Unfortunately, immune responses raised by polysaccharide antigens are vastly different than the 

classical response generated against traditional protein antigens.  Indeed, polysaccharides are 

part of a class of antigens called thymus independent class 2 (TI-2) antigens because, as the 

name suggests, they interact with the adaptive immune system in a T cell independent manner.  

These responses are characterized by a lack of IgM to IgG antibody class switching, and most 

importantly, a paucity of immunological memory 19-21.  

 Carbohydrate antigens interact with B cells directly.  Indeed, because of the size and 

repetitive nature of most polysaccharides, these antigens bind and crosslink multiple B cell 

receptors on a single cell.  The magnitude of the signal generated from such localized clustering 

is enough to stimulate B cell proliferation without help from cross presentation by T cells 22.  

While carbohydrate antigens interact with B cells in the absence of MHCII-restricted T cell help, 

this interaction is not sufficient to induce class switching from the production of IgM to IgG 

antibodies 23.  In vitro experiments have suggested that a second, indirect signal from T cells or 

other sources may be adequate to induce antibody class switching against TI-2 antigens 23, 24.  

Indeed, the addition of certain cytokines such as IFN-γ and IL-4 to B cells exposed to 

polysaccharide antigens in vitro appears to mediate B cell expansion and the secretion of IgG 

Linxiao Chen� 7/27/15 7:13 PM
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class antibodies 24, 25.  During infection, these cytokines can originate from T cells, macrophages 

and other cells as a TLR mediated response to the presence of additional bacterial or viral 

components (Figure 1.2).  In the context of vaccines, this secondary signal must come from 

another source, such as: other bacterial or viral components in live vaccines, adjuvants, and/or 

carrier proteins, in the case of subunit vaccines 23.  The biggest drawback to the use of 

carbohydrate antigens is its general failure to induce immunological memory.  Numerous clinical 

trials have shown that while vaccination with purified polysaccharides resulted in generation of 

antigen-specific antibodies; however, exposure did not result an immunological memory 

response 26.   

 Despite advances, carbohydrate immunology remains relatively unexplored and has only 

lately become an area of interest for vaccine development.  Advances in carbohydrate 

immunology has not only improved the general understanding of the interactions between 

carbohydrates and the immune system, it has also revealed how complicated and nuanced these 

interactions can be and may not adhere to the established paradigm.  Zwitterionic 

polysaccharides, such as those found on the surface of certain strains of Bacillus fragilis, 

Staphylococcus aureus and Streptococcus pneumoniae, may stimulate the adaptive immune 

system in a T-cell dependent fashion.  These polysaccharides have been shown to elicit a potent 

CD4+ T cell response in vitro as a result of display via MHCII, similar to peptide antigens 27, 28.  

Additionally, there is evidence of memory B cell response against TI-2 antigens such as 

carbohydrates, resulting in a memory recall response upon secondary infection 20, 29. 
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Vaccines Technologies 

In principle, a successful vaccine seeks to accomplish two things: introduce specific 

pathogen moieties to the immune system, and stimulate an immune response.  At their simplest, 

traditional vaccines consist of weakened or inactivated pathogens that are introduced to the 

immune system 30.  Examples of attenuated or inactive pathogen vaccines include those used to 

prevent polio, rabies and smallpox.  Unfortunately, these vaccines are limited to those pathogens 

that can be safely and easily cultured at a large scale, as well as where the risk of reversion to full 

pathogenesis is minimal 31, 32.  Modern vaccine approaches use of recombinant protein or subunit 

antigens that are able to stimulate protective immunity in the development of well-characterized 

vaccines against a broad range of diseases.  While first generation vaccines, those based on 

attenuated live organisms, have a full complement of molecules that stimulate the innate immune 

system much like their pathogenic counterparts, isolated protein and subunit antigens lose these 

inherent immune potentiators that help stimulate a strong innate and adaptive response.  Thus, 

adjuvants are often required to replace the inherent immunostimulation of an infection (even an 

attenuated one) with a less dangerous source of stimuli 33, 34.  There are few FDA-approved 

adjuvants currently available, including: aluminum salts, squalene-based microemulsions, and 

recently, a monophosphoryl lipid A (MPLA), a derivative of bacterial outer membrane lipids 35, 

36.  Moreover, because of the relative primitiveness and chemical simplicity of these materials, 

their ability to stimulate a meaningful interaction with DCs macrophages and T cells may be 

limited.  Alum, or aluminum hydroxide, is unable to stimulate a cellular response or a Th1-

biased antibody response, which severely limits its effectiveness 37, 38.  Development and 

approval of new adjuvants is further hindered by both the complexity of the host response to the 

Jason Boock� 9/1/15 11:26 AM
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adjuvant toxicity, stability and action, as well as in regards to the interactions with the antigen 

itself 36. 

Carbohydrate based vaccines, such as those used to protect against Haemophilus 

influenza, Neisseriua meningitidis, and Streptococcus pneumoniae protects by circumventing the 

problems associated with TI antigens.  These vaccines allow the IgM-to-IgG class switching, and 

thus, prolonged B and T cell memory 26, 39, 40.  This can be accomplished through covalent 

attachment of a carbohydrate epitope or antigenic motif to an immunogenic protein carrier, 

resulting in a glycoconjugate vaccine that can elicit a carbohydrate-specific T-cell-dependent 

response and immunological memory 14, 41.  Carriers used in licensed glycoconjugate vaccines 

are often toxoid proteins that have been modified to decrease their overall toxicity while 

maintaining their immunogenic qualities.  The toxoid proteins currently in use include ones from 

Clostridium tetani and Corynebacterium diptheriae 19.  However, glycoconjugate vaccines 

require complex manufacturing processes that include multiple chemical conjugation steps that 

are expensive, time consuming and inefficient 42.  More recent work has described a method by 

which the synthesis and conjugation of both carbohydrate antigen and protein carrier may be 

done in vivo in a single host.  This technology, though, is considerably limited in its substrate 

specificity in regards to both carbohydrate moiety and protein carrier, as well as in its 

conjugation efficiency 43. 

With the advent of nanotechnology and its interplay with the biological sciences, a new 

generation of adjuvants has begun to emerge.  Far from the simple immunoactive chemical 

agents, these new adjuvants act as antigen delivery platforms and actively engage and direct 

immune responses, mimicking the interactions between the host and the pathogens themselves.  

These pathogen-like particles (PLPs) serve a dual purpose: to act as an adjuvant and to present 
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the antigen in a manner that mimics the natural interactions between the pathogen and immune 

system.  Synthetic polymer or lipid-based nanoparticles, loaded with antigens, are designed to 

mimic the size and surface characteristics of pathogens, facilitating update of the particle by 

immune cells 44-46.  Further sophistication can be introduced by the addition of 

immunostimulatory molecules that act as synthetic danger signals to stimulate and recruit 

immune cells 10, 47, 48.  These molecules include CpG oligodeoxynucleotides (CpG-ODN) and 

polyI:C, a synthetic analogue of double stranded RNA, both of which engage immune cell 

receptors mimicking viral pathogens47, 49.  Similarly, lipid A or its detoxified derivative MPLA 

can be included to resemble the surface of a bacteria surface 46, 48.   

Similar to PLPs, virus-like particles (VLPs) seek to mimic the characteristics of viral 

pathogens without the dangers associated with pathogen reversion 50.  VLPs are formed from the 

self-assembly of viral capsid proteins in vitro and mimic viral interactions with immune cells 51, 

52.  In fact, VLPs have been used successfully as vaccines for hepatitis B (Recombivax HB®) 

and for human papilloma virus (Gardasil® and Ceravix®) 53, 54.  Unfortunately, widespread use 

of synthetic pathogen mimicking vaccines is hindered by cost and difficulty of production, which 

increases with the complexity and sophistication of the technology 55.   

 

Outer Membrane Vesicles (OMVs) 

Recent progress in using naturally-produced pathogen-mimicking outer membrane 

vesicles (OMVs) has the potential to bridge the gap between whole organismal vaccines and 

completely synthetic subunit approaches.  OMVs couples a biologically-derived platform 

capable of mimicking pathogen surface characteristics with the ability to display a variety of 

recombinant antigens.  OMVs are proteoliposomes that are ubiquitously released by Gram-
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negative bacteria 56.  These nanometer scale liposomes (~100-250nm) form during growth as the 

outer membrane blebs outwards and pinches off, resulting in spheres composed of cell outer 

membrane components such as lipoproteins, glycolipids and integral membrane proteins (Figure 

1.2).  As the outer membrane pinches off, soluble periplasmic components are also trapped 

within the lumen of the vesicle 57.  Vesiculation has been linked to bacterial stress, with 

increased vesicle production during conditions of high membrane stress 58.  They contribute to 

bacterial survival by expelling toxic compounds, invading phage, misfolded periplasmic 

proteins, and antimicrobial peptides to combat other bacterial species 58-62.  OMVs serve as a 

means of interaction between bacterial populations and the environment from the formation of 

biofilms to the breakdown of local components into essential nutrients 63, 64.  OMVs released 

from pathogenic bacteria also play key roles in host-pathogen interactions, including the 

establishment of colonization niche, transmission of virulence factors to host cells and the 

modulation of host defenses 65-68. 
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 Because OMVs retain the physiochemical characteristics of the bacteria are derived and 

have been linked to host-pathogen interactions, they have been of interest for vaccine 

development 69.  OMVs carry many of the same immunogenic components (i.e. PAMPs) as the 

pathogens while lacking any replicative material, making them a safe vaccine platform and an 

attractive replacement for live attenuated or killed whole organism vaccines 70. Additionally, 

OMVs can present protein antigens in their native conformations, which may be important for 

effective antibody production 71.  Indeed, immunization using pathogen-derived OMVs results in 

stimulation of a strong immune response and protection in a number of murine models 72-74.  In 

the most notable case, Neisseria meningitidis-derived OMVs have been used in the formulation 

of the vaccine Bexesero (Novartis), which has been approved for use in both Europe and the 

United States 75.  Success for pathogen-derived OMVs is limited though as the pathogenic 

organisms must be cultured at a large scale and they are often too expensive. 

 Gram-negative bacteria produce OMVs constantly at a basal level that can be increased 

as a response to a variety of stimuli such as detecting the presence of other bacteria through 

quorum sensing, environmental factors and cellular stress.  However, even under the most ideal 

conditions for vesiculation, production of OMVs by wild-type bacteria is insufficient for 

vaccine-scale applications.  Additionally, conditions for optimal vesiculation rarely coincide with 

optimal growth, necessitating a balance between the two 56.  Early efforts to simulate OMV 

production focused on mechanical or chemical disruption of Gram-negative bacteria 76. The 

deletion or over expression of certain membrane-associated proteins can cause a 

hypervesiculating phenotype as a result of alterations to envelope structure and decreased 

membrane stability 77.  Modifications to the Tol-Pal system, a transmembrane multiprotein 
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complex that forms bridges between the outer membrane, peptidoglycan and inner membrane 

that is generally required for outer membrane integrity, increase OMV production 77, 78.  The Tol-

Pal complex is comprised of five cell envelope proteins encoded by tolA, tolQ, tolR, tolB, and 

pal.  Deletion of any of these genes confers a defect in outer membrane integrity as characterized 

by leakage of periplasmic content and detergent sensitivity, and as a result, an increase in OMV 

production 77, 79.  Of particular interest is the tolR deletion, which has been shown to increase 

vesicle production in different Gram-negative bacteria, including Escherichia coli and Shigella 

sonnei, at titers high enough to support vaccine trials 80, 81.  Strains lacking the tolR gene produce 

uniform OMVs containing both outer-membrane-associated proteins as well as periplasmic 

proteins, while restricting the incorporate of inner-membrane and cytoplasmic proteins 77.  These 

strains can be cultivated to high densities and remain genetically tractable.  Given that 

homologues of the Tol-Pal complex have been found in the genomes of all sequenced Gram-

negative bacteria, it is likely that manipulations to the complex may be a universal strategy for 

conferring a hypervesiculating phenotype (Figure 1.3). 

 A majority of other genes identified to affect vesiculation were similarly linked to the cell 

envelope whose roles include outer membrane protein expression and localization (nlpI, ompR), 

LPS and peptidoglycan biosynthesis (waaG, ponB), and the σE envelope stress response pathway 

(degP, resA) 79.  For many of the isolated mutants, hypervesiculation was not the result of 

bacterial lysis or disintegration of the bacterial envelope, nor did it simply correlate with defects 

in cell envelope stability.  Despite the connections between cell envelope stability and OMV 

production, a compromised outer membrane is not the only factor influencing rates of 

vesiculation.  While still unclear, this suggests that vesiculation may be a regulated process that 

only occurs under specific condition 82.  This is supported by studies detailing the selective 
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enrichment and depletion of certain proteins in OMVs compared to their abundance in the outer 

membrane of periplasm.  Examples of this preferential enrichment include the pore-forming 

cytotoxin ClyA of many enterobacteria, heat-labile enterotoxin of enterotoxigenic E. coli, and 

alkaline phosphatases from Myxococcus xanthus 83, 84.  Depleted proteins in OMVs include 

disulfide bond oxidase DsbA from E. coli and numerous outer membrane proteins from P. 

gingivalis 83, 85.  Knowledge of vesicle overproduction and cargo enrichment has been exploited 

to produce large quantities of OMVs enriched for green fluorescent protein (GFP) by 

recombinantly expressing a ClyA-GFP genetic fusion in cells lacking either tolRA or nlpI 86, 87. 

 While Bexsero has shown the viability of OMVs as a vaccine component, the immunity 

induced by the vesicles against N. meningitidis is strain specific as a result of the diversity the 

protein PorA, a dominant antigen on the vesicle surface.  However, by engineering the host strain 

of N. meningitidis to produce several antigenically different porA variants, OMVs could be 

produced that would be broadly effective against a majority of N. meningitidis strains that infect 

humans around the world 71.  Such genetic engineering demonstrates the versatility of OMVs as 

a general vaccine platform (Figure 1.3).  OMVs can be adapted to carry a variety of 

heterologous protein antigens, both on the vesicle surface as well within the vesicle lumen, using 

recombinant DNA technology in genetically tractable hosts,  Early examples include the 

recombinant expression of Yersinia entercolitica outer membrane protein Ail on the E. coli 

surface and the heterologous expression of GFP in the periplasmic space, resulting in OMVs that 

carried the fluorescent protein in its interior and Ail on their surface 64, 87.  Loading OMVs with 

recombinant proteins can be as simple as secreting the protein of interest into the periplasmic 

space in a hypervesiculating host 64, 74, 88.  However, many proteins do not naturally partition to 

these locations and further modifications are necessary.  Fusing an export signal peptide that 
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targets the protein to either the general secretory pathway or the twin-arginine translocation 

pathway can localize proteins to the periplasm, and thus the lumen of OMVs 64, 89-91.  Proteins 

can be targeted to the outer membrane for display on the surface of OMVs through genetic 

fusion to a membrane protein anchor that co-localizes its fusion partner to the outer membrane.  

ClyA, a pore forming cytotoxin expressed by E. coli that is exported to the outer membrane is an 

example of a possible membrane protein fusion partner 83. Other OMV surface display strategies 

include chimeric fusions to bacterial autotransporters, ice nucleation protein, Lpp-OmpA and 

eCPX 92-94. 
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 The ability to load OMVs with heterologous antigens opens up the possibility of a 

general and modular vaccine platform.  Recombinant GFP, expressed in a hypervesiculating 

strain of E. coli is capable of eliciting strong antibody titers in immunized mice 95.  While GFP 

was shown to elicit minimal antibody titers when administered alone, when anchored to the 

surface of OMVs through a chimeric fusion to ClyA, higher antigen-specific antibody titers were 

generated.  The antibody titers obtained by immunization of OMVs with surface anchored GFP 

were similar to those found when GFP paired with alum adjuvant for immunization 95.  Further 

studies have shown similar increases in GFP-specific antibody titers are achieved via 

immunization with OMVs containing luminal GFP.  Taken together, these studies suggest that 

OMVs contain important immunopotentiaters that augment immune response against GFP 87.  

Similarly, a hypervesiculating Salmonella enterical serovar Typhimurium (S. Typhimurium) 

strain was engineered to express a recombinant protein PspA derived from Streptococcus 

pneumonia in its periplasm, resulting in OMVs loaded with the protein.  Immunizations with 

these OMVs not only resulted in the generation of high antibody titers against the protein 

antigen, but also successful protection against a S. pneumonia challenge in a murine model 89.  S. 

Typhimurium was engineered to display multiple antigens from Mycobacterium tuberculosis and 

Chlamydia trachomatis simultaneously on their OMV surface, and preliminary evidence 

suggests that these OMVs recruit dendritic cells resulting in display of antigen epitopes on 

MHCII molecules 94. 
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CHAPTER 2 

IMMUNIZATION WITH OUTER MEMBRANE VESICLES  

REMODELED WITH DESIGNER GLYCOMIMETIC EPITOPES YIELDS  

OLIGOSACCHARIDE-SPECIFIC ANTIBODIES 

 

Introduction 

Complex carbohydrates, or glycans, are a ubiquitous feature on the surface of cells from all three 

domains of life. Because they comprise the outermost layer of the cell, glycans are involved in 

nearly all interactions between a cell and its environment. For example, capsular polysaccharides 

(CPS) or lipid-linked lipopolysaccharides (LPS) present on the surface of pathogenic bacteria are 

well known to mediate host-pathogen interactions 15-17. Alternatively, by displaying glycans that 

are structurally similar to those of their host, certain pathogens are able to avoid immune 

recognition 96. In eukaryotes, surface glycans participate in a variety of key biological processes 

including adhesion, cell-cell recognition, differentiation, and immune recognition 97, 98. 

Moreover, surface glycans feature prominently in disease 99. For example, glycans on the 

surfaces of tumor cells are commonly expressed at atypical levels or with altered structural 

attributes 100, 101, and these aberrant structures serve as unambiguous markers of malignancy for a 

number of cancers, including prostate, breast, and colorectal cancers 102. At present, however, the 

study of glycans and their myriad roles remains a daunting task due in large part to their inherent 

structural complexity and the relative lack of tools for their biosynthesis, analysis, and 

recognition. 

To clarify the functions of glycans in vivo requires intimate knowledge of when, where, 

and which glycan chains are expressed in a particular biological setting of interest. For this 
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purpose, anti-glycan monoclonal antibodies (mAbs) are particularly useful. Indeed, mAbs 

specific for glycan epitopes can be elicited by immunization with carbohydrate antigens. The 

resulting mAbs can be used to probe the structure and function of glycans 103, 104, and often have 

therapeutic potential 105, 106. Nonetheless, the creation of glycan-specific mAbs by immunization 

poses a significant challenge for several reasons. First, it is very difficult to isolate glycan-based 

immunogens from cells and tissues at purities and quantities that are sufficient for mAb isolation. 

Glycans and glycoconjugates are almost always a heterogeneous mixture of structures when 

isolated from natural sources 107, 108, which dilutes any potential antigenic response. Total 

chemical synthesis and chemoenzymatic synthesis can often yield more uniform glyco-epitopes 

109, however, these techniques are labor intensive, difficult to scale, and continue to exist only in 

the laboratories of a handful of experts. Second, glycans alone usually elicit weaker T-cell 

independent immune responses, which are short-lived and lack IgM-to-IgG class switching 17, 110.  

To stimulate the production of glycan-specific antibodies by way of a T-cell dependent 

response, the immunological profile of the carbohydrate must be enhanced. A common strategy 

for enhancing the immunogenicity of carbohydrates is to covalently couple a glycan epitope to a 

T-cell dependent antigen. For example, conjugate vaccines composed of bacterial CPS or LPS 

chemically bound to an immunogenic carrier protein induce high-affinity, class-switched mAbs 

14, 17. Unfortunately, production of traditional conjugate vaccines is a complex, multistep process 

that is expensive, time consuming, and low yielding 42. A simplified alternative known as protein 

glycan coupling technology (PGCT) has been described recently 111. This approach leverages 

laboratory strains of Escherichia coli for the recombinant expression of recombinant bacterial 

polysaccharides (e.g., O antigens), which are conjugated in vivo to a co-expressed carrier protein 

by the Campylobacter jejuni oligosaccharyltransferase PglB. However, while PGCT has been 
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used to make several novel protein/glycan combinations 111, this platform suffers from limited 

and poorly understood substrate specificity with respect to both the glycan moiety and carrier 

protein, low glycan conjugation efficiency, and a challenging purification of the product antigen. 

The purpose of this study was to develop an efficient method for generating anti-

carbohydrate mAbs that overcomes many of the challenges discussed above. To this end, our 

approach involved the unique combination of custom glycan biosynthesis with outer membrane 

vesicle (OMV) formation in laboratory strains of E. coli. OMVs are naturally occurring 

nanospherical structures (~20-250 nm) produced constitutively by all Gram-negative bacteria. 

They are composed of proteins, lipids, and glycans derived from the outer membrane and 

periplasm 56, 112 and have natural adjuvant properties that strongly stimulate the innate, and more 

importantly, the adaptive immune response 112-114. To expand the immunization potential of 

OMVs, several groups including ours have used genetic engineering techniques to load OMVs 

with foreign protein antigens by targeting expression to the outer membrane or to the periplasm 

of an OMV-producing host strain 64, 86, 89, 95. These OMV-associated recombinant proteins 

elicited strong and specific immune responses in mice 89, 95. To date, however, an analogous 

strategy to engineer heterologous carbohydrates on the surface of OMVs for elicitation of 

glycan-specific antibodies following immunization has not been described. 

Here, we report the bottom-up engineering of two biosynthetic pathways that yielded 

structural mimics of clinically important carbohydrates, namely poly-α2,8-N-acetyl neuraminic 

acid (polysialic acid or PSA) and Galβ1-3GalNAcα1 (Thomsen-Friedenreich antigen or T 

antigen). By introducing these recombinant pathways into hypervesiculating strains of E. coli 

(e.g., strain JC8031 77), it was possible to produce glycosylated OMVs (glycOMVs) whose 

surfaces were remodeled with the custom-designed PSA or T antigen epitopes. Immunization of 
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mice with the resulting glycOMVs induced high titers of glycan-specific IgG antibodies. Using a 

serum bactericidal antibody (SBA) assay, which is the surrogate of protection against Neisseria 

meningitidis serogroup B (MenB) 115, we further demonstrate that antibodies elicited in response 

to the recombinant PSA glycoepitope were protective. Taken together, our results show that 

recombinant glycOMVs are an effective way of eliciting functional antibodies against 

challenging carbohydrate targets. 

 

Results 

A bottom-up pathway for biosynthesis of T antigen on the surface of OMVs. T antigen is a 

tumor-associated carbohydrate antigen (TACA) found on a variety of malignancies including 

breast, colon, prostate, and stomach cancer 116. Most adults have natural circulating T antigen 

antibodies thought to function in immunosurveillance against emerging malignancies 117, which 

is supported by the fact that patients with higher levels of anti-T antigen antibodies have 

improved prognosis 116. These findings suggest that antibodies recognizing T antigen will be 

both well tolerated and could have clinical benefit in patients. Unfortunately, most efforts to 

generate an anti-T antigen response have resulted in low affinity IgM antibodies 116. 

Here, we hypothesized that the adjuvanticity of OMVs could be leveraged to overcome 

the weak immunogenicity of the T antigen epitope. To test this hypothesis required a strategy for 

producing custom oligosaccharide structures that become displayed on the exterior of released 

OMVs. Since LPS is a major component of released OMVs 56, 112 and can be engineered to 

display foreign glycans 118, 119, we attempted to remodel the carbohydrate component of LPS 

with T antigen-containing glycans. Such remodeling involved the lipid carrier 

undecaprenylpyrophosphate (Und-PP) as an acceptor of engineered oligosaccharides, which are 
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flipped to the periplasmic side of the inner membrane and subsequently transferred to lipid A-

core by the O-polysaccharide antigen ligase WaaL (Figure 2.1a). In most laboratory strains of E. 

coli, Und-PP is primed with N-acetylglucosamine (GlcNAc) by the enzyme WecA. To elaborate 

the native Und-PP-GlcNAc with Galβ1-3GalNAc, we expressed two heterologous 

glycosyltransferases (GTases):  the α1,3-GalNAc-transferase (PglA) from Campylobacter jejuni 

for transfer of GalNAc to Und-PP-GlcNAc 120; and the β1,3-galactosyltransferase (WbnJ) from 

E. coli O86 for stereospecific addition of the terminal galactose residue 121. Additionally, the 

UDP-GlcNAc 4 epimerase (Gne) from the same locus as C. jejuni PglA was added to supply the 

requisite UDP-GalNAc 122. Formation of the T antigen epitope on inner membrane lipids was 

assessed by introducing plasmid pTF in E. coli K12 strain MC4100 lacking the waaL gene, 

which causes accumulation of UndPP-linked glycans in the cytoplasmic membrane. Lipid-linked 

oligosaccharides (LLOs) were extracted from these cells, and the glycan portion was released 

and purified as previously described 118.  MALDI-TOF mass spectrometry (MS) analysis of these 

glycans identified a major peak consistent with the expected Gal-terminal T antigen structure 

(m/z = 609) (Figure 2.1b). Following treatment of the isolated glycans with β1,3-galactosidase, 

MS analysis revealed a major peak (m/z = 447) consistent with the removal of a single hexose 

residue (Figure 2.1b), thereby corroborating the linkage of a terminal β1,3 Gal residue. 



 24 

  

Outer

Membrane

Lipid A

Core

periplasm 

cytoplasm 

= Und-PP

= GlcNAc 

= Galactose 

WecA PglA WbnJ

UDP- UDP- 

Wzx 

UDP- 

UDP- 

GalE
T antigen

WaaL

Inner

Membrane

= GalNAc 

custom

glycoepitope

a

m/z

In
te

n
s
it
y
 (

A
U

)

m/z

b

JC8031

empty

JC8031

pTF

JC8032

pTF fetuin asialofetuin
c

PNA PNA

Lipid A-core

MsbA

buffer control
609 447 β1,3-galactosidase

Figure 2.1 - T antigen is synthesized and displayed on OMV surface.  (a) Schematic of 

synthesis of T antigen on endogenous Und-PP-GlcNAc structure on the inner membrane by 

PglA and WbnJ.  Glycan is then flipped into the periplasmic space by Wzx and transfered onto 

the lipid A core by WaaL and translocated to the outer membrane.  (b) Mass spectrometry shows 

major peaks that coorelate to T antigen structure. β 1,3-galactosidase digestion results in glycan 

peak corresponding to a missing terminal β 1,3 Gal residue.  (c) Dot blots of non-denatured T 
antigen glycOMVs produced from JC8031 strains and JC8032 strain lacking waaL probed with 

peanut agglutinin.  Fetuin and asialofetuin serves as negative and positive controls, respectively.
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Next, to determine whether the recombinant T antigen could be displayed on the exterior 

of membrane vesicles, a hypervesiculating E. coli K12 strain, namely JC8031 that overproduces 

OMVs due to deletion of tolRA 77, was transformed with the pTF plasmid. OMVs isolated from 

these cells were subjected to dot blot analysis whereby intact OMVs were spotted directly onto 

nitrocellulose membranes without any denaturation steps, and membranes were probed with 

peanut agglutinin (PNA), which binds galactosyl β-1,3 N-acetylgalactosamine. Consistent with 

the previous reports that outer membrane glycolipids are a major component of OMVs 56, 112, we 

observed a strong signal from the non-denatured OMV fraction derived from JC8031 cells 

carrying pTF (Figure 2.1c). To confirm that this signal was due to incorporation of the 

recombinant T antigen into LPS structures, we analyzed the OMV fraction from a knockout 

mutant of JC8031 that lacked waaL, which encodes the O-polysaccharide antigen ligase 

responsible for transferring native and engineered Und-PP-linked oligosaccharides to lipid A-

core 15, 123. As expected, the formation of the T antigen epitope on OMVs was blocked in JC8031 

ΔwaaL cells (Figure 2.1c), confirming that vesicle display of engineered oligosaccharides 

involved WaaL-dependent assembly on lipid A-core.   

To determine whether recombinant T antigen detected in the pelleted supernatant was 

associated with intact vesicles, rather than with released outer membrane fragments or other 

cellular debris, the OMV-containing fraction isolated from JC8031 cells carrying pTF was 

separated by density gradient ultracentrifugation. Coomassie staining and Western blotting of the 

resulting fractions revealed that total OMV proteins (soluble periplasmic and outer membrane 

proteins), the outer membrane protein OmpA, and recombinant T antigen all co-migrated to 

denser fractions (Figure 2.2a-c), reminiscent of the gradient profiles seen previously for intact 

OMVs and OMV-associated proteins 86, 124. 
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Figure 2.2 - Density gradient immunoblots of glycOMVs. Western blots of glycOMVs displaying either T 

antigen (a-c) or PSA after density gradient centrifugation.  Fractions of equal volume were removed from the 

gradient, separated on 12% SDS-PAGE gel an subsequently transferred to a PVDF membrane.  Membranes 

were stained with Coomassie to determine total protein present in each fraction (a, d).  Similarly, membranes 

were also probed with primary antibody specific to T antigen (b) or PSA (e) to determine presence of 

polysaccharide in each fraction. The presence of integral membrane proteins in each fraction was determined by 

probing similar membranes with antibody against OmpA (c, f). Fraction numbers are given from least dense (1) 

to most dense (10) and sample prior to separation labled “Pre”.
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A bottom-up pathway for biosynthesis of PSA on the surface of OMVs. PSA is a CPS that 

coats the surface of MenB and E. coli K1, and is also expressed in human tissues, most notably 

on neural cell adhesion molecule (NCAM) 125. As a result of this latter point, PSA has proven to 

be a particularly difficult target for antibody generation. Indeed, PSA is poorly immunogenic 

even when conjugated to a carrier protein, possibly because of the similarity to self-antigens 126. 

As above, we hypothesized that the weak immunogenicity of PSA could be overcome by 

conjugating this glycan to OMVs. To test this hypothesis, we engineered a hypervesiculating E. 

coli K12 strain to produce OMVs decorated with recombinant PSA glycans. Since E. coli K12 

strains do not produce PSA naturally, this first required the creation of an artificial pathway for 

PSA biosynthesis. To create the core onto which PSA could polymerize, we generated plasmid 

pPSA, which enabled heterologous expression of the GTases LgtB from N. meningitidis and 

CstII from Campylobacter jejuni. These GTases were predicted to catalyze the successive transfer of 

galactose and sialic acid (N-acetyl neuraminic acid; NeuNAc), respectively, to the Und-PP 

acceptor. Plasmid pPSA also encoded the neuBACS genes from E. coli K1, which collectively 

coordinate the formation of precursor CMP-NeuNAc and polymerization of NeuNAc (Figure 

2.3a). Finally, the neuD gene from E. coli K1, which promotes efficient sialic acid synthesis by 

enhancing the activity of other proteins (e.g., NeuBAC) in the sialic acid pathway 127, was cloned 

on a separate plasmid named pNeuD. These two plasmids were introduced into a ΔnanA 

derivative of the hypervesiculating strain JC8031, which is unable to catabolize free NeuNAc 

due to absence of the N-acetylneuraminate lyase enzyme, NanA 128.  
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PSA glycOMVs in JC8031 strains with knockouts of waaL and wecA.  Dots blots were all probed with SEAM12 
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LLOs were extracted from JC8031 ΔnanA cells carrying pPSA and pNeuD, and the 

glycan portion was purified and permethylated. Negative-ion mode MALDI-TOF MS of the 

permethylated glycans identified a major peak (m/z = 791.4) corresponding to a NeuNAc 

disaccharide, as well as minor peaks corresponding to tri-, tetra-, and pentasaccharides of 

NeuNAc (Figure 2.3a). A minor peak corresponding to a NeuAc-NeuGc structure was also 

identified. To determine whether PSA was incorporated in OMVs derived from these cells, 

membrane vesicles were isolated and subjected to dot blot analysis using an anti-PSA antibody. 

As with the engineered T antigen, we observed a strong signal from the non-denatured OMV 

fraction derived from JC8031 ∆nanA cells carrying both pPSA and pNeuD (Figure 2.3b). This 

signal was comparable to that obtained by similarly probing intact EV36 cells, a K-12/K1 hybrid 

E. coli strain that natively expresses PSA on its surface (Figure 2.3b) 129. In contrast, no 

detectable signal was observed from OMV fractions derived from JC8031 ∆nanA cells without 

any plasmids or carrying either the pPSA and pNeuD plasmid individually (Figure 2.3b), 

indicating that NeuD was required for engineered PSA biosynthesis. Likewise, removal of LgtB 

or CstII, or both, resulted in a similar absence of signal in dot blots probed with the anti-PSA 

antibody (Figure 2.3b). To confirm that the observed PSA signal was associated with intact 

vesicles, rather than with released outer membrane fragments or with free PSA, the OMV 

fraction from JC8031 ∆nanA carrying pPSA and pNeuD was subjected to density gradient 

ultracentrifugation.  Subsequent Coomassie staining and Western blot analysis of the gradient 

fractions revealed that PSA co-migrated with total OMV proteins and OmpA (Figure 2.2d-f).  

 To confirm whether PSA was produced on the Und-PP acceptor, we analyzed the OMV 

fraction from the waaL knockout mutant of JC8031 ∆nanA carrying the pPSA and pNeuD 

plasmids. Unlike the case of T antigen biosynthesis above, the display of PSA on the exterior of 
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OMVs was not dependent on WaaL (Figure 2.3c). Likewise, PSA display was still observed in 

JC8031 ∆nanA cells lacking wecA, which transfers GlcNAc to Und-PP and forms the 

hypothesized Und-PP-GlcNAc acceptor for LgtB (Figure 2.3c). In light of these results, we 

hypothesized an alternative mechanism for incorporation of recombinant PSA into LPS 

structures involving direct conjugation of foreign saccharides to lipid A-core structures 119. The 

basis for this hypothesis stems from the following:  in E. coli K-12 strains, lipid A-core contains 

glucose residues that might serve as substrates for heterologously expressed LgtB, a promiscuous 

biocatalyst that can transfer galactose to a variety of different glucose- and glucosamine-

containing acceptors 130.    

Immunization with glycOMVs elicits glycan-specific antibodies. We next sought to assess the 

immunological potential of glycOMVs displaying the T antigen and PSA epitopes. Specifically, 

BALB/c mice were immunized via subcutaneous (s.c.) injection with either T antigen- or PSA-

containing glycOMVs, after which blood was collected at regular intervals. Controls included 

“empty” OMVs from plasmid-free JC8031 or JC8031 ∆nanA cells, LOS extracted from MenB 

bacteria, and phosphate buffered saline (PBS). To determine the efficacy of glycOMVs to 

generate glycan-specific antibodies, the total T antigen- and PSA-specific IgG titers at the 

endpoint were measured by ELISA using chimeric LPS extracted from E. coli bearing the pTF 

plasmid or native LOS from MenB, respectively, as immobilized antigen. In the case of the T 

antigen epitope, glycOMVs elicited a significantly higher (p < 0.01) level of glycan-specific 

IgGs compared to both the empty OMV and PBS control groups (Figure 2.4a). Similarly, the 

total PSA-specific IgG titers were significantly increased (p < 0.01) for the group immunized 

with PSA glycOMVs compared to all other immunized groups (Figure 2.4b). It is particularly 

noteworthy that the IgG titers for the group immunized with native MenB LOS were not 
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significantly different (p > 0.2) than those measured in the PBS group, consistent with the weak 

immunogenicity of oligosaccharides alone. Hence, the immunogenicity of engineered 

carbohydrates was boosted by display on the exterior of OMVs. 

 

 IgG2a and IgG1 antibody isotype titers were also measured to determine whether or not 

the immune response elicited was biased towards either Th1 or Th2 immune response, 

respectively.  While both T antigen glycOMVs and PSA glycOMVs elicited IgG2a and IgG1 

titers significantly greater (p < 0.01) than titers generated against the PBS control, there was no 

significant difference (p > 0.2) between the IgG2a and IgG1 levels, indicating the absence of a 

bias in immune response (Figure 2.5a,b). 
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Figure 2.4 - GlycOMVs boost production of glycan-specific IgG antibodies. Median antigen-

specific IgG titers in endpoint (day 70) serum of individual mice immunized with (a) T antigen 

glycOMVs or (b) PSA glycOMVs. For the T antigen epitope, three groups of BALB/c mice were 

immunized i.p. with: 10 μg OMVs from plasmid-free JC8031 cells (empty), 10 μg OMVs from 
JC8031 cells carrying pTF (T antigen glycOMVs); or PBS. For the PSA epitope, four groups of 
BALB/c mice immunized i.p. with: 10 μg OMVs from plasmid-free JC8031 ∆nanA cells (empty); 
10 μg OMVs from JC8031 ∆nanA cells carrying pPSA and pNeuD (PSA glycOMVs); 2 μg MenB 
LOS; or PBS. Mice were boosted on day 28 and 56 with same doses. Asterisk (*) represents 
statistical significance (p < 0.01; Tukey-Kramer Post-Hoc HSD) versus all other groups.
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PSA-specific antibodies exhibit complement-mediated killing activity. Encouraged by the 

detection of glycan-specific serum antibodies, we next determined whether the serum antibodies 

produced by glycOMV immunization were immunologically relevant. For this, we performed a 

complement-mediated serum bactericidal activity (SBA) assay using the sera collected from 

mice immunized with PSA glycOMVs. SBA is an established method by which the activity of 

antibodies against N. meningitides is measured, and it correlates with protection for all 

serogroups of the pathogen 131. Here, we hypothesized that PSA-specific antibodies generated by 

glycOMV immunization would bind to the PSA moieties found on the surface of MenB and, in 

the presence of components of the human complement system, would mediate bacteriolysis of 

the pathogen. In the group immunized with PSA glycOMVs, 50% SBA was observed at over 

100-fold dilutions of the serum, whereas no killing was observed for sera collected from any of 

105

PBS MenB LOS Empty

OMVs 

PSA

glycOMVs

IgG1

IgG2a

104

103

102

PBS Empty

OMVs

T antigen

glycOMVs

106

105

104

103

102

IgG1

IgG2a

T
 a

n
ti
g

e
n

-s
p

e
c
if
ic

 I
g

G
 t

it
e

rs

P
S

A
-s

p
e

c
if
ic

 I
g

G
 t

it
e

rs

a b

Figure 2.5 -  glycOMVs boost production of glycan-specific IgG subtypes.  (a) Median T antigen-specific 
IgG1 (grey) and IgG2a (black) titers in endpoint (day 56) serum.  Three groups of BALB/c mice, five mice per 
group, immunized i.p. with: 10 μg of empty OMVs or T antigen glycOMVs; or PBS.  Mice were boosted on day 
28 with the same doses. (b) Median PSA-specific IgG1 (grey) and IgG2a (black) titers in endpoint (day 56) 
serum.  Four groups of BALB/c mice, five mice per group, immunized i.p. with: 2 µg MenB LOS; 10 µg of 
empty OMVs or PSA glycOMVs; or PBS.  Mice were boosted on day 28 with the same doses. (*) represents 
statistical significance (p < 0.01; Tukey’s HSD) of antibody titers against PBS control group.
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the control groups over the dilutions tested (Figure 2.6). Complete killing was observed in 

immunized groups at dilutions as high as 10-fold, indicating that the antibodies present in serum 

from glycOMV-immunized mice were immunologically functional. 
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At the end of the immunizations, half of the serum samples from the group administered 
PSA OMVs had bactericidal activity when tested against Neisseria meningtidis B strain 
H44/76 in the presence of human complement. The rest of the serum samples, including 
those collected from mice in control groups, showed no bactericidal activity (not shown).  
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Discussion 

In this study, we describe a novel method by which to raise an immune response and stimulate 

production of antigen-specific IgG antibodies against difficult, glycan targets by utilizing 

recombinant OMVs.  Previous studies have shown displaying weakly immunogenic proteins on 

the surface of OMVs results in a boosted immunological response and antibody generation 

against the protein antigen, suggesting an adjuvant effect from the OMV 95.  This current study 

has expanded upon previous work by showing a similar boost in immune response against 

weakly immunogenic carbohydrate antigens, a more complex and challenging target. 

Engineering OMVs to display carbohydrate epitopes has considerable challenges as 

compared to the display of protein epitopes.  While display of protein antigens requires either 

shuttling the antigen into the periplasmic space or anchoring it to the bacterial outer membrane, 

which is done through genetic manipulation, proper display of carbohydrate epitopes requires 

engineering of entire metabolic pathways and ensuring the proper expression of a number of 

enzymes responsible for the synthesis of the glycan.  We have demonstrated the ability to 

synthesize and display glycan moieties in E. coli that mimic their parental hosts in two ways, by 

identifying essential genes in the native glycan synthetic operon and transferring those necessary 

genes into the hypervesiculating JC8031∆nanA E. coli strain as was carried out to obtain the 

PSA-OMVs.  Glycan analysis via mass spectrometry confirms that the major peak present 

corresponds to a NeuNAc diasaccharide.  Furthermore, PSA-glycOMVs do react positively with 

SEAM-12, a monoclonal antibody against N. meningitidis PSA 132.  We are able to generate 

OMVs displaying glycan moieties through the engineering of unique pathways to direct 

synthesis of mammalian glycans onto bacterial lipid carriers.  While we have reported on this 

capability previously, this is the first time we have demonstrated that these mammalian glycans 



 35 

can also be displayed on the surface of OMVs118.  The purified TF antigen-OMVs react 

positively with peanut agglutinin, a well-documented and characterized lectin that binds to the β-

D-Gal-(1à3)D-GalNAc structure of the T antigen 133.  Mass spectrometry further confirms the 

identity of the synthesized glycan to be that of the T antigen.   

 Further proof that the glycans displayed on the surface of OMVs are indeed glycomimics 

of their native carbohydrates is found in the robust immune response specific to the native glycan 

generated in response to immunization, which is a notable advance for glycan-specific antibody 

production.  For both antigen targets, immunization with the relative glycOMVs resulted in 

production of glycan-specific IgG antibodies at levels significantly higher than their respective 

controls.   This is particularly noteworthy for two reasons.  First is the inherent difficultly in 

eliciting the production of antibodies against carbohydrate antigens.  As a classical T cell-

independent antigen, carbohydrates often result in an increase in the production of IgM class 

antibodies, rather than the production of antigen-specific IgG class antibodies.  Furthermore, we 

have demonstrated that in one case, the antibodies raised against glycan antigens are fully 

functional, as demonstrated by the successful killing of N. meningitidis B plaques in the presence 

of human complement. Second, the glycans described in this study are analogous to those 

naturally present in mammals.  Specifically, PSA, the CPS found on N. meningitidis serogroup 

B, is a challenging target because of its similarity to polysialylated structures ubiquitous in 

human and murine hosts.  This similarity results in immune tolerance against PSA, as it is 

identified as a self-molecule.   

The immunizations revealed an interesting observation regarding the ‘empty’ OMVs: 

vaccinations using ‘empty’ OMVs also elicited higher antibody titers as compared to titers 

measured from the PBS control case.  This can be attributed to the simple fact that vaccinations 
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using OMVs will also stimulate an immune response against the other components of the OMV.  

These antibodies cross-react with similar components found in either the N. meningitidis LOS or 

the E. coli-derived T antigen LPS.  Regardless, these levels are significantly (p < 0.01) less than 

those generated from the glycOMV-immunized groups.  It is apparent that vaccination with 

glycOMVs results in an improved immunological response compared to the response otherwise 

expected from carbohydrate antigens.   

 The results of this study demonstrate the ability to generate antibodies against 

challenging carbohydrate targets by leveraging the natural adjuvanticity of OMVs.  By 

remodeling the polysaccharide synthetic pathway in E. coli, either through the incorporation of 

exogenous synthetic pathways or through formation of new pathways, OMVs can be 

recombinantly engineered to display both pathogen-associated and human-like carbohydrates.  

Immunization with OMVs displaying these glycomimetic structures results in the production of 

glycan-specific antibodies that recognize antigen epitopes that would otherwise be categorized as 

self-antigens.  By coupling this to existing technologies for antibody discovery, glycOMVs has 

the potential to widen the field of potential antigens for which antibodies can be identified, 

isolated and produced for both therapeutic and diagnostic applications.  Furthermore, 

immunization with glycOMVs yielded antibodies that are not only glycan-specific, but in the 

case of PSA-specific OMVs, are also fully functional, creating the potential for the OMVs 

themselves to be used as therapeutics.  Compared to current approaches for achieving the same 

goal, glycOMVs represents a solution that is considerably less complicated and significantly 

more scalable.  Most importantly, OMVs have been shown to be a versatile platform that can be 

tailored to display not only antigenic protein targets, but now also highly specific carbohydrate 
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targets, expanding the pool of therapeutically interesting targets to which antibodies may be 

generated against. 

 

Materials and Methods 

Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are 

described in Table 2.1. Briefly, strains are based on E. coli strain JC8031, a tolRA mutant strain 

that is known to hypervesiculate 77. Strain and plasmid construction is described below. 

Preparation of knock-out strains. Knock-out strains were prepared by P1 transduction using 

established protocols 134. Briefly, donor phages were created by incubating P1 phage with the 

desired member of the Keio collection that contains a specific gene knockout replaced by 

kanamycin. These phages were incubated with the recipient strain and plated on kanamycin and 

sodium citrate. Several colonies were restreaked on kanamycin and sodium citrate. If the 

kanamycin resistance was removed, pCP20 was transformed and plated at 30°C, restreaked at 

30°C, then restreaked at 42°C. A colony sensitive to both ampicillin and kanamycin has 

undergone the FRT recombination to displace kanamycin and lost the temperature-sensitive 

pCP20 plasmid. 

Preparation of plasmids. Plasmids for this study were constructed using standard homologous 

recombination in S. cerevisiae as previously described 135. To assemble pPSA, codon optimized 

versions of the genes encoding LgtB and CstII were obtained from Mr. Gene. E. coli displaying a 

PSA capsule (EV36) was used as the source for genes encoding NeuBAC and NeuS proteins 

required for CMP-NeuNAc synthesis and sialic acid polymerization respectively. Genes were 

amplified by PCR and inserted into a version of vector pMW07 containing pglB 118. pNeuD was 

similarly constructed by amplifying the neuD gene from EV36 and combining the PCR product 
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with linear pTRC99-Y 118. pTF was constructed to produce oligosaccharides bearing the T 

antigen. To make pTF, PCR products incorporating the genes galE, pglB, and pglA from C. 

jejuni, wbnJ from E. coli O86, and neuDBAC from E. coli K1, were combined with vector 

pMW07 using homologous recombination in yeast. 

Cell growth and preparation of OMVs. OMVs were prepared as described previously 95. 

Briefly, plasmids containing the necessary genes for PSA assembly and display (Table 2.1) were 

transformed into the hypervesiculating E. coli strain JC8031 ΔnanA, or related strain, and 

selected on medium supplemented with the appropriate antibiotic. An overnight culture of a 

single colony was subcultured into 100-200 mL of Luria Bertani (LB) medium. The culture was 

grown to mid-log phase, at which time protein expression was induced with L-arabinose (0.2%) 

and/or IPTG (0.1 mM), if necessary. Cell-free culture supernatants were collected 16-20 h post-

induction and filtered through a 0.2 µm filter. Vesicles were isolated by ultracentrifugation 

(Beckman-Coulter; TiSW28 rotor; 141,000xg; 3 h; 4ºC) and resuspended in PBS. OMVs were 

quantified by the bicinchoninic-acid assay (BCA Protein Assay; Pierce) using BSA as the protein 

standard. 

Fractionation of OMVs. Prepared OMVs were separated by density-gradient ultracentrifugation 

as previously described 86. Briefly, OMVs were prepared as above but resuspended in a 50 mM 

HEPES pH 6.8 solution. This solution was adjusted to 45% (v/v) Optiprep (Sigma) in 1.5 mL. 

All other Optiprep layers were prepared using the same 50 mM HEPES pH 6.8 solution. 

Optiprep/HEPES gradient layers were added to a 12-mL ultracentrifuge tube as follows: 0.33 mL 

of 10%, 0.33 mL of 15%, 0.66 mL of 20%, 0.66 mL of 25%, 0.9 mL of 30%, 0.9 mL of 35%, 1.5 

mL of 45% containing the prepared OMVs, and enough 60% to nearly fill the tube. Gradients 

were centrifuged (Beckman-Coulter; TiSW41 rotor; 180,000xg; 3 h; 4ºC), then a total of ten 
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fractions of 0.5 mL each were removed sequentially from the top of the gradient. These fractions 

were analyzed by Western blot and dot blot analyses as described below. 

Western blot analysis. OMV and LPS samples were prepared for SDS-PAGE analysis by 

boiling for 15 min and cooling to room temperature in the presence of loading buffer containing 

β-mercaptoethanol. Samples were run on any kD polyacrylamide gels (BioRad, Mini-

PROTEAN® TGX) and transferred to a PVDF membrane. After blocking with a 5% milk 

solution, membranes with PSA samples were probed first with SEAM12 primary antibody 

specific against N. meningitidis B CPA (Greg Moe, CHORI) and then with the corresponding 

anti-mouse HRP-conjugated secondary antibody (Promega). After blocking with Carbo-Free 

blocking solution (Vector Labs), membranes with T antigen samples were probed first with 

biotinylated peanut agglutinin (Vector Labs) and then with streptavidin-HRP (Abcam).  

Membranes from density-gradient samples were also probed against OmpA first with an OmpA-

specific antibody (Wilfred Chen, UDel) and then with anti-mouse HRP-conjugated secondary 

antibody (Promega).  Signal was visualized using HRP substrate and either an X-ray film 

developer or a ChemiDoc Imaging System (BioRad). 

Dot blot analysis. OMV samples were prepared by making the appropriate dilutions and 

spotting directly onto a nitrocellulose membrane, or by boiling for 10 min and cooling to room 

temperature before spotting on the membrane. After blocking with a 5% milk solution, 

membranes were probed first with SEAM12 and then with HRP-conjugated anti-mouse IgG. 

Signal was visualized using HRP substrate and either an X-ray film developer or a ChemiDoc 

Imaging System (BioRad). 

Glycosyl composition analysis.  An overnight culture of a single colony was subcultured into 

LB medium.  Cultures were grown at 30˚C and induced when OD600 reached ~2.0.  Cultures 
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were then harvested after 20h.  Cell pellets were collected, resuspended in methanol and lysed 

via sonication.  Material was then dried at 60˚C and subsequently resuspended in 2:1 

chloroform:methanol solution (v/v, CM) via sonication and washed two times with the CM 

solution.  The pellet was then washed in water.  Lipids were extracted with 10:10:3 

chloroform:methanol:water (v/v/v, CMW) followed by methanol.  Extracts were then loaded into 

a DEAE cellulose column and eluted with 300 mM NH4OAc in CMW.  The lipid-linked 

oligosaccharides were extracted with chloroform and dried.  To release the glycans from the 

lipids, sample was then suspended in 1.5 mL 0.1N HCl in 1:1 isopropanol:water (v/v).  The 

solution was heated at 50˚C for two hours and then dried at 75˚C.  Residue was suspended in 

water-saturated butanol and the aquouse phase containing the glycans were dried, resupsended in 

water, and purified with AG50W-H8(hydrogen atom) cation exchange resin followed by Agl-X8 

(formate form anion exchange resin.  Purified glycans were analyzed on an AB SCIEX 

TOF/TOF mass spectrometer using dihydroxybenzoic acid (DHB) as the matrix. 

Preparation of LPS.  LPS derived from E. coli carrying pTF was prepared using a modification 

of a previously published protocol 136. Briefly, an overnight culture of a single colony was 

subcultured into 500 mL LB medium. The culture was grown overnight (16-20 h) and the cell 

pellet was collected by centrifugation. The pellet was resuspended in 10 mL of lysis buffer (2% 

SDS, 4% β-mercaptoethanol, and 100 mM Tris HCl pH 7.5) and heated in a boiling water bath 

for 10 min. Proteinase K was added to a final concentration of 2 mg/mL and incubated at 50ºC 

overnight. Phenol was added and the mixture was incubated at 70ºC for 15 min, with vortexing 

every 5 min. The mixture was cooled on ice and then centrifuged for 10 min at 13,000xg. The 

aqueous phase was collected and extracted with ether, then centrifuged for 5 min at 13,000xg. 

The aqueous phase was collected, containing the LPS. This solution was dried on a glass plate to 
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remove any residual organic phase.  Sample was resuspended in ddH2O and dialyzed against 

ddH2O for 48h using 3.5kDa dialysis cassette (Slide-a-lyzer; Life Technologies).  Sample was 

then lyophilized. 

Mouse immunizations. Four groups of five or six BALB/c female mice aged six- to eight-weeks 

old (The Jackson Laboratory) were each immunized s.c. with 100 µL of PBS containing 

lipooligosaccharide (LOS) or OMVs, prepared as previously described 125. All PBS used was at 

pH 7.4. The four groups were immunized with either PBS alone (control), 2 µg of native N. 

meningitidis B strain S3446 LOS (NmBLOS), 10 µg of OMVs from JC8031 ΔnanA cells 

carrying no plasmid (empty OMVs), or 10 µg of OMVs from JC8031 ΔnanA cells harboring 

pPSAΔD and pNeuD (PSA-glycOMVs). PSA content of the PSA glycOMV and NmBLOS doses 

were similar and determined via reactivity to the SEAM 12 antibody specific for N. meningitidis 

B CPS (PSA)132. Each group of mice was boosted with an identical dosage of antigen 28 days 

and 56 days after the priming dose. Blood was collected from each mouse from the mandibular 

sinus immediately before and 14 days after the first immunization, immediately before and 14 

days after the first boosting dose, immediately before the second boosting dose, and at 14 days 

and 28 days after the second boosting dose.  

Three groups of four or five BALB/c female mice aged six- to eight-weeks old (The 

Jackson Laboratory) were each immunized s.c. with 100 µL of PBS containing ‘empty’ or T 

antigen OMVs, prepared as described above. All PBS used was at pH 7.4. The four groups were 

immunized with either PBS alone (control), 10 µg of OMVs from JC8031 cells carrying no 

plasmid (empty OMVs), or 10 µg of OMVs from JC8031 cells harboring pJD07.  Each group of 

mice was boosted with an identical dosage of antigen 28 days and 56 days after the priming dose. 

Blood was collected from each mouse from the mandibular sinus immediately before and 14 
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days after the first immunization, immediately before and 14 days after the first boosting dose, 

immediately before the second boosting dose, and at 14 days and 28 days after the second 

boosting dose.  The protocol number for the animal studies (2009-0096) was approved by the 

Institutional Animal Care and Use Committee at Cornell University.  

Enzyme-linked immunosorbant assay (ELISA). Glycan-specific antibodies produced in 

immunized mice were measured via indirect ELISA using a modification of a previously 

described protocol 95. Briefly, sera were isolated from the collected blood draws after 

centrifugation at 2,200xg for 10 min. 96-well plates (Maxisorp; Nunc Nalgene) were coated with 

NmBLOS or E. coli-derived T antigen (2 µg/mL in PBS pH 7.4) and incubated overnight at 4˚C. 

All PBS used was at pH 7.4. The next day, plates were washed 3 times with PBST (PBS, 0.05% 

Tween-20, 0.3% BSA) and blocked overnight at 4˚C with 5% nonfat dry milk (Carnation) in 

PBS. Samples were serially diluted, in triplicate, between 1:100-1:12,800,000 in blocking buffer 

and added to the plate for 2 h at 37˚C. Plates were washed 3 times with PBST and incubated for 

1 h at 37˚C in the presence of one of the following horseradish peroxidase-conjugated antibodies:  

goat anti-mouse IgG (1:5000; Abcam), anti-mouse IgG1 (1:5000; Abcam), or anti-mouse IgG2a 

(1:5000; Abcam). After 3 additional washes with PBST, 3,3’-5,5’-tetramethylbenzidine substrate 

(1-Step Ultra TMB-ELISA; Thermo Scientific) was added and the plate was incubated at room 

temperature for 30 min. The reaction was halted with 2M H2SO4. Absorbance was quantified via 

microplate spectrophotometer (Molecular Devices) at a wavelength of 450 nm. Serum antibody 

titers were determined by measuring the lowest dilution that resulted in signal three standard 

deviations above background. Statistical significance was determined using Tukey-Kramer post 

hoc honest significant difference test and compared against the PBS control case. 
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Complement-mediated bactericidal assay. Bactericidal assays were conducted similar to a 

previously published protocol 137.  Briefly, N. meningitidis serogroup B bacteria were harvested 

from an overnight culture on chocolate agar plates and plated onto fresh chocolate agar and 

grown for 6h at 37˚C, 5% CO2.  Approximately 300-400 CFU meningococci were incubated 

with human serum (from a healthy adult with no detectable anticapsular antibody to group B 

polysaccharide) and serum collected from mouse immunizations.  Serum bactericidal titers were 

defined as the serum dilution resulting in a 50% decrease in CFU/mL after 60 min incubation of 

bacteria compared to control CFU/ml at time zero. 
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Table 2.1 – Bacterial strains and plasmids used in this chapter 

Strain or plasmid Genotype/Description Source 
Strains   
1292 supE hsdS met gal lacY tonA  77 
JC8031 1292 ΔtolRA 77 
JC8031 ΔnanA 1292 ΔtolRA ΔnanA This study 
JC8031 ΔnanA 
waaL::Kan 

1292 ΔtolRA ΔnanA waaL::Kan This study 

JC8031 ΔnanA 
wecA::Kan 

1292 ΔtolRA ΔnanA wecA::Kan 
 

This study 

   
Plasmids   
pMW07 Yeast-based recombineering plasmid; Cmr 118 
pPSA pMW07 with lgtB, cstII, neuBACS; Cmr This study 
pP∆C pPSA lacking cstII  
pP∆L pPSA lacking lgtB This study 
pP∆CL pPSA lacking cstII, lgtB This study 
pNeuD pTRC99 with neuD; Apr This study 
pTF pMW07 with galE, pglB, pglA, wbnJ, neuDBAC; Cmr This study 
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CHAPTER 3 

GLYCOENGINEERED OUTER MEMBRANE VESICLES DISPLAYING O-ANTIGEN 

POLYSACCHARIDES ELICIT PROTECTIVE ANTIBODIES AGAINST TYPE A 

FRANCISELLA TULARENSIS 

 

Introduction 

For decades, vaccines have served as an important pillar in preventative medicine, 

providing protection against a wide array of disease-causing pathogens by inducing humoral 

and/or cellular immunity. In the context of humoral immunity, carbohydrates are appealing 

vaccine candidates owing to their ubiquitous presence on the surface of diverse pathogens and 

malignant cells. For example, most pathogenic bacteria are prominently coated with 

carbohydrate moieties in the form of capsular polysaccharides (CPSs) 138 and 

lipopolysaccharides (LPSs) 15, which are often the first epitopes perceived by the immune 

system. However, a major impediment to the development of polysaccharide-based vaccines is 

the fact that pure carbohydrates typically stimulate T-cell independent immune responses 17, 110, 

139, which are characterized by lack of IgM-to-IgG class switching 21, failure to induce a 

secondary antibody response after recall immunization, and no sustained T-cell memory 140. 

A common strategy for enhancing the immunogenicity of carbohydrates and evoking 

carbohydrate-specific immunological memory is to covalently couple a carbohydrate epitope to a 

CD4+ T-cell dependent antigen such as an immunogenic protein carrier. For example, 

glycoconjugates composed of bacterial CPS or LPS-derived glycans chemically bound to a 

carrier protein induce glycan-specific IgM-to-IgG switching, memory B cell development, and 

long-lived T-cell memory 14, 17, 26, 141, 142. Such glycoconjugate vaccines have proven to be a 
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highly efficacious and safe strategy for protecting against virulent pathogens, including 

Haemophilus influenzae, Neisseria meningitidis, and Streptococcus pneumoniae 26, 39, 143, with 

several already licensed and many others in clinical development 14, 39. 

Despite their effectiveness, traditional glycoconjugate vaccines are not without their 

drawbacks. Most notable among them is the complex, multistep process required for the 

purification, isolation, and conjugation of bacterial polysaccharides, which is expensive, time 

consuming, and low yielding 42. A greatly simplified and cost-effective alternative known as 

protein glycan coupling technology (PGCT) has been described recently 111. This approach is 

based on engineered protein glycosylation in living Escherichia coli 123, wherein an O-antigen 

polysaccharide (O-PS), the outermost component of bacterial LPS 15, is conjugated to a co-

expressed carrier protein by the Campylobacter jejuni oligosaccharyltransferase PglB (CjPglB). 

However, while PGCT has been used to make several novel protein/glycan combinations 43, 111, 

144, it currently has a limited substrate specificity. This is because the natural substrate specificity 

of the conjugating enzyme, CjPglB, restricts the diversity of glycans that can be transferred 145 

and causes the conjugation efficiency between certain non-native glycan and protein substrates to 

be very low 43. Additionally, it remains to be determined whether any of the carrier proteins used 

in licensed glycoconjugate vaccines, such the toxins from Clostridium tetani and 

Corynebacterium diphtheriae, are compatible with expression and CjPglB-mediated 

glycosylation in E. coli.  

Here, we sought to create a new approach to the production of glycoconjugate vaccines 

that circumvents these problems by combining recombinant O-PS biosynthesis with outer 

membrane vesicle (OMV) formation in laboratory strains of E. coli. OMVs are naturally 

occurring spherical nanostructures (~20-250 nm) produced by all Gram-negative bacteria. They 
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are composed of proteins, lipids, and glycans, including LPS, derived primarily from the 

bacterial periplasm and outer membrane 56. In recent years, OMVs have garnered attention as a 

vaccine platform because they are non-replicating, immunogenic mimics of their parental 

bacteria that stimulate both innate and adaptive immunity and possess intrinsic adjuvant 

properties 113, 146, 147. These characteristics are exemplified by OMVs isolated directly from N. 

meningitidis, which induce potent protective immune responses and have been incorporated 

successfully into several commercial vaccine formulations for use in humans 71, 75, 146. To expand 

the vaccine potential of OMVs, several groups have used genetic engineering techniques to load 

OMVs with foreign protein antigens by targeting expression either to the outer membrane or to 

the periplasm of an OMV-producing host strain 64, 86, 88-90, 95, 148. These OMV-associated 

recombinant proteins were internalized by eukaryotic cells 64, 86 and stimulated strong and 

specific immune responses in mice 88-90, 95, 148. However, while efforts to load OMVs with 

recombinant protein antigens are well documented 112, an analogous strategy to engineer the 

polysaccharide component of OMVs for specific vaccine applications has yet to be 

demonstrated. 

We sought to engineer OMVs that efficiently present surface-associated glycans to the 

immune system in a manner that induces protective immunity. Towards this goal, heterologous 

O-PS structures were expressed in hypervesiculating E. coli cells, resulting in glycosylated 

OMVs (glycOMVs) whose surfaces were remodeled with pathogen-mimetic polysaccharides. 

One of these glycOMVs was subsequently evaluated for its ability to confer protection against 

highly virulent Francisella tularensis subsp. tularensis (type A) strain Schu S4, a Gram-

negative, facultative coccobacillus and the causative agent of tularemia. This bacterium is one of 

the most infectious agents known to man and is categorized as a class A bioterrorism agent due 
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to its high fatality rate, low dose of infection, and ability to be aerosolized 149. Although there is 

currently no available licensed vaccine, several studies have confirmed the important role of 

antibodies directed against F. tularensis LPS, specifically the O-PS repeat unit, in providing 

protection against the highly virulent Schu S4 strain 150-152. More recently, a purified 

recombinant vaccine comprised of the F. tularensis Schu S4 O-PS conjugated to the P. 

aeruginosa exotoxin A carrier protein was produced using PGCT 144. This glycoconjugate 

boosted IgG levels and significantly increased the time to death upon subsequent pathogen 

challenge, albeit with the less virulent F. tularensis subsp. holarctica (type B) strain HN63. 

Here, we show that immunization of mice with glycOMVs displaying F. tularensis Schu S4 O-

PS induced high titers of functional IgG antibodies against Schu S4 LPS and significantly 

extended time to death upon subsequent challenge with F. tularensis Schu S4. Furthermore, we 

show that we can remodel the LPS component of OMVs to generate detoxified glycOMVs that 

still retain immunomodulatory characteristics.  Overall, our results demonstrate that glycOMVs 

can be generated for use as efficacious glycoconjugate vaccines and, given the generality of the 

approach, could be developed for numerous other Gram-negative pathogens. 

 

Results 

Glycosylation of OMVs with heterologous O-PS. LPS is found exclusively in the outer leaflet 

of the Gram-negative outer membrane and consists of three distinct regions: a hydrophobic 

domain known as lipid A, a core oligosaccharide, and an O-PS 15 (Figure 3.1). Laboratory E. 

coli strains usually lack O-PS structures but do produce a complete lipid A-core that serves as an 

acceptor for O-PS if the genes for its synthesis are supplied in trans 153. Since LPS is a major 

component of released OMVs 56, we postulated that expression of heterologous O-PS pathways 
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in hypervesiculating E. coli would result in OMVs whose lipid A-core was glycosylated with 

desired O-PS structures (Figure 3.1). To test this notion, we introduced the gene cluster for the 

synthesis of F. tularensis Schu S4 O-PS in an O-PS-deficient E. coli strain JC8031. This strain 

was chosen for its ability to hypervesiculate, due to genetic knockout of tolRA 77, and has been 

used extensively in OMV engineering applications 86, 95, 112. OMVs were isolated from JC8031 

cells expressing the Schu S4 O-PS gene cluster from pGAB2 144 and subjected to Western blot 

analysis using an F. tularensis O-PS-specific antibody named FB11 151. We observed a classical 

ladder-like pattern typical of LPS (Figure 3.2), which results from O-PS chain length variability 

generated by the Wzy polymerase 15, 123. F. tularensis O-PS was absent in OMVs derived from 

JC8031 cells carrying empty plasmid (Figure 3.2). Likewise, when the Schu S4 O-PS antigen 

genes were expressed in strain CE8032, which lacks the waaL gene encoding the ligase that 

transfers O-PS to lipid A-core (Figure 3.1) 15, 123, the resulting OMVs were no longer detected 

with the FB11 antibody (Figure 3.2).  
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Figure 3.1 - Assembly and display of pathogen-specific O-PS structures on OMVs. Schematic 

of a pathway for biosynthesis of heterologous O-PS structures and their incorporation into OMVs 

in E. coli. Lipid-linked O-PS repeating units are assembled on the cytoplasmic face of the inner 

membrane by glycosyltransferases encoded in plasmid pO-PS, after which translocation to the 

periplasmic face occurs by the action of endogenous flippase Wzx. Polymerization of O-PS 

repeating units on the periplasmic face of the inner membrane is then catalyzed by endogenous 

Wzy polymerase in a block transfer mechanism that is regulated by endogenous Wzz. The 

resulting O-PS is then transferred to the lipid A-core polysaccharide by endogenous O-antigen 

ligase, WaaL. The resulting lipopolysaccharide is shuttled to the outer membrane, where it 

becomes incorporated in budding vesicles to produce pathogen-specific glycOMVs.
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Figure 3.2 - Incorporation of pathogen-specific O-PS in OMVs. Western blot analysis of OMV 

fractions isolated from E. coli JC8031 (WaaL, +) or CE8032 (WaaL, -) cells carrying an empty plasmid 

(pO-PS, -) or a heterologous O-PS pathway plasmid (pO-PS, +) corresponding to the pathogenic strain 

indicated below each panel. The O-PS pathway plasmids and empty control plasmids are provided in 

Table 3.3. Antibodies specific to each O-PS (Table 3.4) were used to detect heterologous glycan 

structures displayed on the glycOMVs. Molecular weight markers are labeled on the right.
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To demonstrate the generality of the approach, an expanded repertoire of pathogen-

mimetic O-PS structures were expressed in OMVs. Specifically, plasmids containing the O-PS 

gene clusters from a variety of Gram-negative pathogenic bacteria, including uropathogenic E. 

coli (UPEC) strain VW187 (O7:K1), enterotoxigenic E. coli (ETEC) strains O78 and O148, 

Pseudomonas aeruginosa strain PA103, Shigella dysenteriae 1 strain W30864, Shigella flexneri 

serotype 2a strain, and Yersinia enterocolitica strain 6471/76 were transformed in strain JC8031. 

OMVs prepared from these cells were all cross-reactive with antibodies specific for the 

respective O-PS structures (Figure 3.2). In contrast, control OMVs prepared from either CE8032 

cells expressing the same O-PS pathway genes or JC8031 cells carrying empty plasmids were 

not detected by the cognate O-PS-specific antibodies (Figure 3.2). In the case of OMVs 

displaying Y. enterocolitica O-PS, we observed a smear rather than a clear ladder; however, this 

smear is typically produced following electrophoresis of LPS preparations from these bacteria 

154. Taken together, these results suggest that lipid A-core in OMVs was glycosylated with 

heterologous, strain-specific O-PS structures. 

The outer surface of intact OMVs is remodeled with F. tularensis O-PS. Given our interest in 

creating a vaccine candidate against F. tularensis, OMVs generated by strain JC8031 carrying 

pGAB2, termed Ft-glycOMVs, were further characterized. To confirm that F. tularensis O-PS 

was on the outer surface of vesicles, dot blots were performed by spotting fractions containing 

Ft-glycOMVs directly onto nitrocellulose membranes without any denaturation steps. Only the 

OMV fractions derived from JC8031 cells carrying plasmid pGAB2 were detected by the FB11 

antibody (Figure 3.3a), suggesting that non-denatured, intact vesicles carried F. tularensis O-PS 

on their surface. As expected, non-denatured vesicles derived from CE8032 carrying pGAB2 did 

not give a strong signal using FB11 (Figure 3.3a). The size and shape of Ft-glycOMVs and 
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control OMVs were indistinguishable by TEM microscopy (Figure 3.3b), indicating that 

incorporation of foreign O-PS into E. coli LPS structures had no visible effect on vesicle 

nanostructure. Next, we determined whether F. tularensis O-PS detected in the pelleted 

supernatant was associated with intact vesicles or with released outer membrane fragments. To 

this end, the OMV-containing fraction isolated from JC8031 cells carrying pGAB2 was 

separated by density gradient ultracentrifugation. Western blotting and Coomassie staining of the 

resulting fractions revealed that O-PS glycans and total proteins (soluble periplasmic and outer 

membrane proteins) co-migrated to denser fractions (Figure 3.3c,d), reminiscent of the gradient 

profiles seen previously for intact OMVs and OMV-associated proteins 86, 124. Following 

nondenaturing dot blotting, the FB11 antibody was observed to cross-react with these same, 

denser fractions, confirming that O-PS glycans were on the exterior of intact vesicles (Figure 

3.3c). It is particularly noteworthy that OMVs generated from JC8031 cells carrying pGAB2 

were observed to cross-react with the mouse IgG2a antibody FB11. We conclude that the O-PS 

structure generated on OMVs is immunologically relevant given that FB11 targets a unique 

terminal F. tularensis O-PS epitope, confers survival to BALB/c mice infected intranasally with 

the F. tularensis type B live vaccine strain (LVS), and prolongs survival of BALB/c mice 

infected intranasally with highly virulent F. tularensis type A strain SchuS4 151. 
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Figure 3.3 - Immunoblot and TEM analysis of Ft-glycOMVs. (a) Dot blot analysis of glycOMVs 

derived from JC8031 (WaaL, +) or JC8032 (WaaL, -) harboring no plasmid (pGAB2, -) or plasmid 

(pGAB2, +). OMVs were spotted on nitrocellulose membrane at the specified amount. (b) Transmission 

electron microscropy of negative-stained OMVs isolated from JC8031 cells containing the F. tularensis 
Schu S4 O-PS synthetic pathway (top micrograph) and from wild-type JC8031 cells (bottom micro-

graph). Scale bar represents 40 nm. (d) Western blot analysis of glycOMVs isolated from JC8031 cells 

carrying pGAB2 and separated by density-gradient centrifugation. Fractions of equal volume were 

removed from the gradient and either spotted directly on nitrocellulose membrane (top panel) or sepa-

rated on a 12% SDS-PAGE gel and subsequently transferred to a PVDF membrane (bottom panel). Both 

membranes were probed with antibody FB11. Ft-glycOMVs not subjected to the gradient (Pre) and 

gradient fractions (1-10) are labeled. Molecular weight (MW) markers are indicated at left. (d) The 

same PVDF membrane from (c) was stained with Coomassie blue to see total protein content.
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Structural characterization of heterologous F. tularensis O-PS.  To shed light on the identity 

of the heterologous O-PS, Ft-glycOMVs were structurally characterized. Western blot analysis 

using FB11 revealed nearly identical laddering for Ft-glycOMVs compared to hybrid E. coli LPS 

capped with the F. tularensis O-PS (Ft-glycLPS) extracted directly from intact JC8031 cells 

carrying pGAB2 (Figure 3.4a), indicating that the engineered LPS molecules in the outer 

membrane of JC8031 are structurally similar to those loaded in OMVs. Compared to the native 

F. tularensis Schu S4 LPS (FtLPS), the height of these ladders (i.e., the chain length of O-PS) 

was notably shorter (Figure 3.4a). However, the spacing between the “rungs” of all three ladders 

was indistinguishable, suggesting that the molecular weight of the individual repeating units in 

the O-PS structures of our engineered Ft-glycOMVs was the same as in FtLPS.  

The O-PS repeating unit in native FtLPS is the tetrasaccharide 4-α-GalNAcAN-1,4-α-

GalNAcAN-1,3-β-QuiNAc-1,2-β-Qui4NFm, with Qui4NFm at the non-reducing end 155. To 

determine the structure of the O-PS unit in Ft-glycOMVs, we performed nuclear magnetic 

resonance (NMR) analysis on LPS derived from JC8031 carrying pGAB2. Ft-glycLPS extracted 

from these cells was delipidated by mild acid hydrolysis and purified by size-exclusion 

chromatography (SEC). SEC yielded carbohydrate fractions that were subjected to structural 

analysis by 1- and 2-D NMR. The 1-D proton spectrum of this carbohydrate revealed the 

presence of over 20 anomeric protons, while the 2-D NMR analysis (Figure 3.5) showed that 

two of these residues were from 2-aminogalacturonic acid (GalNAcA) derivatives: one was from 

a 4-amino-4,6-dideoxyglucose (Qui4N) residue, and one was from an N-acetylglucosamine 

(GlcNAc) or N-acetylquinovosamine residue (Qui2NAc) (Table 3.1).While the O-PS of F. 

tularensis has been reported to contain Qui2NAc 155, our data match better with GlcNAc. 

Composition analysis of the O-PS showed the presence of mannoheptose, glucose, galactose, and 
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GlcNAc. GalNAcA was not observed because it is resistant to acid hydrolysis 155. Qui4N was 

also not observed because it is destroyed under the acidic conditions of the composition analysis 

156. However, while both Qui2NAc and GlcNAc can usually be detected by this method, no 

Qui2NAc was observed in this polysaccharide. One of the GalNAcA residues was in the amide 

form and was designated as GalNAcAN. The other one appeared to be in the acid form, as 

judged by the more upfield H-5 157. The carbon chemical shifts of the four residues in the 

polysaccharide indicate that GalNAcA and GalNAcAN were both 4-linked, Qui4N was 2-linked, 

and GlcNAc was 3-linked. Rotating frame nuclear Overhauser effect spectroscopy (ROESY) 

showed a close contact between H-1 of Residue A and H-4 of Residue B and between H-1 of 

Residue B and H-3 of Residue C, establishing A-B-C connectivity. However, no identifiable 

inter-residue nuclear Overhauser effect (NOE) correlation with H-1 of Residue C was found. 

Additionally, the connection between Residues D and A could not be proven because H-1 of 

Residue D and H-4 of Residue A resonate at almost the same chemical shift. The 1-D proton 

spectrum showed two downfield signals at 8.00 and 8.18 ppm, corresponding to the E and Z 

forms of an N-formyl group, which were found previously and shown to be a substituent on the 

amino group of Qui4N 155. Based on the data, we propose the following as a tentative structure 

for the heterologous O-PS repeating unit: 4-α-GalNAcAN-1,4-α-GalNAcA-1,3-β-GlcNAc-1,2-β-

Qui4NFm (Figure 3.4b).  
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Table 3.1 – Chemical shifts of the heterologous F. tularensis O-PS 

 Residue Chemical shift (ppm) 
  1 2 3 4 5 6 
A 4-α-GalNAcAN  5.03  4.26  4.12  4.48  4.85  
   100.5  52.3  70.5  81.3  73.4  
B 4-α-GalNAcA  5.41  4.24  4.01  4.43  4.25  
   101.0  52.3  68.8  78.0  73.1  
C 3-β-GlcNAc  4.57  3.75  3.73  3.65  3.43 3.91/3.74 
   103.5  56.9  82.7  73.8  78.2  63.0 
D 2-β-Qui4N  4.50  3.36  3.50  3.62  3.48  1.18 
   106.6  76.6  75.9  58.1  73.3  19.5 
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on the left. (b) Structures of the O-PS repeating unit in native FtLPS as published previously (top) and in 
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Figure 3.5 - NMR analysis of heterologous O-PS in Ft-glycLPS. (a) Partial gradient-enhanced COSY spec-
trum. Peak labels consist of letters designating the residue according to Supplementary Table S1 and numbers 
designating the protons that are correlated through cross peaks. Lines connecting the correlated peaks are coded 
according to the residues; Residue A: dotted lines; Residue B: dash-dot lines; Residue C: solid lines; Residue D: 
dashed lines. (b) Partial gradient enhanced, multiplicity-edited HSQC spectrum. Positive peaks are black (CH 
and CH3 groups); negative peaks are grey (CH2 groups). 

b

a
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Ft-glycOMVs protect against lethal F. tularensis Schu S4 challenge. An effective vaccine for 

tularemia will likely require multiple antigens, but as an initial step in determining if Ft-

glycOMVs might be a candidate vaccine component for a multivalent vaccine, we evaluated 

their protective efficacy in mice infected with the highly virulent F. tularensis type A strain Schu 

S4, which has a 50% lethal dose (LD50) of <10 colony-forming unit (CFU) in mice 158. BALB/c 

mice were immunized by an intraperitoneal (i.p.) route with Ft-glycOMVs, FtLPS or Ft-glycLPS 

alone, ‘empty’ OMVs from JC8031 cells carrying empty plasmid, ‘sham’ glycOMVs from 

JC8031 cells expressing S. dysenteriae O-PS genes (Sd-glycOMVs), or phosphate-buffered 

saline (PBS). At 56 days after the initial dose, immunized mice were challenged with 22 CFU of 

F. tularensis Schu S4 via i.p. injection and survival of the mice was monitored (Figure 3.6, 

Table 3.2). Immunization with polysaccharides alone afforded no protection against challenge, 

as mice that received either FtLPS or Ft-glycLPS perished at the same rate as control mice that 

had received PBS (p > 0.1), with all mice except one dying within 4 days (one mouse receiving 

Ft-glycLPS succumbed to infection on day 5) (Figure 3.6). In contrast, mice immunized with Ft-

glycOMVs demonstrated a significantly (p < 0.05) delayed time to death (mean increase of 3 

days) compared with PBS-treated control mice, with all mice in this group surviving until day 6 

and three of the mice surviving until day 7 (Figure 3.6). This increase in time to death was 

specific to the F. tularensis O-PS on OMVs, as mice immunized with Sd-glycOMVs experienced 

no such increase in protection to F. tularensis challenge (p > 0.1). Interestingly, the group 

immunized with empty OMVs showed some protection against pathogen challenge (p < 0.05).  

While most mice in this group perished at earlier time points compared to the group receiving Ft-

glycOMVs, one mouse did survive the challenge (Figure 3.6). 
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Table 3.2 – Survival of mice after i.p. challenge with F. tularensis Schu S4 

Mouse group Mean time to  Percent survival each day 
 death (days) 1 2 3 4 5 6 7+ 
PBS 2.6 100% 100% 60% 0%    
FtLPS 3.2 100% 100% 100% 20% 0%   
Ft-glycLPS 3 100% 100% 100% 0%    
empty OMVs 4.25*† 100% 100% 100% 100% 40% 20% 20% 
Ft-glycOMVs 5.6* 100% 100% 100% 100% 100% 60% 0% 
Sd-glycOMVs 3 100% 100% 100% 0%    
†Based on 4 mice; 1 mouse survived 
*p < 0.05 versus PBS control (log-rank test) 
 

Ft-glycOMVs induce a mixed Th1/Th2 response. To confirm that the protective effects seen 

with Ft-glycOMVs correlated with increased antibody titers, the levels of FtLPS-specific IgGs 

were assessed in mice prior to challenge. Using native FtLPS as the antigen, the total IgG titers 

for mice receiving Ft-glycOMVs were significantly increased (p < 0.01) compared to all other 
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Figure 3.6 - Ft-glycOMVs delay onset of lethal disease with F. tularensis Schu S4. Kaplan-Meier survival analysis 

of six groups of BALB/c mice, five mice per group, immunized i.p. with: PBS, Ft-glycOMVs (top panel); FtLPS, 

Ft-glycLPS (middle panel); empty OMVs and Sd-glycOMVs (bottom panel). Mice were boosted 28 days after the 

original immunization with the same antigen and amount as the original dose. At 56 days after the primary injection, all 

mice were challenged i.p. with 22 CFU of F. tularensis Schu S4. At 14 days post-infection, one mouse in the empty 

OMVs group was still alive. Survival of mice in the empty OMVs and Ft-glycOMVs groups compared to those in the 

PBS control group was found to be significant (p < 0.05).
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groups as early as 14 days after immunization (Figure 3.7). At this time, the mean IgG titer was 

two orders of magnitude greater than the mean titer of PBS control group mice. This differential 

became further amplified after the booster injection, reaching a maximum difference of three 

orders of magnitude at 56 days (Figure 3.8a). IgG antibody titers were further broken down by 

analysis of IgG1 and IgG2a titers, wherein mean IgG1 to IgG2a antibody ratios served as an 

indicator of a Th1- or Th2-biased immune response. Mice immunized with Ft-glycOMVs 

showed a significant (p < 0.01) increase in mean titers of FtLPS-specific IgG1 and IgG2a.  There 

was no significant difference in mean titers between the two subtypes (p > 0.2), suggesting a 

mixed Th1/Th2 response. Classically, a Th1-biased immune response is important for 

intracellular pathogens such as F. tularensis; however, several groups have shown the 

importance of both Th1 and Th2 immune responses for this particular pathogen 150 (Figure 

3.8b). 
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on reactivity to FB11 antibody. Mice were boosted on day 28 with the same doses. (b) Median IgG subtype 
titers measured from endpoint serum with IgG1 titers in grey and IgG2a in black. (**) represents statistical 
significance (p < 0.01; Tukey-Kramer HSD) of antibody titers against PBS control group.
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Ft-glycOMV lipid A can be remodeled for reduced toxicity.  LPS is a main contributing 

factoring in triggering host immune response during infection through recognition of lipid A, 

also known as endotoxin by toll-like receptor 4 (TLR4).  Immune recognition of lipid A results 

in production of proinflammatory cytokines that are crucial to fight infection, but may also 

contribute to lethal septic shock at high levels 159.  Display of O-PS antigens on the surface of 

glycOMVs requires lipid A;  F.tularensis O-PS is displayed on the surface of Ft-glycOMVs as 

part of the hybrid Ft-glycLPS.  Thus, for glycOMVs to be a viable vaccine platform, it is 

necessary to reduce to toxicity of lipid A while also maintaining its adjuvanting properties.  One 

LPS derivative, monophosphorylated lipid A (MPL) from Salmonella minnesota R595 is an 

approved adjuvant with reduced toxicity160.  The primary lipid A species in MPL is a 

pentaacylated, monophosphorylated lipid A variant while native E. coli lipid A is characterized 

by the presence of six acyl chains and two phosphate groups.  In order mimic this lipid A 

structure in E. coli, a genetic knockout of the lpxM gene in JC8031 results in a strain that 

synthesizes only pentaacylated lipid A, JC∆.  Additional incorporation of phosphatase lpxE from 

F. tularensis on plasmid pE results in a pentaacylated, monophosphorylated lipid A producing 

strain, JC∆ pE 161.  Addition of the F. tularensis O-PS pathway into the detoxified JC∆ strains 

results in display of the O-PS on the cell surface, similar to the parental JC8031 strain (Figure 

3.9a).  Detoxified glycOMVs produced from JC∆ strains also display the F. tularensis O-PS at 

levels comparable to glycOMVs from JC8031 (Figure 3.9a).  Mass spectrometry performed on 

purified JC∆ and JC∆ pE lipid A and show a single peak corresponding to the expected size of 

the respective modified lipid A structures (Figure 3.9b-c). 
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Figure 3.9 - Characterization of detoxified lipid A strains. (a) Dot blots of unmodified and detoxified 

JC8031 cells and OMVs with the F. tularensis O-PS plasmid, pGAB2.  Cells and OMVs were spotted on 

nitrocellulose and probed with FB11 antibody.  (b) Mass spectometry analysis of unmodified JC8031 lipid 

A with corresponding structure.  (c) Mass spectrometry analysis of detoxified JC8031∆lpxM lipid A with 

corresponding structure.  (d) Mass spectrometry analsysi of JC8031∆lpxM pE lipid A with corresponding 

structure. 



 66 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

LPS dLPS Unmodified Unmodified∆lpxM pE ∆lpxM ∆lpxM pE

0

0.5

1

1.5

2

2.5

LPS dLPS Unmodified pE ∆lpxM ∆lpxM pE Unmodified pE ∆lpxM ∆lpxM pE

Ft O-PS

a

b
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synthesis pathway. (b) Reporter cells were incubated with OMVs (10 ng/mL) purified from 
unmodified or detoxified strains.  Unmodified, JC8031; pE, JC8031 pE; ∆lpxM, JC∆; ∆lpxM pE, JC∆ 
pE.  Purified E. coli O55:B5 LPS serves as the positive control.  Purified detoxified E. coli O55:B5 
LPS serves as the negative control.  (**) represents statistical significance (p < 0.01; T-test) versus 
unmodified group.
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Toxicity of whole cells and OMVs were evaluated by measuring human TLR4 activation 

in HEK-Blue hTLR4 reporter cells.  These cells express hTLR4 and respond to activation of the 

receptor by the production of secreted embryonic alkaline phosphatase (SEAP).  The reporter 

cell line was incubated in the presence of whole E. coli cells at a concentration of 104 cells/mL.  

Purified E. coli LPS and detoxified LPS served as positive and negative controls, respectively. 

All samples from JC∆ and JC∆ pE strains induced significantly lower TLR4 activation (p < 

0.01) compared to both purified LPS and JC8031 counterparts.  The presence of the F. tularensis 

O-PS did not impact TLR4 activation (Figure 3.10a).  TLR4 activation assays were also run 

using purified OMVs.  The TLR4 reporter cell line was incubated with OMVs at a concentration 

of 10 ng/mL.  OMVs produced from JC∆ and JC∆ pE strains also showed significantly reduced 

activation of TLR4 compared to purified LPS and JC8031 counterparts (Figure 3.10b). 

 Immunizations were repeated in mice using the detoxified Ft-glycOMVs in order to 

determine if the immunomodulating qualities of the OMVs were altered as a result of lipid A 

remodeling.  FtLPS-specific IgM titers suggests class switching occurring after initial and boost 

immunizations; FtLPS-specific IgM titers initially rise but stabilize while FtLPS-specific IgG 

titers continue to rise throughout the length of the immunization trial (Figure 3.11).  

Immunization with both detoxified JC∆ and JC∆ pE Ft-glycOMVs resulted in FtLPS specific 

IgG antibody titers significantly higher than the control groups (p < 0.01) that include PBS, 

FtLPS, and empty OMVs derived from unmodified and detoxified strains (Figure 3.12a).  

Antibody titers levels generated by the detoxified OMVs were similar to those generated by the 

JC8031-derived Ft-glycOMVs; there was no significant difference between titers generated by 

unmodified and detoxified Ft-glycOMVs (p > 0.2). The relative titers of IgG1 and IgG2a 

subtypes from groups immunized with JH8033-derived Ft-glycOMVs were comparable to the 
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titers observed for JC8031-derived Ft-glycOMVs (Figure 3.12b). Additionally, the IgG1 titers 

were significantly higher than IgG2a titers (p < 0.05), suggesting a Th2-biased response.  

 To demonstrate that detoxified Ft-glycOMVs afforded protection against pathogen 

challenge, mice immunized with the various detoxified Ft-glycOMVs were challenged i.p. with 

25 CFU of F. tularensis Schu S4 and monitored for survival. Mice immunized with either PBS, 

purified FtLPS, or empty OMVs derived from JC8031 or JH8033 all succumbed to infection 

within 5 days (Figure 3.13, Table 3.3).  In contrast, immunization with detoxified JH8033-

derived Ft-glycOMVs or JC8031-derived Ft-glycOMVs resulted in a significantly (p < 0.05) 

delayed time to death (mean increase of 2.15 or 2 days, respectively) compared to the PBS or 

respective empty OMV controls (Figure 3.13, Table 3.3). 
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Figure 3.11 - Comparison of IgM and IgG antibody titers over time.  Median 

FtLPS-specific IgM (grey) and IgG (black) titers serum average from each group over the 

course of the 56-day animal trial.  7 groups of BALB/c mice, five mice per group, immunized 

i.p with: 2 µg of FtLPS;  10 µg of empty OMVs detoxofied ∆lpxM OMVs,  Ft-glycOMVs, 

detoxified ∆lpxM Ft-glycOMVs with and without pE; or PBS.  Mice were boosted on day 28 

with the same doses.
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Figure 3.12 - Antibody titers of detoxified glycOMVs.  (a) Median FtLPS-specific IgG titers 
in endpoint (day 56) serum of individual mice.  10 groups of BALB/c mice, five mice per group, 
immunized i.p with: 2 µg of FtLPS;  10 µg of empty OMVs,  Ft-glycOMVs, detoxified empty 
OMVs, detoxified Ft-glycOMVs; or PBS.  Mice were boosted on day 28 with the same doses.  
(b) Median IgG sutype titers measured from endpoint serum with IgG1 in grey and IgG2a in 
black.  (*) represents statistical significance (p < 0.01; Tukey-Kramer HSD) of antibodies titers 
against PBS control group, (**) represents statistically significant difference (p < 0.05; upaired 
T-test) in IgG1 and IgG2a titers within the group.
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Table 3.3 – Survival of mice after i.p. challenge with F. tularensis Schu S4 

Mouse group Mean time to  Percent survival each day  
 death (days) 1 2 3 4 5 6 7 8 
PBS 4 100% 100% 100% 100% 0%    
FtLPS 4 100% 100% 100% 100% 0%    
empty OMVs  4 100% 100% 100% 100% 0%    
empty OMVs  
(∆lpxM) 

4 100% 100% 100% 100% 0%    

Ft-glycOMVs  6 100% 100% 100% 100% 100% 100% 0%  
Ft-glycOMVs 
 (∆lpxM) 

6* 100% 100% 100% 100% 100% 100% 0%  

Ft-glycOMVs  
(∆lpxM pE) 

6* 100% 100% 100% 100% 100% 80% 20% 0% 

*p < 0.05 versus PBS control (log-rank test) 
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Figure 3.13 - Detoxified Ft-glycOMVs delay onset of lethal disease with Schu S4.  Kaplan-Meier 

survival analysis of seven groups of BALB/c mice, five mice per group, immunized i.p. with: PBS, 

FtLPS, empty OMVs derived from JC8031 or JC8031 ∆lpxM, Ft-glycOMVs derived from JC8031, 

or JC8031 ∆lpxM with and without plasmid pE.  Mice were boosted 28 days after the original 

immunization with the same anitgen and amout as the original dose.  At 56 days after the primary 

injection, all mice were challenged i.p. with 25 CFU of F. tularensis Schu S4.  Surviival of mice in 

the Ft-glycOMV groups compared to those in PBS or empty OMV control groups was found to be 

significant (p < 0.05; log-rank test).
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Discussion 

In the present study, we describe a novel glycoconjugate vaccine platform that leverages the 

immunological potential of recombinant OMVs. This platform is founded in part on our previous 

finding that remodeling the surface of OMVs with weakly immunogenic protein antigens yielded 

OMV-based vaccine candidates that boosted antigen-specific IgG levels 95. In fact, the response 

elicited by the engineered OMVs rivaled that obtained when the same protein antigen was 

adsorbed to the FDA-approved adjuvant alum 95, suggesting that OMVs function not only as 

nanoparticulate vaccine carriers but also as vaccine adjuvants 162. The basis for this adjuvanticity 

is likely due to the fact that OMVs: (i) are readily phagocytosed by professional antigen-

presenting cells; (ii) carry pathogen-associated molecular patterns (PAMPs) within their structure 

that can stimulate both innate and adaptive immunity; and (iii) possess strong proinflammatory 

properties 113, 146, 147. 

Since carbohydrates are also commonly known to be weak antigens 17, 110, 139, we 

hypothesized that delivery of specific polysaccharide structures by engineered OMVs would 

enhance the immune response to these weakly immunogenic epitopes due to the natural 

adjuvanticity of the OMV carriers. To test this hypothesis, we created the first ever 

glycoengineered OMVs by combining the vesicle formation process with engineered glycan 

biosynthesis in lab strains of E. coli. An attractive feature of our approach is the fact that 

different plasmid-encoded O-PS biosynthetic pathways can be readily transformed into E. coli, 

enabling a “plug-and-play” platform for the creation of glycOMVs that surface display 

heterologous O-PS structures from virtually any Gram-negative bacterial pathogen. In the most 

notable example, hypervesiculating E. coli strain JC8031 harboring the F. tularensis Schu S4 O-

PS pathway genes yielded OMVs that were glycosylated with a structural mimetic of F. 
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tularensis O-PS. While glycan analysis revealed several differences between the native FtLPS 

structure and the heterologous O-PS structure on Ft-glycOMVs, these structural differences did 

not appear to significantly alter the properties of the O-PS. For example, the heterologous glycan 

exhibited a laddering pattern that was similar to native FtLPS and was still recognized by FB11 

antibodies generated against the native FtLPS structure 151. 

The best evidence for authentic glycomimicry, however, was the fact that vaccination 

with the resulting Ft-glycOMVs significantly boosted the production of FtLPS-specific IgG 

antibodies as early as two weeks after the initial immunization and by as much as 2-3 orders of 

magnitude above all controls including native FtLPS. This is particular noteworthy in light of the 

generally observed phenomenon that the immune response generated against purified LPS is T-

cell independent and does not result in the production of antigen specific IgG antibodies 110, as 

was confirmed here with native FtLPS and engineered Ft-glycLPS. The high IgG titers and 

broad response produced as a result of vaccination with Ft-glycOMVs suggests stimulation of 

immunological responses that are otherwise nonexistent against classical T-cell independent 

antigens.  Indeed, T cells and the presence of toll-like receptor signals on OMVs may serve 

secondary roles during immune responses 163. Importantly, the robust immune response elicited 

by glycOMVs provided protection against lethal challenge by F. tularensis Schu S4, as 

demonstrated by an increased time to death compared to vaccination with different controls 

including FtLPS alone. The extended protection was attributed to the presence of the O-PS, as no 

protection was afforded to mice vaccinated with sham OMVs containing a nonspecific O-PS 

structure (Sd-glycOMV). Curiously, one mouse in the group vaccinated with empty OMVs 

lacking heterologous O-PS display managed to clear the infection completely while the majority 
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of the group perished five days after exposure. This may be the result of a short-lived boosting of 

the innate immune response stemming from vaccination with the OMVs 164.  

Antibodies alone do not provide hosts with protection against tularemia. Indeed, studies 

have shown that adaptive immunity against F. tularensis also requires a robust cell-mediated 

response 165. Specifically, a T-cell dependent response is required to control infection and is 

likely to hinge on the activation of macrophages. Incidentally, F. tularensis is known to target 

macrophages and is able to suppress the early inflammatory responses necessary in containing 

the pathogen 166. Thus, early IFNγ activation of macrophages is vital to control infection 167. 

Intracellular cytokine staining of splenocytes from mice vaccinated with Ft-glycOMVs revealed 

a population of CD3+ T cells that responded to restimulation with FtLPS in vitro with increased 

production of IFNγ (Figure 3.14), suggesting the generation of a small T-cell dependent 

response. However, this response was not limited to the Ft-glycOMV-vaccinated group; similar 

shifts in T cell population were seen in the FtLPS group as well as the PBS control group 

(Figure 3.14). This, coupled with the fact that the shift in IFNγ producing T cells was small, 

suggests that the observed T-cell activation may be non-classical, as the antigen is not one 

classically associated with MHC presentation. Indeed, the small shift in IFNγ producing cells 

may be the result of stimulating γ/δ T cells, a rare subset of T cells capable of MHC-independent 

activation 168.  
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Figure 3.14 - Intracellular cytokine staining for IFNγ production. Splenocytes were 

collected from groups of mice immunized with PBS, FtLPS, or Ft-glycOMVs. Cells were 

restimulated in vitro with PBS (unstimulated) or with 100 µg/mL FtLPS (FtLPS stimulated) for 

24 h. Cells were surface-stained for CD3 (Alexa488), permeabilized and stained for the 

production of IFNγ (PE-Cy7). Representative plots are shown.
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One concern with the use of bacterial OMVs as a vaccination platform is toxicity as a 

result of the presence of LPS on the membrane surface.  This may be addressed by chemically 

stripping away LPS from OMVs through the use of polymyxin B columns 95, 114.  But, because F. 

tularensis O-PS is built upon lipid A, stripping away LPS would remove the O-PS antigen as 

well.  Instead, the lipid A structure of JC8031 E. coli was remodeled at the genetic level to yield 

a variant that is less toxic, as measured by hTLR4 activation, while still retaining its 

immunomodulatory qualities.  Previous combinatorial engineering of E. coli lipid A suggest that 

removal of an acyl chain yields a pentaacylated lipid A structure with significantly reduced 

toxicity.  Further detoxification was achieved by the removal of the 1-phosphate group by 

expression of LpxE 161.  We have confirmed that JC∆ producing pentaacylated lipid A induces 

significantly lower TLR4 activation than JC8031 producing unmodified lipid A.  The expression 

of LpxE does not seem to further reduce activation, in both JC8031 and JC∆ strains, suggesting 

that the removal of an acyl chain plays the prominent role in the detoxification of E. coli lipid A.  

Immunizations showed comparable levels of FtLPS-specific IgG antibody titers generated with 

the unmodified and detoxified Ft-glycOMVs suggesting no loss in adjuvanticity.  These 

immunizations also included a group immunized with a F. tularensis glycoconjugate, Ft-EPA 

generated via PGCT.  This group showed minimal elicitation of antigen-specific IgG titers 

suggesting the need for additional adjuvants in order to achieve high IgG titers reported 

elsewhere 144. 

Overall, the results from this study represent a promising proof-of-concept for the use of 

engineered OMVs as a platform for the delivery of carbohydrate-based vaccines. This system 

combines the benefits of natural and synthetic vaccines into a singular platform that overcomes 

many of the production and formulation hurdles that have plagued other glycoconjugate-based 
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vaccines. Moreover, the vesicle architecture helps surface-exposed membrane antigens (e.g., 

proteins, polysaccharides) maintain their physico-chemical stability 71. Our results clearly show 

that glycOMVs are an all-in-one antigen, adjuvant and delivery platform that is able to generate a 

robust antibody response, induce a T cell response, and confer protection against lethal 

challenge, whereas the antigen alone failed in all three criteria. Compared to current approaches 

for producing glycoconjugate vaccines, glycOMV vaccine production is significantly less 

complicated, less time consuming, less expensive, and more scalable. It requires only one 

cultivation step to generate the final product, which can be easily and economically isolated by a 

single ultracentrifugation step 95, 162. Another advantage is that by combining the polysaccharide 

biosynthesis and conjugation steps in a single, non-pathogenic strain of E. coli, final products are 

well-defined and can be flexibly tailored for specific diseases simply by rewiring the 

polysaccharide biosynthesis pathway. Best of all, this can be accomplished without ever having 

to handle or cultivate pathogenic bacteria. Finally, it should be pointed out that other 

biomolecular features of OMVs (e.g., proteins, lipids) can also be engineered 112, in harmony 

with OMV vaccine designs that contain a high density of specific carbohydrate structures, 

making it possible in the future to create designer OMVs against a wide variety of targets with 

tunable immunomodulatory effects.  

 

Materials and Methods 

Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are 

described in Table 3.4. Briefly, E. coli strain JC8031, a tolRA mutant strain that is known to 

hypervesiculate 77, was used for preparation of OMVs. Strain CE8032, a waaL::Kan mutant 

derived from JC8031, was used as a control 169. JC∆ strain was generated from JC8031 using P1 
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transduction of the lpxM::kan allel from the Keio collection as described in Chapter 2 134.  pE 

containing F. tularensis lpxE was obtained from the Trent group (University of Texas, Austin) 

161. 

Cell growth and preparation of OMVs. OMVs were prepared as described previously 95. 

Briefly, a plasmid containing a specific O-PS pathway (see Table S3) was transformed into the 

hypervesiculating E. coli strain JC8031, or related strain, and selected on medium supplemented 

with the appropriate antibiotic. An overnight culture of a single colony was subcultured into 100-

200 mL of Luria Bertani (LB) medium. The culture was grown to mid-log phase, at which time 

protein expression was induced with L-arabinose (0.2%) or IPTG (0.1 mM), if necessary. Cell-

free culture supernatants were collected 16-20 h post-induction and filtered through a 0.2 µm 

filter. Vesicles were isolated by ultracentrifugation (Beckman-Coulter; TiSW28 rotor; 

141,000xg; 3 h; 4ºC) and resuspended in PBS. OMVs were quantified by the bicinchoninic-acid 

assay (BCA Protein Assay; Pierce) using BSA as the protein standard. 

Preparation of LPS. Purified F. tularensis subsp. holarctica LPS (FtLPS), whose O-PS repeats 

are identical in structure to the O-PS repeats in F. tularensis subsp. tularensis Schu S4 LPS 152, 

was obtained from BEI Resources. LPS derived from E. coli carrying pGAB2 (Ft-glycLPS) was 

prepared using a modification of a previously published protocol 136. Briefly, an overnight 

culture of a single colony was subcultured into 500 mL LB medium. The culture was grown 

overnight (16-20 h) and the cell pellet was collected by centrifugation. The pellet was 

resuspended in 10 mL of lysis buffer (2% SDS, 4% β-mercaptoethanol, and 100 mM Tris HCl 

pH 7.5) and heated in a boiling water bath for 10 min. Proteinase K was added to a final 

concentration of 2 mg/mL and incubated at 50ºC overnight. The next morning, phenol was added 

and the mixture was incubated at 70ºC for 15 min, with vortexing every 5 min. The mixture was 
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cooled on ice and then centrifuged for 10 min at 13,000xg. The aqueous phase was collected and 

extracted with ether, then centrifuged for 5 min at 13,000xg. The aqueous phase was collected, 

containing the LPS. This solution was dried on a glass plate to remove any residual organic 

phase and determine the mass of the purified LPS. 

Fractionation of OMVs. Prepared OMVs were separated by density-gradient ultracentrifugation 

as previously described 86. Briefly, OMVs were prepared as above but resuspended in a 50 mM 

HEPES pH 6.8 solution. This solution was adjusted to 45% (v/v) Optiprep (Sigma) in 1.5 mL. 

All other Optiprep layers were prepared using the same 50 mM HEPES pH 6.8 solution. 

Optiprep/HEPES gradient layers were added to a 12-mL ultracentrifuge tube as follows: 0.33 mL 

of 10%, 0.33 mL of 15%, 0.66 mL of 20%, 0.66 mL of 25%, 0.9 mL of 30%, 0.9 mL of 35%, 1.5 

mL of 45% containing the prepared OMVs, and enough 60% to nearly fill the tube. Gradients 

were centrifuged (Beckman-Coulter; TiSW41 rotor; 180,000xg; 3 h; 4ºC), then a total of ten 

fractions of 0.5 mL each were removed sequentially from the top of the gradient. These fractions 

were analyzed by Western blot and dot blot analyses as described below. 

Western blot analysis. OMV and LPS samples were prepared for SDS-PAGE analysis by 

boiling for 15 min and cooling to room temperature in the presence of loading buffer containing 

β-mercaptoethanol. Samples were run on 12% polyacrylamide gels (BioRad, Mini-PROTEAN® 

TGX) and transferred to a PVDF membrane. After blocking with a 5% milk solution, membranes 

were probed first with a primary antibody against the specified O-PS and then with the 

corresponding HRP-conjugated secondary antibody (Table 3.5). Signal was visualized using 

HRP substrate and either an X-ray film developer or a ChemiDoc Imaging System (BioRad). 

Dot blot analysis. OMV samples were prepared by making the appropriate dilutions and 

spotting directly onto a nitrocellulose membrane, or by boiling for 10 min and cooling to room 
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temperature before spotting on the membrane. After blocking with a 5% milk solution, 

membranes were probed first with the mouse mAb FB11 to F. tularensis LPS and then with 

HRP-conjugated anti-mouse IgG. Signal was visualized using HRP substrate and either an X-ray 

film developer or a ChemiDoc Imaging System (BioRad). 

Electron microscopy. Structural analysis of vesicles was performed via transmission electron 

microscopy as previously described 95. Briefly, vesicles were negatively stained with 2% uranyl 

acetate and deposited on 400-mesh Formvar carbon-coated copper grids. Imaging was performed 

using a FEI Tecnai F20 transmission electron microscope. 

Preparation of Ft-glycLPS for structure determination. An overnight culture of E. coli 

JC8031 carrying pGAB2 was subcultured in 4 L of LB medium. The culture was grown 

overnight and the cell pellet was collected via centrifugation. The cell pellet was suspended in 2 

mL water, to which nine volumes of ethanol were added, and agitated for 1 h at room 

temperature. After centrifugation at 3,000xg for 15 min, the supernatant was removed, the cells 

were resuspended in 10 mL 90% ethanol, and extracted again with nine volumes of ethanol for 

15 min at room temperature with agitation. The cells were then pelleted via centrifugation and 

resuspended in 10 mM tricine pH 8.0 containing 1 mM CaCl2, and digested overnight with 2-5 

mg/mL Proteinase K at room temperature. Digestion was followed by ultracentrifugation at 

100,000xg for 16 h. The pellet was then subjected to phenol/water extraction. All the samples 

were transferred into glass tubes, freeze-dried, and resuspended in 5 mL water. The cell 

suspension was heated to 65°C with stirring and extracted with 5 mL of preheated 90% phenol 

for 1 h. The suspension was cooled on ice and the mixture was centrifuged at 3,000 rpm. The 

phenol phase was reheated and re-extracted with 5 mL hot water. This process was repeated one 

more time. The combined aqueous phases were dialyzed (1000-Da MWCO), freeze-dried, and 
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resuspended in 1.8 mL of 20 mM Tris-HCl pH 8.0 containing 2 mM MgCl2. A 100 µL aliquot of 

7 mg/mL DNase I in 20 mM Tris-HCl pH 8.0 and 2 mM MgCl2 was added to the sample. After 

incubation for 3 h at 37oC, 100 µL 17 mg/mL RNase A was added, which was followed by 

another 3 h incubation at 37oC. Finally, CaCl2 was added to a final concentration of 2 mM, and 

the sample was digested with 400 µg Proteinase K overnight at room temperature. The 

Proteinase K was inactivated at 100˚C for 5 min and the samples were dialyzed against deionized 

water, followed by ultracentrifugation at 100,000xg overnight. The pellets containing isolated 

LPS were lyophilized. Next, the isolated LPS was dissolved in 500 µl of 1% acetic acid and 

incubated at 100°C overnight. The supernatant was taken and freeze-dried after centrifugation at 

6,000 rpm for 30 min. The hydrolyzed sample was dissolved in 50 mM ammonium acetate pH 

5.5 and filtered through a 0.45 µm Ultrafree-MC HV Centrifugal Filter (Millipore). A 200 µL 

aliquot was injected into an Agilent 1200 HPLC equipped with a refractive index detector for 

size exclusion chromatography. Separation was performed on a Superose 12 column (10/300 GL, 

GE Healthcare) using 50 mM ammonium acetate pH 5.5 as eluent at a flow rate of 0.5 mL/min. 

Glycosyl composition analysis and NMR spectroscopy. For glycosyl composition analysis, the 

prepared Ft-glycLPS sample (300 µg) was placed into a test tube and 20 µg of inositol was 

added. The sample was then treated with 500 µL 1 M HCl in methanol and heated to 80°C for 16 

h. Following re-N-acetylation with pyridine (50 µL) and acetic anhydride (50 µL) in methanol 

(100 µL) for 16 h, the sample was per-O-trimethylsilylated by treatment with Tri-Sil® (Pierce) at 

80°C for 20 min. GC/MS analysis of the trimethylsilylated methyl glycosides was performed on 

an Agilent 7890A GC interfaced to a 5975C mass-selective detector, using an Agilent DB-1 

fused silica capillary column (30m × 0.25 mm ID). For NMR spectroscopy, the sample was 

dissolved in D2O (99.8% D, Aldrich), freeze-dried, and again dissolved in 280 µL D2O (99.96% 
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D, Cambridge Isotope Laboratories) containing 0.5 µL acetone as internal reference. The sample 

was placed into a 5 mm Shigemi NMR tube with magnetic susceptibility plugs matched to D2O. 

1-D proton, 2-D gCOSY, zTOCSY, ROESYad; and multiplicity-edited gHSQC spectra were 

acquired on a Varian 600 MHz instrument at 30°C. The mixing times for zTOCSY and ROESY 

were 80 and 200 ms, respectively. The spectra were referenced relative to the acetone signal 

(δH=2.218 ppm; δC=33.0 ppm). 

Mouse immunizations and F. tularensis Schu S4 challenge. Six groups of ten six- to eight-

week old BALB/c female mice (National Cancer Institute (NCI)) were each immunized i.p. with 

100 µL of PBS containing LPS or OMVs, prepared as described. All PBS used was at pH 7.4. 

The six groups were immunized with either PBS alone (control), 2 µg of native F. tularensis 

LPS (FtLPS), 2 µg of LPS derived from JC8031 cells producing heterologous F. tularensis O-PS 

from pGAB2 (Ft-glycLPS), 10 µg of OMVs from JC8031 cells carrying no plasmid (empty 

OMVs), 10 µg of OMVs from JC8031 cells harboring pGAB2 (Ft-glycOMVs), or 10 µg of 

‘sham’ OMVs from JC8031 cells producing heterologous S. dysenteriae O-PS from pSS37 (Sd-

glycOMVs). LPS content of the Ft-glycOMV and FtLPS doses were similar and determined via 

reactivity to the FB11 antibody specific for F. tularensis O-PS. Each group of mice was boosted 

with an identical dosage of antigen 28 days after the priming dose. Blood was collected from 5 

mice of each group from the mandibular sinus immediately before and 14 days after the first 

immunization, immediately before the boosting dose, and at 14 and 28 days after the boosting 

dose. Terminal splenectomies were performed on one-half (n=5) of all 6 groups at 56 days after 

the priming dose. The remaining five mice in each of the six groups were challenged i.p. with 22 

CFU of F. tularensis Schu S4 and the health of the mice was examined daily for signs of disease. 

When an animal became moribund it was sacrificed according to the procedure in the approved 
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protocol. Mice were monitored until 14 days, at which time a Kaplan-Meier plot was generated. 

Statistical significance was determined using a log-rank test compared to survival of the PBS 

control group. The protocol number for the animal studies was #1305086 approved by the 

University of Iowa Animal Care and Use Committee.  

Enzyme-linked immunosorbant assay (ELISA). FtLPS-specific antibodies produced in 

immunized mice were measured via indirect ELISA using a modification of a previously 

described protocol 95. Briefly, sera were isolated from the collected blood draws after 

centrifugation at 2,200xg for 10 min. 96-well plates (Maxisorp; Nunc Nalgene) were coated with 

FtLPS (5 µg/mL in PBS pH 7.4) and incubated overnight at 4˚C. All PBS used was at pH 7.4. 

The next day, plates were washed 3 times with PBST (PBS, 0.05% Tween-20, 0.3% BSA) and 

blocked overnight at 4˚C with 5% nonfat dry milk (Carnation) in PBS. Samples were serially 

diluted, in triplicate, between 1:100-1:12,800,000 in blocking buffer and added to the plate for 2 

h at 37˚C. Plates were washed 3 times with PBST and incubated for 1 h at 37˚C in the presence 

of one of the following horseradish peroxidase-conjugated antibodies:  goat anti-mouse IgG 

(1:25,000; Abcam), anti-mouse IgG1 (1:25,000; Abcam), or anti-mouse IgG2a (1:25,000; 

Abcam). After 3 additional washes with PBST, 3,3’-5,5’-tetramethylbenzidine substrate (1-Step 

Ultra TMB-ELISA; Thermo Scientific) was added and the plate was incubated at room 

temperature for 30 min. The reaction was halted with 2M H2SO4. Absorbance was quantified via 

microplate spectrophotometer (Molecular Devices) at a wavelength of 450 nm. Serum antibody 

titers were determined by measuring the lowest dilution that resulted in signal three standard 

deviations above background. Statistical significance was determined using Tukey Kramer post 

hoc honest significant difference test and compared against the PBS control case. 
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Intracellular cytokine staining. Splenocytes were seeded in 96 well plates at a density of 1x106 

cells/well in complete RPMI 1640 and supplemented with 10% fetal bovine serum, 100U/ml 

penicillin, 100 µg/mL streptomycin, and 50 U/mL IL-2 (eBioscience). To each well, 100 µg/mL 

of FtLPS was added and incubated at 37˚C for 24 h. Brefeldin A (eBioscience) was added 4 h 

prior to harvesting. Cells were then harvested, blocked with anti-CD16/32 and stained with 

Alexa488-conjugated anti-CD3e. Cells were washed and fixed using 2% paraformaldehyde 

(eBioscience). Cells were then permeabilized with 0.1% saponin (eBioscience) and incubated 

with anti-INFγ, anti-TNFα, or anti-IL-4, all PE-Cy7.5-conjugated. Data was collected on a 

FACScalibur flow cytometer (Becton Dickinson) and analyzed using FlowJo (Treestar). All 

antibodies used in this section were sourced from eBioscience unless noted otherwise. 

Lipid A analysis.  Lipid A was isolated from 20mL cultures as previously described 170.  For 

mass spectrometry, lipid A was analyzed using a MALDI-TOF/TOF (ABI 4700 Proteomics 

Analyzer) mass spectrometer in the negative mode as previously described 171. 

TLR4 activation assay.  HEK-BlueTM hTLR4 cell lines were purchased from Invivogen and 

maintained according to their specifications.  Cells were plated into 96 well plates at a density of 

1.4x105 cells/mL in HEK-Blue detection media (Invivogen).  Antigens were added in the 

appropriate concentrations: whole cells, 104 cells/mL, OMVs, 10 ng/mL.  E. coli O55:B5 LPS 

and detoxified E. coli O55:B5 (Sigma Aldrich) served as positive and negative controls 

respectively.  Plates were incubated at 37˚C, 5% CO2 for 10-16 hours after which time the plates 

were analyzed at 620nm.  Statistical significance was determined via unpaired T-test. 
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Table 3.4 – Bacterial strains and plasmids used in this chapter 

Strain or plasmid Genotype/Description Source 
Strains   
1292 supE hsdS met gal lacY tonA  77 
JC8031 1292 ΔtolRA 77 
CE8032 JC8031 ∆waaL::Kan 169 
JC∆ JC8031 ∆lpxM This 

work 
   
Plasmids   
pACYC184 Cloning vector; Tcr, Cmr Lab stock 
pBR322 Cloning vector; Apr, Tcr Lab stock 
pHC79 Cosmid cloning vector; Apr, Tcr 172 
pLAFR1 Cosmid cloning vector; Tcr, Kmr 173 
pMW07 Yeast-based recombineering plasmid; Cmr 118 
pVK102 Cosmid cloning vector; Tcr, Kmr 174 
pAY100 Y. enterocolitica O3 antigen gene cluster in pBR322; Apr 154 
pGAB2 F. tularensis O-PS antigen gene cluster in pLAFR1; Tcr 144 
pJHCV32 E. coli O7 cosmid clone in pVK102; Tcr 174 
pLPS2 P. aeruginosa O11 antigen gene cluster in pLAFR1; Tcr 175 
pMW07-O78 E. coli O78 antigen gene cluster in pMW07; Cmr 176 
pMW07-O148 E. coli O148 antigen gene cluster in pMW07; Cmr 176 
pPM2212 S. flexneri O-PS antigen gene cluster in pHC79; Apr 177 
pSS37 S. dysenteriae O-PS antigen gene cluster in pACYC184; Cmr 178 
pE F. tularensis lpxE in pQLinkN; Apr 161 
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Table 3.5 – Antibodies used in this chapter 

Description Source 
Rabbit pAb to E. coli O7 antigen Statens Serum Institut 
Rabbit pAb to E. coli O78 antigen Abcam 
Rabbit pAb to E. coli O148 antigen Abcam 
Mouse mAb FB11 to F. tularensis LPS Abcam 
Mouse mAb to E. coli OmpA Wilfred Chen (University of Delaware) 
Ab to P. aeruginosa O11 antigen Joanna Goldberg (University of Virginia) 
Rabbit pAb to S. dysenteriae O-PS Becton Dickinson 
Rabbit pAb to S. flexneri O-PS Becton Dickinson 
Mouse mAb to Y. enterocolitica O3 antigen Acris Antibodies 
Anti-mouse IgG, HRP conjugate Promega 
Anti-rabbit IgG, HRP conjugate Promega 
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CHAPTER 4 

MULTICOMPONENT OUTER MEMBRANE VESICLES WITH FRANCISELLA 

TULARENSIS O-ANTIGEN POLYSACCHARIDES AND PROTEIN ANTIGENS 

 

Introduction: 

Francisella tularensis is a Gram-negative bacterium that is known causative agent for the disease 

tularemia.  The disease is characterized by flu like symptoms including fever, headache and 

general malaise.  Other symptoms vary depending on the both the route of infection and 

subspecies of F. tularensis.  Infection occurs through one of two methods, either through the skin 

and mucosal membranes, or through inhalation of aerosolized bacteria 166.  Of the two, 

respiratory infection is the most serious, with fatality rates of up to 30% if left untreated in the 

case of infection with the highly virulent F. tularensis subsp. tularensis 149.  Furthermore, 

infection can occur with doses as low as 25 colony-forming units.  Because of these qualitities, 

F. tularensis has been recognized internationally as a pathogen with the potential to be 

developed into a biological weapon.  Indeed, until the late twentieth century, both the United 

States and Russia had programs in place to do just that 179.  While those programs have now been 

shut down, recent concerns have focused on the weaponization of F. tularensis for the purposes 

of bioterrorism.  Indeed, because of its high virulence and lethality, F. tularensis is one of six 

pathogens identified by the U.S Centers for Disease Control and Prevention as category A 

bioterrorism agents. 

 Unfortunately, there is no effective vaccine currently licensed to protect against F. 

tularensis exposure.  Until recently, a live attenuated vaccine based on a less virulent strain, F. 

tularensis LVS was administered to those working closely with the pathogen.  However, because 
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the safety of the vaccine has never been tested, and the protection never fully characterized, 

applications to license the LVS vaccine were rejected by the US Food and Drug Administration 

149.  Thus, there is still a need to create an effective vaccine against F. tularensis and so far, 

attempts have been met with only partial success.  Immunization of mice with purified 

lipopolysaccharide (LPS) from F. tularensis LVS results in protection against subsequent 

challenge with injected F. tularensis LVS but no protection against an aerosol challenge.  

Recently, immunization with a glycoconjugate vaccine using the F. tularensis subsp. tularensis 

O-polysaccharide (O-PS) antigen conjugated to a carrier protein showed significant protection 

against challenge with a virulent strain F. tularensis subsp. holarctica HN63 144.  Unfortunately, 

these immunizations showed no protection against a challenge with the virulent F. tularensis 

subspecicies tularensis that is of particular concern in regards to weaponization 150, 180.   

Chapter 3 demonstrated the use of outer membrane vesicles (OMVs) from Escherichia 

coli displaying the recombinant F. tularensis O-PS structure on its outer surface as a vaccine 

against F. tularensis subsp. tularensis.  OMVs are naturally occurring nanoscale liposomes 

produced by all Gram-negative bacteria 56.  Their composition is similar to the outer membrane 

and periplasm of the parental bacteria.  OMVs have been shown to be a promising vaccine 

platform because they contain many of the same immunostimulatory molecules (proteins, lipids, 

glycans) as their host bacteria while lacking any replicative machinery.  Additionally, through 

genetic engineering, OMVs have been loaded with a variety of exogenous protein antigens by 

targeting the proteins to the surface or periplasm of the original host strain 94, 95, 181.  Chapters 2 

and 3 show that we can do the same with a variety of different carbohydrate antigens as well.  By 

genetically incorporating the F. tularensis O-PS synthesis locus into a hypervesiculating strain of 

E. coli, we were able to create recombinant glycOMVs with the F. tularensis O-PS displayed on 
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the vesicle the surface.  Immunization of mice with these glycOMVs resulted in the generation of 

antibody titers specific for the F. tularensis O-PS that were significantly higher than titers from 

mice immunized with purified F. tularensis LPS.  Subsequent challenge with the highly virulent 

F. tularensis subsp. tularensis Schu S4 showed that immunization with these glycOMVs 

provided significant protection as shown by an extended time to death. 

Here, we sought to improve the efficacy of the F. tularensis glycOMV vaccine by the 

inclusion of additional antigens, thus producing a multicomponent OMV based vaccine against 

F. tularensis.  While the F. tularensis glycOMV vaccine showcases the ability to engineer a 

polysaccharide based vaccine against F. tularensis, it nonetheless falls short, namely in 

providing complete protection against a challenge against the pathogen leading to clearance and 

survival.  This might result from the inherent challenges of carbohydrate-based antigens such as 

the lack of T cell recruitment, leading to minimal stimulation of a cellular response important for 

the clearance of F. tularensis 167.  Thus we sought to bolster the efficacy of the vaccine through 

the inclusion of protein antigens from F. tularensis.  Protein antigens follow the classical T cell 

dependent pathway in stimulating the adaptive immune response and should help in generating a 

broader protection against challenge.  Previous work has shown the ability for OMVs to not only 

display protein-based antigens on both the exterior of the membrane and within the lumen of the 

vesicles, but also elicit an antigen-specific immune response against the proteins 64, 95.  

Furthermore, multiple protein antigens may be loaded at once onto OMVs resulting in an 

antigen-specific immune response against both antigens 94.  We focus on the incorporation of 

two proteins, the chaperones GroEL and DnaK from F. tularensis.  GroEL and DnaK are both 

immunologically relevant protein antigens that are known to stimulate an antibody-specific 
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response 151, 182-184.  Both proteins have been identified to not only contain T cell epitopes, but to 

also inherently localize to OMVs derived from F. tularensis 73, 184. 

We show that we can engineer multicomponent OMVs that simultaneously display the F. 

tularensis O-PS on the surface as well as recombinant F. tularensis GroEL and DnaK within the 

lumen of the vesicle.  We hope to show in the future that immunization with these 

multicomponent glycOMVs results in not only high antigen-specific antibody titers seen with the 

first generation glycOMVs, but also a robust cellular response and complete protection against 

subsequent challenge with F. tularensis subsp. tularensis Schu S4. 

 

Results 

F. tularensis proteins and O-PS are incorporated into OMVs.  As reported previously, by 

introducing the F. tularensis O-PS synthesis pathway into an O-PS deficient strain of E. coli, we 

are able to generate a strain of E. coli that displays the heterologous F. tularensis O-PS.  The 

parental strain E. coli JC8031 was chosen for its hypervesiculating phenotype, a result of the 

genetic knockout of tolRA 77.  Thus, the resulting strain is able to produce OMVs displaying the 

F. tularensis O-PS on its outer surface.  The strain was then subsequently transformed with 

pFtGroEL-FLAG and pFtDnaK-HA to generate a strain that is able to express the F. tularensis 

O-PS as well as the heterologous GroEL and DnaK proteins.  Both pFtGroEL-FLAG and 

pFtDnaK-HA were constructed from a pBAD backbone and thus are both L-arabinose inducible.  

OMVs isolated from JC8031 cells expressing all three plasmids and subjected to Western blot 

analysis to confirm the presence of the F. tularensis O-PS, GroEL and DnaK.  The F. tularensis 

O-PS was probed using the O-PS specific FB11 antibody 151.  A characteristic laddering pattern 

was observed that is typical for LPS and results from varying degrees of polymerization of the 
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O-PS subunits.  F. tularensis signal was absent in those OMVs that lack the synthesis operon.  F. 

tularensis GroEL was detected using anti-FLAG antibody targeting the FLAG tag inserted at the 

C terminus of the protein.  Signal is detected from OMVs containing all three F. tularensis 

components as well as OMVs containing only the pFtGroEL-FLAG plasmid.  The band 

corresponding to F. tularensis GroEL migrates at approximately 54 kDa, which is corroborated 

by published studies showing similar migration 185.  Detection of F. tularensis DnaK was 

performed using anti-HA antibody against the HA tag at the C terminus of the DnaK protein.  As 

with GroEL, signal was seen in OMVs containing all three components as well as in OMVs 

containing only pFtDnaK-HA.  The band is detected at about 70 kDa, the reported size of F. 

tularensis DnaK186.  In detection of GroEL and DnaK, signal was not detected in OMVs lacking 

the respective plasmids. 
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Figure 4.1 - Incorporation of F. tularensis antigens into OMVs.  Western blot analysis of OMV 
fractions siolated from wild-type JC8031 carrying either nothing (Empty), pFtGroEL-FLAG expressing 
F. tularensis groEL gene (GroEL), pFtDnaK-HA expressing F. tularensis dnaK (DnaK), F. tularensis 
O-PS sythensis pathway plasmid (Ft) or a combination thereof.  (a) Western blot probed to to show 
OMVs carrying the F. tularensis O-PS.  (b) Blot probed to show OMVs carrying F. tularensis DnaK.  (c) 
Blot probed to show OMVs carrying F. tularensis GroEL.  Plasmids and genes are described in Table 
4.1.  Antibodies used are listed in Table 4.2.  Molecular weight markers are displayed on the right side 
and are in units of kilodaltons (kDa)
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Discussion 

 So far, we have been able to show successful engineering of a multicomponent OMV that 

not only contains multiple recombinant protein antigens but also a recombinant carbohydrate 

antigen.  While we have shown the capability to display carbohydrate antigens on OMVs and 

others have demonstrated the display of multiple recombinant proteins, this is the first time that 

OMVs engineered to display both has been demonstrated 94, 95.  The protein antigens GroEL and 

DnaK were chosen because they are known to associate with native F. tularensis OMVs and 

have been identified to contain T cell epitopes and are prominent antigens to humans and mice 73, 

151, 184.  Because OMVs primarily consist of outer membrane components and a lumen derived 

from the periplasmic space of the bacteria, in order to target proteins to lumen of OMVs, they 

must be targeted to the periplasm of bacteria, typically through the inclusion of a secretory signal 

sequence 112.  F. tularensis GroEL and DnaK on the other hand, have shown the capability to 

localize to OMVs without any identifiable signal sequence and in large quantities.  F. tularensis 

GroEL is a major protein component in native F. tularensis OMVs, comprising up to 20% of all 

proteins present 187.  We have shown that similarly, F. tularensis GroEL and DnaK will localize 

to E. coli OMVs without the addition of a secretory signal sequence in abundant quantities.  This 

is rather curious because their E. coli counterparts are known cytoplasmic proteins 185, 186.  It has 

been observed that a small fraction of OMVs do have two bilayers, suggesting a pinching off of 

not only the outer membrane, but also of the inner membrane.  Though such a phenomenon 

would allow the encapsulation of cytoplasmic material, the small population of dual bilayer 

OMVs would not account for the levels of F. tularensis GroEL and DnaK observed.  Indeed 

another mechanism must be responsible for the loading of these proteins into OMVs. 
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When expressed simultaneously, there is only a minor loss in the expression of either 

protein in the OMVs compared to when they are expressed individually; the addition of a Sec 

signal sequence may improve loading efficiency and quantities into OMVs .  There is some 

reduction in the display of the F. tularensis O-PS on the OMV surface as a result of the 

expression of the protein antigens; the greatest effect is seen when F. tularensis GroEL is 

expressed simultaneously with the O-PS pathway possibly due to the inherently high expression 

of GroEL, both with and without the expression of DnaK, though the additional expression of 

DnaK does not seem to reduce O-PS levels further.  It remains to be seen whether this reduction 

of the O-PS on the OMV surface will impact the immune response against polysaccharide 

moiety upon immunization. 

 

Future Direction 

 Several additional experiments must be performed to complete the work described here.  

Thus far, only the engineering of a multicomponent OMV has been demonstrated.  Initial 

characterization of the multicomponent glycOMVs have been completed.  It still remains to be 

determined whether or not these OMVs will elicit a strong immune response upon immunization 

and afford additional protection against challenge as compared to the F. tularensis glycOMVs.  

These additional experiments can be separated into three major categories and are described 

below. 

Mouse immunizations and challenge with multicomponent OMVs.  Similar to the 

immunizations described in Chapters 2 and 3, BALB/c mice will be immunized with the 

multicomponent OMVs to determine their efficacy as a vaccine against F. tularensis.  This trial 

should contain, minimally, the following groups: 
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1. PBS 
2. Purified F. tularensis GroEL 
3. Purified F. tularensis DnaK 
4. Empty OMVs 
5. F. tularensis glycOMVs 
6. F. tularensis GroEL OMVs 
7. F. tularensis DnaK OMVs 
8. F. tularensis multicomponent glycOMVs 

 
These eight groups will control for all aspects of the multicomponent OMV, including the 

protein antigens, the O-PS antigen as well as the OMV itself.  Because the efficacy of the F. 

tularensis glycOMV has already been demonstrated previously, there is no need to control for 

the F. tularensis O-PS separately.  Purified protein antigens used in groups 2 and 3 can be 

obtained by perfoming a benchtop protein purification from strains expressing pFtGroEL-FLAG 

and pFtDnaK-HA, respectively.  One caveat is as follows; these constructs were created without 

a 6x histidine tag, therefore purification must be performed using either a FLAG or HA 

purification column.  Anti-FLAG agarose affinity gels (A4596-1ML) may be obtained from 

Sigma Aldrich for this purpose.  Similarly, Pierce HA agarose affinity gel (26181) may be 

obtained from Life Technologies to purify HA tagged proteins.  OMVs can be isolated using 

methods previously described 86, 95.  A ninth group may be added consisting of a mixture of 

OMVs containing only one of the three antigens, i.e. a mixture of groups 5, 6 and 7, to determine 

if there are difference between a multicomponent mixture versus a multicomponent OMV. 

 Dosing should be kept consistent with previous works.  That is, 2 µg of GroEL or DnaK 

in 100 µL PBS and 10 µg of each OMV candidate in 100 µL PBS will be administered via s.c. 

injection.  Trials will last 8 weeks with a booster of identical amounts given 4 weeks into the 

trial.  Blood will be drawn via submandibular punctures every two weeks and the trial will 

culminate at week 8 with euthanization followed by cardiac puncture and splenectomy. 
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An identical trial will be carried out parallel to the one described above but culminating 

in a challenge with live F. tularensis subsp. tularensis Schu S4.  The challenge will be similar to 

that performed in Chapter 3.  The mice will be administered approximately 20 CFUs of live F. 

tularensis via i.p. injection, which correlates to approximately 20 times LD50 in mice, and then 

monitored for the length of the trial until the mice either succumb to infection or clear the 

bacteria and survive.  These challenge experiments will have to be performed by a collaborator 

who has both access to BSL 3 facilities and experience handling F. tularensis.  An obvious 

candidate is the Jones group at the University of Iowa whom we have collaborated with before in 

performing such a challenge. 

Measuring the production of antigen-specific antibody titers.  Enzyme-linked 

immunosorbant assays (ELISAs) will be used to measure the titers of antigen-specific IgG 

antibodies present in the blood serum collected during the mouse trials.  The detailed methods 

for this work have been outlined in previous chapters.  Briefly, the antigen of interest (F. 

tularensis O-PS, GroEL or DnaK) will coated onto the bottom of 96 well plates.  Serially diluted 

serum samples will be used to determine the greatest dilution (or titer) where assay signal is still 

detected.  ELISAs for each serum sample must be performed three times to determine the titers 

raised against each of the three antigens present in the multicomponent OMVs.  It is possible to 

run a single set of ELISAs by coating the wells with all three antigens simultaneously to measure 

the overall titers of F. tularensis-specific IgG antibodies, but by doing so, it will not be possible 

to distinguish the contributions of each antigen to the generation of F. tularensis-specific IgG 

antibodies. 

Characterizing cellular immune response.  Cellular immune response against F. tularensis as 

a result of immunizations can be characterized in two ways, by measuring T cell proliferation in 
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response to antigen, and by measuring cytokine production by splenocytes.  T cell proliferation 

can be measured via carboxyfluorescein succinimidyl ester (CFSE) staining.  Briefly, 

splenocytes are isolated from the spleens collected at the end of mouse trials via methods 

described in earlier chapters.  The splenocytes are then stained with carboxyfluoresceine 

diacetate succinimidyl ester, a nonfluorescent, cell permeable molecule that is converted into its 

non-permeable, fluorescent CFSE derivative by intracellular esterases.  The CFSE remains 

within the cell and lymphocyte proliferation can be measured by subsequent halving of 

fluorescence as a result of cell division.  Flow cytometry will be used to measure fluorescence 

levels.  T cell proliferation would present as distinct fluorescent peaks that drop in intensity as 

with each division cycle.  In order to discern T cells from other splenocytes, the cells will also be 

stained with a fluorescently conjugated anti-CD3 antibody so that the CD3+ T cell population 

may be isolated from the splenocyte population using flow cytometry.  Additional surface 

staining can differentiate between CD8+, CD4+, γ/δ and natural killer T cells. 

 A cellular response can also be demonstrated by an increase in cytokine production in 

response to antigen restimulation in vitro.  Cytokine production can be measured via intracellular 

cytokine staining (ICS), which will not only determine levels of cytokine production, but also 

identify which populations of cells within splenocyte population are responsible for the secretion 

of the cytokine.  In regards to protection against F. tularensis, interferon-γ (IFN-γ) has been 

reported to be a crucial component in both the initial response to infection as well as in 

elimination of the infection altogether 167, 188.  Therefore, upon restimulation in vitro, the 

splenocyte populations will be stained for the production of IFN-γ, as well as CD3 and CD4 

markers to identify CD4+ helper T cell populations. 
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  Both experiments call for restimulation of splenocytes in vitro with antigen.  While this 

can be accomplished by running each experiment in triplicate, by restimulation using each of the 

three antigen components, F. tularensis O-PS, GroEL and DnaK, it may also be worth 

considering restimulation using cellular extract derived from F. tularensis subsp. tularensis Schu 

S4.  Extracts can be prepared by a collaborator using the protocol previously published by the 

Frelinger group 184.  Briefly, F. tularensis subsp. tularensis Schu S4 is killed in 70% ethanol at -

20˚C overnight.  Cells are then pelleted and suspended in PBS.  While this approach loses the 

ability to analyze the contribution of each OMV component in the ability to restimulate a cellular 

response, it does allow for the assay to be performed against the actual pathogen and thus, may 

be a more accurate representation of cellular response against secondary exposure. 

 

Materials and Methods 

Bacterial strains and plasmids.  The bacterial strains and plasmids used in this study are 

described in Table 4.1.  Briefly, E. coli strain DH5α was used for all cloning and E. coli strain 

JC8031, a tolRA mutant strain that is known to hypervesciulate was used for expression.  

pFtGroEL-FLAG was constructed as follows.  The F. tularensis groEL gene was PCR amplified 

from the F. tularensis subsp. tularensis Schu S4 genome (Genbank locus AJ749949) with a 3’ 

FLAG tag and cloned between KpnI and SalI sites in pBAD18A.  pFtDnaK-HA was 

constructed as follows.  The F. tularensis dnaK gene was PCR amplified from the F. 

tularensis subsp. tularensis Schu S4 genome (Genbank locus AJI70154) with a 3’ HA tag and 

cloned between KpnI and SalI sintes in pBAD33-Cm. 

Cell growth and OMV preparation.  OMVs were prepared as described previously 95.  Briefly, 

plasmids containing the relevant genes were transformed into hypervesiculation E. coli strain 
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JC8031 and selected on medium supplemented with the appropriate antibiotic.  An overnight 

culture of a single colony was subcultured into 100-200ml of Luria Bertani (LB) medium.  The 

culture was grown to mid-log phase, at which time protein expression was induced with L-

arabinose (0.2%), if necessary.  Cell-free culture supernatants were collected 16-20h post-

induction and filtered through a 0.2 µm filter.  Vesicles were isolated by ultracentrifugation 

(Beckman-Coulter; SW-28 rotor; 141,000xg; 3h; 4˚C) and resuspended in PBS.  OMVs were 

quantified by bicinchoninic-acid assay (QuantiPro BCA Assay Kit; Sigma Aldrich) using BSA 

as the protein standard. 

Western blot analysis.  OMV samples were prepared for SDS-PAGE analysis by boiling for 15 

min and cooling to room temperature in the presence of loading buffer containing β-

mercaptoethanol. Samples were run on Any-KD polyacrylamide gels (BioRad, Mini-

PROTEAN® TGX) and transferred to a PVDF membrane. After blocking with a 5% milk 

solution, membranes were probed with the appropriate primary and secondary antibodies, 

described in Table 4.2. Signal was visualized using HRP substrate and either an X-ray film 

developer or a ChemiDoc Imaging System (BioRad). 

  



 100 

Table 4.1 – Bacterial strains and plasmids used in this chapter 

Strain or 
plasmid Genotype/Description Source 

Strains   
DH5α Cloning strain  
1292 supE hsdS met gal lacY tonA  77 
JC8031 1292 ΔtolRA 77 

 
Plasmids   
pBAD18 Cloning vector; Ampr Lab stock 
pBAD33 Cloning vector; Cmr Lab stock 
pFtGroEL-FLAG F. tularensis groEL  with FLAG tag in pBAD18 Ampr  
pFtDnaK-HA F. tularensis dnaK with HA tag in pBAD33 Cmr  
 

Table 4.2 – Antibodies used in this chapter 

Description Source 
Rabbit mAb to FLAG tag, HRP conjugated Abcam 
Mouse mAb to HA tag Abcam 
Mouse mAb FB11 to F. tularensis LPS Abcam 
Anti-mouse IgG, HRP conjugate Promega 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 In this work, we have showcased the versatility of outer membrane vesicles as a vaccine 

platform.  While previous work had focused on the engineering of recombinant protein antigens 

into OMVs, this work represents the first time OMVs have been engineered to display 

carbohydrate antigens.  Indeed, we have demonstrated that E. coli OMVs can be engineered to 

display not only mimics of O-antigen polysaccharide structures from other Gram-negative 

pathogens, but also disease-associated mammalian carbohydrate moieties.  We have focused our 

work on three carbohydrate moieties, the O-polysaccharide from Fransicella tularensis, the 

polysialic capsular polysaccharide from Neisseria meningitidis serogroup B, and the cancer-

associated Thomsen-Freidenreich antigen (T antigen).  Whereas immunization with carbohydrate 

antigens result in a poor stimulation of the adaptive immune response, immunization with the 

engineered glycOMVs leads activation of adaptive immunity and the production of high levels of 

carbohydrate-specific IgG antibodies.  Furthermore, immunization with glycOMVs displaying 

the O-polysaccharide from Francisella tularensis subsp. tularensis provides a significant level of 

production against a subsequent challenge with a lethal dose of the pathogen itself.  It is clear 

that glycOMVs confer immunomodulatory effects that aid in stimulating an immune response 

against the carbohydrate antigen.  These effects are the result of numerous immune potentiating 

molecules that are associated with the outer membrane of bacteria, and thus are similarly present 

on the surface OMVs.  Lastly, we have engineered one such molecule, lipid A, to exhibit reduced 
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toxicity while maintaining its immunomodulatory ability to create a detoxified glycOMV that 

retains its protective properties. 

 

Future Directions 

Carbohydrate-specific antibody discovery.  Carbohydrates that comprise LPS and CPS are 

known virulence factors associated with bacterial pathogenesis 16.  Additionally, aberrant 

carbohydrate structures have been identified to be specific markers for cancer 99.  Carbohydrates 

play a role in a variety of disease states, emphasizing the need for carbohydrate-specific 

antibodies in diagnostic, therapeutic and research applications.  As emphasized throughout this 

work, generating tightly binding antibodies against carbohydrate moieties is difficult due to their 

inability to elicit a T cell dependent immune response.  The adaptive immune system can be 

coaxed into engaging carbohydrate antigens in a CD4+ T cell dependent manner by conjugating 

the carbohydrate to a protein antigen 189.  Additionally, it has been demonstrated that 

carbohydrate specific antigens can arise from a T cell independent response given the presence 

of a secondary signal, such as cytokines from innate stimulate, for B cell maturation 22.  While 

these signals are provided during the course of an infection, inducing them with a vaccine is less 

trivial.  In fact, most current approaches require the purification of carbohydrates and often, 

chemical conjugation to an antigenic molecule.  We have demonstrated an ability to generate 

carbohydrate-specific antibodies against a variety of carbohydrate moieties, from large 

polymeric O-polysaccharide antigens to smaller mammalian carbohydrates, using OMVs as both 

a method of delivery and as an immune potentiating component.  By recombiantly engineering 

other glycan synthetic pathways into a genetically tractable and hypervesiculating strain of E. 

coli, these glycans are synthesized, anchored to the outer membrane, and expelled as part of 
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OMVs into the extracellular medium automatically, glycOMVs containing various glycans can 

be easily purified from extracellular media. 

 So far, we have used glycOMVs to generate polyclonal sera capable of binding 

carbohydrate moieties.  Generation of these antibodies stems from the ability of lymphocytes to 

undergo somatic recombination during the early stages of maturation 4.  A library of variable 

light and heavy chain regions can be generated by reverse-transcription PCR of B cell mRNA 

isolated from immunized mice to create single chain variable antibody fragments (scFv) 190, 191.  

By using phage display techniques, this scFv library can be panned against the carbohydrate of 

interest to identify heavy and light chain pairs that specifically bind the carbohydrate of interest 

192.  Because immunization with glycOMVs results in an increased production of antigen-

specific antibodies and correspondingly, mature B cells, it may be possible to identify potential 

sequences through the use of high-throughput sequencing of B cell mRNA to identify sequences 

that correspond to carbohydrate-binding antibodies; those sequences that are enriched should 

correspond to antibody sequences specific for the glycOMV, though one would still need to 

distinguish those hits that correspond to the carbohydrate antigen itself from the others that are 

specific towards other components of the glycOMV 193.  What remains a challenge for these 

approaches is stimulating the necessary immune response against difficult carbohydrate antigens.  

GlycOMVs have the potential to provide a simple method to produce an all-in-one antigen 

delivery and immunostimulatory platform. 

Expanding OMV functionality.  Outer membrane vesicles show great promise as a pathogen-

mimicking vaccine delivery platform.  Coincidentally, the development of OMV-based vaccines 

has mimicked the advances in vaccine technology as a whole, progressing from the use of native 

OMVs to OMVs containing recombinant protein antigens, to OMVs containing carbohydrate 
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antigens.  Indeed, native N. meningitidis serogroup B OMVs have already been used in vaccine 

formulations targeting the pathogen 75.  Native OMVs from other pathogens such as Francisella 

novicida and Vibrio cholerae have shown similar successes in laboratories in protecting murine 

subjects from subsequent challenge 73, 194, 195.  The versatility of OMVs as a vaccine platform was 

further expanded by switching to a recombinant host for production of OMVs containing 

heterologous protein antigens.  E. coli-derived OMVs containing recombinant protein antigens 

resulted in the stimulation of a robust immune response in immunized mice95 94.  Similarly, 

S.enterica-derived OMVs carrying S. pneumoniae antigens in the OMV lumen were shown to 

not only stimulate a strong immune response but also protect against a follow up challenge with 

S. pneumoniae 89.   Finally, the work highlighted here has demonstrated the ability to generate 

OMVs displaying recombinant carbohydrate antigens that are able to stimulate the production of 

antigen-specific antibodies. 

 DNA vaccines harness the transcriptional and translational machinery of the host cells to 

produce the vaccine components in situ.  DNA vaccines can be produced easily in large 

quantities, stored as a lyophilized powder, and are easily formulated with current DNA synthesis 

techniques 196.  DNA vaccination has shown some success in animal models, but has shown 

limited success in humans 197.  One reason is due to inefficient uptake of DNA by cells.   Current 

techniques to increase uptake involve the inclusion of DNA-based adjuvants, such as CpG motifs 

directly in the sequence of DNA vaccine and the use of electroporation to induce DNA uptake 

198.  OMVs may provide a promising alternative solution to the delivery problem.  Plasmid and 

genomic DNA has been observed in OMVs derived from a number of bacteria species, including 

Neisseria gonorrhoeae, Borrelia burgdorferi, Pseudomonas aeruginosa, and E. coli 199, 200.  Both 

linear chromosomal DNA and circular plasmid DNA have been identified within the lumen of 
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OMVs.  In fact, native OMVs may serve as a means for horizontal transfer of genes that may 

encode for antibiotic resistance between bacteria 56.  OMVs protect plasmid DNA from DNAse 

activity and facilitate plasmid transfer through fusion with the recipient cell membrane.  Indeed, 

the ability to transfer plasmid DNA from one cell to another via OMVs has been demonstrated in 

a variety of strains including N. gonorrhoeae, and enteric E. coli O157:H7.  Incubation with 

OMVs carrying plasmid encoding for ampicillin resistance or GFP resulted in transformants that 

were resistant to ampicillin or fluorescent, respectively 199, 201.  This behavior is not universal for 

all DNA carrying OMVs.  For instance, P. aeruginosa OMVs carrying plasmid DNA was 

unsuccessful in transforming P. aeruginosa and E. coli DH5α cells 200.  Furthermore, the DNA 

content within OMVs is very low 202.  Thus, for OMV mediated DNA delivery to be viable, 

DNA content must be increased.  Unfortunately, the mechanism of DNA loading into OMVs 

remains poorly understood; the current understanding of OMV vesiculation does not support the 

loading of cytoplasmic material 56.  Recent work has observed that during vesciulation in 

Shewanella vesiculosa, a small fraction (0.1%) of OMVs not only pinch off portion of the outer 

membrane, but also portions of the inner membrane, forming OMVs with a both an outer and 

inner membrane.  Additionally, this phenomenon describes instances where cytoplasmic material 

may be encapsulated within these outer-inner membrane vesicles 202. 

 So far, we and others have shown that OMVs can be loaded with a variety of antigens 

either on their surface or within the lumen of the vesicles.  OMVs are not only able to carry and 

deliver antigens, but also confer a strong adjuvant effect on par with current approved adjuvants.  

However, OMVs have the potential to be more than merely passive carriers for antigens.  For 

instance, strain selection for OMV production appears to have a significant effect on directing or 

enhancing certain branches of adaptive immune response.  Immunizations with E. coli Nissle 
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1917 OMVs resulted in a bias towards TH1 cellular immune response compared to 

immunizations with the standard K12-derived E. coli JC8031, which showed no bias.  These 

differences in response are undoubtedly linked to variations in the enrichment of 

immunologically relevant proteins and sugars present in the OMVs 134.  Therefore, it should be 

possible to engineer OMVs with additional functionalities through the inclusion, or deletion of 

certain proteins or carbohydrate groups.  For example, OMVs may be engineered to target 

specific immune-relevant cells, such as dendritic cells.  Published work has shown that peptide 

antigens can be efficiently targeted to dendritic cells by conjugating the peptide to a full-length 

antibody or scFv that targets the DEC-205 endocytic receptor on the cell surface 203-205.  OMVs 

may be targeted to dendritic cells in a similar manner by engineering of an scFv against DEC-

205 to be displayed on the surface of the vesicle via chimeric fusion to a membrane protein 

anchor 86.  Dendritic cell targeting can also be achieved through the display of certain 

carbohydrate moieties.  Indeed, synthetic liposomes decorated with either mono-mannose or tri-

mannose ligands have been demonstrated to preferentially associate with both human and murine 

dendritic cells, resulting in increased uptake, activation and T cell proliferation 206.  Surface 

mannosylation of OMVs can be produced taking advantage of our understanding of engineering 

mannosylated glycoproteins in E. coli 118. 

Translating OMV technology into a therapeutic.  The work presented here and elsewhere 

serves to showcase the potential of recombinant OMVs as a vaccine platform.  But translation of  

the technology into a therapeutic requires additional considerations.  The safety of using OMVs 

as a carrier is of particular concern.  One such example is the LPS (also known as endotoxin) 

present in large quantities on bacterial cell surfaces and in turn is also present in large quantities 

on OMVs.  LPS is a strong pro-inflammatory molecule that, at low levels, initiate robust 
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cytokine production necessary to clear infection.  At higher levels, the reaction to LPS may be 

potent enough to result in septic shock 15.  Polymyxin B columns can be used to remove LPS 

from OMV surfaces 95.  While effective, this process also removes one of the key adjuvant 

molecules and compromising the adjuvant effect of the vesicles 207.  Additionally, the glycOMVs 

described in this work requires the lipid A component of LPS in order to display the 

carbohydrate antigen; removing the LPS would also remove much of the antigen.  Strain 

engineering provides a more elegant solution to the problem of LPS toxicity.  Strains can be 

modified at the genetic level to produce incomplete LPS structures, as is done to produce the E. 

coli strain ClearColi208.   Likeways, modifications can be made to produce LPS structures that 

are less toxic but retain their immunomodulating characteristics.  N. meningitidis OMVs 

produced as part of the vaccine Bexsero have reduced toxicity as a result of genetic engineering 

of the parental N. meningitidis strain 75, 207.  Similarly, the E. coli lipid A structure can be 

modified to be less toxic, while retaining much if its immunostimulatory properties 161.  We have 

taken this approach and in modifying the lipid A structure in the hypervesiculating E. coli, have 

been able take initial steps in producing OMVs with reduced toxicity. 

 Identifying and targeting clinically relevant targets will be important in translating the 

OMV technology into viable vaccine platform.  Recently there has been a push for the 

development of a vaccine to protect against HIV infection by both the World Health 

Organization and the Nation Institutes of Health (NIH).  As part of the NIH National Institute of 

Allergy and Infectious Diseases, the Vaccine Research Center has focused on the development of 

an effective vaccine against HIV-1.  Glycoprotein gp120, along with gp41 form the HIV 

envelope spike that mediates cellular entry.  Because it is surface exposed, gp120 has been an 

obvious target for vaccine candidates 209.  Unfortunately, recombinant gp120 failed to produce 
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desired effects in clinical trials.  Structural analysis has shown that gp120 and gp41 form a 

heterotrimeric complex on the virus surface where gp41 serves to anchor the complex to the viral 

membrane.  Thus, recent approaches have focused on recapitulating this complex with 

recombinant trimers 210.  However, progress has been hindered by challenges in mimicking the 

native structure of the envelope spike with soluble recombinant complexes that lack the 

transmembrane region of the gp41 protein 211, 212.  OMVs may provide a lipid membrane on 

which the full-length gp120-gp41 complex may assemble into its native structure.  Coupled with 

the display of bi and tri-antennary mannose glycans, conjugated to the glycoproteins (as they are 

naturally) or displayed on the membrane surface, OMVs have the potential to provide a 

multifaceted approach to generating broadly neutralizing antibodies necessary for the clearance 

of the virus 213. 

  In the past 200 years, vaccines have evolved from crude formulations based on dead or 

weakened pathogens to sophisticated systems designed around carefully identified antigenic 

molecules.  However, with a deeper understanding of host-pathogen interactions, more and more 

vaccine designs focus on mimicking pathogen characteristics.  Rather than creating pathogen 

mimics from the bottom up, biologically derived OMVs engineered to both mimic pathogen 

characteristics as well as carry and deliver antigens.  Furthermore, OMVs can be engineered to 

carry a variety of different antigens, from proteins to carbohydrates.  As such OMVs serve as a 

promising universal vaccine platform.  
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