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ABSTRACT 

Vaccines represent one of the most effective disease prevention methods available. The 

efficacy of a vaccine is highly dependent upon the type of antigen and delivery vector as 

both can have a distinct impact on the type and potency of the resulting immune response . 

However, selection of the proper antigen can be challenging due to the ever-changing 

nature of bacterial transcriptomics, particularly during biofilm formation . As such, the 

phenotypes during biofilm formation must be carefully considered when developing 

comprehensive bacterial vaccines. It is also essential to consider the antigen delivery 

process when developing an immunization strategy. While naked protein antigen 

administration will elicit some form of immunological response, a heightened response 

can be achieved through the coupling of the antigen to a delivery vector. Thus in the work 

presented herein , two novel protein antigens for S. pneumoniae, GlpO and PncO, are 

identified based on defined set of qualifications: surface accessibility, protein homology 

thorough the strains, and gene upregulation during biofilm release. Furthermore, two 

antigen delivery strategies are described herein . The first, a hybrid biological-biomaterial 

antigen delivery vector (the hybrid vector), was optimized by localizing protein antigen 

accumulation to the cytoplasm of the Escherichia coli which comprises the core of the 

delivery vehicle . The second delivery technique, the liposomal encapsulation of 

polysaccharides (LEPS) used affinity binding to co-localize pneumococcal protein and 

polysaccharide antigens. Formulations of both strategies out performed industry 

standards in pneumococcal disease models. In summary, this dissertation presents a 

roadmap for the identification of protein antigens for biofilm forming bacteria as well as 

two strategies to enhance the efficacy of protein antigens. 
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CHAPTER 1: DESIGNING NEXT GENERATION VACCINES FOR 
BIOFILM FORMING BACTERIA 

1. 1 Phenotypic Variation During Biofilm Formation 

Until recently, there was little appreciation for the relationship between a bacterial 

phenotype and the organism's pathogenesis. However, recent work has provided 

evidence that biofilms act as a primary stage of pathogenesis for up to 80% of bacterial 

diseases.1 A list of common opportunistic pathogens can be found in Table 1. 

Interestingly, bacterial communities themselves are often asymptomatic and potentially 

beneficial (i .e. , the microbiome) and can form on respiratory, digestive, skin , and 

urogenital epithelial cells . Altogether, bacteria are known to colonize a combined surface 

area of 300-400 m2 of tissue in humans.2 While these colonies do not normally cause 

disease directly, disturbances in the local environment, such as viral infections or 

mechanical disruption , can trigger a phenotypic shift, which causes the dispersion of 

virulent bacteria from the biofilm . This phenotypic shift has been associated with the 

upregulation of virulence factors that enable the bacteria to disseminate into normally 

sterile regions such as the middle ear, lungs, brain , and blood , thus causing clinical 

conditions including otitis media, pneumonia, bacterial meningitis, and bacteremia, 

respectively. 3.4 

Diseases caused by these dispersed bacteria are currently regulated through the 

use of antibiotics. However, the increasing prevalence of antibiotic resistance highlights 

that these measures may be short lived. Furthermore, most antibiotics are unsuccessful 

at clearing recalcitrant bacterial biofilms which have the ability to partially protect normally 

susceptible bacteria even from high levels of antibiotics .5 Incomplete clearance can also 
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leave behind metabolically dormant bacteria, such as persister cells, a distinct cell type 

which is unaffected by antibiotics .6 This is of particular concern as biofilms have been 

implicated in chronic infections, inflammation, and various genetic conditions, thus further 

driving the need for alternative approaches_? For example, Pseudomonas aeruginosa 

colonies exacerbate complications such as chronic inflammation in patients suffering from 

9cystic fibrosis, a genetic condition of the lungs. 8, 

Table 1. List of colonizing bacterial pathogens. 

Pathogen Disease Colonization Site Incidence RateA Fatality RateA 

Streptococcus pneumoniae Pneumonia Nasopharynx 

Staphylococcus aureus 
(MRSA) Skin infection Nasopharynx, Skin 22.72A 2.88A 

Group A Streptococcus Strep throat Pharynx 5.8A 0.58A 

Haemophilus influenzae Bacteremia Nasopharynx 1 _ggA 0.29A 

Neisseria meningitidis Meningitis Nasopharynx 0.12A 0.Q1A 

Legionellosis Atypical pneumonia Lungs 1.42A Q_1A 

Moraxella catarrhalis Otitis media Nasopharynx N/A QA 

Group B Streptococcus Septicemia Gastrointestinal tract 

Porphyromonas gingivalis Periodontal disease Oral Cavity 

Catheter- Associated 
Escherichia coli Urinary Tract Infection Bladder Catheter 

(CAUTI)Pseudomonas aeruginosa 

Ventilator-AssociatedKlebsiella pneumoniae Ventilator
Pneumonia (VAP) 

Escherichia coli 

Prosthetic Joint Infections Prosthetic Joints (e.g., 
Staphylococcus aureus 1.5-2.5° 2.5° 

(PJI) hip, knee) 

Pseudomonas aeruginosa 

Alncidence or Fatality rate of disease per 100,000 obtained from CDC's Active Bacterial Core Surveillance program. 8 

10 . c1ncidence rate per 1,000 Catheter/ Ventilator-days; Fatality rate per 100 CATUI / VAP cases 11 . 0 1ncidence rate per 
100 arthroplasties; Fatality rate per 100 PJI cases 12 . 

One shortcoming of current antimicrobial strategies is the inability to compensate 

for the transcriptional and phenotypic differences present in unique phases of bacterial 

pathogenesis. For example, commercially available pneumococcal conjugate vaccines 

3 



(PCVs) target capsular polysaccharides (CPs) that are expressed during the colonizing 

phase of Streptococcus pneumoniae infection. However, PCVs protect against only 13 of 

the >95 serotypes (serotypes correspond to different versions of CPs) of S. pneumoniae 

that cause disease in humans. Therefore, these vaccines are not capable of preventing 

colonization of non-vaccine type (NVT) S. pneumoniae, which has led to a marked global 

increase in infectious pneumococcal disease (IPD) caused by NVT serotypes .13 

Furthermore, these vaccines are ineffective at providing protection against virulent 

bacteria released from the biofilm which have shed their CPs.14 Using PCVs as the 

example, further protection may be offered by taking into account characteristics of other 

phenotypes (e.g. , biofilm-detached) observed during S. pneumoniae pathogenesis. 

However, the development of such therapeutics is further complicated by phenotype 

variation that results from the presence of microenvironments.15,16 It should also be noted 

that the presence of multiple species can affect bacterial phenotype, which has been 

previously covered in detail17 and will not be discussed in this review. Finally, even if a 

strategy succeeds in dispersing existing biofilms, the method of dispersion may result in 

virulent bacteria phenotypically distinct from both their planktonic and biofilm 

counterparts. 18,19 As these bacteria could result in the subsequent biofilm formation or 

infectious disease, this long neglected phenotype should be accounted for in anti-biofilm 

strategies. 

In this chapter, there is provided an overview of the various phenotypes that exist 

throughout the pathogenesis of single species bacterial biofilms and highlight those 

studies that have made use of this knowledge to develop specific antimicrobial therapies 

(Table 2). Of note, few strategies have been able to provide complete protection against 
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their target pathogen. Here, we contend that, by understanding the phenotypes observed 

in each phase of biofilm development, a comprehensive picture of a target pathogen can 

be leveraged to inform the development of next-generation therapeutics and vaccines. 

Table 2. Summary of anti-biofilm strategies by biofilm phase. 

Anti-Adhesion Phenotype Strategies 

20Pilicide ec240 
Type I Pili Escherichia coli 

21SAMan 

22P-fimbrate Escherichia coli Synthetic galabinose 

Spy0128 and Spy0130 Group A Streptococcus Vaccination 23 

StrA Streptococcus mutans Morin 24 

pyrazolethione and 25StrA Staphylococcus aureus 
pyridazinone 

Anti-Biofilm Phenotype Strategies 

26AHL Molecules Pseudomonas aeruginosa SsoPox-W263I 

Stenotrophomonas
c-di-GMP BsmR 27 

maltophilia 

Streptococcus 28,29 LuxS CRISPR
pneumoniae 

PIA Staphylococcus dispersin B 30 

eDNA Pseudomonas aeruginosa DNAse I (Pulmozyme®) 31 

PNAG Staphylococcus Monoclonal Antibody 32 

aureus 
Persister Cells Escherichia coli Mitomycin C 33 

Persister Cells Pseudomonas aeruginosa Cisplatin 34 

Pseudomonas aeruginosa 
Persister Cells cis-2-Decenoic Acid 35 

Escherichia coli 

Anti-Dispersed Bacteria Phenotype 
Strategies 

Streptococcus Vaccine with GlpO 36,37 GlpO 
pneumoniae Antigen 

Streptococcus Vaccine with PncO 36,37 PncO 
pneumoniae Antigen 
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Beyond phenotypic variation , one other significant challenge in the development 

of vaccines bacteria against biofilm-associated bacteria is the poor translation of current 

models with the in vivo reality.38 Consequently, data collected using these models, such 

as transcriptional analysis, may be misleading and hinder antigen discovery. To 

overcome these challenges, this chapter also proposes an application of improved 

methodologies for creating biofilms models that more accurately represent in vivo 

colonization and enable the application reverse vaccinology towards the development of 

truly selective vaccines against biofilm-forming pathogens. 

1. 1. 1 Biofilm Development Overview 

Upon entering a host, bacteria are confronted with several environmental 

challenges such as shear forces generated by bodily fluids, host immune responses, and 

shifts in nutrient availability. To survive, bacteria adapt by regulating gene transcription to 

exhibit more favorable phenotypes for the host environment, which often culminates in 

biofilm development. 15•39-4 1 However, throughout this process, a diversity of factors result 

in many phenotypes that differ between biofilm phases and within the biofilm itself.16 As 

this results in inconsistently expressed therapeutic targets and changes in metabolic 

state, the heterogeneity of phenotypes present a distinct challenge for developing 

antimicrobial treatments. 

The first step in biofilm formation involves the adherence of planktonic bacteria to 

anatomical surfaces, such as host epithelial cells, followed by their propagation into 

complex cellular communities . This process can be generalized into four stages: (1) 

reversible bacterial adhesion , (2) semi-irreversible attachment, (3) biofilm maturation , and 

(4) induced bacterial dispersion , all of which are represented by unique phenotypes .42 
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Each phase offers many targets for anti-biofilm strategies (Figure 1 ). The first stage, initial 

reversible adhesion, is driven by locomotive appendages (i .e., flagella) and initiated as a 

response to environmental factors such as interactions with host immune cells, van der 

Waals and electrostatic interactions between bacterial and host surfaces, and shear 

forces within the body.43-45 

Adhesion Maturation Dispersion 

Dispersion Immunization 

00--- Proteins -- Against Biofilm 

0 Release•Specific 

,' Antigens 

Pilicides 
DNAse MAbs 

/ 

Competitive 

Inhibition of 
Adhesins 

MSCRAMM(:) Bacteria w Adhesin LJ Host Receptor Q Persister Cells 

Signaling Compounds ~ Polysaccharide eDNA / Proteins Dispersion Proteins 0 

Figure 1. Biofilm formation and therapeutic targets . Schematic drawing of three 

generalized phases of biofilm formation : bacterial adhesion, biofilm maturation, and 

dispersion . Characteristics for each phase that represent therapeutic targets or provide 

opportunities for anti-biofilm strategies are highlighted. 
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The second stage, semi-irreversible attachment, is driven by a variety of complex 

mechanisms that involve bacterial surface anchor proteins and macromolecule 

assemblies such as pili .46-48 After a semi-irreversible attachment has been achieved , 

biofilm maturation is initiated with the production of an external matrix composed of 

extracellular polymeric substances (EPS) such as polysaccharides, extracellular DNA 

(eDNA), lipids, and proteins.49 During or after biofilm maturation , environmental stimuli 

(i .e., changes in microenvironment, temperature, pH , nutrient concentration , microbial 

variability, and cell density) can induce the release of bacteria from the biofilm matrix (the 

last stage), which can then disseminate to new anatomical locations and cause disease .50 

Quorum Sensing During Biofilm Formation. To understand the variety of 

bacterial phenotypes observed during biofilm formation , it is essential to have an 

understanding of quorum sensing (QS). In general , this process makes use of a two

component signaling transduction system (TCSTS), which consists of an intercellular 

response regulator, a membrane-bound histidine kinase sensor, and a signal peptide (i .e., 

autoinducer (Al)) . When Als accumulate to a threshold concentration , the signaling 

52 system will directly or indirectly regulate the transcription of important genes.51 · Both 

Gram-positive and Gram-negative bacteria are known to make use of QS; however, 

Gram-negative bacteria use luminescence (Lux) 1/LuxR-type quorum sensing, which 

utilizes the signaling molecule acyl-hormoserine lactone (AHL), while Gram-positive 

pathogens encode for an oligopeptide-two-component-type quorum sensing system. A 

third QS pathway, distinguished by a /uxS-encoded autoinducer 2 (Al-2), has also been 

identified in both Gram-negative and -positive bacteria53 and has recently been described 

55as the most widespread QS system identified to date.54, 
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The QS pathways have been shown to promote biofilm growth and dispersion 

through the regulation of essential virulence factors . For example, the expression of luxS 

in immature pneumococcal biofilms has been shown to upregulate the virulence factor 

ply and lytA genes .56 Interestingly however, the upregulation of this pathway has exhibited 

an inhibitory effect on Staphylococcus epidermidis, demonstrating the variation of QS 

systems observed in bacterial species. Other factors for early biofilm development, such 

as the release of eDNA, have been linked to the expression of the cyclic-peptide

dependent accessory gene regulator (agr). Under certain conditions, this QS system 

regulates the production of autolysin E (AtlE), an enzyme that instigates the release of 

eDNA and facilitates surface attachment.57 

Another ubiquitous bacterial signaling system utilizing the second messenger 

signal , cyclic di-GMP (c-di-GMP), has been shown to control the transition from planktonic 

to biofilm bacteria and vice versa in multiple bacterial species,58 including 

60P. aeruginosa59 , and Vibrio cholera. 61 Unlike QS, which relies on a small number of 

signaling cascades to regulate transcription , c-di-GMP signaling requires multiple 

pathways dependent on the c-di-GMP levels to control a vast number of cellular 

functions .62 This variation in molecule concentration is achieved through the use of two 

classes of enzymes, diguanylate cyclase (DGC) and phosphodiesterase (PDE), capable 

of producing or degrading c-di-GMP molecules, respectively. The resulting increase or 

decrease in c-di-GMP concentration is sensed by either riboswitch RNAs or c-di-GMP 

receptor proteins.63 An increase in c-di-GMP levels has been linked with biofilm formation , 

while a decrease in concentration has been shown to result in biofilm dispersion .64 This 

trend has been well defined in P. aeruginosa, which possesses genes encoding for five 
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DGCs (WspR, SadC, RoeA, SiaD, and YfiN/TpbB) that help control c-di-GMP levels and 

regulate the transcription of genes for the transition from planktonic to biofilm bacteria 

and at least three PDEs (DipA (Pch), RbdA, and NbdA) that have been linked to biofilm 

dispersal.64 The DGC WspR, for example, regulates the EPS production necessary for 

biofilm formation ,65 while the PDE known as NbdA initiates biofilm dispersion upon 

exposure to nitric oxide.66 

1. 1.2 Bacterial Adhesion 

As mentioned above, the first critical step in biofilm formation is reversible bacterial 

adhesion to a surface within an anatomical location (e.g., the nasopharynx), which occurs 

in response to environmental stimuli, such as changes in nutrient availability and 

adhesion surface characteristics (i .e. , surface roughness and charge).43 ·67 Other factors, 

such as the deposition of material by non-adhering, or detached, bacteria and the 

presence of naturally occurring eDNA have also been shown to increase the rate of 

69bacterial adhesion .68 · During this process, planktonic bacteria are sequestered to 

cellular surfaces through the physical forces in the surrounding fluid or through the use of 

locomotive appendages. These appendages (e.g., flagella) , as well as other adhesion 

structures (pili and curli), define the phenotypes observed during this phase, and 

adhesion often does not occur without them. For example, one study demonstrated that 

Streptococcus pyogenes cells lacking functional pili were unable to bind to tonsil 

epithelium or human keratinocytes .46 

Perhaps due to their importance in bacterial survival , both Gram-negative and -

positive bacteria express a variety of pili that facilitate adhesion to host cells. The most 

characterized cell-surface adhesion molecule in Gram-negative bacteria is the type 1 
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fimbrin D-mannose specific adhesin (FimH) , which facilitates bacterial binding to host 

glycoproteins through the use of surface-exposed terminal man nose residues 70 . Other 

structures of note include the P-pili , which use the PapG adhesin to bind to host 

oligosaccharides, and the thin amyloid fibers known as curli . The latter adhesion 

appendage is found in a fraction of biofilm-forming bacteria, such as clinical isolates of 

Escherichia coli, and lacks specific receptor-ligand affinity.71 In contrast to Gram-negative 

bacteria, whose pili are embedded within the outer membrane, Gram-positive bacteria 

adhesion structures are embedded within their cell wall. Although only two types of Gram

positive pili have been identified to date (sortase assembled pili and type IV pili) , these 

structures have demonstrated mechanisms of adhesion similar to analogous structures 

in Gram-negative bacteria .72 

Not long after bacteria have accumulated at cellular surfaces, cells begin to form 

irreversible attachments leading to the initiation of biofilm formation .42•44 During this critical 

step, various bacterial genes encoding diverse and vital adhesion surface structures are 

upregulated , such as those responsible for the expression of surface-anchored proteins 

that promote adhesion to host receptors .46-48 The most well studied group of surface 

proteins, primarily observed in Gram-positive bacteria, are microbial surface components 

recognizing adhesive matrix molecules (MSCRAMMs).73 Examples of these molecules 

include clumping factor B (ClfB) of Staphylococcus aureus,74 pneumococcal adherence 

and virulence factor B (PavB) of S. pneumoniae,75 and the M protein of S. pyogenes.76 

Interestingly, there is a large diversity of adhesion proteins which may have arisen as an 

evolutionary mechanism for evading host immune responses by interfering with the 

complement system and promoting inflammation . S. aureus, for example, expresses 24 
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different surface adhesion proteins that are implicated in immune evasion .77 One of these 

proteins, clumping factor A (ClfA), promotes the destruction of complement factor C3b, 

which is recognized by receptors on host phagocytes .78-8 °Furthermore, expression of 

these proteins is dependent on location within the host, thus suggesting that host

82pathogen relationships may have driven the evolution of MSCRAMMs.81 , 

Anti-Adhesion Therapies. A better understanding of adhesion phenotypes led to 

antimicrobial strategies that target bacteria in the early phases of biofilm development. 

This is most evident in the number of strategies targeting adhesion structures, which often 

include competitively inhibiting bacterial adhesins and/or host receptors with the use of 

receptor-like molecules.83 ,84 This approach has many advantages as carbohydrate-based 

inhibitors closely mimic host molecules and therefore are unlikely to be toxic or 

immunogenic.85 For example, one study found that synthetic galabinose compounds 

outcompete the binding of P-fimbrated E. coli to galabinose-containing structures 

expressed on host cell surfaces.22 In a similar fashion, several mannosides and man nose 

conjugates have been examined for their ability to inhibit type 1 pili-mediated adhesion, 

which has led to the identification of a potential therapeutic derived from the mannosidic 

squaric acid derivative SAMan (p-[N-( 4-ethylamino-2,3-dioxocyclobut-1-

enyl)amino]phenyl a-D-mannoside).21 This compound exhibited a 90% inhibition of E.coli 

attachment to human epithelial cells, making it a strong potential candidate for anti

adhesion therapy. A second popular anti-adhesion strategy is to inhibit the assembly of 

88bacterial pili.86- These molecules, often called pilicides, are small molecule inhibitors 

designed to dysregulate these adhesion appendages and prevent colonization . For 

example, Greene et al. engineered a molecule called pilicide ec240 which targets type 1 
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piliation of uropathogenic E. coli (UPEC) by downregulating genes in the fim operon, the 

same operon that encodes for FimH, a fimbrial adhesin associated with surface 

adhesion .20 

Many studies have also demonstrated the protective capabilities of vaccines 

composed of pili components. 89-92 Encouraging results have been observed when using 

pilus component proteins Spy0128 and Spy0130 from Group A Streptococci (GAS), which 

were able to confer >70% protection in murine models.23 However, there is evidence that 

the interaction between pathogen adhesion structures and host immune response could 

improve bacterial adhesion. It has been found that, when recognized by the host immune 

system, the FimH adhesion properties are significantly enhanced by the resulting 

antibodies,93 suggesting that this protein may be ineffective as an antigen target in anti

bacterial vaccines. 

The inhibition of MSCRAMMs has also demonstrated potential as a method to 

prevent bacterial adhesion . To prevent S. aureus and other Gram-positive infections, 

some studies have targeted sortase A (StrA), which enables bacterial adhesion to host 

cell membranes. Since this protein is not essential for bacterial growth, using StrA 

inhibitors creates minimal selective pressure that would lead bacteria to develop drug 

resistance, giving it a strong advantage over some current strategies (i.e ., antibiotics) .94 

Interestingly, some promising StrA inhibitors are currently derived from biological sources 

such as plants and marine invertebrates.95 For example, a compound found in many 

Chinese medicinal herbs, known as morin, has shown remarkable capabilities to reduce 

Streptococcus mutans biofilm formation through the inhibition of StrA.24 Not surprisingly, 

there has also been interest in developing synthetic small molecule MSCRAMM inhibitors. 
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These include pyrazolethione and pyridazinone compounds, both of which were found to 

have a significant negative effect on pathogen docking.25 

One cited advantage of anti-adhesion therapy is the belief that bacteria are less 

likely to identify an evolutionary escape mechanism, as doing so would adversely affect 

the pathogen's ability to colonize the host.96 However, many pathogens encode for more 

than one mechanism of adhesion which allows for host localization even when one 

97mechanism has been blocked.96· Therefore, long-term and effective anti-adhesion 

strategies must compensate for these diverse biological strategies. 

1. 1.3 Biofilm Maturation 

As a biofilm matures, bacteria begin to shift away from adhesion phenotypes by 

downregulating genes controlling the expression of ahesions and pili and upregulating 

factors essential to survival in a bacterial community. In fact, as much as 50% of bacterial 

proteomes within a biofilm can be differentially expressed when compared to planktonic 

bacteria of the same species.98 Multiple phenotypes arise within the biofilm during this 

process due to the presence of microenvironments (i .e., gradients of signaling 

compounds, nutrients, chemicals, oxygen , and bacterial waste) which can then govern 

the bacterial function and metabolic state. Therefore, cells in a mature biofilm are not only 

phenotypically distinct from planktonic and adhering bacteria, they also form 

phenotypically distinct regions within an individual biofilm. 16·99 This heterogeneity has also 

been shown to lead to the division of labor in which cells perform specialized tasks to 

benefit the cellular community. 1 Common examples found within mature biofilms include 

biofilm matrix producers and persister cells, both of which provide unique challenges as 

well as promising targets for anti-biofilm strategies. 
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Extracellular Matrix Producers. The matrix producing cells within bacterial 

biofilms are responsible for the production of EPSs (i.e ., polysaccharides, nucleic acids, 

lipids, and proteins (Figure 2)).100 In some bacterial biofilms, such as Bacillus subtilis, this 

cell type is located primarily in the core of the biofilm in order to maintain its structure and 

rigidity.99 Beyond providing structure, the EPS produced enhances biofilm formation by 

facilitating cell-cell communication and acting as a shield against numerous 

environmental hazards (i .e., antibiotics). They also serve as an external digestion system 

by breaking down lysed bacterial cells into nutrients that can be recycled to cells within 

the biofilm.49 The most common components of the biofilm matrix are 

exopolysaccharides, eDNA, and proteins; however, the composition of EPSs is highly 

dependent on bacterial species and host conditions. 

Matrix producing bacteria have been shown to excrete exopolysaccharides, the 

type of which can also impact bacterial phenotype. For example, during early biofilm 

formation , P. aeruginosa expresses a non-mucoid phenotype. These bacteria primarily 

produce Pel and Psi as structural exopolysaccharides, which have been found to play 

101 103roles in increasing biofilm cell density and initial cell attachment, respectively - . 

However, over time, this bacterium can switch to the mucoid phenotype, which poses 

particular problems for cystic fibrosis patients. This switch, due to genetic mutations of 

the anti-sigma factor MucA, has been attributed to the overexpression of the 

exopolysaccharide alginate which enhances resistance to antibiotics and host immune 

105cells as well as provides matrix structure.104, As with all EPSs, the type of 

exopolysaccharide produced varies between bacterial species. However, there is one that 

is conserved throughout many microbial species, encompassing both Gram-positive and 
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106-negative bacteria : poly-13(1-6)-N-acetylglucosamine (PNAG).102, In bacteria such as 

S. aureus, this polysaccharide provides the main functional component of intracellular 

adhesion .107 

c::J Bacteria ~ eDNA _,...,._ Fatty Acid 

Oxygen ~ Protein ==!.'I Amylo id Fiber 

Nitrate oxide ,a~ Polysaccharide 

Figure 2. The biofilm matrix. Schematic demonstrating the complexity of the biofilm 

matrix, which is composed of eDNA, proteins, polysaccharides, fatty acid, and amyloid 

fibers. The influx of oxygen and food, and outpur nitrate oxide singals and waste are 

represented by arrows. 

A second category of EPS, eDNA, which can facilitate adhesion during the early 

phase of biofilm development, has recently been shown to provide structural support 
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within the biofilm matrix. However, the structural contribution of eDNA varies between 

bacterial species. For example, while eDNA is only a minor component in S. epidermidis 

biofilms, it is a major structural component in P. aeruginosa biofilms. To demonstrate this, 

an absence of eDNA in P. aeruginosa biofilms has been shown to negatively impacts 3-

dimensional (3D) biofilm development without impairing individual cell growth, further 

establishing a role for eDNA in biofilm structure.108 To build upon this theory, studies have 

hypothesized that eDNA may be used as scaffolding for the initial 3D structure as the 

integrity of mature biofilms is only minimally impacted by DNase, an enzyme that can 

completely dissolve biofilms in their early phases .108 eDNA is also capable of interacting 

with other EPSs, such as Psi and Pel , which results in strong biofilm "skeletons" capable 

of reducing the effectiveness of DNase.109 The presence of eDNA within the matrix could 

be the result of passive release from dead cells, active release from physiologically active 

cells, or bacteriophage infection spurring release .11°For example, in some cases, eDNA 

appears to originate from a small subpopulation of autolytic cells, the activation of which 

are controlled by the cidA gene in S. aureus.111 This gene, in turn , is regulated by the 

LytSR two-component regulatory system.112 In contrast, nontypeable Haemophilus 

influenzae (NTHI) has recently been shown to secrete chromosomal DNA during biofilm 

maturation via a two pore system. It has been shown that this bacteria uses an inner

membrane pore (TraCG) to transport eDNA to the periplasm and ComE to secrete the 

EPS to the biofilm matrix. 113 

Matrix-producing bacteria also excrete matrix proteins. While EPS and eDNA have 

understood roles in biofilm structure, little is known about the roles proteins play in the 

biofilm matrix and information regarding the identities of these proteins is scarce. A recent 

17 

https://release.11


proteomic study sought to characterize the proteins found in the P. aeruginosa matrix and 

found that they were composed largely of outer membrane proteins, secreted proteins, 

and the contents of lysed cells, including many well-characterized virulence factors .114 

One such protein , cyclic diguanylate-regulated TPS partner A (CdrA), was shown to link 

cells to the Psi exopolysaccharide, thus reinforcing the biofilm matrix.115 In addition , DNA 

binding proteins, like DNA-binding protein HU (PA 1804), are also common contributors 

to EPSs and are thought to alter gene transcription . However, despite their DNA biding 

properties, it is not yet known if they interact with eDNA. 116 

Persister Cells. During biofilm maturation , microenvironments form that have 

distinct impacts on bacterial phenotype. These regions can be divided into three 

generalized categories : 1) an oxygen and substrate rich zone on or near the surface of 

the biofilm, 2) an intermediate substrate rich and oxygen depleted zone in which cells 

depend heavily on fermentation , 3) and a substrate and oxygen depleted zone consisting 

of metabolically dormant near the adhesion surface (Figure 3) .16 

Most matrix-producing cells can be found within the first two zones. However, 

within substrate and oxygen depleted zones of a biofilm a divergent subpopulation of 

persister cells can be found , which has been a hindrance to the development of effective 

antimicrobial strategies. These cells exist as a small portion of biofilms that are tolerant 

to antibiotics while remaining protected from the host immune system. As such, the 

susceptible cells are killed during an antibiotic regimen , leaving the persister cells to 

repopulate the biofilms. This not only renders the antimicrobial strategy ineffectual , but 

can also lead to chronic infections.6 Like antibiotic resistant bacteria, which obtain 

resistance through genetic mutations, persister cells are notoriously difficult to treat. 
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However, in contrast to antibiotic resistant cells, persister cells obtain tolerance via 

transition to a metabolically dormant state that no longer expresses most antimicrobial 

118targets, without undergoing any genetic modifications. 117, 

~ Substrate & Oxygen 

Substrate only 

No Substrate or Oxygen 

Persister Cells 

Figure 3. Schematic detailing the oxygen and nutrient defined regions within 

biofilms. Oxygen penitrates only through the first layer, while nurtients penetrate to the 

second layer. This affects the growth rate of cells, with the slowest growth existing in the 

biofilm in the center of the biofilm. In the nutrient deprived area, persister cells exist. 

Anti-Biofilm Strategies. As bacterial sensing (i.e ., QS and c-di-GMP signaling) 

drives phenotypic variation during biofilm maturation, it is unsurprising that inhibition of 

these processes can provide effective antimicrobial strategies. A number of methods 

have been developed that fall under two categories : QS inhibiters and quorum quenchers 

(QQs) (Figure 4) . The first method, QS inhibition, aims to block QS by introducing small-
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molecule analogs that outcompete signal molecules.119 Using this strategy, it is possible 

to alter cellular phenotypes expressed within mature biofilms. For example, the agr 

signaling pathway, despite being implicated in initial cell adhesion under certain 

conditions, is also capable of inhibiting important biofilm matrix proteins (fibronectin

120binding proteins (FnBPs) and Protein A) produced by S. aureus.57 , To exploit this 

natural system as an anti-biofilm strategy, it is possible to activate the arg signaling 

system through the addition of autoinducing peptides (AIPs) . When combined with serine 

proteases, AIPs were highly effective at dispersing established , mature biofilms .121 

Conversely, quorum quenchers shut down QS via enzyme inhibitors which can be 

classified as: 1) lactonases, 2) acylases, and 3) oxidoreductases .122 Most QQ enzymes 

identified to date fall under the category of lactonases, due to their ability to degrade AHL 

125molecules.123- One such enzyme, SsoPox-W263I , was capable of decreasing the 

virulence of clinical isolates of P. aeruginosa from diabetic foot ulcers by disrupting QS 

and reducing biofilm formation.26 Finally, many strategies have attempted to disrupt c-di

GMP signaling due to its large role in regulating the bacterial phenotypes that produce 

exopolysaccharides and matrix proteins. For example, high levels of c-di-GMP have been 

linked to increased production of the polysaccharides Pel and Psi and the protein CdrA 

in P. aeruginosa.115,126 Therefore, degradation of this compound presents an interesting 

anti-biofilm solution . One PDE of interest, the regulatory enzyme BsmR not only degrades 

c-di-GMP, but also upregulates genes associated with biofilm dispersal, making it a strong 

antimicrobial candidate . 27 
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Quorum Sensing 
Quorum Sensing Quorum Quenching 

Competitive Inhibition 

0 

Autoinducer Molecules ALH Receptors ◊ QS-lnhibitors Quorum Quencher 

Figure 4. Targeting quorum sensing. Schematic of QS in bacteria as well as methods 

to block this signaling mechanism. AHL dependent QS within biofilms (left) can be 

blocked using competitive QS inhibition that outcompete AHL for AHL receptors (middle) 

or quorum quenching enzymes that inactivate AHL signals (right) . 

An additional strategy to modify phenotypes within mature biofilms is the 

transcriptional alteration of essential enzymes. This is possible due to technologies such 

as CRISPR (clustered regularly interspaced short palindromic repeats) , which allows for 

the alteration of any target gene.127 One target of particular interest is LuxS, the enzyme 

that synthesizes Al-2 , as it has been shown to influence matrix producing phenotypes. 

For example, it regulates the production of eDNA through the activation of LytA

dependent autolysis activity in S. pneumoniae. 128 As eDNA provides structure to biofilms, 

inhibition of LuxS could prevent biofilm formation or weaken existing communities. 

Interestingly, recent studies demonstrated that CRISPR inhibition (i.e ., CRISPRi) could 
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knockdown LuxS which , in turn , prevented metabolically active E. coli from developing 

biofilms, likely due to the prevention of EPS production through Al-2 inhibition .28,29 These 

studies appear to be the first attempts to utilize CRISPR in an effort to prevent or eliminate 

biofilms; however, it may be possible to knockout other genes essential to biofilm 

maturation . 

Instead of targeting various phenotypes, it is also possible to target cellular 

130products in order to weaken or disperse mature biofilms.129· The introduction of 

dispersion proteins, such as dispersin B of Aggregatibacter actinomycetemcomitans, has 

the ability to inhibit initial biofilm formation , detach existing colonies, and compromise the 

physical integrity of the matrix in staphylococcal biofilms by attaching to the 

131 132exopolysaccharide PIA. 30.49 . 5□ , , The enzyme DNase may also be effective at 

dispersing early-staged biofilms and increasing their susceptibility to antibiotics by 

targeting eDNA within the matrix, thus leading many researchers to analyze its potential 

133 134as an anti-biofilm therapy.30, , This strategy has culminated in Genentech 's 

Pulmozyme®, a recombinant human DNase I that targets P. aeruginosa infections of 

cystic fibrosis patients. Antibody-based therapies (i .e., monoclonal antibodies) may also 

137be able to eliminate mature biofilms.135- One antigen of interest is PNAG, an 

exopolysaccharide that is conserved in many bacterial species, which is capable of 

preventing and eliminating bacterial biofilms.138 This success has led to the development 

139of a monoclonal antibody which has completed a Phase I clinical trial. 32 , 

While the strategies detailed above may be effective at targeting the matrix 

producing phenotypes, resulting dispersion may leave persister cells behind which can 

repopulate the biofilm . As these cells are metabolically dormant, anti-microbial 
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compounds targeting persister cells must be capable of entering cells without the need 

for active transport. In addition, their mechanism of action must require no innate cellular 

machinery. 140 Such compounds exist and include the chemotherapeutic agents 

mitomycin C and cisplatin .33 ,34 Additionally, studies have shown that persister cells can 

be reawakened , after which they can be targeted with traditional antibiotics. This has been 

done with cis-2-decenoic acid , which revitalized protein synthesis within the previously 

dormant cells . 35 

1. 1.4 Dispersion 

During or after biofilm maturation , a subpopulation of bacteria can disperse from 

the biofilm matrix in order to colonize other regions of the host. This population represents 

a phenotype distinct from both planktonic and biofilm bacteria. 141 ·142 During this phase, 

genes for motility and virulence are upregulated in response to environmental cues (i .e., 

cell density, febrile conditions, bacteriophage infection , and changes in nutrient 

143availability).4· Dispersion can occur as either single motile cells or as multicellular 

aggregates. 

Interestingly, the dispersed single motile cell phenotype has a greater capacity to 

develop biofilms when compared with planktonic bacteria.19 However, high density 

aggregates, which retain similar phenotypes to biofilm bacteria, surpass both planktonic 

and single dispersed cells in the ability to form biofilms, making them important to disease 

pathogenesis.144 As further evidence that biofilm detachment plays a large role in 

bacterial diseases, there is also increasing evidence that certain methods of dispersal 

can result in the release bacteria more virulent than their planktonic counterparts .4 For 

example, fever-induced biofilm release of pneumococci has been shown to result in 
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bacterial dissemination to the lungs and blood to a greater degree than observed for 

planktonic bacteria in murine models,36 and it is now apparent that the biofilm colonization 

phase is essential for disease progression. As the end goal of most anti-biofilm strategies 

is biofilm dissemination , there is a possibility of inadvertently activating this phenotype; 

therefore, secondary measures (e.g., antibiotics, vaccines) should be taken to prevent 

further spread of disease. 

In addition , many biofilms are asymptomatic and potentially beneficial to the host 

(i .e., microbiota).145 Therefore, a better understanding of the biofilm-released phase offers 

the potential for innovative strategies targeting opportunistic pathogens while leaving 

potentially beneficial bacteria in place. This idea was put into practice during the recent 

transcriptome analysis of planktonic, biofilm-forming, and biofilm-released cells which 

identified protein antigens specific to the biofilm-release phase .4 Two of these proteins, 

alpha-glycerophosphate oxidase (GlpO) and the bacterocin PncO, were found to be 

homologous throughout S. pneumoniae strains and offered complete protection against 

this virulent phenotype in murine models when combined into a single vaccine. 36 ,37 To our 

knowledge, this is the first strategy to specifically target biofilm-detached bacteria, while 

leaving the biofilm intact. 

1.2 Selecting Target Phase 

One of the challenges to developing selective vaccines against biofilm-forming 

bacteria is identifying which stage of pathogenesis should be targeted. Targeting specific 

stages of pathogenesis may provide different advantages to combating disease and may 

differ across bacterial species. However, the biofilm formation process can be generalized 

for all bacterial species into four stages: 1) reversible adhesion, 2) irreversible attachment, 
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3) maturation, and 4) dispersion (Figure 5)],42 which can be considered individually when 

designing targeted vaccines. 

Biofilm Disease Progression 

lnvasion 
Reversible 
Adhesion 

Invasive D isease 

Biofilm Disease Progression 
\Xlith 

Anti -Dispersion Strategies 

No l nvasive D isease 

Figure 5. Overview of the pathogenesis of biofilm-producing bacteria (A) and 

targeted interventions that preserve asymptomatic colonization while targeting the 

virulent dispersed phenotype (B). 

As a biofilm develops, each phase will exhibit unique characteristics that must be 

considered when developing vaccines against biofilm forming bacteria . The initial 

reversible adhesion of colonizing bacteria, for example, is non-specific to host cell type97 

and is typically promoted by environmental factors such as temperature, pH, and charge 

interactions between the pathogen and host cell.43 Afterwards, a fraction of loosely 

adherent cells will become irreversibly attached with the aid of a various bacterial factors 
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such as surface anchor proteins73 and pili .46-48 Following the initial adhesion to host tissue, 

the biofilm structure matures as the cells within the community produce a matrix 

composed of polysaccharides, extracellular DNA (eDNA), lipids, and proteins that are 

collectively termed the "extracellular polymeric substances" (EPS).49 After maturation of 

the biofilm, bacterial cells can disperse from the biofilm matrix in response to 

environmental cues that include changes in temperature, pH , nutrient concentration, 

18 50 146biofilm cell density, and host tissue damage.4, , , ,147 This release of bacteria leads to 

the development of invasive diseases (e.g., sepsis) as the bacteria to disseminate to 

normally sterile anatomical regions, causing episodes of acute infections (Figure 5).148 

Identifying the optimal phase of biofilm development that should be targeted in 

vaccine and therapeutic development is also highly dependent on the clinical 

manifestation of the bacteria . For example, Staphylococcus aureus infections include soft 

tissue and skin infections, pneumonia, osteomyelitis, endovascular infections, septic 

arthritis, surgical implant/ foreign body associated infections, septicemia, and toxic shock 

syndrome.149 In treating surgical implant infections, it is preferable to target either the 

adhesion or mature biofilm phase.150 However, the other infections listed above, including 

soft tissue and skin infections, have been linked with bacterial dissemination from 

asymptomatic S. aureus biofilms located within the nasal cavities .151 ,152 Consequently, a 

vaccine targeting nasal S. aureus biofilms would provide an effective approach to reduce 

the burden of diverse staphylococcal diseases since these colonies represent a common 

initial stage among the various infectious caused by S. aureus. 

The association between staphylococcal infections and the release of S. aureus 

from biofilms provides further confirmation of studies conducted on S. pneumoniae that 
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153demonstrated the importance of biofilms in progression of bacterial diseases.18, For 

example, one study showed that influenza A virus (IAV) infections or elevated 

temperatures (i .e., febrile) induced dispersion of virulent S. pneumoniae which led to 

bacterial pneumonia, 18 a behavior that was later observed in S. aureus.154 Despite the 

accepted belief that biofilm dispersion is critical to the spread of infectious 

141 148disease,50, , this phase has been overlooked in vaccine design in the past (e.g., 

Prevnar). Since biofilms formed by nasopharynx colonizers are often asymptomatic and 

could potentially offer protection against opportunistic pathogens, 155 vaccine strategies 

specifically targeting biofilm-released bacteria have potential advantages. 

1.3 Developing in vivo and in vitro Biofilm Models 

To develop and evaluate novel vaccines accounting for the biofilm phase, it is 

essential to possess biofilm models that accurately represent physiological conditions. 

Currently, biofilm studies can be segmented into two primary categories, in vitro and in 

vivo models. For in vitro models, the most common adhesion surfaces are a biotic. 3 

However, results from studies characterizing biofilms on abiotic surfaces, such as 

plastics, have shown negligible correlation to in vivo conditions except when modelling 

biofilms on medical implants. Consequently, using conventional in vitro models for the 

157study of gut or nasopharynx biofilms is generally impractical. 156, In addition , bacteria 

isolated from these in vitro models demonstrate reduced virulence when introduced into 

in vivo models.18,158 These cells also tend to form less structured biofilms that are more 

susceptible to antibiotics and reduce the trustworthiness of such studies for vaccine 

development. 157 These results show that any virulence or pathogenesis data obtained 

such in vitro systems is unreliable in a clinical setting. 

27 

https://diseases.18


Models containing biological adherent surfaces, such as tissue cultures, provide a 

more accurate representation of the environments found within the host than their abiotic 

counterparts and represent a more realistic biofilm formation . For example, a study 

conducted by Marks et al, demonstrated that S. pneumoniae biofilms grown on human 

nasopharynx cells demonstrated extracellular matrix production , antibiotic resistance, 

and the formation of highly-structured colonies similar to those observed in vivo .157 

However, it has been shown that some bacterial species, such as Pseudomonas 

aeruginosa, grown in this manner can dedifferentiate and lose specialization , 159 which is 

detrimental if bacterial adhesion is dependent upon a specific host cell surface 

compound .160 An interesting recent alternative is the development of three-dimensional 

161models that incorporate live tissues or organs.159, One particular study utilized a 

biocompatible scaffold to culture bronchial epithelial cells, which was used in a bioreactor 

environment that was capable of recreating a nontypeable Haemophilus 

influenzae (NTHi) infection with the invasive phenotype observed in human explants. 162 

While there are limitations to utilizing in vitro models to study bacterial biofilms, this last 

example demonstrates that methods which closely mimic the host environment yield more 

relevant outcomes. 

In contrast to in vitro models, biofilm studies conducted in in vivo animal models 

provide an even more accurate representation of disease pathogenesis in a biological 

host. Furthermore, specific animal models have been developed and validated for their 

capacity to best mimic the complex interplay between host and pathogen .161 , 

Chinchillas, for example, have become the golden standard in vivo model for otitis media 

since their ear structure is large, easily accessible, and is highly similar to that of 
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humans. 161 ,164 In addition , chronic lung infections have been replicated in cystic fibrosis 

(CF) C57B1/6NCrl mice, by immobilizing P. aeruginosa on agar beads and intratracheally 

installing these beads into the lungs. This technique mimics the biofilm formation in CF 

patients and can be used to evaluate potential therapeutics. 165 However, such animal 

models are often limited by their immunological differences from humans (e.g., mice and 

rats) .166 For example, clinical isolates of biofilm-forming pathogens, including many 

strains of S. pneumoniae, are incapable of colonizing or causing invasive disease in 

rodents, 36 making it difficult to accurately test the potential efficacy of a vaccine. 

An interesting solution that overcomes the limitations of the models discussed 

above is the combination of in vivo and in vitro models. Klung et. al., for example, 

demonstrated that biofilm bacteria, when introduced into in vitro systems, were able to 

retain aspects of their natural complexity.167 Transplanting bacteria from in vitro surfaces 

into in vivo models has also proven effective at closely mimicking bacterial disease 

pathogenesis in humans. This has recently been demonstrated using strains S. 

pneumoniae which cannot naturally cause infectious disease in mice. When clinical 

isolates of S. pneumoniae are conditioned using an in vitro biofilm release model and 

introduced into a murine model, these strains demonstrated characteristic colonization 

and disease progression to both sepsis and pneumonia . Consequently, this model allows 

for in vivo vaccine efficacy studies against clinical isolates that are normally not infectious 

in mice,36 which enabled the development of a compressive opsonophagocytic assay 

(OPA), which is the most widely accepted correlate of protection for pneumoniae .37 
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1.4 Rational Selection of Vaccine Antigens 

One of the most important stages in vaccine development is the initial selection of 

the antigen(s). However, this step is often complicated by the dynamic gene expression 

profiles that are observed throughout biofilm development. 168 In the context of vaccine 

design , this means that a single antigen is unlikely to address all phases of biofilm 

formation and dispersion , often requiring vaccines to target a specific stage, as discussed 

above. Many recent vaccination attempts have made use of adhesion-associated 

antigens to prevent colonization , as demonstrated by the use of pili antigens to immunize 

against Group A Streptococcus (Streptococcus pyogenes) (Table 3), thus reducing the 

risk of disease while providing herd immunity.23 This strategy has also been exemplified 

by the pneumococcal conjugate vaccines (PCVs) developed by Pfizer, which utilize CPSs 

expressed during the adhesion phase169,170 and shed shortly thereafter.171 However, as 

these vaccines only target up to 13 of the >95 disease-causing serotypes, non-vaccine 

type S. pneumonaie can still adhere, form biofilms, change serotypes (i .e., CPS), and 

cause disease.14 

Bacterial cells within maturing biofilms can be further broken down into discrete 

phenotypes, which can complicate development of vaccines targeting the mature biofilm. 

For example, it has been demonstrated that gene expression within cells in mature 

biofilms are dependent upon the cell's location within the biofilm .16 This is due to the 

expression of potential antigens that are influenced by nutrient and oxygen gradients 

present within the biofilm;16,172 thus, any vaccine developed using such antigens would 

potentially ignore cells not expressing the antigen , thus hindering the vaccination efficacy. 

This was demonstrated by a study conducted by Brady et al., which analyzed four 
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antigens expressed by S. aureus (Table 3). The authors concluded that each protein was 

not homogeneously expressed throughout the biofilm, 173 thus demonstrating the need to 

confirm universal expression of an antigen throughout the biofilm or develop multivalent 

vaccines to cover all phenotypes within the colony. Otherwise, vaccines will fail to 

completely clear the bacteria and the resulting biofilm disruption could lead to infectious 

disease. 

Table 3. Vaccines targeting bacterial biofilms 

Targeted Bacteria Vaccine Clinical 
Status Mechanism References 

Lipase, SA0486 , 
Staphylococcus aureus SA0037, SA0688, and Preclinical Targets mature biofilms 173 

Glucosaminidase 

Streptococcus 
pneumoniae 

Prevnar 13 Approved 
Prevents colonization by 

targeting capsular 
polysaccharides 

169 

Prevents colonization by 
Pneumovax 23 Approved targeting capsular 170 

polysaccharides 

GlpO and PncO Preclinical 
Targets virulent, biofilm 

dispersed bacteria 
36 

Immunization with NadA and 
Neisseria meningitidis Bexsero Approved NHBA prevents bacterial 174,175 

adhesion 

Streptococcus pyogenes 
Pilus-forming proteins of 

M1 SF370 
Preclinical Prevents bacterial adhesion 23 

1.4.1 The Application of Reverse Vaccinologv 

One method with the potential to overcome the antigen selection challenges 

introduced by genetic diversity in the biofilm phase is a process known as reverse 

vaccinology. This strategy involves the use of proteomics and genomics to analyze 

bacterial protein expression and predict optimal vaccine antigens.176,177 Selection criteria , 

such as surface accessibility, non-homology to human proteins, B-cell and T-cell 

epitopes, and homology across bacterial strains, are often applied during reverse 
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vaccinology.178,179 Each of these criteria have a large impact on the efficacy of a vaccine. 

Surface accessibility of an antigen, for example, allows for antibodies generated by 

immunization to interact with surface-exposed proteins on a pathogen . This technique 

was applied to identify a new protective antigen, Spy0416, for S. pyogenes, the primary 

bacteria responsible for strep throat. 180 An ideal vaccine antigen also must not have 

homology to human proteins, thus preventing the generation of autoimmunity and 

requires epitopes for B- and T-cells that elicit a strong immune response.181 Finally, to 

cover as many strains as possible, a vaccine antigen should be conserved amongst 

strains, which is a good indication of broad coverage.182 

The first pathogen subjected to reverse vaccinology was Neisseria meningitidis 

(Table 3), a common cause of bacterial meningitis. Utilizing whole genome sequencing, 

600 potential antigens were identified and tested for immunogenicity. 183 Through this 

high-throughput characterization, five antigens were selected and combined into the 

5CVMB vaccine.184 This vaccine was later combined with an outer membrane vehicle to 

create the 4CMenB vaccine, 185,186 which is now licensed under the name 

175 187Bexsero. 174, , More recently, reverse vaccinology was employed to characterize 

potent and selective vaccine antigens for S. pneumoniae . Using transcriptomic data, 

researchers identified antigens that were upregulated during both biofilm and biofilm

released phases.4 From the transcriptomic data, Li et. al. identified two surface-accessible 

antigens that were upregulated during biofilm release, thus the resulting vaccine was able 

to specifically target only the virulent biofilm-released bacteria while leaving the 

asymptomatic biofilm in place (Table 3). Both proteins were conserved throughout 
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pneumococcal strains and that elicited universal protection against pneumococcal 

pneumonia in murine models. 36 

1.5 Overview of Vaccine Delivery Technology 

Vaccines can be divided into two broad groups: live attenuated vaccines and 

inactivated vaccines. Live attenuated vaccines, which are comprised of weakened forms 

of disease-causing organisms (pathogens) such as viruses or bacteria, induce immune 

reactions similar to those resulting from an actual infection . 188 This group of vaccines 

elicits a strong response and is capable of conferring immunity that can last for decades 

with a single dose. 188 For example, one vaccination of the smallpox vaccine can maintain 

substantial immunity to the virus for up to 75 years .189 Inactivated vaccines, which range 

from completely inactivated pathogens to the antigen components of those pathogens 

(including subunit vaccines, toxoid vaccines, carbohydrate vaccines, and conjugate 

vaccines) induce short-lived protection compared to attenuated vaccines and often 

require a follow-up booster vaccination to maintain protective immunity.19 °Furthermore, 

inactivated vaccines typically contain adjuvants, which are additives designed to enhance 

and shape immune response outcomes.191 Understanding how to induce protective 

responses with adjuvants will enable the production of more specific and efficient 

vaccines, which can confer immunity for longer periods of time. 192 

Delivery technology offers advantages in vaccine application by carefully 

designing the introduction of antigens and adjuvants for a more directed and enhanced 

immune response. In particular, delivery systems can enhance immunological outcomes 

by 1) prolonging the deposition of antigens at the site of administration , 2) recruiting 

sentinel immune cells (termed antigen presenting cells or ACPs) required for immune 
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response initiation , 3) influencing site localization and antigen delivery, and 4) protecting 

delicate payloads (e.g., nucleic acids) .193, 194 

In this section , delivery technology will be evaluated in parallel to traditional 

vaccines (live attenuated and inactivated whole or component) . Emphasis will be placed 

on how the delivery vector can alter, improve, or accentuate the process of immune 

response. 

1. 5. 1 Immune Response Cascade and Lessons in Vaccine Design 

Upon administration of a live attenuated vaccine, an immune response similar to 

that of a natural infection is elicited . First, specialized receptors on the surface of dendritic 

cells (DCs ), such as toll-like receptors (TL Rs), identify an antigen as a potential threat via 

pathogen-associated molecular patterns (PAMPs).188 The antigen is then internalized by 

DCs, which differentiate into antigen presenting cells after either destroying or partially 

degrading the antigen .188 In a natural infection , DCs may be able to eradicate the 

pathogen .195 For an efficient vaccine, however, AP Cs must activate the adaptive immune 

system196 which consists of antibody producing B cells and cytokine/cytolytic molecule 

producing T cells (Figure 6).188 ,197 

While a T cell-independent immune response can occur, an effective vaccine must 

induce a T cell-dependent response. This occurs when T cells interact with the APCs, 

differentiate into T-helper (Th) cells, such as CD4+ T cells, and begin to secrete cytokines 

that then affect the behavior of B cells .188 ,195 For example, continuously replicating live 

attenuated vaccines constantly present proteinaceous antigens that are recognized by 

Th cells . These Th cells trigger a humoral (B cell) response, allowing for the formation of 
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memory B cells that can be reactivated rapidly upon re-infection without further aid of T 

cells _1aa, 19a, 199 
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Figure 6. Vaccine types, delivery devices, and immune response outcomes. A) A 

pictorial representation of different vaccines and delivery devices. Biological delivery 

systems include avirulent and attenuated recombinant bacterial vectors capable of 
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delivering genetic and protein antigens. Traditional whole cell vaccines, such as the live 

attenuated vaccine depicted , contain weakened versions of pathogens that do not cause 

disease but can continue to replicate. Unlike whole cell vaccines, subunit vaccines only 

contain the most antigenic regions of a pathogen. Liposomes, a type of chemical delivery 

system, can provide a high degree of multivalent surface antigens. B) Diagram 

representing the processing and presentation of antigens in dendritic cells (DCs). Pattern 

recognizing receptors on the surface of DCs identify pathogen associated molecular 

patterns (PAMPs) which initiate DC activation . Exogenous antigens are internalized by 

DCs and processed in endocytic vesicles before being loaded onto MHC Class II 

molecules, forming a peptide-MHC II complex that is presented to immature T cells that 

can then stimulate either a humoral or cell-mediated (CTL, cytotoxic T cell ; NK, natural 

killer cell) response. Endogenous, as well as exogenous, antigens can also be loaded 

onto MHC I molecules; the resulting complex then interacts with CD8+ T cells, which have 

cytotoxic activity. 

With live attenuated vaccines, a potent and long-lasting immune response is 

typically invoked. However, in the case of inactivated vaccines, adjuvants are often 

needed to enhance the efficacy of antigens .191 Each adjuvant can induce different 

immune responses even with the same antigens, as demonstrated by a recent study on 

adjuvants for human immunodeficiency virus type-1 (HIV-1) that showed that, while all 

adjuvants tested in conjunction with HIV-1 gp140 envelope (Env) trimers induced a 

stronger immune response than the non-adjuvant control , aluminum-based adjuvants 

(Alhydrogel and Adju-Phos) were less potent than TLR-, Emulsion-, Liposome-, and 
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ISCOM-based adjuvants .200 Even with these adjuvants, however, the vaccine was still 

not able to strongly mimic a natural infection, a common issue with modern inactivated 

vaccines. More research into developing next-generation adjuvants is needed to produce 

vaccines that can mount the appropriate immune response, increase the generation of 

memory, and increase the response speed .201 

In a natural infection , pathogen-associated antigens are capable of eliciting both 

a humoral and cell-mediated immune response by activating two types of T-helper (Th) 

cells : Th1 and Th2 . Th1 cells are pro-inflammatory and induce cell-mediated immunity. 

Th2 cells cause an anti-inflammatory reaction and invoke a strong antibody response and 

are therefore associated with the humoral immune system.202 Antigens associated with 

parasitic and extracellular bacterial infections, for example, preferentially elicit a strong 

Th2 response, while those associated with intracellular bacterial infections primarily 

produce a Th1 response.203 

Most modern vaccines use a humoral immune response to confer protection .201 

However, it has been shown that both the humoral and cell-mediated responses have 

complementary roles in protection against certain diseases,204 leading to the need to 

develop adjuvants and antigens that can balance both responses . Currently, there are 

adjuvants that have been found to produce mixed Th1 and Th2 responses, such as 

flagellin , a principal component of a bacterium's flagella ,205 but there are few adjuvants 

that have been designed specifically to do so.206 

Along with the adjuvants used, the valency of the correct antigens has a significant 

impact on the efficacy of a vaccine. For example, typical cancer vaccine approaches 

target tumor-specific self-antigens, yet a recent study showed that only a small 
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percentage of tumor-infiltrating lymphocytes in melanoma can recognize shared self

antigens .207 This establishes the importance of amplifying the most distinct antigens for 

an effective vaccine. Valency is also important in pneumococcal disease. Most 

pneumococcal vaccines, such as the glycoconjugate PCV7, are serotype-specific, which 

promotes serotype replacement of vaccine-specific strains with non-vaccine strains.208 

Higher valent vaccines, PCV13 and PCV23, have since been created to address this 

concern, emphasizing the need to utilize antigen valency for broad and effective 

vaccination outcomes. 

For this reason, there is currently an unfilled niche in the world of vaccine 

development. Vaccine adjuvants or delivery systems that are designed to produce 

tunable levels of Th1 and Th2 response could allow for vaccines that closely mimic the 

complex response of a natural infection . With innovative applications, vaccine delivery 

technology does exist that has the potential to provide this type of long lasting immunity 

against intricate diseases. 

1.5.2 Delivery Technology to Enhance Vaccination Effectiveness 

Vaccine delivery systems can generally be categorized into biological (e.g . viral or 

bacterial) and chemical vectors (Figure 6).209 An important consideration in adopting 

delivery technology is effectively using the capabilities and features of the chosen vector 

to augment, alter, or improve upon traditional vaccine formulations . The following section 

will focus on certain properties that such vectors can address. 

Among biological delivery systems, avirulent recombinant bacterial vectors hold 

potential in infectious disease and cancer vaccine development. These vectors will 

naturally be taken up by the APCs due to the bacteria's built-in adjuvant effect and, with 

38 



their ability to produce potent recombinant antigens in vivo, thus make obvious vaccine 

delivery candidates. Suitable nonpathogenic options with facile genetic manipulation 

protocols enable simple production, administration, and engineering for associated 

vaccination goals 210 . As a byproduct of their bacterial nature, the vectors also serve as 

213potent natural adjuvants. Examples include Salmonella spp.,211 - Mycobacterium 

217bovis, 214 Listeria monocytogenes, 215- Vibrio cholera, 218 Lactobacillus spp.,219 

Staphylococcus spp., 172 Shigella spp.,220 and E. coli.221 

Due to the ability of the bacterial vector to carry either genetic or protein antigens, 

delivery can be designed in a way to elicit both strong Th1 and Th2 responses. For 

example, attenuated Listeria monocytogenes capable of expressing and secreting the 

human CD24 protein were used to efficiently enhance both Th1 and Th2 immune 

responses, which resulted in reduced tumor size and longer survival rates in mice.222 The 

range of natural TLR ligand adjuvants associated with bacterial vectors also offers a way 

of ensuring or biasing a more comprehensive response .223 

Protein-based chemical delivery formulations also have the potential to augment 

230traditional sub-unit vaccines.224- As one example, advanced liposomal technology 

allows simple mixing of liposomes and His-tagged protein antigens through affinity 

complexation. The end result enables a high degree of surface oriented antigens 

(theoretically up to 600) and the potential to greatly vary valency of select target antigens 

from a pool of potential candidates (an important consideration in a hyper-variable 

232diseases such as pneumococcal infection) .231 · The latter feature is in contrast to 

vaccine strategies that subject the immune system to a broad range of antigens (such as 

proteins, peptides, nucleic acids, carbohydrates, haptens).233 
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While the protein-based nature of such a formulation may bias towards a humoral 

response, the inclusion of counter-biased adjuvants would offer the potential of a more 

comprehensive response. In addition , the affinity-based complexation simplicity of such 

liposomal vectors opens the possibility of a fully synthesized construct featuring the 

liposome and peptide epitopes, such that no biological recombinant proteins are required, 

potentially simplifying overall vector production. 

Table 4. Delivery technology summary. 

Chemical Biological 

Microneedle Liposome Bacterial 

• Painless • Antigen/adjuvant • Natural adjuvant 
surface display 

Advantages 
• Variety of vaccine 
applications 

• Biocompatibility 

• Entrapment of 

• Multiple antigen 
formats 

• Controlled release secondary agents • Multiple administration 
routes 

• Local Inflammation • Instability • Safety 
Disadvantages 

• Potential! expensive • Circulation issues • Complexity 

• HIV • HIV • Cancer 
Applications 

• Influenza • Channelopathy • Pneumococcal disease 

Chemical delivery vectors also include microneedles, a novel vaccine method that 

aims to replace traditional syringes and target the network of APCs in the skin layer below 

the stratum corneum. They consist of micron-sized needles that are created with 

appropriate drug formulations and can be broken down into four major categories : solid , 

coated , dissolving, and hollow.234 Microneedles have been shown to effectively deliver a 

wide variety of vaccines, including: live-attenuated, inactivated , subunit, and DNA 

vaccines.235 For example, a recent study created microneedles composed of dissolvable 
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polyelectrolyte multilayers encapsulating DNA antigens for HIV, which resulted in the 

prolonged persistence of antigens in the skin . 236 

Due to their unique route of administration , microneedles are capable of heavily 

impacting the type of elicited immune response. In one case, it was found the microneedle 

delivery of a M2e-TLR5 ligand fusion protein induced a Th1 biased response which 

conferred better protection against influenza when compared with the balanced Th1/Th2 

response of the intranasal delivery route .237 This type of class switch could allow for the 

production of vaccines for difficult pathogens such as HIV and S. pneumoniae as well as 

improve the effectiveness of existing vaccines. 

1.6 Conclusions 

To develop effective therapeutic strategies against biofilm-forming bacteria, it is 

essential to understand the phenotypic diversity that is observed within these biofilms. 

These differences pose many challenges to researchers targeting these colonizing 

bacteria . However, with a better understanding comes the potential for effective treatment 

and vaccination strategies such as those mentioned above. While each strategy 

mentioned in this review has its strengths, few have ever demonstrated the coverage 

needed to provide full protection against their target pathogen . 

However, in the case of the research presented herein, the considerations 

enumerated above enabled the identification of two protein antigens that are capable of 

providing comprehensive protection against pneumococcal disease. These proteins are 

homologous across pneumococcal strains and are located on the bacterial surface, thus 

satisfying the requirements for a strong protein antigen . In addition , these proteins are 
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only expressed by the bacteria during the biofilm released phase. As such, immunization 

with these proteins provides protection against invasive disease. 

To enhance the efficacy of these protein antigens, two delivery vectors were 

developed: a live bacterial vector (the hybrid vector) and a liposomal formulation (LEPS). 

Both vectors were capable of enhancing the immune response for protein antigens and 

extending protection against pneumococcal disease. 

CHAPTER 2: RATIONAL ANTIGEN SELECTION 

2. 1 Targeting Biofilm Released Pneumococca/ Bacteria 

2. 1. 1 Introduction 

Human-microbe interactions serve numerous symbiotic purposes. However, 

certain colonizing microorganisms have the capacity to become virulent and trigger 

disease. The two most common antimicrobial therapies, antibiotics and vaccines, must 

be reconsidered in this context because of the numerous pitfalls associated with 

traditional metrics of "success." 

Specifically, we suggest that treatment must be directed at a disease-progression 

state of a microbial population and not at the population more generally. Doing so offers 

the potential to optimize treatment and reduce unintended pathological consequences. In 

this paper, we present such an approach in the context of pneumococcal disease, 

culminating in a "smart" vaccine that directs an immune response to virulent cell 

populations while minimizing the disruption of avirulent commensal colonization . 

Streptococcus pneumoniae (the pneumococcus) is a regarded as a major human 

pathogen and is the most common cause of community-acquired pneumonia, bacterial 
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meningitis, bacteremia, and otitis media .238 In addition , S. pneumoniae has been 

implicated as an important cause of sinusitis, septic arthritis, osteomyelitis, peritonitis, and 

endocarditis .238 Regardless of clinical manifestation , infection is always preceded by 

colonization of the nasopharynx, and >95% of children are colonized within the first few 

weeks or months of life by serotypes that are replaced sequentially as more serotypes 

241are acquired .239- Interestingly, pneumococcal colonization is asymptomatic, and it is 

only upon external triggering (e.g ., viral infection) that virulent S. pneumoniae 

subpopulations disseminate and cause disease (Fig . 1A).242 The illnesses caused by this 

transition from carriage to disease result in a mortality rate of ~15-20% in adults with an 

241even higher rate in elderly patients.239- Pediatric cases include >20 million yearly 

occurrences, primarily middle ear infections, in the United States and account for the 

majority of emergency room admissions and associated antibiotic prescriptions, accruing 

billions of dollars in annual socioeconomic costs .243,244 Invasive disease has a more 

devastating impact in resource-limited countries, with an estimated 1 million children 

248(11 % of all deaths below age 5 y) succumbing to pneumococcal infection annually.245-

As introduced above, effectively treating pneumococcal disease is difficult 

because of the multiple populations of S. pneumoniae with different characteristics, 

including cells localized to a colonizing biofilm and cells triggered for dissemination and 

disease. Antibiotic treatment options have become limited by the emergence of antibiotic 

resistance . Notably, before the 1990s, most S. pneumoniae strains demonstrated 

universal sensitivity to penicillin .249 Today, however, penicillin resistance varies from 5-

60% in various parts of the world .250,251 Of particular concern is the increase in multidrug

resistant S. pneumoniae strains demonstrating resistance to three or more drug 
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classes,252-255 which creates substantial concerns about both the efficacy of current 

antibiotic regimens and the continual development of resistance. In addition, the formation 

of S. pneumoniae biofilm during colonization provides a barrier to effective antibiotic 

18 157 256 257activity,8, , , , thus limiting complete bacterial clearance and promoting the 

development of resistance .258,259 Finally, and more importantly, even in the event of 

successful bacterial clearance with antibiotic treatment, there is a risk for recolonization 

by potentially more dangerous serotypes or alternative pathogens (e.g., Staphylococcus 

aureus), which are equally adept at biofilm formation and have effective mechanical 

tolerance of and high biological resistance to antibiotics.260-262 

Alternatively, two pneumococcal vaccine compositions are currently on the market 

in the United States: the Prevnar family (Pfizer) and Pneumovax (Merck). Prevnar 

vaccines contain capsular polysaccharides conjugated to the diphtheria CRM 197 protein . 

The most recent composition is Prevnar 13, which is designed to encompass 13 of the 

most common invasive serotypes of S. pneumoniae and provides protection against 7 4-

88% of invasive pneumococcal disease cases .263,264 Pneumovax is a pneumococcal 

polysaccharide vaccine, introduced in 1977, that since 1983 has provided protection 

against 23 serotypes of S. pneumoniae (PPSV23) with 56-75% efficacy overall. 263,264 

However, current vaccination strategies have met with incomplete success because of (i) 

an inability to account for and include all current and future S. pneumoniae serotypes 

capable of establishing nasopharyngeal residence and (ii) , analogous to antibiotic 

treatment, the displacement of the asymptomatic vaccine-type S. pneumoniae biofilms 

with nonvaccine serotypes and by organisms (such as methicillin-resistant S. aureus or 

Haemophilus influenzae) capable of equal or greater pathologies (Figure 7B).265-267 
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Recognizing the need to develop a new generation of pneumococcal vaccines, we 

present a strategy to direct protection against virulent biofilm-released S. pneumoniae 

while retaining their stable nasopharyngeal commensalism (Figure 7C). Specifically, 

vaccine candidates (i.e ., antigens) were discovered by building on the fundamental insight 

that S. pneumoniae colonizes the nasopharynx as a biofilm and that disease progression 

occurs when external triggers resulting from changes in the nasopharyngeal environment 

prompt escape from the asymptomatic biofilm of bacteria with a changed transcriptional 

157 268profile associated with increased virulence.18, , Although current vaccines have 

provided protection and expanded coverage over time (Figure 7D), clinical data suggest 

the emergence of new serotypes that must be addressed in future vaccination efforts 

(Figure 7E-G). 269 Effectively, the propensity for serotype replacement, within or outside 

current treatment options, underscores the need to identify and use pneumococcal 

antigens capable of providing broad serotype coverage in a manner that will minimize 

asymptomatic biofilm disruption and the associated opportunities for niche replacement. 

One option in this regard is to target only those pneumococci triggered for virulent biofilm 

escape in response to changes in the nasopharyngeal environment (Figure 7C). 

2. 1.2 Materials and Methods 

Reagents. Bacterial and cell-culture media and reagents were purchased from 

Fisher Chemical and Sigma-Aldrich . COM was obtained from JRH Biosciences. Sheep 

blood was purchased from Hemostat Laboratories. All remaining reagents were 

purchased from Sigma-Aldrich . 
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Figure 7. S. pneumoniae pathogenesis outcomes and infectious disease statistics 

in the United States (1998-2013). (A) S. pneumoniae colonizes the human nasopharynx 

and produces a bacterial biofilm with an accompanying extracellular matrix capable of 

providing protection from external and host challenges. External triggers such as viral 

infection prompt the active release of virulent pneumococci that disseminate to secondary 

sites and cause disease. (B) Leading vaccination strategies [polysaccharide conjugate 

vaccines (PCVs ), such as the Prevnar family] mediate protection against certain bacterial 

serotypes by promoting clearance of pneumococci before biofilm establishment. Clearing 

all bacteria opens the niche to colonization by nonvaccine serotypes or other bacterial 
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species. (C) The strategy featured in this work mediates clearance of only virulent biofilm

released bacteria while maintaining the presence of the preexisting biofilm. (D) The 

annual infection rate per 100,000 people for the total population (blue) and children under 

the age of 5 y (red), 1998-2013. The first years following the introduction of Prevnar 7 

and 13 are marked with dotted lines. (E) Prevalence of infectious pneumococcal strains, 

1998-2013.263 Strains are grouped into those covered by Prevnar 7 (blue), those covered 

by Prevnar 13 (red), and nonvaccine types (NVT; green). (F) The reduction in the annual 

infection rate in children under the age of 5 y from 1998-2008 relative to 1998-1999. The 

dashed line corresponds to the division between Prevnar 7 vaccine and nonvaccine type 

strains in 1999-2000.269 (G) The reduction in the annual infection rate in children under 

the age of 5 y, 2008-2013. The dashed line corresponds to the division between Prevnar 

13 vaccine and nonvaccine type strains in 2008-2009.269 

Recombinant Antigen Preparation. All antigen genes were cloned from the 

genomic DNA of S. pneumoniae strains using the primers summarized in Supplemental 

Table 1. Each PCR product then was inserted into pET expression vectors as outlined in 

Supplemental Table 1 using flanking restriction sites designed within the primers. 

Constructs were verified by colony PCR and restriction digest analysis and then were 

chemically transformed into BL21 (DE3) with resulting single-colony transformants 

cultured in 3 ml of lysogeny broth (LB) at 37 °C with shaking before 15% (vol/vol) glycerol 

stock storage at -80 °C. Expression was initially confirmed by 3- to 5-ml LB cultures 

started from glycerol stocks and cultured at 37 °C with shaking until an OD6oo of 0.4 was 

achieved . Plasmid selection antibiotics were included in cultures as needed . Then 
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cultures were induced with isopropyl 13-0-1-thiogalactopyranoside (IPTG) (1 mM) for 1 h. 

Upon collection via centrifugation , cells were washed twice with PBS and resuspended in 

25 mM Tris·HCI before boiling with loading dye and expression analysis/confirmation via 

SOS/PAGE. 

Glycerol stocks were then used to start overnight 3-ml LB cultures incubated at 

37 °C with shaking and used to inoculate [1 % (vol/vol)] 1 L of terrific broth; cultures then 

were grown to a concentration of 0.4-0 .6 00600 under the same culture conditions. IPTG 

induction (100 µM) occurred at this point, before continued culture overnight at 22 °C. 

After clarification by centrifugation, cells were resuspended in buffer A [50 mM Na2P04, 

500 mM NaCl, and 10% (vol/vol) glycerol] and were lysed via French press. The resulting 

lysate was clarified by centrifugation , and the resulting lysate supernatant was clarified 

further via ultracentrifugation at 142,000 x g (relative centrifugal force) for 45 min. The 

lysate collected was confirmed by SOS/PAGE at this stage before column purification . 

Antigen protein products then were purified by passing the lysate supernatant 

through a fast protein LC column (GE Healthcare HisTrap HP, 1 x 1 ml) using 2% (vol/vol) 

buffer B [50 mM Na2P04, 500 mM NaCl, 10% (vol/vol) glycerol , and 250 mM imidazole] 

and 98% (vol/vol) buffer A as the mobile phase. The protein was eluted with 100% buffer 

B, and a UV absorbance of 280 nm was used to detect the fractions containing protein in 

the elution . Those fractions were pooled, and protein content characterized by 

SOS/PAGE and quantified by the Pierce Micro BCA Protein Assay assessment. 

Immunization. Outbred 6-wk-old female C0-1 mice (Harlan Laboratories) were 

used in immunization experiments. Mice were immunized by s.c. injection (200 µL). All 

samples contained PBS as the background solution , and final antigen (Table S1) doses 
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ranged from 5-15 µg. When combined , PncO and GlpO (Table S4) were administered at 

15 µg each . After 14 d, mice were boosted with the same formulations. At day 14 and day 

28, serum samples were collected from the mice by retro-orbital bleeding . 

Bacterial Preparation and Biofilm Release. The bacterial strains used in this 

study are listed in Tables S2 and S3 and were initially grown on Todd- Hewitt agar plates 

supplemented with 0.5% yeast extract and 5% (vol/vol) sheep blood and were incubated 

overnight at 37 °C. Single colonies were used to inoculate 5 ml of Todd-Hewitt broth 

containing 0.5% yeast extract and were incubated at 37 °C to an 0D6oo of 0.6. At this 

point, mouse passaged strains of S. pneumoniae (which display a virulent phenotype) 

were used for challenge studies after one washing with and resuspension in PBS (Fig. 

S5). Other S. pneumoniae strains are clinical isolates that do not demonstrate a virulent 

phenotype in mice unless conditioned using an in vitro biofilm release model. Specifically, 

NCI-H292 epithelial cells were cultured in RPMl1640 medium in T75 flasks at 37 °C and 

5% CO2. After reaching 100% confluency, H292 cells were prefixed in 4% (wt/vol) 

buffered paraformaldehyde at 34 °C for 48 h followed by three washes with PBS. 

Pneumococci grown in chemically defined bacterial growth medium (COM) (JRH 

Biosciences) then were seeded onto fixed H292 cells, and the medium was changed 

every 12 h. Formed biofilms were exposed to heat (38.5 °C) for 4 h, and released cells 

were collected by centrifugation , washed and resuspended in PBS, and quantified by 

0D6oo measurement. Biofilm-associated cells were disrupted by gentle pipetting, 

collected by centrifugation , washed and resuspended in PBS, and quantified by 0D6oo 

measurement. 

49 



Challenge Models. To induce sepsis or pneumonia, mice were administered i.p. 

or intranasally (with isoflurane ), respectively, with 1 x 104 to 1 x 106 CFU of pneumococci 

strains (Tables S2 and S3). To induce colonization , mice were administered 1 x 106 CFU 

bacteria intranasally without isoflurane. To mimic influenza-induced pneumonia, 

pneumococci colonization (with biofilmgrown EF3030 or D39) was followed 48 h later by 

intranasal inoculation with 40 pfu of IAV in 50 µL of PBS. Mouse-adapted A/PR/8/34 

(H 1 N 1) (ATCC VR-95) was used, and viral titers were determined by plaque assays. Mice 

were monitored every 4 h for signs of morbidity (huddling, ruffled fur, lethargy and 

abdominal surface temperature). Mice found to be moribund were killed via CO2 

asphyxiation and cervical dislocation . When IAV addition was replaced with background 

PBS inoculation , mice remained colonized by S. pneumoniae strains D39 and EF3030 

for 1-3 wk without lethargy, huddling, and ruffled fur (as observed with viral inoculation), 

infection of the lower respiratory tract, or the development of bacteremia . 

SEM. Biofilms grown in vitro for 48 h were fixed using 2.5% (vol/vol) 

glutaraldehyde, 0.075% ruthenium red , and 0.075 M lysine acetate in 0.1 M sodium 

cacodylate buffer (pH 7.2) for 1 h at 22 °C. This procedure has been shown to retain 

carbohydrate structures and improve the preservation of biofilm morphology.171 Samples 

were washed three times without shaking for 15 min at 22 °C in 0.075% ruthenium red in 

0.2 M sodium cacodylate buffer and then were dehydrated with a graded series of ethanol 

solutions [10, 30, 50, 75, 95, and 100% (vol/vol)] at 22 °C, for 15 min at each step. 

Samples were exchanged into 100% hexamethyldisilazane and allowed to air dry before 

being mounted onto stubs, carbon coated, and analyzed using an SU70 scanning 

electron microscope at an acceleration voltage of 5.0 kV (available through the South 
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Campus Instrumentation Center, University at Buffalo, The State University of New York, 

Buffalo, NY). 

Tissue Bacterial Count. At predefined time points (24 and 48 h postinfection for 

i.p. and intranasal challenges, respectively) or upon becoming moribund, mice were 

killed . A combination of nasopharynx tissue, nasopharyngeal lavage fluid , lung, liver, 

spleen , and blood samples was collected , and the bacterial burden was determined as 

described previously.270 Briefly, tissue and organ homogenate, lavage fluid , and blood 

were homogenized (Tissue-Tearor, Biospec Products, Inc., setting 10 for 30 s or until 

homogenized completely) to ensure dissociation of bacterial aggregates and then were 

serially diluted on tryptic soy and 5% (vol/vol) blood agar plates before enumeration . 

Homology Search Description. Protein homolog conservation in commensal 

bacterial species (Supplementary Table S1) was calculated by accounting for gap and 

mismatches in amino acid sequences, available in BLAST (http://blast.ncbi .nlm.nih .gov/) . 

Surface accessibility was established using the lnterPro database 

(http://www.ebi .ac.uk/interpro/) and epitope regions were predicted with the bepipred 

linear epitope prediction method using IEDB Analysis Resource 

(http://tools.immuneepitope.org/bcell/) . The reference sequence used for this study was 

from S. pneumoniae D39 (accession CP000410.1 ). 

Statistical Analysis. Column comparisons were analyzed for statistical 

significance using a two-tailed Student t test for unpaired data. Multivariance analysis was 

done using one-way ANOVA that was corrected using the Bartlett variance test and for 

multiple comparisons using the Bonferroni multiple-comparison test. For both tests, a P 

value of 0.05 was considered significant. For statistical comparison of the directed 
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clearance data of Fig. 3A, fractional differences between average 10910 bacterial load 

values obtained from immunized and unimmunized subjects were calculated, and 1 minus 

this value was plotted as a percentage (i.e ., [1- (unimmunized value - immunized 

value)/unimmunized value]x100) for subjects challenged with planktonic and biofilm

released pneumococci (Fig. 38). For this comparison , a two-way ANOVA analysis was 

performed using the Sidak test to correct for multiple comparisons using statistical 

hypothesis testing . Statistical analysis was performed using GraphPad Prism software 

(version 6.0h .283; GraphPad Software Inc.). All data resulted from a minimum of three 

samples; animal experiments used 6-12 animals per group. 

2. 1.3 Results and Discussion 

Virulence-Associated Antigens Selected from and Screened Against Biofilm-

Released, Clinically Conditioned S. pneumoniae. Through the combination of an in 

vitro biofilm model (Figure 1 0A) and transcriptional analysis of the bacterial populations 

comprising this model ,4·157 antigens were identified that were significantly up-regulated in 

biofilm-released pneumococci demonstrating increased virulence. 

The transcriptional analysis, in particular, was conducted in order to identify 

protein antigens that contained surface accessible epitopes, were upregulated during 

biofilm release, and were homologous across S. pneumoniae strains. Potential antigen 

candidates were chosen from those identified via transcriptomic analysis to be 

upregulated during in vitro biofilm release .4 Only those candidates whose average 1092 

fold change in expression between biofilm and biofilm release phenotypes was 6 or higher 

were selected for further analysis. Surface accessibility of each candidate was 

determined by using lnterPro database (www.ebi .ac.uk/interpro/) and example results for 
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PncO and GlpO can be found in Figure 8. Only candidates with surface accessible regions 

were selected for further analysis as antigen specific antibodies must be able to access 

the candidates on the bacterial surface in order to provide protection against 

pneumococcal disease. 

glpO 

pncO 

198-
208 

173•177 229 

209-228 

Figure 8. Predicted domains for S. pneumoniae proteins GlpO and PncO. Blue bars 

indicate predicted cytoplasmic regions while purple and orange bars designate surface 

accessible and transmembrane regions, respectively. Predictions were determined using 

the lnterPro database (www.ebi .ac.uk/interpro/). 

Once surface accessible regions were established , antibody epitopes were 

predicted with the bepipred linear epitope prediction method using IEDB Analysis 

Resource (http://tools.immuneepitope.org/bcell/). The threshold was set at 0.35 and only 

amino acids with scores above the threshold were selected as potential epitopes. 

Example data for PncO can be found in Figure 9. 
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Figure 9. Epitope prediction for PncO and GlpO. Antibody epitopes for (A) PncO and 

(B) GlpO were predicted with the bepipred linear epitope prediction method using IEDB 

Analysis Resource (http://tools.immuneepitope.org/bcell/). The threshold was set at 

o.035. All peaks above 0.35 (orange) were selected as epitopes. 

Finally, homology for all surface accessible protein antigens and their epitopes was 

calculated by accounting for gap and mismatches in amino acid sequences, available in 

BLAST (http://blast.ncbi .nlm.nih .gov/) and only those with a full protein homology of 95% 

or higher were selected for animal studies. A summary of the GlpO and PncO antigens 

can be found in Table 5. 

In addition to providing target antigens, the biofilm model served another key 

purpose in this study: Namely, S. pneumoniae is a human pathogen that, with the 

exception of a few strains, cannot cause invasive disease in mice. Thus, the biofilm model 

was used to condition a clinical isolate of S. pneumoniae (EF3030, serotype 19F) to 

become lethally infectious. Specifically, EF3030 cells released from biofilms by increased 

temperature (38.5 °C, mimicking fever) induced septicemia and death in mice and thus 

offered a clinically relevant surrogate model of human pneumococcal disease (Figure 10 
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B-D). Broth-grown (planktonic) EF3030 pneumococci or those mechanically isolated 

from biofilms had no such virulence. As such, the biofilm model enables clinically 

conditioned S. pneumoniae strains to be subsequently assessed in mouse protection 

assays, allowing a substantial increase in the number of strains tested in this study. 

Table 5. PncO and GlpO antigen description and analysis. 

Virulent gene 
expression (1092) Strain conservation, % homology 

relative to: Average
Size, Surface

Gene Function 1092 foldbp accessible
change Surface- Surface-

Planktonic Biofilm Full protein accessible accessible 
regions epitopes 

Bacteriocin ABC 
transporter

pncO 690 8.5 4.8 6.6 Yes 95 93 97
transmembrane 
protein 

a-
glpO 1,827 Glycerophosphate 9 5.9 7.4 Yes 99 98 98 

oxidase 

Initial protection was then investigated by immunizing mice with a range of 

promising antigen targets (Supplemental Table 1) selected on the basis of (i) conserved 

sequence homology across S. pneumoniae strains (thus offering broad-coverage 

potential) and , critically, (ii) specific prominence in the virulent, biofilm-released bacterial 

population compared with asymptomatic biofilm pneumococci . Namely, selected antigen 

targets up-regulated in biofilm-released bacteria were prepared as recombinant proteins 

and tested for protection relative to the well-established S. pneumoniae surface protein 

antigen (PspA), which is one of the best-studied protein protective vaccine candidates 

272and also is up-regulated during virulence transition (Figure 1 0E).4•271 , Under these 

conditions, all antigens except DexB showed protection comparable to PspA, with two 

antigens, GlpO (an a-glycerophosphate oxidase) and PncO (a bacteriocin ABC 
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transporter transmembrane protein), demonstrating promising individual protection 

surpassing that of PspA. Complete protection and effective bacterial reduction were 

conferred upon immunization with both antigens (Figure 1OF and G). 
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Figure 10. Antigen identification and S. pneumoniae conditioning through an in 

vitro biofilm model. (A) S. pneumoniae were seeded on epithelial cells, and the biofilm 

structure was investigated using SEM . Visible in these images are the extracellular matrix, 
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water channels, tower formations, and the honeycomb structure that pneumococci form 

with larger biofilms. (Band C) Mouse bacterial burden was determined after i.p. injections 

(sepsis model) (B) or aspiration with anesthesia (pneumonia model) (C) using broth

grown (Planktonic), biofilm-associated (Biofilm), or biofilm heat-released (Heat) S. 

pneumoniae strain EF3030. Each dot in the graphs represents an individual mouse. The 

dotted line represents the limit of detection for bacterial counts. (D) Time-to-death 

assessment of mice inoculated with biofilm heat-released bacteria; mice that were 

inoculated with either planktonic or biofilm-associated bacteria did not die in any 

challenge model. (E-G) Mice were immunized with various antigens and challenged with 

biofilm heat-released EF3030 in sepsis (E and F) and pneumonia (G) models. ***P < 

0.001 , compared with planktonic and biofilm samples (Band C) and PspA (E) . 

Risk assessment for off-target immunogenicity associated with GlpO. 

Although no negative toxicological scoring was observed within initial immunization 

37 273studies,36· · risk of off-target effects associated with inclusion of GlpO in the LEPS 

vaccine were identified through a protein sequence homology search (i .e., BLASTp; 

>50% homology threshold) conducted for the GlpO and PncO proteins against human 

commensal bacteria . While no hits were identified for PncO, a substantial number of 

microflora protein targets were found to possess >50% homology to GlpO (Table 6) . From 

the subset of bacteria identified , ten species, representing variable degrees of GlpO 

homology and physiological microbiota locations, were selected for further experimental 

analysis . 
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Figure 11. Vaccination with GlpO demonstrates a risk for potential off-target 

immunogenicity. a) Normalized absorbance relative to sham vaccination for each 

respective bacterial species; boxed numbers represent homology shared with predicted 

protein epitopes of GlpO. b) OPA assay results for BFR S. pneumoniae EF3030, S. 

agalactiae, L. salivarius, L. platarum, and P. acidilactici . The dashed line represents 50% 

killing of bacteria. Error bars represent the standard deviation of four technical replicates . 

An immune-absorbance assay was first used to determine whether serum 

antibodies from mice vaccinated with S. pneumoniae GlpO demonstrate off-target 

bacterial binding. Antibody binding to bacterial species was observed relative to a sham 

vaccination (Figure 11A). Furthermore, antibody binding for several species was 

comparable to results obtained for BFR S. pneumoniae EF3030 (serotype 19F), which is 

the direct target of the GlpO vaccine. When the immune-absorbance assay results were 

evaluated in the context of protein homology (Figure 12), a significant positive correlation 

(R2 = 0.858) was observed between strength of binding and sequence homology. Given 

the observed immune-absorbance results, an OPA assay was performed using four 
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representative microbiota bacterial species to determine whether the resulting antibody 

binding also promoted OPA. As shown in Figure 11 B, significant killing activity was 

observed for each bacterial species compared to BFR EF3030. Combined , these results 

suggest that vaccination with GlpO could impact the human microbiome. 

30 

Q) 25
(J 
C: 

.c 
ca 20 R2 = 0.858 
I.. 
0 

.c 
ti) 15 
<( 

• 10E 
I.. 
0 z 5 

0 
55 60 65 70 75 80 85 90 95 100 

Percent Homology 

Figure 12. Correlation between immunosorbent assay results and bacterial 

homology with GlpO. Dotted lines and error bars represent the 95% confidence interval 

of four technical replicates . 

GlpO-associated off-target reactivity is a substantial concern since our initial 

studies demonstrated that vaccination with PncO alone could not provide 100% protection 
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against breakthrough pneumococcal disease. 36 However, the potential for GlpO inclusion 

in LEPS to negatively impact the human microbiome warrants its exclusion from the 

vaccine. Disruption of the beneficial human microbiome has been shown to have harmful 

repercussions on human health (e.g., nutrition).274 Furthermore, the unintentional 

displacement of benign colonizing bacteria could result in bacterial species replacement. 

This phenomenon has been previously documented with PCV vaccination , after which 

the rates of S. aureus colonization increased due to decreased competition within the 

microbiome.275-277 In addition , previous studies have demonstrated that the microbiome 

279plays an important role in enhancing vaccine efficacy (e.g., oral rotavirus vaccine).278, 

Consequently, vaccination of infants with GlpO could result in potentially severe side 

effects and reduce efficacy for other routine pediatric vaccines. 

2. 1.4 Conclusion 

In summary, the availability of tools derived from a better understanding of the 

mechanisms involved in pneumococcal biofilm establishment and transition to disease 

and of effective delivery technology has enabled a directed and potent strategy to induce 

an antibody-mediated immune response against a disease-causing subset of a 

commensal microbial population. Specifically, surface exposed, homologus antigens 

associated with biofilm-released , virulent pneumococci have demonstrated unequivocal 

protection against challenge and reduction in the bacterial burden of a range of clinically 

relevant S. pneumoniae strains under varying disease conditions. However, it was also 

discovered that the immunization with proteins homologous to those in the human 

microbiome can have a negative impact on the health of that microbiome. As this could 

potentially have deleterious effects on human heath, the protein GlpO was eventually 
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removed from the vaccine formulation . The results offer a response to a globally relevant 

disease and to growing concerns associated with current treatment options, including 

risks posed by emerging serotype- and niche-replacement pathogens. Importantly, the 

tools enabling the results of this work can be applied to identify new antigens continually 

and simultaneously to address the diversity and antigenic drift potential of S. 

pneumoniae and other pathogens that exhibit similar virulence progression. 

Table 6. Homology between GlpO and common human microbiome bacteria. 

Average Surface Average
Average Full 

Species Colonization Location Accessible Epitope
Protein Homology 

Homology Homolog~ 

Oral Cavity, Throat, 98% 91.64% 
Streptococcus mitis Nasopharynx 99% 

Streptococcus oralis Oral Cavity 97% 97.42% 99% 

Streptococcus infantis Upper Respiratory 97% 96.65% 97% 

Streptococcus cristatus Oral Cavity 95% 94.56% 95% 

Streptococcus gordonii Oral Cavity 95% 94.31% 94% 

Streptococcus sanguinis Oral Cavity 94% 94.10% 95% 

Oral Cavity, Upper 94% 94.19% 
Streptococcus salivarius Respiratory 93% 
Streptococcus 

93% 92.25% 
parasanguinis Oral Cavity 95% 

Streptococcus Gastrointestinal and 75% 75.025% 
dysgalactiae Genitourinary Tract 73% 

Gastrointestinal and 71% 72.01% 
Streptococcus agalactiae Genitourinary Tract 68% 

Upper Respiratory, 
75% 74.39% 

Streptococcus pyogenes Skin 72% 

Lactobacillus iners Vaginal Tract 63% 64.01% 70% 

Aerococcus christensenii Vaginal Tract 60% 61.62% 61% 

Enterococcus faecal is Gastrointestinal Tract 63% 62.65% 62% 

Lactobacillus plantarum Gastrointestinal Tract 62% 62.64% 62% 

Alloiococcus otitis Nasopharynx 64% 63.91% 64% 

Vaginal Tract, 63% 62.32% 
Lactobacillus pentosus Gastrointestinal Tract 58% 

Enterococcus durans Gastrointestinal Tract 61% 60.80% 64% 

Lactobacillus salivarius Gastrointestinal Tract 60% 59.40% 61% 

Pediococcus acidilactici Gastrointestinal Tract 58% 57.76% 58% 
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CHAPTER 3: ANTIGEN DELIVERY TECHNOLOGY - HYBRID 
VECTOR 

3. 1 Antigen Delivery Format Variation and Formulation Stability through Use of 
a Hybrid Vector 

3. 1. 1 Introduction 

Streptococcus pneumoniae is a major human bacterial pathogen responsible for 

pneumococcal disease with outcomes spanning pneumonia, otitis media, and 

bacteremia .280 Pneumococcal infections are responsible for approximately 445,000 

hospitalizations and 22,000 deaths per year in the US alone. 281 Globally, the impact of 

this pathogen is far greater as it represents one of the primary causes of death in children 

under five, particularly in low-income regions.282·283 The current standard of care in the 

prophylactic treatment against S. pneumoniae is glycoconjugate vaccines, such as 

Prevnar 13, which contain capsular polysaccharides (CPSs) from multiple S. pneumoniae 

serotypes conjugated to a carrier protein (i .e., CRM197).284 Although the implementation 

of pneumococcal conjugate vaccines (PCVs) has significantly reduced the burden of 

pneumococcal disease in high income countries,285 significant concerns regarding the 

long term utility of this approach remain . Glycoconjugate vaccines provide potent 

serotype-specific protection ; however, current PCVs cover only 13 of the 90+ disease

causing serotypes of S. pneumoniae. Furthermore, the geographic variations in serotype 

prevalence as well as niche replacement by non-vaccine type (NVT) serotypes286 create 

a pressing need for pneumococcal vaccines with increasing valency. Manufacturing 

challenges associated with PCVs limit perpetual expansion of coverage to effectively deal 

with emergent and less invasive serotypes.287 
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The deficiencies of PCVs have encouraged the development of alternative 

vaccination strategies utilizing conserved protein antigens due to the potential for 

182serotype-independent coverage.36, Furthermore, protein vaccines do not require the 

chemical synthetic step (reductive amination) required for the scaled manufacture of 

glycoconjugate vaccines. To date, attempts to develop protein-based pneumococcal 

vaccines have included histidine triad protein D (PhtD), pneumolysoid , pneumococcal 

290choline-binding protein A (PcpA), and pneumococcal surface protein A (PspA). 288-

PspA, in particular, represents a model pneumococcal protein antigen and has been 

studied extensively for its ability to prompt a humoral response and provide a degree of 

protection against pneumococcal disease in mice. 291 -294 Conventionally, such protein 

antigens are delivered in conjunction with adjuvants (e.g., Complete Freund's Adjuvant 

(CFA) or alum) to enhance or modulate the vaccination strategy due to the limited 

immunogenicity of protein-based subunit vaccines compared to alternative killed or 

attenuated bacterial options.295 Such adjuvants often elicit antibody-driven humoral 

responses; however, recent evidence suggests that cellular immunity also plays an 

important role in the clearance and prevention of bacterial infections such as S. 

297pneumoniae . 296· 

Live bacterial vectors (LBVs) delivering protein antigens represent a promising 

alternative to traditional adjuvants. Pathogen-associated molecular patterns (PAMPs), 

which interact with receptors on antigen presenting cells (APCs), are innately associated 

with bacterial systems and enable the stimulation of a mixed cellular and humoral immune 

298response.273, Furthermore, this approach harnesses cellular machinery to rapidly 

produce protein antigens within the bacterial cell, thus, serving as a delivery vehicle and 
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providing a consolidated and cost-effective methodology for in situ antigen production .298 

To date LBVs, such as attenuated Salmonella and lactic acid bacteria (i .e., 

Lactococcus and Lactobacilli) , have been used to deliver PspA within immunization 

299 301studies against S. pneumoniae.212 , -

Taking advantage of this approach, we developed a hybrid biological-biomaterial 

vector, hereafter known as the "hybrid vector," comprised of a nonpathogenic E. coli core 

and a cationic polymeric coating. 302 Like LBVs, the hybrid vector naturally expresses 

PAMPs and is a size optimal for APC uptake (~2 µm),210 which results in comparable or 

stronger immune reactivity properties relative to traditional adjuvants.273 In addition , the 

delivery and adjuvant properties of this vector were further enhanced by coating the E. 

coli core with a cationic polymer (D4A4 ), chosen from a library of poly(beta-amino esters) 

screened for optimal APC delivery, covalently tethered to mannose (D4A4-Man) to 

305accentuate APC recognition and localization through receptor-mediated targeting.302-

Upon phagocytic uptake by APCs, antigens within the hybrid vector would be selectively 

delivered via the natural endosomal-lysosomal processing of foreign bodies for 

downstream immune presentation. Certain versions of the hybrid vector also include 

heterologous expression of the listeriolysin O (LLO) gene from Listeria monocytogenes 

to prompt endosomal escape upon intracellular uptake and lysosomal processing 

initiation by APCs,221 with the objective of routing antigen delivery for enhanced cellular 

presentation (Figure 13). 
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Figure 13. Schematic of protein and DNA hybrid vector formulations. (A) 

Transformation of bacterial expression plasmids (protein production and localization) and 

mammalian expression plasmid (DNA delivery) into the hybrid vector bacterial core . (B) 

Three plasmids were used to localize PspA in various bacterial cellular locations including 

the periplasm (1 ), cytoplasm (2), and surface (3) . (C) A proposed pathway for the uptake 

and processing of hybrid vectors containing the mammalian expression plasmid encoding 

PspA. 

Preliminary work with the hybrid vector demonstrated improved protection against 

pneumococcal pneumonia and sepsis when compared to traditional vaccine formulations 

(i .e., PspA + alum, PspA + CFA) by delivering PspA accumulated within the bacterial 

periplasm.273 We initially tested the improved long-term stability of this particular hybrid 
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vector construct by identifying the storage conditions aligned with cold chain requirements 

(i .e., 2 to 8°C).306 In addition , we sought to enhance the immunogenicity and protective 

efficacy of the hybrid vector to highlight its potential as an effective pneumococcal 

vaccine. This was accomplished by evaluating the impact subcellular localizations and 

antigen types had on the hybrid vector's potency. lmmunogenicity and protective efficacy 

of these formulations were analyzed through antibody titers and in pneumococcal 

challenge models, respectively. The results herein represent the development of a 

second-generation hybrid vector formulation with the potential to provide strong and 

lasting protection against pneumococcal disease. 

3. 1.2 Materials and Methods. 

Materials. Reagents utilized to make bacterial and cell culture media were 

purchased from Thermo Fisher Scientific (Waltham, MA) and Sigma-Aldrich (St. Louis, 

MO). Chemically defined bacterial growth medium (COM) was obtained from JRH 

Biosciences (Lexera, KS). Sheep blood was purchased from Hemostat Laboratories 

(Dixon , CA). Monomers were purchased from Sigma-Aldrich and TCI (Portland , OR). 

Acetone (HPLC), chloroform (HPLC), n-hexadecane (99%), DMF (HPLC), and DMSO 

(~99.7%) were purchased from Thermo Fisher Scientific. The D4A4-Man polymer used 

in this study was synthesized as previously described .307-309 PBS was purchased from 

Life Technologies (Grand Island, NY). Microbial Freeze Drying Buffer was purchased 

from OPS Diagnostics (Lebanon , NJ). The plasmid pETDuet™-1 was purchased from 

Novagen (Madison , WI). All remaining chemicals and reagents were purchased from 

Sigma-Aldrich. 
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Ethics statement. This study was carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health . All protocols were approved by the Institutional Animal Care and Use 

Committee at the University at Buffalo and all conditions for bacterial inoculations and 

treatments were performed in order to minimize any potential suffering of the animals. 

Strains and plasmids. The gene encoding for a truncated form of PspA (amino 

acids 1 to 302) from S. pneumoniae Rx1 (Accession M7 4122) was expressed using 

various plasmids within the bacterial core of the hybrid vector. The pspA gene was cloned 

from pUAB055-pspA, a periplasmic localization plasmid derived from pET20b310 , and 

inserted into either pETDuet-1 or pGEX4T1-ClyA. The commercially available plasmids 

pETDuet-1 and pGEX4T1-ClyA have been previously designed to produce cytoplasmic

and surface-localized (via fusion to the E. coli membrane protein, ClyA) protein products, 

respectively. Recent studies demonstrate that the fusion of recombinant proteins to the 

C terminus of Cly A results in the localization of the proteins to the bacterial surface without 

312altering the biological activity of the protein . 311 , The E. coli strain BL21 (DE3) 

transformed with pCYC-LyE, the plasmid containing the gene for LyE from bacteriophage 

<t>X174,221 was utilized as the parent strain for all hybrid vector formulations . Plasmids 

were transformed into the E. coli strain BL21 (DE3) via chemical transformation. For the 

DNA hybrid vector formulations, pspA was cloned into pcDNA3.3, a mammalian 

expression vector, to produced pcDNA3.3-pspA prior to chemical transformation into E. 

coli strain BL21 (DE3) to provide the pHV. To enhance hybrid vector escape from 

endosomes, pcDNA3.3-pspA was also transformed into E. coli strain YWT7-hly (derived 

from BL21(DE3)), expressing LLO,313 thus facilitating the pHV + LLO formulation . 
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Hybrid vector formation and analysis. The E. coli strains harboring the various 

pspA expression plasmids were individually cultured at 37°C and 250 rpm in lysogeny 

broth (LB) medium. Upon reaching an OD6oonm value of 0.4-0 .5, cultures were induced 

with 100, 500, or 1,000 µM IPTG (prompting gene expression) and incubated for 0, 2, 4, 

6, or 8 hours at post-induction temperatures of 22, 30, or 37°C. The exceptions to this 

approach were the BL21 (DE3) and YWT7-hly strains utilized in the DNA vaccine hybrid 

vector, carrying the pspA genetic antigen (pcDNA3.3-pspA), which was induced with 100 

µM IPTG and grown for 3 hrs at 22°C post-induction . Cultured bacteria were then washed 

once and standardized to an OD6oonm of 1.0 in 25 mM NaOAc (pH 5.15). D4A4-Man 

polymer was dissolved in chloroform, desiccated , and resuspended at 1 mg/ml in 25 mM 

NaOAc (pH 5.15) before being added to bacteria ( 1 : 1 v/v) and mixed by vortexing (Analog 

Vortex Mixer; Fisher Scientific) on setting 5 for 10 s. Following self-assembly of the hybrid 

vector for 15 min, the solutions were then diluted in PBS to the cell counts specified in 

Table 1. Protein expression plasmid constructs were analyzed using SOS-PAGE to 

quantify protein content within the bacterial core of the hybrid devices. Briefly, PspA was 

purified using a sequence of French press cellular disruption and fast protein liquid 

chromatography with a Ni-NTA column as described previously37 and Bradford assay

quantified samples were loaded onto 12% polyacrylamide SOS-PAGE gels run at a 

constant 120V to generate a standard curve where gels were visualized using Coomassie 

staining and densitometry analysis (using lmageJ software [https://imagej .nih .gov/ij/]). 

The standard curve (Figure 3B) was then utilized to quantify PspA content from gel band 

images for various levels of hybrid vector aliquots. 
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Hybrid vector stability testing. After assembly, the various hybrid vector 

formulations were assessed for retention of immunogenicity over time and at different 

storage conditions. For these studies, formulations were assembled using the pUAB055-

pspA hybrid vector, which was induced for 8 hrs at 1 mM IPTG and 22°C. Subsequently, 

these vectors were pelleted and resuspended in various storage media that included 

PBS, Microbial Freeze Drying Buffer (storage buffer), and trehalose. For dessicated 

samples, aqueous hybrid vectors, prepared in one of the three buffers, were dried using 

a desiccation chamber connected to an external vacuum source at room temperature until 

dry. Vector formulations were then stored at 4°C for 1, 7, 14, and 30 days prior to 

characterization . Characterization of vector immunogenicity and protective efficacy was 

conducted via murine challenge studies described below. 

Immunization of animals. Outbred 6-week-old female CD-1 mice (Harlan 

Laboratories, Indianapolis, IN) were used in immunization experiments. For experiments 

with the protein-based hybrid vectors, as well as for the stability studies, mice were 

immunized by subcutaneous (SC) injection (200 µL) using 107 bacterial cells per dose. 

Associated doses of PspA are listed in Table 1. Further studies used a standardized 1 µg 

soluble PspA dose, determined using densitometry analysis of SOS-PAGE gels. 

Concentration of bacterial cells within each hybrid vector dose ranged from 107 to 108 

(determined using OD6oonm) and are listed in Table 1. For DNA hybrid vector experiments, 

mice were immunized with SC injection of 107 bacterial cells per dose. Immunization 

controls included sham (i .e., PBS; all samples were prepared in PBS as the background 

solution), empty hybrid vector (EHV), and PspA + complete Freund's adjuvant (CFA) that 

was replaced with Incomplete Freund 's Adjuvant (IFA) during booster immunizations. 
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CFA and IFA were supplemented with PspA following the adjuvant manufacturer's 

instructions. Soluble PspA utilized in control samples was purified from recombinant E. 

coli protein production cultures as described above. After 14 days, mice were boosted 

with the same formulations; however, IFA replaced CFA adjuvant as noted above. At 

days 14 and 28, samples for antibody analysis were collected by retro-orbital bleeding 

and clarified by centrifugation to collect serum. 

Table 7. Hybrid vector and PspA administration concentrations. 

Hybrid Vector Hybrid Vector Dose PspA Dose (µg/dose) for 107 Hybrid 
Variant for 1 µg PspA Vectors 

Soluble Protein Insoluble 

Cytoplasmic 1.32 X 107 0.70 0.17 

Periplasmic 2.39 X 107 0.36 0.10 

Surface 5.93 X 107 0.26 0.04 

Characterization of antibody production. To quantify antibody titers, an 

enzyme-linked immunosorbent assay (ELISA) was conducted by coating a 96-well Costar 

high binding polystyrene plate with 10 µg/ml PspA in tris-buffered saline (TBS) overnight 

for 4°C. Available antibody binding sites on the plate were blocked with 3% BSA in TBS

Tween 20 (TBS-T) for one hour at 22°C. Serum collected from immunized mice was 

diluted into TBS-T in ratios of 1 :1,000, 1 :5,000, 1 :7,500 and 1:10,000 and added to the 

plate. The plates were then incubated with mild agitations at 37°C for three hours. The 

secondary antibody (Anti-Mouse lgG, lgA, lgM [H+L], lgE, Highly X-Adsorbed-Biotin) was 

added to the wells in a 1 :1,000 ratio and agitated for two hours. Streptavidin conjugated 

with alkaline phosphatase was then added to each well in a 1: 1,000 ratio and allowed to 
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shake for 30 minutes. The substrate p-nitrophenyl phosphate was then added to develop 

the signal and the reaction was quenched using 0.75 M NaOH after 15 minutes. The 

signal was quantified using a Synergy 4 Multi-Mode Microplate Reader (BioTek 

Instruments, Inc.) spectrophotometer at an absorbance of 405 nm. 

Pneumococcal challenge studies. Challenge studies were conducted using the 

D39 S. pneumoniae strain (Serotype 2) due to a notable virulence profile and acceptance 

as one of the harshest preclinical challenge strains. 314 The strain was initially grown on 

Todd-Hewitt agar plates supplemented with 0.5% yeast extract and 5% sheep blood and 

incubated overnight at 37°C. Single colonies were used to inoculate 5 ml Todd-Hewitt 

broth containing 0.5% yeast extract and incubated at 37°C to an OD6oonm of 0.6. At this 

point, S. pneumoniae D39 cells used for challenge studies were washed once with and 

resuspended in PBS. Mice that had been immunized with the hybrid vector formulations 

as described above were then challenged via intraperitoneal (IP; sepsis) or intranasal (IN) 

administration with isoflurane (pneumonia) with 1 x 104 and 1 x 106 CFU of S. 

pneumoniae D39, respectively, on day 28 and monitored every four hours for signs of 

morbidity (huddling, ruffled fur, lethargy, and abdominal surface temperature). Mice found 

to be moribund were euthanized via CO2 asphyxiation and subsequent cervical 

dislocation . 

Statistical Evaluation. A two-tailed Student t test for unpaired data was used to 

determine the statistical significance of column comparisons . For multivariance analysis, 

a one-way analysis of variance (ANOVA) that was corrected using the Bartlett variance 

test was applied . In addition , the Bonferroni multiple-comparison test was used for 

multiple comparisons . For all tests, a P value of 0.05 was considered significant. 
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Statistical analysis was performed using the GraphPad Prism software (version 7; 

GraphPad Software Inc., La Jolla, CA). All data resulted from animal experiments using 

six subjects per group. 

3. 1.3 Results and Discussion 

Storage stability assessment. For many vaccine formulations, vaccine activity 

can be significantly reduced when stored outside of cold-chain (i .e. , temperature

controlled supply chain) temperatures,315 which typically ranges from 2 to 8°C. For 

prolonged durations,316 live attenuated vaccines, in particular, have demonstrated 

pronounced sensitivity to temperature fluctuations . 306 To test the stability of the hybrid 

vector design , we assessed a version developed previously (the periplasmic hybrid vector 

[PHV]) .273 The hybrid vector vaccine demonstrated complete loss in activity after two 

weeks of storage in phosphate-buffered saline (PBS) at 4°C (Figure 14A and 2B). 

Therefore, we applied methods known to improve the retention of immunogenicity of the 

hybrid vector. We tested the impact that several storage buffers (trehalose and a microbial 

freeze drying buffer [storage buffer]) and desiccation had on the hybrid vector's stability 

when stored for various durations (1 , 7, 14, 28 days) at 4°C. 

Stability of the stored hybrid vector was determined through quantifying the 

antibody response and protective efficacy of the hybrid vector in a sepsis challenge model 

for both the aqueous and desiccated storage formats. Long-term aqueous storage in 

PBS, trehalose, and the storage buffer resulted in a more pronounced loss of 

immunogenicity (Figure 14A) and protection (Figure 14B) when compared to the freshly

prepared formulation. However, desiccating the hybrid vector improved retention of 

immunogenicity (Figure 14A) and protective efficacy (Figure 14C) across all storage 
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solutions. For example, survival in mice immunized with vectors desiccated from PBS and 

trehalose stored for 1 week increased from 16% to 83% and 67% to 100%, respectively. 

However, the largest improvement was observed using the storage buffer, which offered 

complete protection after a month-long storage period in the desiccated format. These 

results demonstrate that the hybrid vector can retain activity within the cold chain , thus, 

increasing its utility as a pneumococcal vaccine solution . 
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Figure 14. Evaluation of the periplasmic hybrid vector storage. (A) Relative antibody 

titers from mice immunized with periplasmic hybrid vector stored in PBS, trehalose, and 

storage buffer in both aqueous and desiccated formats for varied lengths of time relative 

to freshly prepared vector. Error bars represent 95% confidence intervals of three 

replicates . (B) Pneumonia challenge model in mice vaccinated with various hybrid vector 

formulations with PBS (sham) controls. (C) Pneumonia challenge model in mice 

vaccinated with various hybrid vector formulations with sham controls . The 4 Wk samples 
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in trehalose performed identical to the 2 Wk samples. Aqueous storage (AS), desiccated 

storage (DS). 

Antigen localization and production within the hybrid vector. The previously 

developed PHV featured a truncated form of PspA (amino acids 1-302) localized to the 

periplasm and provided protection against pneumococcal pneumonia in murine 

models.273 Since the D4A4-Man polymeric coating portion of the hybrid device had been 

previously optimized for APC targeting, 273 we focused upon the antigen content of the 

bacterial core in the course of this study. We initially varied the cellular localization of 

PspA, localizing the truncated gene encoding PspA (from the plasmid used in the PHV 

construct) to plasmids designed to direct protein products to the cytoplasm and bacterial 

surface (Figure 13), thus, generating two new hybrid vector formulations . Cytosolic 

targeting was achieved using the commercially available plasmid pETDuet™-1 , thus, 

creating the cytoplasmic hybrid vector (CHV). Alternatively, the surface hybrid vector 

(SHV) variant achieved surface localization of PspA by fusion to an E. coli membrane 

protein (cytolysin A [ClyA]), which has been shown in recent studies to localize fusion 

partners such as GFP and 13-lactamase to the bacterial surface without altering biological 

312activity. 311 · 

Once the bacterial strains of the three hybrid vectors had been finalized , culturing 

conditions (induction time, induction temperature, and isopropyl 13-D-1-

thiogalactopyranoside (IPTG) inducer concentration) for each of these constructs were 

varied systematically to optimize the soluble PspA titer by lysing formulated hybrid vectors 

and quantifying protein in the supernatant using a densitometry analysis of SOS-PAGE 

gels (Figure 15A-B). This was compared to the whole-cell protein (all protein contained 
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within the hybrid vector), which includes insoluble protein . Comprehensive results for 

whole-cell and soluble protein concentrations can be found in Supplemental Table 2. 

Through this analysis, it was found that the maximum yield of soluble PspA (119.4 

µg/OD6oonm) was obtained when the CHV was induced with 1 mM IPTG and grown at 

37°C for 8 hours (Supplemental Table 2). However, when compared to protein produced 

at 30°C for 8 hours, the higher temperature conditions generally result in a marked 

reduction in PspA solubility (Supplemental Table 2). This decrease in overall PspA 

solubility was most pronounced (76%) for the periplasmic hybrid vector (PHV) after an 8-

hour induction using 100 µM IPTG, indicating that PspA thermal stability may be reduced 

within the bacterial periplasm (Figure 15C). Interestingly, however, we observed that even 

with conditions that resulted in insoluble protein antigen content, the associated hybrid 

vector could still retain vaccine effectiveness (Supplemental Figure 1). Induction 

conditions of 30°C for 8 hours were determined to be optimal for hybrid vectors to retain 

protein solubility while maximizing protein yield. Finally, in an effort to limit the costs 

associated with IPTG, used to induce gene expression ,317 we decreased the induction 

concentration to 100 µM which reduced final protein yield by an average of 36%. In this 

way, we obtained hybrid vectors with optimized PspA production (economically and 

scientifically) for use in immunogenicity and efficacy experiments. 
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Figure 15. Panels for periplasmic hybrid vector (pUAB055-pspA) showing (A) SOS

PAGE gels for whole-cell and soluble PspA at 22°C across varied IPTG concentrations 

and induction times. (B) Standard curves for quantity of PspA per well versus SOS-PAGE 

gel band density using linear (red) and logarithmic (blue) regressions . (C) Yield of soluble 

vs insoluble (difference between whole cell and soluble protein values) PspA across 

varied induction temperatures (at 100 µM IPTG and 8 hours post-induction incubation). 

Error bars represent the 95% confidence interval of three replicates . 

lmmunogenicity and protective efficacy of protein expressing hybrid 

variants. The PHV was previously tested as a vaccine option against pneumococcal 

pneumonia when 107 vectors were administered per dose.273 Consequently, mice were 
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subcutaneously (SC) immunized with 107 vectors of PHV, CHV, and SHV formulations, 

which resulted in PspA ranging from 0.2 to 0.7 µg/dose depending on the formulation 

(Table 1 ). It should be noted that despite the presence of lipopolysaccharides (LPS) in 

the E. coli membrane, the hybrid vector did not elicit any adverse effects, a result we have 

273repeatedly observed221 , and likely due to the overall reduced toxicity/immunogenicity 

associated with the base bacterial strain of the hybrid vector31 8 and the attenuating and 

319complementary adjuvant properties contributed by the surface cationic polymers. 221 , 

As shown in Figure 16A, vaccine immunogenicity following the initial immunization was 

positively correlated with PspA concentration . However, this trend was not apparent 

during the secondary immune response (i .e., post booster). When immunized mice were 

challenged with S. pneumoniae D39 (Serotype 2), only the CHV and PHV offered 

complete ( 100% survival) protection during the pneumonia challenge model (Figure 16C). 

These two formulations also outperformed the SHV formulation in the sepsis challenge 

model , with the CHV and PHV providing complete or near complete (83% survival) 

protection , respectively (Figure 16B). However, the differences in protection provided by 

the various formulations most likely result from the inconsistent PspA doses administered 

(Table 1) rather than antigen localization within the hybrid vector. 
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Figure 16. lmmunogenicity and efficacy of the protein hybrid vector variants. (A) 

Relative antibody titers from mice immunized with 107 cells/dose of various hybrid vectors . 
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**P < 0.01 , *P < 0.05, relative to control (CFA/IFA - 15 µg PspA) on associated days. 

Error bars represent 95% confidence intervals of three replicates . Complete protection is 

represented by a time to death of ~14 and 21 days for pneumonia and sepsis challenge 

models, respectively. (B) Sepsis challenge model in mice vaccinated with various hybrid 

vector formulations, PspA + adjuvant, and an empty hybrid vector (EHV) control. (C) 

Pneumonia challenge model in mice vaccinated with various hybrid vector formulations, 

PspA + adjuvant, and EHV. 
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Figure 17. Effect of PspA localization on hybrid vector immunogenicity. (A) Relative 

antibody titers from mice immunized with 1 µg of soluble PspA for each hybrid vector 
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formulation . ***P < 0.001 , *P < 0.05, relative to control (CFA/IFA - 15 µg PspA) on 

associated days. Error bars represent 95% confidence intervals of three replicates. 

Complete protection for sepsis challenge models is represented by a time to death of ~21 

days. (B) Sepsis challenge model in mice vaccinated with various hybrid vector 

formulations compared to EHV control. (C) Antibody class distribution in serum from mice 

immunized with each hybrid vector formulation at days 14 and 28. Antibody class 

percentages were calculated by comparing individual antibody class titers with total 

antibody titers. 

To eliminate PspA level as a variable, immunizations were standardized to 1 µg 

soluble PspA that, based on previous results (Figure 16), is able to provide complete 

protection using the CHV. The number of cells per dose for each vector is tabulated in 

Table 1 and ranges from 1.32- 5.93 x 107. While all hybrid vector formats were capable 

of eliciting strong relative antibody titers, immunization with the CHV and the SHV 

represented the most immunogenic formulations, with no statistically significant 

difference between the two (p = 0.98) (Figure 17 A) . In the comparison between the CHV 

and SHV formats, however, it is important to recognize the difference in total vector 

numbers administered (Table 1 ). The >4-fold vector number increase for the SHV format 

relative to the CHV format suggests that vector-specific aspects (e.g ., adjuvant capability) 

may also be contributing to resulting outcomes, while also suggesting that antigen 

localization influences results on a per antigen and per hybrid vector basis. Variation in 

immune response due to antigen localization did not have an impact on the efficacy of 

the hybrid vector at doses of 1 µg soluble protein , as all formulations provided complete 
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protection (time to death ~ 21 days) in the sepsis challenge model (Figure 17B). This 

likely indicates that all hybrid vector formulations delivered a PspA dose greater than that 

of the minimum effective dose. As such, further experimentation is required to confirm 

whether localization impacts protection at lower PspA concentrations. Regardless, the 

hybrid vector demonstrates a strong response when compared to the control 15 µg PspA 

+ CFA/IFA, which only extended the time to death to approximately 5 days, a result that 

has been observed in previous studies.273 The only control in this study capable of 

providing complete protection in pneumococcal pneumonia challenge (100 µg PspA + 

CFA/IFA; Figure 16C), required a 100-fold higher dosage than the hybrid vector 

formulations . In other words, the hybrid vector can elicit comparable/stronger immune 

responses with greatly reduced PspA levels relative to standard vaccination strategies, 

likely due to the inherent adjuvant properties associated with the bacterial and biomaterial 

components and vector-specific features (hybrid component design , phagocytic size 

restriction) that heighten antigen delivery. 

PspA localization also had an impact on the antibody class distribution , exemplified 

by the class-switching from immunoglobulin M (lgM) to immunoglobulin G (lgG) within B 

cells, which was most pronounced for SHV and CHV (Figure 17C). As lgM to lgG antibody 

class-switching often signifies the generation of immunological memory, 320 and therefore 

is a strong indication of the long-term success of a vaccination strategy,321 the CHV and 

SHV demonstrate significant potential for providing potent protection against 

pneumococcal disease. Despite eliciting varying levels of lgG expression , localization had 

minimal impact on the lgG subtype profile (i .e., lgG1 :lgG2a ratio) , as detailed in Table 2. 

While values ranged from 1.58 to 0.31 , the ratios still represent a balanced lgG1 :lgG2a 
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response.322 As lgG1 and lgG2a signify Th2 and Th1 responses, respectively, in 

mice,322,323 this data also suggest that the hybrid vector generates a balanced Th1/Th2 

response. Despite the common belief that clearance of S. pneumoniae is primarily 

dependent on a Th2 response, recent evidence now suggests that this response may 

limit complement binding to the bacterial surface. In contrast, a balanced Th1/Th2 ratio 

has been shown to improve complement binding and bacterial clearance. 324 Therefore, 

as most adjuvants used in anti-bacterial vaccines elicit a primarily Th2 response 325, the 

balanced response generated by the hybrid vector should provide improved protection 

against pneumococcal disease when compared with standard adjuvants. 

Table 8. Ratio of lgG1 and lgG2a relative titers. 

Hybrid Vector 
Variant lgG1 / lgG2a Ratio 

Day 14 Day 28 

Cytoplasmic 0.82 1.58 

Periplasmic 1.25 0.31 

Surface 0.94 0.79 

Plasmid 1.54 1.03 

Plasmid + LLO 1.19 1.46 

Combined , these results suggest that PspA localization to either the bacterial 

cytoplasm or surface can improve immunogenicity relative to the original PHV 

formulation . Both the CHV and SHV elicited a more robust immune response with a 

greater shift towards lgG production . While there was no statistical difference between 
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the immune responses generated by these vectors, the CHV produced 3.5x more soluble 

PspA than the SHV, indicating that this vector not only has the greatest potential to 

provide lasting protection against pneumococcal disease, but also provides the best 

opportunity for dose reduction when dose is defined by hybrid vector count. In other 

words, the CHV offers the potential for a ~4-fold decrease in the number of hybrid vectors 

required to achieve complete protection when compared to the SHV. Therefore, we can 

conclude that the CHV represents the next generation in the development of the hybrid 

vector for pneumococcal disease application . 

Hybrid vector as DNA vaccine. The hybrid vector was designed to increase 

305uptake and processing by AP Cs, 302- thus, serving as a potential DNA vaccine delivery 

vehicle. Although most efforts in DNA vaccine development have been directed towards 

327validating therapeutic vaccines against cancers and intracellular pathogens, 326, this 

strategy has recently been applied to extracellular bacterial diseases (e.g., Pseudomonas 

aeruginosa328 ) due to the ability for DNA vaccines to stimulate both humoral and cellular 

immune responses. 329 Moreover, such approaches have also demonstrated potential for 

providing protection against S. pneumoniae .326 ,33 °For example, immunization with a DNA 

vaccine vector expressing the 2/3 C-terminal half of PspA resulted in a 75% 

pneumococcal sepsis survival rate in a murine model. 330 
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Figure 18. DNA hybrid vector immunogenicity. (A) Relative antibody titers from mice 

immunized with DNA hybrid vectors (Plasmid and Plasmid + LLO). *P < 0.05, relative to 

control (CFA/IFA- 15 µg PspA) on associated days. Error bars represent 95% confidence 

intervals of three replicates. Complete protection is represented by a time to death of ~14 

and 21 days for pneumonia and sepsis challenge models, respectively. (B) Antibody class 

distributions from mice immunized with DNA hybrid vectors at days 14 and 28. Antibody 

class percentages were calculated by comparing individual antibody class titers with total 

antibody titers. (C) Sepsis challenge model in mice vaccinated with various hybrid vector 

formulations, PspA + adjuvant, and EHV. (D) Pneumonia challenge model in mice 

vaccinated with various hybrid vector formulations, PspA + adjuvant, and EHV. 
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In previous studies, the hybrid vector was determined to outperform commercially 

available gene delivery systems such as FuGENE HD, JETPEI, and OmniFect when 

delivering the gene for green fluorescent protein (GFP) to macrophages.221 To conduct a 

comparative assessment of the hybrid vector in a gene delivery format (used to deliver 

plasmids containing pspA) versus the protein antigen hybrid vectors presented earlier in 

the study, two variants were designed to direct antigen delivery and expression within 

APCs: 1) the plasmid hybrid vector (pHV) and 2) pHV + LLO. The pHV contains the 

standard hybrid vector core transformed with the mammalian expression plasmid 

pcDNA3.3-pspA, forming the bacterial strain BL21 (DE3)/pcDNA3.3-pspA, while the pHV 

+ LLO vector uses the strain YWT7-h/y(a strain containing an IPTG-inducible T7-h/y[i .e., 

313LLO] cassette in the BL21(DE3) chromosome)221 , transformed with pcDNA3.3-pspA 

(YWT7-h/y/pcDNA3.3-pspA). The pHV + LLO construct has been genetically designed to 

produce LLO, a pore-forming protein previously shown to facilitate antigen cargo escape 

from the APC phagosome.313,331 Therefore, inclusion of LLO within the hybrid vector core 

was predicted to enhance the escape of plasmids from phagosomes and promote antigen 

expression by APCs. 

Mice were immunized with hybrid vectors containing genetic cargo encoding pspA. 

Both the pHV and pHV + LLO formulations promoted improved immunogenicity relative 

to the 15 µg PspA + CFA/FA control (Figure 18A), indicating successful uptake and 

expression of PspA by APCs. No statistically significant difference (p = 0.31) in resulting 

antibody levels was observed between the pHV and pHV + LLO hybrid vectors; therefore, 

we are unable to conclude any impact resulting from the inclusion of LLO upon this metric 
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of delivery assessment. Neither vector was capable of eliciting an antibody class shift 

(Figure 18B ), possibly due to the intracellular PspA production within the AP Cs. Antigens 

produced in this manner are predominantly loaded onto MHC class I molecules, which 

then activate cytotoxic T cells (COB+ T cells) instead of the CD4+ T cells needed to trigger 

the switch from lgM to lgG production within B cells .329,332 Data in Table 2 did however 

suggest a balanced TH1ITH2 response when using the DNA versions of the hybrid vector. 

When immunized mice were challenged with S. pneumoniae D39, the pHV + LLO 

outperformed the pHV, despite the lack of statistically relevant differences between the 

antibody responses, in both the sepsis (Figure 18C) and pneumonia (Figure 18D) models. 

Specifically, the addition of LLO improved murine survival from ~6 days to ~12 days in 

both models. This 2-fold increase in time to death provided by the addition of LLO 

suggests enhanced release of the mammalian expression plasmid from the APC 

lysosome, thus, improving PspA gene delivery and eventual production . However, neither 

DNA hybrid vector provided improved protection when compared to the 100 µg PspA + 

CFA control and neither was able to confer complete protection (i.e ., 21-day and 14-day 

survival for sepsis and pneumonia, respectively) . As such, the DNA hybrid vector variants 

were unable to match the effectiveness of their protein-producing counterparts . 

While the DNA hybrid vectors did not confer complete protection, the 

immunogenicity of this strategy could be improved by applying established DNA vaccine 

enhancing techniques.333 For example, previous studies have demonstrated that priming 

with a DNA vaccine can improve antibody production following vaccination with 

recombinant proteins while also providing a strong cellular immune response .333 This 

could be applied to the DNA hybrid vectors by either boosting with recombinant PspA or 

86 



one of PspA-producing hybrid formulations described above. Due to the versatility of the 

hybrid 's E. coli core, a protein producing hybrid vector could simultaneously carry the 

mammalian expression plasmid . This technique, if successful , would represent a unique 

solution to pneumococcal disease that combines the protective humoral response elicited 

by the protein hybrid vector with the strong cellular immunity generated by a DNA vaccine. 

3. 1.4 Conclusion 

In summary, systematic alteration of growth conditions, antigen localization , and 

antigen type (i .e., protein and DNA) of the PspA hybrid vectors resulted in complete 

protection against pneumococcal disease when using the protein delivery variants, 

regardless of antigen localization. Localization of PspA to the cytoplasm and the bacterial 

surface improved immunogenicity when compared with the original PHV formulation . Due 

to its high PspA content (3 .5x greater than the SHV), the CHV represented the optimal 

hybrid formulation developed in this study on a per dose basis . Furthermore, desiccation 

of the PHV hybrid vector suspended in a microbial freeze drying buffer retained activity 

even after a 1-month storage period at 4 °C. As such, these results further position the 

hybrid vector as an effective vaccine delivery solution for pneumococcal disease. 

The applications of the hybrid vector, however, are not limited to pneumococcal 

disease. Due to the innate cellular machinery within the E. coli core, this vaccination 

strategy can easily be altered to immunize against other bacterial targets by replacing 

PspA with antigens associated with specific pathogens (e.g., M protein for Group A 

Streptococcus). Furthermore, the potential to induce a cellular immune response by the 

DNA formulations suggest that the hybrid vector may also be effective at providing 

protection against intracellular pathogens (e.g., tuberculosis and viral diseases) or 
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cancer. As such, the hybrid vector has the potential to act not only as a vaccine option for 

pneumococcal disease but as a versatile antigen delivery platform for a diverse set of 

challenging diseases. 

CHAPTER 4: ANTIGEN DELIVERY TECHNOLOGY - LEPS 

4. 1 Comprehensive Vaccine Design for Commensa/ Disease Progression 

4. 1. 1 Introduction 

Commensal microorganisms generally serve a symbiotic relationship with the 

inhabited host. However, under certain circumstances, a transition to virulence can 

prompt disease from a normally benign commensal. This poses a question of whether a 

therapy should prevent initial colonization , thus not only eliminating any potential for future 

disease but also removing any benefit (either direct or indirect) provided by commensal 

establishment, or whether a therapy should retain colonization (and any associated 

benefit) while targeting the process of virulence transition . This dilemma is well 

represented by ongoing vaccination efforts to address pneumococcal disease. 

Pneumococcal disease is a major global infectious disease threat that affects millions 

334worldwide, particularly the young, the elderly, and the resource-limited .282, ,335 Disease 

outcomes include pneumonia, bacteremia, meningitis, and otitis media (middle ear 

338infection).336- As introduced generally above, treating this disease is challenging 

because of the scope of infection and the steps of disease progression . More specifically, 

human colonization with the Streptococcus pneumoniae bacteria responsible for 

pneumococcal disease is nearly universal.239 For example, colonization occurs in more 

than 95% of children in the first few years of life.240,241 The composition of colonization is 

complicated by >95 different serotypes of S. pneumoniae, differentiated by the 
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polysaccharide content coating the bacterial cell. 339 Current vaccines harvest, purify, and 

combine the surface capsular polysaccharides (CPSs) of S. pneumoniae serotypes 

associated with aggressive invasive infection .266 The approach has been effective at 

minimizing initial colonization , enabling herd immunity, and reducing the disease.264 

However, the progression of pneumococcal disease requires more than 

colonization . Upon acquisition , S. pneumoniae establishes residence in the nasopharynx 

as an asymptomatic biofilm .243,340 In other words, S. pneumoniae represents an upper 

respiratory tract commensal. Disease occurs upon biofilm dissemination, often prompted 

by disruptive events (such as viral infection) that spur a subset of bacteria to become 

virulent (Supplemental Figure 2).18 Upon transition , these bacteria break free from the 

biofilm, spread to the lungs, blood , middle ear, and other locations, and cause the 

aforementioned disease types.157 When viewed from this perspective, preventing 

colonization through current vaccine options serves as an upstream route to eliminating 

subsequent disease progression. However, limiting colonization is only possible for the 

13 to 23 serotypes covered by current vaccines, which fall well short of the >95 serotypes 

thus far identified .341 Hence, eliminating colonization prevents disease from certain 

serotypes; but it also creates the potential for the unintended consequence of an 

expanded niche in the nasopharynx for the remaining serotypes to establish residence 

and progress to virulence.260,269 Thus, according to this strategy, the only hypothetical 

vaccine capable of providing universal coverage would incorporate polysaccharide 

surface antigens from every known serotype of S. pneumoniae. Such an objective is 

prohibitively expensive from a manufacturing perspective and still does not eliminate the 
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danger of niche replacement with as yet undetected S. pneumoniae serotypes or with 

260 261 267 342other upper respiratory tract commensals and pathogens.238 , , , , 

Here, a dual-functioning liposomal formulation allowed the colocalization of 

complementary antigen types, each associated with a separate state in commensal 

disease progression . In particular, protein antigens associated with the virulent, biofilm 

released phase of S. pneumoniae were used to decorate the surface of the liposomal 

core using affinity binding . This enhanced the immunogenicity and protective efficacy of 

these proteins antigens. When combined with the adhesion associated capsular 

polysaccharides (CPs), the liposome encapsulated polysaccharides (LEPS) construct 

represented a novel pneumococcal vaccine that eliminated the need for complex 

conjugation chemistry utilized in industry standards, as well added comprehensive 

protection against pneumococcal disease. 

4. 1.2 Materials and Methods 

Experimental design. Complementary antigens derived from the understanding 

and analysis of commensal-based disease progression were colocalized using a 

liposomal carrier platform in the context of pneumococcal disease vaccination . Forms of 

assessment included liposomal vector characterization ; tissue-specific disease 

progression ; antibody, cytokine, and T cell depletion analysis; end point and time-course 

challenge protection assays; comprehensive opsonophagocytic activity assays; and tests 

conducted in mouse models. Data uniformly support a potent vaccination strategy 

capable of directing an immune response across the stages of commensal-based 

disease, with the potential for universal coverage in the case of pneumococcal disease. 
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Ethics statement. This study was carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the National 

Institutes of Health . The protocols were approved by the Institutional Animal Care and 

Use Committee at the University at Buffalo. All bacterial inoculations and treatments were 

performed under conditions designed to minimize any potential suffering of the animals. 

Reagents. Bacterial and cell culture media [including chemically defined bacterial 

growth medium (COM)] and reagents were purchased from Fisher Chemical and Sigma

Aldrich . Sheep blood was purchased from Hemostat Laboratories. Lipids DOPG-Na and 

DSPE-PEG2000 were obtained from NOF. DOGS-NTA-Ni was purchased from Avanti 

Polar Lipids. Dioleoylphosphatidylcholine (DOPC), cholesterol , alum (as aluminum 

phosphate), and polysaccharides were purchased from Sigma-Aldrich. LL-37 was 

purchased from lnvivoGen. Prevnar 7 and Prevnar 13 and Pneumovax 23 vaccines were 

obtained from Pfizer and Merck, respectively. 

Antigen preparation. All proteins [CRM197, green fluorescent protein (GFP), 

PspA, GlpO, and PncO] were recombinantly produced with polyhistidine tags through 

Escherichia coli. Plasmids containing the genes for GFP, CRM197, and PspA were 

obtained through collaborative exchange.273·343 Remaining genes were polymerase chain 

reaction (PCR)- amplified from S. pneumoniae genomic DNA and cloned into separate 

pET21 c vectors using restriction sites Sac I/Xho I (glpO) and Nde I/Xho I (pncO) 

introduced to the amplified products by the PCR primers.36 After plasmids were confirmed 

by restriction digestion and colony PCR, final constructs were chemically transformed into 

E. coli BL21 (DE3) to confirm individual expression via induction of 3 ml of lysogeny broth 

cultures at 0D6oo (optical density at 600 nm) values of 0.4 to 0.6 using 1 mM isopropyl b-
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D-1-thiogalactopyranoside before analysis by SOS- polysaccharide gel electrophoresis. 

Confirmed expression prompted 1-liter-scale cultures for expression and protein 

purification through disruption of cells using a French press and by passing cell lysate 

over a fast protein liquid chromatography column (GE Healthcare HisTrap HP, 1 x 1 ml). 

Final protein products were quantified using the Pierce Micro BCA Protein Assay kit. 

LEPS preparation and characterization. Proteins and polysaccharide components 

were colocalized through a liposomal delivery system. LEPS liposomal carriers were 

composed of DOPC/DOPG/DOGS-NTA-Ni/cholesterol/DSPE-PEG2000 at a molar ratio 

of 3:3:1 :4:0.1 to a total lipid mass of 500 ug. After dissolving lipids in chloroform, the 

solution was sonicated for 1 min using a Branson 450D Sonifier (at 20% amplitude using 

a tapered tip) and then evaporated using a rotary evaporator to form a film . Lipids were 

then rehydrated with phosphate-buffered saline (PBS) containing the polysaccharide 

antigens to form liposomes, which were then passed 10 to 12 times through a hand held 

extruder (Avanti Polar Lipids) with a pore size of 200 nm. On ice, the background liposome 

solution was passed twice through a filter with 50-nm pore size and replaced each time 

with PBS. Next, proteins were incubated with liposomes for 30 min at 4 °C with surface 

attachment mediated via polyhistidine tag-Ni chelation. CRM197 was included in the 

LEPS formulations used for Supplemental Table 3; CRM197 was not included (replaced 

by GlpO/PncO) in the LEPS formulations used for Figure 19, Figure 20, and Supplemental 

Figure 5, and Supplemental Figure 7. At this stage, any unbound protein and 

polysaccharide were separated from the final LEPS construct via overnight dialysis 

(molecular weight cutoff, 100 kDa) at 4°C. Throughout the study, final formulations used 

during vaccinations were composed of mixtures of LEPS particles containing individual 
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polysaccharides. For example, the final 20 valent CPS LEPS formulation resulted from 

mixing 20 individually prepared samples. All final LEPS formulations were prepared to 

deliver the same amount of polysaccharide content (and CRM197 protein , as needed) 

used in Prevnar and Pneumovax formulations, which were diluted 1: 10 in PBS before 

immunizations. 

Characterization of the LEPS particles began by analyzing polysaccharide 

encapsulation and surface protein binding efficiency. Quantification was completed over 

a range of polysaccharide (using 19F)- or protein (using GFP)-to-lipid ratios to identify 

the crossing point of efficiency (Supplemental Figure 4 ). For polysaccharide evaluation, 

150 ml of concentrated sulfuric acid and 30 ml of phenol [5% (w/v)] were added to 50 ml 

of liposome solution , followed by incubation at 80°C for 30 min and 22°C for 30 min before 

colorimetric analysis at 495 nm. Protein content was measured via fluorescence analysis 

at an excitation wavelength of 359 nm and an emission wavelength of 508 nm. Both 

analyses were conducted using a Synergy 4 Multi-Mode Microplate Reader (BioTek 

Instruments Inc.), and measured values were compared to standards (using either 

glucose or GFP) and ratioed to initial amounts of polysaccharide and protein introduced 

to the LEPS production process. Dynamic light scattering on a Zetasizer Nano ZS90 

(Malvern) was used to evaluate the particle diameter and zeta potential of liposomes at 

25°C. All experiments were conducted using a 4-mW, 633-nm HeNe laser as the light 

source at a fixed measuring angle of 90° to the incident laser beam. Images of the LEPS 

particles were obtained through JEOL JSM-CXII transmission electron microscopy 

analysis at 100 kV, with samples prepared by dip-coating a 200-mesh formvar and a 
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carboncoated grid (FCF-200-Cu-TB, Electron Microscopy Sciences), followed by 

negative staining using a 1 % solution of uranyl acetate. 

Vaccine immunization. Outbred 6-week-old female CD-1 mice (Harlan 

Laboratories) were used in immunization experiments. Mice were immunized by 

subcutaneous injection (200 ml). The background solution used for the formulations was 

PBS ("sham" negative controls were background solutions administered without antigen 

components). Final protein antigen levels were 12.5 mg in either naked or liposomal 

formulations (GlpO, PncO, CRM197, and PspA). When combined, PncO and GlpO were 

administered at 6.25 mg each. Unless indicated otherwise, alum adjuvant was added to 

protein samples according to the manufacturer's instructions. After 14 days, mice were 

boosted with the same formulations. Serum samples were collected on days 14 and 28 

by retro-orbital bleeding for antibody and OPA analyses. Peripheral blood samples were 

collected on days 14 and 28 for antibody and OPA analyses. 

Bacterial preparation and biofilm release. Bacterial strains used in this study 

were initially grown on Todd Hewitt agar plates supplemented with 0.5% yeast extract 

and 5% sheep blood and incubated overnight at 37°C. Single colonies were used to 

inoculate 5 ml of Todd Hewitt broth containing 0.5% yeast extract and incubated at 37°C 

to an OD6oo of 0.6. At this point, bacteria were collected by centrifugation, washed once 

with and resuspended in PBS, and quantified by OD6oo measurement for experiments 

requiring planktonic cells . Planktonic cells were introduced to the in vitro biofilm model 

and were used in all OPA assays (unless specifically indicated otherwise), mouse 

colonization analyses, and in vivo influenza-induced pneumonia models. 
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To establish biofilm conditions, NCI-H292 epithelial cells [CRL 1849, American 

Type Culture Collection (ATCC)] were first cultured in RPM I 1640 with the addition of fetal 

bovine serum in T75 flasks at 37°C and 5% CO2. After reaching 100% confluency, H292 

cells were prefixed in 4% buffered paraformaldehyde at 34°C for 48 hours, followed by 

three washes with PBS. COM-grown pneumococci were then seeded onto fixed H292 

cells with change of medium occurring every 12 hours. Formed biofilms were exposed to 

heat (38.5°C) for 4 hours, and released cells were then collected by centrifugation , 

washed once with and resuspended in PBS, and quantified by OD6oo measurement. 

Experiments using biofilm-released cells included in vivo sepsis and pneumonia models. 

Challenge models. Mice were challenged with 1 x 104 (sepsis model) or 1 x 106 

(pneumonia model) CFU of pneumococci strains through intraperitoneal or intranasal 

(with isoflurane) administration , respectively. To induce colonization , mice were 

administered 1 x 106 CFU bacteria intranasally without isoflurane. To prompt influenza

induced pneumonia, pneumococci colonization was followed by intranasal inoculation 

with 40 plaque-forming units of IAV [strain A/PR/8/34 (H 1 N 1 ); ATCC VR-95] ; titers were 

determined by plaque assays. Mice were monitored every 4 hours for signs of morbidity 

(huddling, ruffled fur, lethargy, and abdominal surface temperature). Mice found to be 

moribund were euthanized via CO2 asphyxiation and cervical dislocation . 

Antibody analysis. Antigen antibody titer analysis was conducted as described 

previously,273 with the method extended to include 20 polysaccharides from associated 

serotypes and the GlpO and PncO protein antigens. Thus, an analysis was extended to 

all antigens used in the study. Cytokine measurements were accomplished using IFN-g 

and IL-17A ELISA kits (R&D Systems). 
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Tissue bacterial count. After influenza-induced pneumonia, mice were analyzed 

at 1 and 5 days after IAV administration , as indicated , or upon becoming moribund; a 

combination of nasopharynx tissue, nasopharyngeal lavage fluid , lung, and blood 

samples was collected , and bacterial burden was determined as described previously. 344 

Briefly, tissue and organ homogenate, lavage fluid , and blood were homogenized to 

ensure dissociation of bacterial aggregates and then serially diluted on tryptic soy and 

5% blood agar plates before enumeration . 

CD4+ depletion. For in vivo co4+ T cell depletion , 0.5 mg of anti-CD4+ monoclonal 

antibody (lnvitrogen) was injected intraperitoneally into the mice for 3 consecutive days. 

After day 6, a T cell depletion of ~95% was confirmed using flow cytometry, and these 

mice subjects were then used in the indicated experiments. 

OPA analysis. Extending upon a previous protocol ,345 human HL60 cells were 

differentiated with dimethlyformamide to quantify antibody-mediated opsonophagocytosis 

and killing of S. pneumoniae exposed to dilutions of sera collected from immunized mice 

subjects to identify the 50% killing end point (quantified by CFU counts). HL60 cells and 

pneumococci were incubated for 75 min. 

Statistical analysis. Comparisons were analyzed for statistical significance using 

a two-tailed Student's t test for unpaired data through the GraphPad Prism software 

(version 6.0h .283, GraphPad Software Inc.). All data resulted from a minimum of three 

samples, with animal experiments using between 4 and 12 subjects. 

4. 1.3 Results and Discussion 

Expansive protein antigen serotype assessment and the prospect of 

universal coverage. The same liposomal technology that allowed an alternative 
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pneumococcal disease vaccine has the interesting potential to address complementary 

aspects of commensal-based disease progression. Namely, the formulation offers the 

simultaneous encapsulation of polysaccharides (colonization immune targets) that serve 

as the basis for current vaccines in addition to the liposomal surface localization of protein 

antigens [GlpO and PncO; identified through an antigen discovery and validation model]36 

that selectively target pneumococci virulence transition (Supplemental Figure 2 and 

Supplemental Table 5). Before testing this possibility, the OPA assay enabled a more 

careful assessment of the GlpO and PncO protein antigens as a correlate of protection 

for future immunization experiments. In this case, however, the OPA assay assessed 

both colonization (planktonic cells containing surface CPS) and dispersion (biofilm

released cells displaying surface protein antigen targets) aspects of commensal disease 

progression in response to the corresponding polysaccharide or protein antigen 

component. The resulting insight contrasts traditional OPA assays that only assess 

planktonic CPS cellular targets and , hence, have an innate bias toward colonization 

prevention . As shown in table Supplemental Table 4 and Supplemental Figure 5, Prevnar 

13, Pneumovax 23, and the GlpO/PncO protein antigens demonstrate specific activity for 

their respective cellular targets. Notably, the GlpO/PncO tandem is active for >70 biofilm

released serotypes of S. pneumoniae. This is the largest and most comprehensive 

assessment of advanced antigens for pneumococcal disease and, together with the high

sequence conservation of the glpO/pncO genes across S. pneumoniae serotypes,273 

emphasizes universal protection potential for any virulence-transitioned S. pneumoniae 

cell. The protein antigens were also tested more thoroughly for immune response 

mechanism (either in or separate from the LEPS formulation) , showing predominant T 
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helper 2 cell (Th2) response with contributing Th1 and Th17 activity in mice (Figure 19A 

to E) and corresponding humoral response in rabbits (Figure 19F). Supporting the 

complementary aspect of the antigen types, the PncO and GlpO proteins were tested in 

both coadministration and add-on format with Prevnar 7, demonstrating protective 

capabilities by addressing commensal colonization , virulence transition , or both 

(Supplemental Figure 6). 
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Figure 19. Immune response assessment of the PncO and GlpO protein antigens. 

(A) Anti-PncO and anti-GlpO antibody titers in mice serum after initial (post 1) and booster 

(post 2) vaccination with either alum adjuvant or empty LEPS. (B) lgG1 (Th1 

corresponding) and lgG2a (Th1 corresponding) titers in mice serum after a booster 

vaccination . lgG1/lgG2a ratio is shown above the bars. (C) Anti-PncO and anti-GlpO 

antibody titers in mice serum with or without CD4+ T cell depletion . (D) Murine challenge 

protection sepsis model after vaccination with either PspA (a commonly used 
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pneumococcal protein antigen) (26) or PncO + GlpO with or without CD4+ cell depletion ; 

S. pneumoniae serotype 19F was the challenge strain, and four mice were used per 

formulation . (E) Titers of interferon-g (IFN-g) (Th1 corresponding) and interleukin-17 A (IL-

17 A) (Th17 corresponding) in mice serum after PncO + GlpO vaccination. (F) Anti-PncO 

and anti-GlpO antibody titers in rabbit serum after initial and booster vaccination . 

The PncO and GlpO protein antigens were coupled to the liposomal containment 

of polysaccharide, resulting in the completed LEPS vehicle (LEPS20/PncO + GlpO; 

Figure 20), thus allowing for a definitive assessment of the commensal disease 

progression vaccination paradigm. From data in Figure 19, it is clear that the addition of 

PncO and GlpO result in comprehensive and directed protection when tested in the in 

vivo influenza A virus (IAV)-prompted pneumoniae model of the pneumococcal disease 

transition . The challenge assays across strategic serotypes [19F (Supplemental Figure 

7), 11A, and 35C) confirm the protective limits of Prevnar 13 and Pneumovax 23 and 

highlight the full protective capabilities of the complete LEPS system (Figure 20B). 

Emphasizing antigen complementarity, the LEPS20/PncO + GlpO formulation provides 

full protection even without the requisite CPS needed to prevent the colonization of the 

11A and 35C serotypes. The associated anatomical profiling further confirms the ability 

of the final LEPS formulation to inhibit disease dispersion of nonvaccine serotypes. 
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Figure 20. Assessment of the full LEPS platform featuring CPS encapsulation 

across 20 serotypes and surface localization of GlpO and PncO. Bacterial counts 

from the nasopharynx surface (NP), nasopharynx wash (lavage), lungs, and blood 1 and 

5 days after IAV administration when challenged with 11A (left) and 35C (right) serotypes. 

4. 1.4 Conclusion 

In summary, we report on the colocalization of two complementary antigens as a 

next-generation vaccine for pneumococcal disease. Without compromising the 

effectiveness of current vaccine designs, we introduce a modification that enables 

universality in vaccine response to disease. The resulting LEPS platform thus minimizes 

invasive serotype colonization while also safeguarding against virulence transition for all 

colonizing serotypes. As a result, the full disease progression pathway has guided the 

development of a vaccine that offers a comprehensive answer to the challenging aspects 

of addressing pneumococcal disease. More broadly, the concept outlined in this study 

seeks to balance the benefits and drawbacks to microbial commensalism, with an 
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approach adjustable to eliminate or retain residence as a function of maximum benefit to 

the host. 

SUPPORTING INFORMATION 

Chapter 2.1 

Supplemental Table 1. Antigen cloning summary 

Antigen 
gene 

Primers Source Restriction 
sites 

Plasmid Name 

dexB 

F : TAAGCACATATGCAAGAAA 
AATGGTGGCATAATGCCGTAG 

R : TAAGCACTCGAGTTCCACA 
CAGAAAGCATCCCA 

D39 Nde I /Xho I pET21c pCJ05 

htrA 

F : TAAGCACCATGGGGAAACA 
TCTAAAAACATTTTACAA 

R : TAAGCACTCGAGAGATTCT 
AAATCACCTGAAC 

D39 Nco I /Xho I pET20b pCJ06 

glpO 

F : TAAGCAGAGCTCGAATTTT 
CAAAAAAAACACGTGAATTGTC 

R : TAAGCACTCGAGATTTTTTA 
ATTCTGCTAAATCGTTGTTAG 

D39 Sac I /Xho I pET21c pCJ07 

stkP 

F : TAAGCACATATGATCCAAAT 
CGGCAAGATTTT 

R : TAAGCAGCGGCCGCAGGAG 
TAGCTGAAGTTGTTTTA 

D39 Nde I /Not I pET21c pC J OB 

blpB 

F : TAAGCACCATGGGGAATCC 
TAATCTTTTTAGAAG 

R : TAAGCACTCGAGATCAGAA 
TGGGTTAAAATTTTA 

D39 Nco I /Xho I pET20b pCJ09 

pncO 

F : TAAGCACATATGAAAAAGTA 
TCAACTTCTATT 

R : TAAGCACTCGAGCCCCAAG 
ACCCTATGTAGAAAA 

EF3030 Nde I /Xho I pET21c pCJlO 

prtA 

F : TAAGCAGAGCTCAAAAAAA 
GCACAGTATTGTC 

R : TAAGCACTCGAGATCTTGAT 
TTTTTTTCTTCAAT 

D39 Sac I /Xho I pET21c pCJ1 2 
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Supplemental Figure 1. Antigen protein insolubility and retained vaccine 

effectiveness with the hybrid vector. PspA production within PHV in both soluble and 

insoluble states. (A) SOS-PAGE analysis shows a purified PspA reference band 

compared to soluble (S) or whole cell (W) cellular lysates resulting from 22°C and 37°C 

E. coli cultures expressing PspA. The 37°C samples show substantial reduction in soluble 

PspA product yet these same samples, when incorporated within the full hybrid vector 

design, retain immunization functionality via antibody generation and mouse protection 
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compared to sham (PBS) and 15 µg PspA + CFA (Incomplete Freund's Adjuvant 

delivered with booster) controls (B). 
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Supplemental Table 2. PspA Expression Analysis (µg/0D6oonm) . 

10 ± 4.1 16.8 ± 3.0 12.1 ± 6.0 22.0 ± 2.5 13.6 ± 7.6 29.5 ± 5.1 9.7 ± 3.1 i 41 .2 ± 6.1 
9.9 ± 1.4 13.5 ± 2.4 17.4 ± 3.8 21.1 ± 3.2 27.7 ± 1.0 37.2 ± 2.5 44.5 ± 4.3 I 52.1 ± 6.8 

I
12.8 ± 5.7 19.4 ± 8.6 26.5±11.6 34.2 ± 15.3 44.3 ± 20.1 55.8 ± 23.8 65.6 ± 27.0 I 86.9 ± 39.9 
18.4 ± 4.4 28.2 ± 4.1 36.1 ± 9.2 48.4 ± 15.2 65.0 ± 24.8 79.0 ± 36.6 102.5 ± 48.8 I 133.7 ± 75.0 

22 2.6 ± 1.2 3.1 ± 1.3 4.3 ± 1.5 6.3 ± 2.5 6.3±1.7 8.3 ± 2.0 
30 1.4 ± 0.3 1.8 ± 0.3 5.0 ± 0.8 7.0±1.1 5.5 ± 1.0 7.7±1.4 
37 5.1 ± 1.7 6.8 ± 2.1 7.2 ± 3.5 9.4 ± 4.0 7.3 ± 2.9 9.7±4.1I 

27.5 ± 4.0 
22 14.6 ± 2.3 18.0±4.1 21.2 ± 3.7 28.4 ± 4.5 33.8 ± 5.6 48.3 ± 9.9 65.9 ± 11.2 I 89_4 ± 10.5 
30 21.8 ± 8.4 29.8 ± 14.0 35.0 ± 14.2 50.3 ± 23.5 67.4 ± 34.5 91.0 ± 55.6 115_2 ± 75.6 I 161.1 ± 105.8 
37 24.5 ± 7.3 32.6 ± 10.6 41.3±19.1 52.0 ± 27.8 64.0 ± 32.1 81.4±38.6 103.2±37.2 I 137.4±55.1 
22 4.4 ± 1.8 5.4 ± 2.1 10.0 ± 3.5 13.9 ± 5.3 10.0 ± 4.2 12.9 ± 5.0 11.5±3.9 I 15.0 ± 3.9 

I
30 6.3 ± 2.8 8.4 ± 4.0 6.6 ± 2.8 9.2 ± 3.8 11.5 ± 2.6 15.0 ± 3.1 10.7 ± 3.3 I 13.5 ± 3.9 

I
37 7.7±1.9 10.7 ± 3.0 8.2 ± 2.7 11.0 ± 3.8 13.5±4.4 17.3 ± 5.5 14.3 ± 1.9 ! 16.5±3.1 

16.2 ± 6.1 26.0 ± 11.7 18.1 ±5.1 26.8 ± 6.9 30.3 ± 6.4 44.3 ± 4.2 36.3 ± 10.2 54.0 ± 12.0 
17.4 ± 5.6 29.6 ± 5.8 18.4 ± 3.9 29.0 ± 10.3 36.2 ± 3.3 57.6 ± 9.6 51.2 ± 6.4 77.5 ± 14.1 

22 17.1±5.4 21.8 ± 4.8 27.8 ± 5.8 37.0 ± 8.6 46.9 ± 8.0 63.4 ± 13.3 83.4 ± 24.1 104.6 ± 31.4 
30 26.0±11.2 35.80 ± 18.5 41.8 ± 23.1 56.4 ± 32.9 66.3 ± 36.1 85. 7 ± 41.1 107.4 ± 40.2 137.7±54.1 
37 28.6+11.9 34.6 + 13.0 49.7+17.8 61.7+20.6 80.3 + 24.5 102.4+32.1 119.4 + 23.0 151.6+37.7 
22 4.7 ± 1.2 6.4 ± 1.7 11.6±3.3 14.3 ± 3.8 13.9±1.5 20.1±3.5 16.0 ± 1.9 20.1 ± 1.6 
30 7.2 ± 1.2 8.8±1.7 9.7 ± 3.1 12.6 ± 3.5 14.0 ± 3.0 18.6 ± 3.7 17.9 ± 0.9 23.7 ± 2.7 
37 8.1 ± 3.7 10.5 ± 5.7 11.1 ± 4.0 15.5 ± 6.4 16.2 ± 5.6 21.9 ± 4.4 18.0 ± 2.5 28.8 ± 2.4 
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Supplemental Figure 2. Commensal disease progression model featuring 

pneumococcal disease. (A) S. pneumoniae colonization , biofilm establishment, 

environmental stimulation to virulence, and biofilm release and disease symptoms. (B) 

Immune targets that span current vaccine options (Prevnar and Pneumovax; capsular 

polysaccharide [CPS] targeting of specific serotypes) and the LEPS platform (addressing 
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both colonization of currently-covered vaccine serotypes and biofilm release of 

nonvaccine-type [NVT] serotypes. 
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Supplemental Figure 3. The LEPS platform. (A) Schematic comparison of a 

glycoconjugate vaccine (e.g., the Prevnar family) and LEPS. (B) Schematic 

representation of the formulation procedure to generate the LEPS particle. 
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Supplemental Figure 4. LEPS characterization. Polysaccharide (PS) encapsulation 

efficiency (A; solid squares) or protein surface binding efficiency (B; solid circles) vs . initial 

concentration . Particle surface charge evaluation (C) and size distribution (D). (E) LEPS 

particle image by transmission electron microscopy; 1: LEPS surface; 2: PS Encapsulated 

Liposome; 3: LEPS. 
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Supplemental Figure 5. OPA assay for GlpO and PncO directed against specific S. 

pneumoniae cell types. (A) OPA for planktonic (left) and biofilm-released (BFR) (right) 

serotype 19F bacteria mediated by serum from mice immunized with Prevnar 13 

(PCV13), GlpO + PncO with Alum adjuvant, and GlpO + PncO with empty LEPS. (B) 

Capsular polysaccharide (CPS) content in the pellet (left) and supernatant (right) for 

planktonic bacteria, BFR bacteria, and planktonic bacteria treated with LL-37 to remove 

CPS; "Percent Capsule" values are relative to the planktonic samples in each sub-figure. 
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Supplemental Figure 6. Evaluation of immunogenicity of GlpO and PncO 

administered either jointly (coadministration) or as a booster (add-on) with Prevnar 

7. (A) lgG titers against PncO, GlpO, and specific serotypes resulting from color-coded 

vaccination samples. (B) Mouse protection (left; sepsis challenge model) and bacterial 

burden (right; measured 5 days post-colonization) upon GlpO and PncO (PG) 

administration either jointly or as a booster with Prevnar 7. Mice were challenged with 
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serotype 19F (covered by Prevnar 7 and Prevnar 13 [PCV131) or 1 (not covered by 

Prevnar 7 but covered by Prevnar 13). 

l ■ Sham ■ PCV13 ■ PPSV23 ■ LEPS20:PncO&GlpO I 

0--......----.....---------- 0--------....---........--........-
NP NP Lavage Lung Blood NP NP Lavage Lung Blood 

Supplemental Figure 7. Additional assessment of LEPS20/PncO and GlpO when 

using a murine !AV-induced pneumonia model with serotype 19F. Bacterial counts 

from the nasopharynx surface (NP), nasopharynx wash (lavage), lungs, and blood 1 and 

5 days post-lAV administration . Prevnar 13 (PCV13); Pneumovax 23 (PPSV23). 
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Supplemental Table 3. OPA comparison between Prevnar 13, Pneumovax 23, and 

a LEPS formulation containing 20 polysaccharides (that is, 20 valent). Values 

represent serum dilution at which 50% of cellular killing occurred in the OPA assay. 

Dashed lines indicate nonvaccine serotypes; higher OPA readings are attributed to a 

stronger antibody response (i .e., higher titers) for the particular polysaccharide. 

_erotype 
PCV13 PPSV23 LEPS (20V) 

/ Vacdn 
1 129 8:8 40 
2 --- 77 85I 

I3, 98 23 101 
4 .34 45 136I 

s 47 67 I 38I 

6A ss --- I 
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16'9 
!68 .39 26 151 
I7F 240 29 151 
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..........9N 52 I 

I 15 
I9V I 176, 114 117I 

I.......... ...........10A 12,8 
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44I 
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I 14'9 
I2.3F I 331 13 6'9I 

33F --- 16 I ---
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Supplemental Table 4. OPA comparison between Prevnar 13, Pneumovax 23, and 

the PncO + GlpO protein antigens (administered with alum adjuvant). Values 

represent serum dilution at which 50% of cellular killing occurred in the OPA assay. 

Dashed lines indicate non-vaccine serotypes; higher OPA readings are attributed to a 

stronger antibody response (i .e., higher titers) for that particular polysaccharide. 

Serotype-specific S. pneumoniae strains utilized in the OPA assay include cellular 

phenotypes associated with initial colonization (planktonic) and disease (i .e., biofilm-

released [BFR]). 

PCV13 PPSV23 PncO + GlnO: Alum PCV13 PP5V23 PncO -+ GlpO: Alum 
Seron,n.,, Plankton le I BFR Planklonic I BFR Planktonic I BFR Se.rotype Planktonic I BFR Ffanktonic I BFR Planktonic I BFR 

I 129 88 IS 18B 275 
2 77 122 18C 222 46 339 
3 98 23 160 18F 190 
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Supplemental Table 5. GlpO and PncO summary. 

Gene Size (aa) Function 

GlpO 609 a-glycerophosphate oxidase 

PncO 230 
Bacteriocin ABC t ransporter 

transmembrane protein 
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