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ABSTRACT 
 

Evidence of mass pandemic plagues dates back to the earliest recorded history, 

with the Book of Exodus describing plagues inflicted upon Egypt that devastated 

citizens and livestock. Since then, countless plagues have been recorded, including the 

Plague of Athens (430-416 BCE), Justinian’s plague (541-542 AD), and the Black Death 

(1346-1352 AD), which are responsible for the deaths of hundreds of millions of people 

throughout history1,2.      

Among the deadliest pathogens are Yersinia pestis, the causative agent of the 

plague, and Bacillus anthracis, the causative agent of anthrax. Y. pestis is responsible 

for Justinian’s plague and the Black Death and is estimated to have accounted for over 

200 million human deaths throughout history1, while B. anthracis has been suggested to 

have caused the Plague of Athens, which wiped out 100,000 people, a quarter of the 

city’s population, over a three year period3. Beyond their dark past, both of these 

pathogens have been used as biological weapons to cause harm to civilians and 

military personnel, with the most recent being the 9/11 attacks in the United States in 

2001, in which 22 citizens were infected with B. anthracis spores that were delivered in 

letters in the mail, resulting in the deaths of five individuals. These pathogens are highly 

lethal if inhaled, with mortality rates approaching 100% if untreated after only a few 

days.  

Unfortunately, there is no FDA-approved vaccine against Y. pestis. There is an 

FDA-approved AVA vaccine against B. anthracis, the AVA vaccine, however it has 

limitations. The AVA vaccine requires multiple immunizations to achieve purported 

protective immunity, and hence is insufficient in the event of mass exposure to civilian 
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populations and warfighters of B. anthracis. In addition, the AVA vaccine has been 

reported to induce injection site reactogenicity due to its aluminum-based alhydrogel 

adjuvant4, and there are concerns of thermal stability with proteins adsorbed to 

aluminum-based adjuvants5,6.  

In addition to these deadly pathogens, human respiratory syncytial virus (RSV) is 

a devastating disease that is the leading cause of severe acute lower respiratory tract 

disease in infants and young children worldwide7, accounting for up to 70% of 

hospitalized bronchiolitis cases in industrialized countries8. Globally, there are an 

estimated 33 million new episodes of HRSV-associated disease in children under five 

years of age with more than 100,000 resultant deaths9. Severe RSV infection has been 

linked with the development and exacerbation of recurrent wheezing and asthma10, and 

is a predisposing factor to the development of otitis media11. RSV infection has a 

devastating, worldwide impact on human health and despite significant efforts, no 

approved vaccine currently exists for use against the disease in humans. Hence, there 

is a need to design and develop vaccines against RSV that are capable of providing 

robust immune responses against this pathogen and reduce the prevalence of this 

disease. 

One final consideration for vaccine design against such dangerous respiratory 

pathogens is thermal stability. As all World Health Organization prequalified vaccines 

currently require refrigeration, obviating the cold chain would enable delivery of 

vaccines to refrigeration-scarce zones around the world, reduce cost, and improve 

stockpiling capabilities12. Therefore, it is imperative to develop vaccines that are capable 
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of eliciting rapid and long-lived protective immunity to both civilian and warfighters, 

ideally in a single dose, as well as obviate the cold chain.  

Polyanhydride nanoparticle-based vaccines (i.e., nanovaccines) are a promising 

next-generation vaccine platform for safe and effective single-dose vaccines against 

such pathogens. These materials are safe and biocompatible13, have demonstrated 

adjuvant properties14–17, enable dose sparing18, and have enhanced shelf stability of 

labile proteins19. These characteristics are needed for the next generation of vaccine 

formulations, which will allow for the production of safe and highly effective vaccines 

that can be administered in a single dose, have reduced cost and the ability to obviate 

the cold chain for vaccine stockpiling. 

The goal of the work described in this thesis is the design and evaluation of a 

single dose combination-adjuvant polyanhydride-based nanovaccine formulation that is 

capable of providing rapid and long-lived protective immunity against multiple 

respiratory pathogens, including the inhaled forms of Y. pestis and B. anthracis, 

pneumonic plague and inhalation anthrax, respectively, as well as against RSV. This 

was achieved by encapsulating the Y. pestis fusion protein F1-V and B. anthracis 

protective antigen (PA) into polyanhydride nanoparticles, which were co-administered 

with the cyclic di-nucleotide adjuvant cyclic di-guanosine monophosphate, and 

evaluating the protective efficacy following lethal intranasal (IN) challenge of the 

respective fully virulent pathogens. For RSV, the RSV-specific post-fusion proteins, F 

and G, were encapsulated into polyanhydride nanoparticles and administered 

intranasally in a neonatal calf model in order to evaluate the protective efficacy of IN 
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RSV challenge. In addition, this report describes the rational design of polyanhydride 

nanovaccines for enhanced adjuvanticity and shelf stability.



1 
 

CHAPTER 1. LITERATURE REVIEW 

 

Highly lethal pathogens such as Y. pestis and B. anthracis utilize many 

pathogenic factors in order to subvert the immune response and establish infection in 

the host. However, this depends on the route of infection as well as the virulence factors 

that the pathogen is capable of expressing. This chapter will begin with an overview of 

the immune response to foreign pathogens in Section 1.1, highlighting the role of 

dendritic cells and macrophages in the lungs, as well as the adaptive immune response. 

Section 1.2 will describe Y. pestis pathogenesis, mechanisms of establishing infection, 

and vaccine strategies. Similarly, Section 1.3 will describe B. anthracis pathogenesis, 

mechanisms of establishing infection, and vaccine strategies. Section 1.4 will describe 

bovine respiratory syncytial virus mode of infection and vaccine strategies. Section 1.5 

will introduce vaccine adjuvants and highlight the need for improved vaccine adjuvants. 

Section 1.6 will focus on two specific adjuvant platforms, cyclic dinucleotides (CDNs) 

and polymeric nanoparticle-based adjuvants and highlight the need for combination 

adjuvant approaches to next-generation vaccines. 

  

1.1 Immune Response to Respiratory Pathogens 

The lungs are a vital organ that function by replenishing oxygen to the host while 

also releasing ‘spent’ oxygen in the form of carbon dioxide. They are exposed to an 

impressive 8000-9000 liters of air daily20, which can contain particulate matter as well as 

microbes that deposit and must be cleared to avoid blockage of gas exchange and 

potential infection, respectively. The immune response of the lungs is a fine-tuned 

process used to distinguish self from non-self, eliminate foreign pathogens and 
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particles, and re-establish homeostasis, all without causing too much inflammation that 

could prove lethal to the host. This requires the coordination of many specialized cell 

types that together aim to eliminate the foreign intruder quickly, as well as develop 

immunological memory in the event of re-exposure. 

 

 1.1.1 Physiochemical Barrier of the Lungs 

The first line of defense against foreign inhaled pathogens in the lungs are the 

physiochemical barriers that block initial invasion of the epithelium (Figure 1.1A & 1.1B). 

This consists of a viscous mucous layer, secreted by mucin-secreting goblet cells, 

containing antimicrobial peptide β-defensins, the bacterial membrane lysing enzyme 

lysozyme, the iron-limiting protein lactoferrin, and other proteins responsible for either 

killing the pathogen, disrupting bacterial aggregation, or blocking interactions with 

epithelial cells21,22. In addition, the mucous contains secretory IgA and IgG antibodies, 

proteins secreted by plasmablasts and plasma cells that bind to unique molecular 

patterns on pathogens and either neutralizes their ability to bind to the epithelium, or (in 

the case of IgG) opsonizes the pathogen, enhancing its phagocytosis by alveolar 

macrophages21,23. The majority of the epithelium contains ciliated cells that collectively 

make up the ‘mucociliary escalator’, which clears mucus from the lungs in an effort to rid 

the lungs of particulates and pathogens22.  

If a pathogen is able to evade this barrage, it must then find a way either into or 

through the epithelium itself. The lung epithelium itself creates a physical barrier with 

tight junctions between cells to block pathogen entry24. The lungs also contain sentinel 

cells, such as dendritic cells (DCs) and macrophages (MØs), which can engulf foreign 
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invaders via recognition of specific pathogen associated molecular patterns (PAMPs) on 

the pathogen (Figure 1.1C & 1.1D), or through recognition of opsonized pathogens via 

Fc receptors, and migrate to the draining lymph nodes to initiate the adaptive immune 

response against the pathogen20. Recognition of PAMPs by epithelial cells can 

stimulate secretion of multiple proinflammatory as well as CXC and CC chemokine 

production that recruit neutrophils to the airway lumen, which ingest and kill pathogens 

with reactive oxygen species, bactericidal proteins, and degradative enzymes25,26. 

 

1.1.2 Dendritic Cells 

DCs were originally identified and named after the Greek word dendron (“tree”) 

for their branched, extended morphology20. DCs are found in virtually every tissue and 

were realized to be professional antigen presenting cells (APCs) critical for T cell 

stimulation, displaying the ability to engulf, digest, and present antigen on both MHC I 

and MHC II to drive adaptive immune responses27. It is now understood that DCs can 

be divided into more specific subsets and that their role extends beyond infectious 

disease, including cancer, autoimmunity, and allergic reactions, depending on the tissue 

location and the cellular phenotype. This review will focus on the role of DCs in 

infectious disease. 

DCs can be divided into three subsets with specialized roles: conventional DCs 

(cDCs), monocyte-derived DCs (moDCs), and plasmacytoid DCs (pDCs). In addition, 

cDCs can be further broken down into CD8α+ and CD103+ cDCs or CD11b+ cDCs; 

CD8α+ and CD103+ DCs are nearly functionally identical, however CD8α+DCs are found 

in lymphoid tissue while CD103+ DCs are found in nonlymphoid tissue27. Recent work 
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has begun to elucidate the roles that each cell type plays in the immune response, 

however the exact differences between the aforementioned cell types are difficult to 

assess because there are conflicting reports of DC subset function and it is difficult to 

differentiate cDC and moDC phenotype because they both express CD11b27.  

cDCs are found in lymphoid (CD8α+) and non-lymphoid (CD103+) tissues, 

displaying short half-lives of 3-6 days, and are constantly regenerated from bone 

marrow. Both CD103+ and CD11b+ cDCs are the main DC subset found in the lungs 

and are positioned in the bronchus and alveoli20. In the alveoli, CD103+ cDCs project 

long extensions of the cell membrane called pseudopodia between the epithelium and 

out into the lumen of the lungs, where they continuously ‘sample’ the environment for 

foreign pathogens (Figure 1.1C)20. If a foreign pathogen is encountered, CD103+ cDCs 

internalize and degrade it, and then traffic to the draining lymph node, where they can 

present the antigen to T cells and initiate adaptive immune responses27. CD103+ cDCs 

are capable of biasing CD4+ T cells towards either a Th1 or Th2 response and also have 

enhanced ability to cross-present antigen to CD8+ T cells, suggesting they enhance 

cytotoxic T cell (CTL) immunity27. The role of CD11b+ cDCs has remained more elusive, 

due to their overlapping surface marker expression to mcDCs, however CD11b+ cDCs 

have shown to preferentially drive a Th2 and Th17 response against foreign dust mites 

and fungal pathogens, therefore likely play a role in directing CD4+ T cell responses as 

well as establishing memory T cells27. 

moDCs are also found in lymphoid and non-lymphoid tissues, including the 

lungs, and are derived from differentiated monocytes that influx to inflamed tissue27. 

They are difficult to differentiate from cDCs due to their similar surface expression 
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profiles, however their gene expression differs considerably from cDCs27. As it is difficult 

to discern them from cDCs, their role in immunity is not well understood, however they 

express MHC II, CD11b, and CD11c, and show the ability to stimulate T cells in vitro27. 

pDCs are primarily found in circulation and peripheral organs27. During 

inflammation, these cells traffic into inflamed tissues, where they can recognize 

intracellular viruses through pattern recognition receptors (PRRs), such as Toll-like 

receptor TLR-7 and TLR-928. Compared to cDCs, pDCs have a restricted ability to 

stimulate T cells, however when activated secrete high amounts of type I interferons 

following viral infection, which is critical for natural killer (NK) cell activation, cells that 

are highly cytolytic and secrete interferon-ɣ (IFN-ɣ) to drive Th1 immune responses29. 

Interestingly, however, they can also express cytokines TGF-β and IL-6, which promote 

regulatory T cell (Treg) responses, as well as Th17 responses against extracellular 

pathogens, highlighting their multifaceted role in immunity that needs further 

clarification28.  

 

1.1.3 Macrophages 

MØs are the sentinels of the immune system, found in virtually all tissues and 

play a host of roles in tissue homeostasis, inflammation, and tissue repair30. In fact, they 

along with DCs and monocytes make up the mononuclear phagocyte system, a family 

of functionally related cells, and it is often difficult to differentiate between DCs and MØs 

in various tissues31. Regardless, following pathogen evasion of the initial physical 

barriers of the host, MØs are the main line of defense, aiding in destroying foreign 

pathogens through ingesting the invader, presenting it on MHC I and MHC II, and 
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secreting cytokines to give cues to direct the immune response in a highly specialized 

manner while also minimizing inflammation, as excessive inflammation is especially 

destructive in tissues such as the lung, where maintaining lung homeostasis is critical 

for the exchange of oxygen and carbon dioxide31,32. 

MØs have recently been identified to be either tissue resident or monocyte 

derived. Tissue-resident MØs (tMØs) develop from embryonic precursor cells before 

birth, and are able to renew their population over the lifetime of an individual33. 

Monocyte-derived MØs (moMØs), much like moDCs, are differentiated from monocytes 

in circulation that are recruited to inflamed tissue33. moMØs appear to take on 

functionally similar roles as tMØs, and can even aid in replenishing their population in 

certain tissues if a population contraction occurs, though this process is not entirely 

understood31. As the functional roles of tMØs and moMØs are very similar, they will 

further be simply referred to as MØs. 

There are three types of MØs in the lung: bronchial MØs, interstitial MØs, and 

alveolar MØs (AMs). Of note, AMs are currently the most well understood and are 

critical for controlling pulmonary immune responses toward pathogens, as this is where 

vital gas exchange occurs. Therefore, the focus of this review will be on AMs in 

infectious disease. 

AMs are located in the alveolar lumen of the lungs, and make up 90-95% of the 

cellular content in the alveoli air space (Figure 1.1D)20. However, as there are several 

million alveoli and only roughly one to two million AMs in the lungs, not every alveolar 

sac contains an AM20. In the alveolar lumen, they attach to alveolar epithelial cells 

through the integrin αVβ6 and sample the luminal environment for signs of pathogens20. 
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During lung homeostasis, AMs repress inflammation through their interactions with 

pulmonary DCs, lung T cells, and alveolar epithelial cells. For example, AMs secrete 

TGF-β and enzymes retinol dehydrogenases 1 and 2, which induces naïve CD4+ T 

cells to differentiate into inducible regulatory T cells (iTreg) following DC stimulation20. 

iTreg cells have long been linked to tolerance of foreign antigens through suppression of 

Th2 airway inflammation.  

However, AMs are armed with a host of PRRs, including the TLRs, NOD-like 

receptors (NLRs), C-type lectin receptors (CLRs), and activation of these receptors, 

particularly TLR-2, TLR-4, and TLR-9, by their ligands causes a switch from a 

tolerogenic to inflammatory state through inhibiting the anti-inflammatory IL-10 receptor 

signaling pathways34. Additionally, activation of AMs via GM-CSF and TNF significantly 

increases phagocytosis, oxidative burst, and inflammatory cytokine production34. Much 

like DCs, these cells can rapidly traffic phagocytosed pathogens to local draining lymph 

nodes, however their role in initiating adaptive immune responses remains unclear 

because they have very low expression levels of MHC II and other costimulatory 

molecules necessary to activate T cells20.  

Following infection, AMs and alveolar epithelial cells are able to quell 

inflammation in the lungs through increasing expression of CD200R and CD200L, 

respectively, whose interaction is known to negatively regulate inflammation20. CD200R 

expression is also increased with TGF-β stimulation, providing an additional ostensible 

negative feedback loop for inflammation in the alveoli and thus reduce the extent of 

inflammation-induced tissue destruction20. 
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1.1.4 Adaptive Immune Response 

The collective of innate immune cells previously described provides a broad and 

rapid-acting front against the multitude of invading pathogens, however due to many 

different virulence factors pathogens utilize to bypass this front line of defense, the 

epithelium requires the aid of additional cell types to effectively halt foreign invasion 

through developing robust, pathogen-specific immune responses, which is collectively 

called the adaptive immune response. 

The central dogma of initiating adaptive immune responses lies in the ability of 

DCs and MØs to traffic to the draining lymph nodes and stimulate T cells following 

detection and phagocytosis of a foreign pathogen35. In the lymph nodes, these cells 

present foreign peptides derived from the pathogen on MHC I and MHC II to naïve 

CD8+ and CD4+ T cells, respectively, who contain highly specific T cell receptors (TCR) 

on their cell surface that bind to peptide-MHC complexes35,36. There are a multitude of 

events that determine the fate of both the APC and T cell following this interaction, 

however there are three main signals that are exchanged between DCs and T cells 

during their encounter, and these signals are what determine the fate of the stimulated 

T cell and outcome of the immune response against the encountered pathogen.  

The first signal consists of TCR recognition of the peptide-MHC complex. The 

TCR is surface-bound protein complex that recognizes and binds to specific peptides 

bound to MHC I or MHC II37. Following binding of the TCR and peptide-MHC complex, 

the second signal consists of co-stimulation of both the APC and T cells – lack of this 

interaction results in anergy of T cells38. These interactions include those of the 

B7/CD28 family and TNFR/TNF family, whose outcomes result in both APC and T cell 

activation, differentiation, survival, and tolerance38. Most notably, the interaction 
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between CD28 on T cells and its ligand CD80/86 on APCs is critical for naïve T cell 

activation and differentiation toward an effector phenotype38. The third activation signal 

are cytokines secreted by both of these cells that differentiate T cells into specialized 

effector phenotypes to direct immune responses in inflamed tissues. APCs can secrete 

a host of cytokines, depending on their mode of activation (i.e., which PRRs were 

stimulated), and these cytokines ultimately determine the differentiation pathway of the 

T cell. APCs that secrete type I interferons and IL-12 drive CD4+ T cells toward a Th1 

phenotype, as well as CD8+ T cells towards a cytotoxic T cell (CTL) phenotype37. Th1 

responses are characterized by Th1 and CTL cells that secrete pro-inflammatory 

cytokines IFN-ɣ and TNF-α, of which IFN-ɣ activates MØs toward an inflammatory M1 

phenotype, as well as enhanced cytolysis of intracellular pathogens via CTL release of 

perforin and granzymes (see Cell-Mediated Immunity section below)36,37,39. APCs that 

secrete IL-4 drive T cells towards a Th2 phenotype, characterized by their secretion of 

IL-4, IL-5, and IL-13, whose signaling results in enhancing B cell antibody responses 

against extracellular pathogens (see Humoral Immunity section below)37,39.  

There are a number of additional T cell phenotypes that have been discovered to 

date, including IL-9 secreting Th9 cells, IL-17-secreting Th17 cells, IL-22-secreting Th22 

cells, regulatory T cells, natural killer T cells, follicular helper T cells (TFH cells), who play 

a vital role in immune responses, depending on the context of infection. One of the most 

important roles of TFH cells is in developing robust high-affinity antibody responses 

against extracellular pathogens40. This is achieved through a well-regulated process of 

selecting the highest affinity B cell clones and converting them into plasma cells, 

terminally-differentiated B cells who secrete high levels of antibodies41. 
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There are three types of B cells: follicular B cells, marginal zone B cells, and B1 

cells. Follicular B cells are the majority population and reside in the secondary lymphoid 

organs (SLOs), such as the lymph node and spleen42. Marginal zone B cells reside in 

the marginal sinus of the spleen and survey for pathogens in circulation42. B1 cells, in 

contrast, preside in the peritoneal and pleural cavities and mucosal sites, and survey for 

environmental pathogens42. Due to their specialized location, marginal zone B cells and 

B1 cells predominantly secrete rapid, yet short-lived antibodies against invasive 

pathogens42. Hence, this review will focus on follicular B cells, which are capable of 

generating high-affinity antibodies, as well as immunologic memory, and will hence be 

referred to solely as B cells. 

Naïve B cells traditionally reside in SLOs, such as the lymph nodes or spleen, 

and are localized in follicles with a T cell region bordering the follicles41. Early during 

infection, pathogen-derived proteins, termed antigens (ANTIbody GENerators), can 

enter the draining lymph nodes either through direct transport by DCs and MØs or 

through passive transport43. If these passive antigens are opsonized, they are taken up 

by subcapsular sinus macrophages (SSMs) via complement receptor 3 (CR3)43. If not 

opsonized, draining antigens eventually end up being taken up by follicular DCs (FDCs) 

located in the center of the lymph node follicles43.  

Naïve B cells initially express surface-bound antibodies IgM and IgD, which are 

associated with intracellular signaling surface molecules CD79A and CD79B 

heterodimer (also called Igα and Igβ) - this complex is termed the B cell receptor 

(BCR)44. B cells can bind to antigen bound to CR3 on SSMs via their BCR and this 

receptor-antigen complex is internalized, degraded, followed by B cell migration to the 
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T/B cell border, where the peptide-MHC II complex is presented to TFH cells43. These B 

cells will then either migrate to the follicle and contribute to germinal center (GC) 

formation, a network of FDCs and actively proliferating B cells, or differentiate into short-

lived plasmablasts, which migrate to the medullary chords of the SLOs and secrete low-

affinity antibodies41,43. 

The ability of B cells to differentiate into plasma cells that secrete high-affinity 

antibody responses is dependent on FDCs and the environment of the follicle. FDCs 

maintain antigen in non-degradative compartments, and are capable of presenting 

antigen to B cells for months following infection43. Naïve B cells recognize FDC surface-

bound antigen via their BCR, which they then internalize and subsequently migrate to 

the T/B cell border (termed the ‘light zone’) and initiate TCR:peptide-MHC II interactions 

with TFH cells43. This co-stimulation can result in three outcomes. The first two possible 

outcomes are that some B cells will receive cues to differentiate into low affinity 

plasmablasts or memory B cells41. The third is that the B cell enters back into the GC, 

undergoing a high degree of proliferation in a region called the ‘dark zone’, of which a 

process called somatic hypermutation occurs, resulting in mutations (cytosine to uracil) 

in the V(D)J genes of the antibody immunoglobulin loci41,45. These B cells continually 

cycle between the light and dark zones of the GC and initiate the same process of 

stimulation by TFH cells, generating higher affinity B cells and plasmablasts. Following 

multiple rounds of this process, the B cells of high affinity for antigen are selected for, 

while low affinity B cells under apoptosis, a phenomena termed affinity maturation41. 

During affinity maturation, high affinity plasmablasts are capable of exiting the lymph 

node and migrate to the bone marrow, where they establish a niche and terminally 
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differentiate into long-lived plasma cells that secrete high quantities of antigen-specific 

antibodies for extended periods of time46.  

Plasmablasts and plasma cells are able to secrete five different classes of 

antibodies, or isotypes, namely IgM, IgD, IgA, IgG, and IgE, each with their own role in 

preventing infection47. As previously mentioned, naïve B cells express surface-bound 

IgM and IgD, however during affinity maturation, an additional process known as ‘class 

switching’ can occur, in which some light zone B cells undergo gene rearrangements 

and begin to produce higher levels of the other antibody isotypes, each with their own 

effector functions41. Therefore, affinity maturation provides the immune response with 

plasma cells that secrete highly specific antibodies capable of disrupting pathogenesis, 

as well as memory B cells that can rapidly proliferate and produce high affinity plasma 

cells upon re-exposure to the same foreign pathogen. 

 

1.1.5 Cell-Mediated Immunity 

Cellular-mediated immunity (CMI) is a coordinated immune response to 

intracellular pathogens that involves phagocytes (DCs and MØs), cytotoxic T 

lymphocytes (CTLs), NK cells, and the release of specific cytokines that play a role in 

activating cytotoxic cells and destroying infected cells. Following infection by a foreign 

pathogen, infected cells will secrete type I interferons, which activate NK cells that 

destroy infected cells through the release of perforin and granzymes, as well as anti-

microbial α-defensins against extracellular bacteria29. These cells also secrete high 

levels of IFN-ɣ and TNF-α29. Simultaneously, DCs and MØs phagocytose pathogens 

and apoptotic cells, migrate to the draining lymph nodes, present antigen to T cells on 
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MHC I and MHC II, and secrete IL-12, the cytokine that causes naïve CD4+ T cell 

differentiation toward a Th1 phenotype and CD8+ T cells toward a CTL phenotype35. 

These Th1 cells and CTLs then migrate to the site of infection and interact with APCs, 

secreting cytokines IL-12, IFN-ɣ, TNF-α, and IL-239. CTLs demonstrate enhanced 

cytolytic capacity of intracellular pathogens through secreting perforin and granzymes 

following binding of peptide-MHC I complexes, which induce apoptosis in infected 

cells39. Additionally, IFN-ɣ enhances MØ phagocytic ability, nitric oxide production, as 

well as antigen presentation on MHC I and MHC II37. Thus, CMI allows for the rapid 

killing of infected cells before they are shed into nearby cells and boosts the clearance 

of any free or shed pathogens that may be looking for a new host cell. 

 

1.1.6 Humoral Immunity 

Humoral immunity is generally viewed as the ability of antibodies, the 

complement cascade proteins, and antimicrobial peptides to eliminate extracellular 

pathogens. Early in the response, naïve B cells may become activated in a T-cell-

independent manner via activation of PRRs or the crosslinking of the BCR to repeating 

epitopes, such as those from bacterial cell wall proteins or polysaccharides, and leads 

to the secretion of low-affinity antibodies by short-lived plasmablasts due to lack of 

necessary co-stimulation by T cells42. However, following affinity maturation, B cells of 

higher affinity for pathogen-derived antigens develop and leads toward the induction of 

long-lived plasma cells that secrete high levels of antibodies against pathogen-derived 

proteins41. 
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Antibodies, whether high or low affinity, play numerous roles in immunity to 

pathogens. Antibodies are capable of binding to and neutralizing secreted proteins and 

toxins, such as the B. anthracis tripartite toxins, blocking their activity by binding directly 

to active site or indirectly to other epitopes on the protein48. Binding of antibodies to 

soluble antigens can form immune complexes, which activate phagocytes via their Fc 

receptors, and enhance phagocytosis and subsequent activation of CD4+ and CD8+ T 

cells49. Antibodies can also bind to pathogen surface proteins and neutralize pathogen 

function, as is the case with many viruses50. For example, hemagglutinin neutralization 

is largely believed to be the standard correlate for protection against influenza virus. 

Antibody bound to bacterial surface proteins can initiate the classical complement 

pathway against bacteria, in which complement molecules C1q, C1r, and C1s binds to 

the antibodies and leads to the formation of the membrane attack complex (MAC), 

resulting to cytolysis or opsonophagocytosis of the pathogen51.  

The complement system is also capable of inducing cytolysis through the 

alternative pathway, in which the molecule C3b binds to the bacteria directly, driving 

assembly of the MAC51. Mannose binding lectin or Ficolin are capable of binding to 

carbohydrates on yeast, bacteria, parasites, and even viruses, and binds to the 

molecule C4b to initiate complement pathway51. Therefore, the combined effect of 

complement and antibody responses against foreign antigens plays a wide role in 

blocking pathogenesis of the organism through neutralization of its activity, cytolysis, 

opsonophagocytosis, which further drive adaptive immune responses. 
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1.2 Pneumonic Plague 

1.2.1 Introduction 

Pneumonic plague is a disease that has devastated humans throughout their 

history, most notably for causing the well-known Black Death pandemic, which killed an 

estimated 20 to 30 million individuals across Europe, wiping out approximately one third 

of the world’s population52. Unfortunately, this disease continues to persist and an 

estimated 1,000-2,000 individuals are reported to contract the disease annually 

worldwide, with the latest pneumonic plague outbreak occurring in Madagascar recently 

in 201753.  

Plague is caused by the Gram-negative bacteria Yersinia pestis and is part of the 

family Enterobacteriaceae1. It is one of three species of Yersinia that are pathogenic to 

humans, the other two being Yersinia pseudotuberculosis and Yersinia enterocolitica, 

which produce disease in the intestinal tract of the host54. Y. pestis is responsible for 

pneumonic, bubonic, and septicemic plague, whose symptoms and severity of disease 

differ via mode of infection.  

Pneumonic plague is a communicable respiratory disease and is typically 

contracted by inhalation of contaminated aerosols containing Y. pestis from other 

infected hosts, the environment, or potentially as a bioterror weapon55. Pneumonic 

plague’s symptoms onset rapidly, and include fever, headache, weakness, chills, 

nausea, progressing to adult respiratory distress syndrome along with coughing and 

sputum production, increased chest pain, hypoxia, hemoptysis, which can ultimately 

result in septicemia52. Antibiotic treatment of Y. pestis is possible if started early during 

infection within the first 18-24 hours, with intravenous or oral ciprofloxacin and 
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doxycycline over a 48 hour course of treatment1. If untreated after 24-36 hours post-

infection, mortality rates approach 90-100%1.  

Bubonic plague is an infection of the lymphatic system and causes the most 

cases of naturally occurring plague. This disease, also known as secondary pneumonic 

plague, is a zoonotic disease caused by the bite of infected fleas transmitted from 

deceased rats, and is believed to have been the cause of the infamous Black Death 

plague epidemic in the 14th century52. Following a blood meal, bacteria are injected into 

the cutaneous layer of the skin, where they then migrate to regional lymph nodes, 

resulting in inflammation and swelling of the lymph nodes. Symptoms occur after 2-6 

days, with patients experiencing malaise, headache, chills, and fever. As the disease 

progress, 1-10 cm buboes develop in the skin of patients52. Y. pestis can spread to the 

lungs and circulation, resulting in similar symptoms to pneumonic plague and ultimately 

death52. This disease onsets less rapidly and has a lower mortality rate than pneumonic 

plague and can also be treated with antibiotics, which greatly relieves most symptoms, 

however the buboes can persist for weeks52. It is rare for Y. pestis to be transmitted 

from person to person via aerosol route, hence bubonic plague is not as grave a 

biological weapon threat as pneumonic plague.  

Primary septicemic plague is the rarest of the form of plague, accounting for 10-

15% of cases, and is caused following by Y. pestis infecting the blood stream usually 

through an exposed wound, resulting in septicemia without lymphadenopathy, though 

(as mentioned above) septicemic plague usually results secondarily from pneumonic 

and bubonic plague52. Replication of bacteria in the blood stream initiates a strong 

inflammatory response and tissue damage, with symptoms including organ failure, 
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respiratory distress syndrome, and disseminated intravascular coagulopathy resulting in 

hemorrhaging in the skin and gangrenous necrosis52. Additional complications include 

plague pneumonia, meningitis, endophthalmitis, and splenic abscesses52. Septicemic 

plague can be treated similarly to pneumonic and bubonic plague using antibiotics, 

however if untreated is almost always fatal. As septicemia usually results secondarily 

from the other forms of plague, it is not generally regarded as high level of a biological 

warfare threat as pneumonic plague. 

 

1.2.2 History of Plague Weaponization 

The use of Y. pestis as a biological weapon dates back to the 14th century, when 

the Tartars sieged Genoese forces in the city of Caffa and hurled plague-infected 

cadavers from catapults, causing an epidemic within the city that eventually led the 

Genoese to retreat from the city52. In 1710 AD, Russian forces performed similar actions 

by catapulting plague-infected cadavers into Swedish cities56. During World War II, 

Japanese forces reportedly dropped fleas containing plague over Chinese and 

Manchurian civilian populations, which led to 10,000 casualties in the city of Changteh 

in 194152. The Japanese experimentation during this time with biological warfare 

agents, including Y. pestis, resulted in the deaths of 10,000 prisoners, including 3,000 

prisoners of war, some of whom were Americans56. Following World War II, the United 

States and Russia researched the possibility of weaponizing plague, however only 

Russia succeeded in growing sufficient quantities of the organism for weaponization56. 

The United States terminated its biological weapons program in 1970, but established 

the United States Army Medical Research Institute of Infectious Diseases (USAMRIID) 
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to develop vaccines and other defenses against the event of biological weapons use56. 

Following this, 103 nations cosigned the 1972 Convention on the Prohibition of the 

Development, Production, and Stockpiling of Bacteriological (Biological) and Toxin 

Weapons and on Their Destruction treaty, which prohibits the stockpiling of biological 

warfare agents and toxins56. However, there are no guidelines for ensuring countries 

adhere to this agreement or enforcement of violations, and violations of this agreement 

have been alleged56. Following the 9/11 attacks in the United States, the Select Agent 

Program was created, with Y. pestis listed as a Tier 1 select agent, meaning it has the 

highest risk of mass casualty to civilian populations following exposure.  

Due to the prevalence of this disease, significant progress has been made in 

understanding the pathogenesis of the organism, enabling the design of targeted 

prophylactic vaccines, however there is no currently licensed vaccine that provides 

long-lived protective immunity to pneumonic plague. As a licensed vaccine currently 

does not exist, and due to the high mortality rate and ease of transmission of 

pneumonic plague, there is a general fear of its use as a biological warfare agent. 

Therefore, it is imperative to design a vaccine against this pathogen that is able to 

provide rapid immunity in the event of outbreak and maintain long-lived immunity 

against subsequent exposure. The next section will focus on pneumonic plague 

pathogenesis as well as current vaccination strategies, as this route of infection is 

communicable and believed to be most necessary to vaccinate against. 
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1.2.3 Pneumonic Plague Pathogenesis 

Y. pestis infection has been studied in numerous animal models that purportedly 

closely resemble that of human hosts, however on the cellular level the exact 

mechanism of pathogenesis and dissemination is not well understood. It is known that 

the pathogenesis occurs in a biphasic manner, with an initial ‘pre-inflammatory phase’ 

followed by the more severe and lethal ‘proinflammatory phase’. The first 36 hours of 

disease progression is coined the pre-inflammatory phase, as this pathogen replicates 

rapidly within the lungs, with little immune activity observed1. During this time, it is 

hypothesized that Y. pestis plays a role in limiting the inflammatory cytokine IL-1β 

activity, possibly through upregulating the IL-1β antagonist receptor IL-1RA, which binds 

to IL-1β and suppresses the downstream effects of inflammasome activation1.  

Following this initial pre-inflammatory phase, the proinflammatory phase of 

disease begins with a spike in the levels of inflammatory cytokines IL-6, IL-17, TNF-α, 

IFN-Ɣ, and chemokines CXCL1 and CCL21. This cytokine spike follows with an influx of 

neutrophils into lung alveoli, which form packed inflammatory foci and expand 

throughout the course of infection1. After 72 hours, the extent of persistent inflammation 

causes extensive alveolar tissue destruction, leading to edema and hemorrhaging of the 

lungs and ultimately can be fatal1. Therefore, pneumonic Y. pestis infection is actually a 

host response-mediated disease, in which the immune response, characterized by 

hyperresponsive neutrophils, is what furthers severity of disease1. 

Y. pestis is a non-motile, facultative intracellular bacterium. Although both 

neutrophils and alveolar macrophages are capable of internalizing the pathogen, 

neutrophils are more effective at killing the internalized pathogen and Y. pestis appears 

to preferentially infect macrophages early during infection, establishing Y. pestis 
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containing vacuoles (YCVs) that attenuate acidification of the vacuole and allow the 

bacteria to replicate intracellularly54,57. Following internalization, infected macrophages 

are hypothesized to traffic the bacteria to the draining lymph nodes, where the pathogen 

subsequently escapes into the extracellular environment, upregulates virulence and 

antiphagocytic factors such as the Type III secretion system (T3SS) and fraction 1 

antigen, respectively, and eventually enter into circulation, causing lethal sepsis (Figure 

1.2). Recently, Heine et al. showed that although Y. pestis was undetectable in the 

spleen or blood of mice in the first 24 hours following intranasal challenge, bacterial 

levels greatly increased after 24 hours and were detected in both the lungs and blood, 

with the counts leveling after 48 hours above the initial challenge dose58.  

In contradiction to this hypothesis, however, a recent report using a dermal 

bubonic plague infection model in mice demonstrated that although neutrophils were 

successful in eliminating bacteria from the infection site, the bacteria were able to 

disseminate from the dermal layer of the skin into the draining lymph node after only 10 

minutes post-infection independently of host cells, which may challenge the ‘Trojan 

horse’ model of dissemination to the draining lymph nodes59. 

Understanding the entire process of how Y. pestis establishes infection is critical 

for designing vaccines against this pathogen. Although much still remains unknown, 

multiple virulence factors have been found to play a critical role in establishing infection 

and are likely vaccine candidates. 
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1.2.4 Pneumonic Plague Mechanisms of Action 

Following deposition in the lungs, Y. pestis utilizes a wide array of virulence 

factors that contribute to its ability to evade innate immune responses and establish 

infection. The following are a few notable examples. 

 

Type III Secretion System 

The type III secretion system (T3SS) is a large protein complex that forms a 

“needle structure” and is inserted within eukaryotic cells, injecting a series of effector 

proteins known as Yersinia outer proteins (Yops) crucial in disrupting phagocytosis and 

proinflammatory cytokine secretion by host immune cells60. All of the genetic information 

encoding both the proteins that assemble to form T3SS and Yops are contained within a 

70 kb plasmid pYV60.   

The T3SS contains two domains. The first is termed the “base structure”, which 

is integral in the membrane of Y. pestis and protrudes out of the bacteria.  The second 

domain is called the needle, whose shaft is composed of a single protein YscF that is 

polymerized to form a long, thin needle structure61. At the tip of the needle is a tip 

protein called Low Calcium Response V antigen (LcrV or V antigen), which forms a 

homopentameric head62. This protein assembly is the means by which Yops are able to 

transport into host cells. T3SS activity and Yop secretion is highly dependent on contact 

between LcrV with host cells and the concentration of calcium63,64. However, Fields et 

al. demonstrated that Yop secretion can continue even when LcrV is bound by LcrV-

specific antigen, suggesting that there may be multiple pathways to secrete Yops65. 

Indeed, Yop secretion can be regulated by a number of proteins, namely YopN, 

cytosolic TyeA, ScN, YscB,  and LcrG66.  
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Once the T3SS of Y. pestis is successful in navigating through the extracellular 

environment of the host and contacts a host cell, it becomes activated and injects Yops 

into the cytoplasm. There are at least six known Yop proteins, namely YpkA/YopO, 

YopE, YopT, YopH, YopM, YopJ/YopP, that are injected directly in host cells. The 

combined effect of Yop translocation is responsible for disrupting actin, a main 

component of the microfilaments eukaryotic cell’s cytoplasm, and also interrupting cell 

signaling pathways that lead to induction of proinflammatory cytokines60. As 

rearrangement of actin is critical for cells to be able to phagocytose pathogens, 

disrupting its activity helps attenuate innate immune responses and allows the bacteria 

to disseminate from the infection site66. The following is a list of known Yops and their 

observed functions: 

YpkA/YopO: Anti-phagocytic. Binds to actin, where it is activated via 

autophosphorylation. Inhibits GDP-GTP exchange of RhoA and Rac1, 

retaining their inactive state, thus limiting actin stress fiber formation60. 

Additionally phosphorylates Gαq, which also controls actin stress fiber 

formation, hence both of its functions appear to attenuate cytoskeletal 

rearrangement and phagocytosis60. 

YopE: Anti-phagocytic. Non-canonical GTPase activating protein (GAP) 

that induces G-proteins RhoA, Rac1, and CDC42, which converts GTP to 

GDP, disrupting cytoskeletal rearrangement, and thus phagocytosis60. 

Additional role potentially includes resealing pores made by T3SS so 

proinflammatory cytokine leakage cannot occur and induce an 

inflammatory response60. 
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YopT: Anti-phagocytic. Cleaves phenyl groups of lipid-modified RhoA, 

Rac1, and Cdc42, causing their detachment from plasma membrane and 

attenuates downstream actin cytoskeletal signaling pathways54. Very 

similar activity to YopE that may be redundant. 

YopH: Anti-phagocytic. Contains a protein tyrosine phosphatase domain 

that dephosphorylates p130Cas, FAk, and paxillin in epithelial cells and 

p130Cas, SKAP-HOM and Fyb in macrophages, which attenuates β1 

integrin-mediated phagocytosis54. 

YopM: Role in pathogenesis unclear. Recently suggested that YopM binds 

to and antagonizes caspase-1-dependent inflammasome activity, thus 

disrupting pyroptosis67. Also recently shown to be critical for Y. pestis 

virulence through binding and activating PRK1 and PRK2, thus inhibiting 

the pyrin inflammasome68. 

YopJ/YopP: Targets MAPK kinases and IkB kinase-β and inhibits 

downstream signaling pathways, promoting apoptosis and further 

inhibition of cytokine expression60. Recently shown to suppress 

chemotactic IL-8 secretion by polymorphonuclear (PMN) cells, suggesting 

a role in delaying PMN recruitment to sites of infection69.  

These Yops are the effective means by which Y. pestis is able to establish infection 

following escape into the extracellular environment. Yop secretion occurs early during 

infection. It has been observed in mice that after approximately 12 hours, 5% of the lung 

cells were injected, followed by an increase to roughly 50% of lung cells after 24 

hours70. 
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Y. pestis appears to preferentially target specific cell types over the course of 

infection. Pechous et al. observed that greater than 96% of the Yop injection events in 

the lungs of mice occurred in leukocytes as compared to lymphocytes and 

epithelial/endothelial cells70. After 24 hours, approximately 40% of all leukocytes in the 

lung were injected with YopE, far greater than the other two categories (3% for both)70. 

It was noted that after six hours post-infection, approximately 55% of the infected cells 

were AMs, while 18% were neutrophils and other cell types. After 12 hours, there was a 

switch in preference as more than 70% of cell types injected were neutrophils and less 

than 10% were AMs. After 24 hours, more than 90% of cell types were neutrophils, 

suggesting that Y. pestis is capable of attenuating innate immune responses early 

during infection by AMs and later following neutrophil influx70.   

 

Fraction 1 Antigen 

Another key component to the most virulent strains of Y. pestis is the ability to 

encapsulate itself with the surface capsule Fraction 1 (F1) antigen. F1 is encoded by the 

caf1 gene on the 100-kb plasmid pFra, whose expression on the cell surface is greatly 

increased at 35-37°C following release from intracellular compartments, and within 

hours post-infection54,57. F1 is a polymer composed of repeating units of Caf1 and forms 

a linear, fimbrial structure that coats the bacteria and has been shown to reduce 

phagocytosis by MØs through blocking the binding to opsonins to Y. pestis’ surface, 

suggesting that F1 is a critical virulence factor able to block the uptake of Y. pestis by 

innate immune cells71.  
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Psa 

Psa, like F1 antigen, is a homopolymer that forms a capsule-like structure on the 

surface of Y. pestis. It forms an adhesion pilus of 15 kDa and is expressed optimally at 

37°C at pH ranges of 5.8-6, conditions similar to that of the phagolysosome54,57. This 

protein structure is known to bind to β1-linked galactosyl residues in glycosphingolipids 

and apoB-containing LDL in human plasma, thus aiding in avoiding recognition by host 

phagocytic cells54. However, Psa has shown to adhere to host cells, though it does not 

appear to play a role in the invasion of bacteria into host phagocytic cells54. Therefore, 

this protein likely binds to host serum proteins and uses this as a mechanism to avoid 

host phagocytes.  

 

Ail 

Ail is a 17.5 kDa protein that occupies the outer membrane of Y. pestis, with four 

short extracellular loops that extend from the bacterial surface. These loops are 

believed to play a role in cell adhesion through binding to fibronectin, allowing the 

bacteria to adhere and enter into host cells54. Ail demonstrates virulence in mice, as a 

3000-fold increase in the 50% lethal dose of an Ail knockout strain of KIM5 Y. pestis 

was required to achieve the same lethality as the parental strain72.  

 

Braun’s Lipoprotein 

Y. pestis contains Braun’s Lipoprotein (Lpp) on its outer membrane. This protein 

is found in all Enterobacteriaceae and is the essential link between the peptidoglycan 

layers of Gram-negative bacteria with the outer membrane. Sha et al. recently 
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demonstrated that mice infected with a Lpp knockout strain of Y. pestis had improved 

survival rates than that of the parenteral KIM/D27 strain, with bacteria undetectable in 

the blood and spleen of infected mice, suggesting a critical role of Lpp in establishing 

infection73. Prior work from this same group showed that Lpp was able to induce TNF-α 

and IL-6 production in peritoneal exudate macrophages independent of 

lipopolysaccharide (LPS), and that Lpp and LPS synergistically induced lethal shock in 

LPS-responsive and LPS-nonresponsive mice, suggesting Lpp contributes an important 

role in inducing septic shock74. 

 

Lipopolysaccharide 

Another important component of Y. pestis that contributes to virulence is LPS, a 

lipoglycan composed of lipid A covalently bound to a polysaccharide O antigen75. This 

molecule can be found on virtually all Gram-negative bacteria. LPS is the main culprit 

that induces toxic shock syndrome in hosts, causing fever, rash, and organ failure due 

to the massive inflammatory cytokine storm released75. LPS is known for triggering the 

innate immune response through binding to TLR-4, the innate immune receptor that 

recognizes the conserved sequence of LPS on Gram-negative bacteria75 . The number 

and length of the fatty acid side chains of lipid A can vary, depending on the organism, 

and the number and length of these side chains is critical for the binding and activation 

of TLR-476. In fact, hexa-acylated lipid A containing 12 to 14 carbons in the fatty acid 

side chain optimally activates immune responses in humans, while lipid A containing 

other numbers of chains having reduced responses. Interestingly, is has been observed 

that Y. pestis is able to regulate the structure of lipid A depending on its environment, 
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with hexa-acylated LPS being produced maximally at 21 to 26°C (flea gut conditions), 

switching to a nonstimulatory tetra-acylated LPS following exposure to 37°C (host 

temperature)57. The change in LPS expression is appears critical for Y. pestis to prevent 

activation of innate immune cells and secretion of proinflammatory cytokines that would 

recruit neutrophils to the infection site as well as drive adaptive immune responses.  

 

Plasminogen Activator 

In addition to pYV and pFra plasmids, Y. pestis can contain another plasmid 

pPCP1, which is a 9.5-kb plasmid that contains the genes for plasminogen activator 

Pla54. Pla is a membrane-bound protease, containing five surface-exposed loops that 

contain catalytic activity and activates plasminogen to plasmin; plasmin is an enzyme 

that dissolves fibrin clots, an important clotting factor in blood, and digests laminin, 

resulting in the disruption of the host tissue barrier 54. A recent study by Lathem et al. 

infecting mice with either wild type Y. pestis CO92 or an isogenic Y. pestis strain lacking 

Pla revealed that mice infected the Pla-knockout strain had significantly greater survival 

rates corresponding to a lack of bacterial outgrowth, edema, proinflammatory cytokine 

production, and polymorphonuclear cell infiltration in the lungs, despite detection of 

bacteria in the spleen by 72 hours77. These results suggest that Pla is critical for 

bacterial growth within the lungs and can lead to fatal pneumonia, but is not critical for 

dissemination into other host tissues. Interestingly, the opposite appears to hold true in 

cases of bubonic plague, where Pla is critical for dissemination but not for outgrowth at 

the infection site. The authors speculated this may be due to the high vascularization of 

the lungs, which allow for the escape of a few Pla-knock out organisms into circulation. 
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An additional role for adhesion activity has been reported for Pla. Zhang et al. 

reported that Pla can bind to the DC surface receptor DEC-205, a C-type lectin receptor 

that is thought to mediate antigen uptake and presentation78. This interaction was found 

to mediate invasion of AMs and subsequent dissemination. 

Recently, Pla has shown to bind to and degrade Fas ligand (FasL)79. Following 

infection, host cells undergo a process apoptosis, or programmed cell death, in order to 

prevent the replication of bacteria intracellularly. This process is initiated by FasL 

binding to its cognate receptor Fas, which results in apoptosis through the activation of 

caspases 3 and 780. Pla has shown to bind to FasL and degrade it, attenuating the 

ability of cells to undergo apoptosis79. 

 

Outermembrane Vesicles 

Y. pestis has the ability to release vesicles, termed outermembrane vesicles 

(OMVs), which contain phospholipids, outermembrane proteins, LPS, and periplasmic 

contents, some of these including virulent proteins and enzymes. Recently, Eddy et al. 

recently demonstrated that Y. pestis is capable of releasing OMVs of approximately 100 

nm in diameter containing Ail, Pla, and F1 antigen and OMV secretion was increased at 

elevated temperature (37°C)81. The OMVs were able to bind to fibronectin and laminin, 

displaying catalytic behavior of Pla. These results suggest that Y. pestis is capable of 

enhancing its virulence through secreting these OMVs, which may have antiphagocytic 

properties and allow for the bacteria to disseminate by degrading host extracellular 

matrix.  
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1.2.5 Current Vaccine Strategies against Pneumonic Plague 

There currently is no FDA-approved vaccine against Y. pestis, however Russia 

and China have approved the use of a live-attenuated strain82. As Y. pestis is 

predominantly an extracellular bacterium, many studies have focused on developing 

strong humoral immunity against the pathogen, characterized by high antibody titers 

against specific neutralizing epitopes of the T3SS and opsonizing antibodies against the 

F1 capsule. As described below, in certain animal models anti-F1 IgG antibody titers 

have shown to correlate with protection, suggesting a threshold antibody titer is 

necessary to achieve protective immunity83. 

 

Whole-cell Vaccines 

The use of whole-cell vaccines against plague dates back to 1895, when 

Alexandre Yersin first evaluated the efficacy of both killed and live whole-cell vaccines 

in small animal models82. These vaccines were shown to generate immune responses 

against bubonic plague in a single formulation, but not to pneumonic plague84.  

A comparative study using the killed plague vaccine USP and a live-attenuated 

strain of Y. pestis (EV76) showed that EV76 could provide complete protection in Porton 

outbred mice after a single intramuscular dose84. However, the authors noted that all of 

the EV76-immunized mice developed severe side effects, with paralysis in the injected 

limb that did not improve throughout the study, sensory and motor dysfunction, and 

even one death. There were no observed symptoms in mice immunized with USP, even 

after two doses. In both small animal models and non-human primates, it has been 

shown that live-attenuated strains of Y. pestis develop rapid immunity, however the 

bacteria is capable of disseminating and proliferating within tissues, and has been 
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shown capable of proving fatal in these animal models82. Therefore, killed whole-cell 

vaccines are generally regarded to be safer for use in humans and have been studied 

more thoroughly as a vaccine candidate. 

Early studies using killed whole-cell vaccines in mice and guinea pigs 

demonstrated high levels of protection in mice, however guinea pig protection was 

suboptimal, with only 10-20% of guinea-pigs surviving after receiving the recommended 

human dose85. However, using a killed EV76 strain of Y. pestis, lacking the Ybt iron 

acquisition system, was capable of improving survival to 69% protection, although 

results in guinea-pig models varied widely due to guinea-pig genetic heterogenicity82. 

Studies in non-human primates were variable as well, with potency tests on macaques 

proving unreliable due to low and variable susceptibility of the species. Studies in 

langurs immunized with the killed USP vaccine demonstrated safe administration and 

the ability to generate antibody responses and were protected from lethal challenge85. 

Hence, the efficacy of killed whole-cell vaccines varies widely, depending on the animal 

model. 

Early clinical trials before 1944 to evaluate safety and dosage requirements of 

proven killed plague vaccines previously evaluated in mice and guinea pigs showed that 

the vaccine could be well tolerated in humans, however only generated antibodies in 

50-60% of subjects85. Leading into World War II, the United States Subcommittee on 

Tropical Diseases, National Research Council Committee on Medical Research passed 

a resolution recommending the use of killed-whole cell vaccines, despite the lack of 

evidence supporting their efficacy85. Hence, military personnel deployed to the 

battlefield were immunized with a killed whole-cell vaccine, called the USP plague 
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vaccine. No United States military personnel contracted plague during World War II, 

though field efficacy could not be evaluated as other factors, such as insecticides, were 

employed in tandem with vaccination.  

Subsequent studies have reported local and systemic adverse reactions to the 

USP vaccine following boost, with some symptoms reported as strong pain at the 

injection site, swelling, malaise, headache, weakness, and fever-like symptoms82. 

Additionally, a clinical trial in humans immunized with two doses of the USP vaccine 

showed that albeit tolerance of the injection and development of antibodies, after only 

three months post-vaccination, antibody titers had waned to low or undetectable 

levels85. Hence, the current status of killed whole-cell vaccines require multiple 

immunizations, do not elicit strong immunological memory and, in addition to higher 

frequency of injection site reactions, is not suitable for mass vaccination of both military 

and civilian populations in the event of exposure to Y. pestis employed as a biological 

weapon. 

 

Plague Subunit Vaccines 

Due to the injection site reactogenicity and concerns of poor immunological 

memory with whole-cell vaccines, plague subunit vaccines have become attractive 

vaccine candidates. Of note, Y. pestis culture supernatants do not contain any known 

toxins, hence immune responses against Y. pestis are generally directed towards cell 

surface components of the bacteria, though effector Yops have been evaluated as well. 

The F1 antigen is has long been studied as a vaccine candidate as it is believed 

that generating opsonizing antibodies to the capsule will aid in bacterial clearance by 
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phagocytic cells. Indeed, it has shown much promise as a vaccine candidate, proving to 

be protective in both small animal and non-human primate models against fully virulent 

strains of Y. pestis expressing the F1 capsule, however it fails to protect against the 

bacterial strains that do not express F186. Additionally, F1- strains of Y. pestis have been 

found in rodents and humans that succumbed to the fully virulent, F1+ strain86. Hence, 

plague vaccines cannot rely on F1 alone and require additional antigens to provide 

protective immunity.  

V antigen was first identified as a major Y. pestis virulence factor by Burrows in 

1956, shown to protect mice against lethal challenge with both F1+ and F1- strains of Y. 

pestis86,87, thus supporting its use as a vaccine candidate in addition to F1 antigen. It is 

believed that generating neutralizing antibodies against LcrV attenuates the 

translocation of Yops into host cells via the T3SS. In fact, Ivanov et al. recently 

demonstrated direct neutralization of the tip of the T3SS was sufficient to block Yop 

translocation in vitro using a monoclonal antibody (MAb) known to bind to LcrV (MAb 

7.3)88. This same group showed that the Fc domain of MAb 7.3 was not required to 

block Yop translocation, further supporting the necessity of neutralization rather than 

opsonophagocytosis. However, Noel et al. reported that both MAb 7.3 and polyclonal 

antibodies opsonizing LcrV were unable to inhibit apoptosis in naïve and IFN-ɣ-

activated MØs infected with using a KIM5 strain of Y. pestis, and this was due to Y. 

pestis’ ability to continue surviving within the macrophages and blocking acidification of 

the phagosome89. Hence, generating antibody responses against LcrV alone is likely 

insufficient for protection and requires the use of a co-antigen. Regardless, Overheim et 

al. designed an LcrV variant lacking immunosuppressive residues 271 to 300 (rV10) 
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and showed that this antigen retains the ability to elicit neutralizing antibodies against 

the T3SS and protected mice, rats, guinea pigs, and cynomolgus macaques from lethal 

challenge and displayed reduced immunoregulatory capabilities associated with the full 

length protein, suggesting its use as a vaccine candidate64,90–92.  

Due to the protective capabilities of both F1 and V antigens, most studies have 

evaluated co-administering the two. Hill et al. passively immunized mice with the anti-F1 

MAb 7.3 and an anti-LcrV monoclonal antibody F1-04-A-G1, demonstrating synergistic 

protection when administering both antibodies 48 hours post-challenge, while the 

individual monoclonal antibodies were insufficient for protection93, supporting the 

hypothesis that generating antibody responses against both antigens will enhance 

immunity. Studies in mice immunized intramuscularly with a vaccine formulation 

containing both F1 and V antigen co-adsorbed to alhydrogel demonstrated that anti-F1 

IgG1 antibody titers correlated with protection against subcutaneous challenge, 

suggesting there may be an anti-F1 antibody threshold required for protection83. Studies 

in cynomolgus macaques immunized with a high dose (80 μg) of both F1 and V 

antigens adsorbed to alhydrogel in prime-boost regimen and challenged 8-9 weeks PI 

showed complete protection against Y. pestis CO9294. Interestingly, a separate group of 

cynomolgus macaques immunized with 40 μg of both antigens were also protected from 

lethal challenge, however one macaque succumbed to infection and was found to have 

similar anti-V IgG titer to those that survived, supporting the requirement for developing 

robust antibodies against both antigens. 

In an effort to improve vaccine production and reduce cost, a fusion protein 

containing F1 and V, named F1-V, was developed by USAMRIID and is currently the 
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most promising plague vaccine candidate95. This fusion protein is highly immunogenic 

and has shown to be completely protective in mice against both F1+ and F1- Y. pestis 

strains, and was more protective than either F1 or V antigen administered alone95. 

Recent studies have shown that the route of immunization and adjuvant use influence 

immune responses toward F1-V, with subcutaneous immunization eliciting the highest 

levels of IgG in the lungs and serum96. The inclusion of adjuvants dictated the types of 

immune responses generated, with alum enhancing both serum and mucosal anti-F1-V 

IgG1 responses (Th2 response) following subcutaneous immunization.  

Quenee et al. evaluated clinical grade F1-V efficacy in mice, guinea-pigs, and 

cynomolgus macaques, showing complete protection against fully virulent Y. pestis in all 

of the animal models92. These animals were immunized intramuscularly with F1-V 

adsorbed to alhydrogel in a prime-boost schedule and challenged with fully virulent Y. 

pestis CO92. The results showed complete protection in mice and guinea pigs, while 

three out of the four nonhuman primates challenged survived. Additionally, serum 

collected from the non-human primates passively transferred to mice demonstrated 

near complete protection in mice from serum of the primates that survived challenge. 

Mice transferred serum from the one non-human primate that succumbed to challenge 

had a only two out of five mice survive, however this animal had anti-F1-V antibody 

titers comparable with those of the primates that survived, supporting previous findings 

that non-human primate models can have variable protective responses with F1-V.  
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Additional Considerations Necessary for Protective Plague Vaccines 

Despite the plethora of evidence suggesting humoral immunity is required for 

protection, there is a growing body of evidence to posit that cell-mediated immunity is 

critical for protective immunity as well. Szaba et al. demonstrated the necessity for cell-

mediated immunity by showing protection in μMT mice (deficient in mature B cells) 

immunized with a live-attenuated strain of Y. pestis against lethal challenge with Y. 

pestis D2797. Protection was ablated following depletion of CD4+ and CD8+ T cells. 

Additionally, immunization led to an increase in TNF-α and IFN-Ɣ producing T cells. 

Work from this same group later demonstrated that protective immunity against Y. 

pestis D27 could be achieved in mice with the CD8+ T cell epitope YopE69-77 and was 

dependent on TNF-α for protection, with IFN-Ɣ aiding in CD8+ T cell differentiation to 

CTLs, though perforin activity was dispensable for protection98. When immunized mice 

were challenged with the fully virulent CO92 strain, protection was incomplete but 

significantly higher than unimmunized mice, supporting the notion for the requirement 

for proper activation of cell-mediated immunity to aid in protective immunity. 

Recently, Mizel et al. demonstrated protective efficacy of a fusion protein 

encompassing the flagellin fused to F1-V99. Flagellin is a structural protein in Gram-

negative bacterial flagella filaments and is a potent agonist of TLR-5 in neutrophils, NK 

cells, monocytes, macrophages, endothelial cells, and epithelial cells, which drives 

cellular immune responses at the site of immunization100. When flagellin-F1-V was 

cultured with RAW 264.7 cells (macrophages) in vitro, high levels of TNF-α was 

detectable in the supernatant. BALB/c mice immunized with a prime-boost regimen of 

this fusion protein were completely protected against Y. pestis CO92 lethal challenge, 
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displaying high anti-F1 and anti-V antibody titers with no detectable levels of bacteria in 

blood, liver, lungs, or spleen three days post-challenge99. Additionally, both young and 

adult African green monkeys and cynomolgus macaques were immunized in prime-

boost regimen with varying doses of flagellin-F1-V, displaying high anti-F1 and anti-V 

IgG titers that were of the same magnitude as the immunized BALB/c mice, suggesting 

that these animals could be protected against lethal challenge. Impressively, this 

vaccine candidate recently completed phase I clinical trials and will hopefully undergo 

further evaluation101. However, this vaccine candidate requires multiple immunizations, 

and these reports stress the need for a pneumonic plague vaccine formulation that is 

able to both prime both the cellular and humoral branches of the immune response. 

 

1.2.6 Summary 

Y. pestis is a highly pathogenic organism that causes near complete mortality 

after 2-4 days if untreated. There currently is no FDA-approved vaccine against 

pneumonic plague. The most promising vaccine candidates currently being studied 

utilize the F1 capsule and V antigens, however many (if not all) reports of its efficacy 

rely on multiple immunizations to achieve protective immunity, particularly against the 

fully virulent CO92 strain, and rely heavily on generating humoral immunity, which may 

be insufficient for a genetically heterogeneous human population. Despite such promise 

with F1/V-based vaccines, there are no reports of a F1/V-based vaccine platform that 

provides rapid protective immunity, in as little as 14 days PI, which is critical in the event 

of mass exposure to civilians and warfighters. Therefore, there still remains a critical 

need for a vaccine platform against pneumonic plague that properly stimulates both the 
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cell-mediated and humoral branches of the immune system and is capable of providing 

both rapid and long-lived protective immunity, ideally in a single dose. 

 

1.3 Inhalation Anthrax 

1.3.1 Introduction 

Anthrax has roots as deep as humanity itself. In fact, many scholars posit that 

anthrax appeared as early as chapter nine in the Book of Exodus, causing the fifth and 

sixth plagues inflicted upon Egypt2. Anthrax is believed to have plagued ancient Greece 

and Rome, possibly causing the Plague of Athens (430-427 BCE)2. The word “anthrax” 

derives from the Greek word anthrakites, which means “coal-like”, referring to the black 

eschar that is seen following cutaneous anthrax infections2. During the 18th century, 

anthrax wiped out half of the sheep population in Europe, and later became known as 

woolsorter’s disease, due to the frequency at which mill workers came into contact with 

infectious wool, goat hair, or alpaca wool2. Beyond its deadly past, anthrax has played a 

pivotal role in the study of infectious disease and development of vaccines. In fact, 

during the 1870’s, Robert Koch used anthrax to develop Koch’s postulates, which define 

the causal relationship between a pathogen and disease2. Louis Pasteur furthered this 

work by immunizing cattle and sheep with the first anthrax vaccine, a live-attenuated 

organism, and showed that the vaccinated cows survived infection with virulent 

anthrax2,102. The first instance of anthrax infection in the United States occurred in the 

1900’s, when workers in the textile and tanning industries contracted the disease 

following exposure to goat hair, skin, and wool2. However, overall the incidence of 

anthrax infections decreased in the 20th century, attributed to the development of a live 
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anthrax spore vaccine by Max Sterne in the 1930s for use in animals, as well as 

improved work conditions2,102.  

 

1.3.2 History of Anthrax Weaponization 

The modern era is when anthrax weaponization began its roots. During World 

War I, there was evidence that Germany, England, and France started biological 

weapons programs, including the weaponization of B. anthracis103. Reports surfaced 

that the Germans tried shipping cattle and horses infected with various diseases, 

including anthrax, to the United States and other countries, though this was never 

verified56. During World War II, a Japanese weapons program tested various organisms, 

including Y. pestis and B. anthracis, on prisoners and was responsible for the deaths of 

more than 10,000 people, with at least 3,000 being prisoners of war (including 

Americans)103. The British were also experimenting with B. anthracis, and developed a 

bomb that could deploy aerosolized droplets containing the bacteria, to be inhaled 

within the blast zone103. The weapon was never implemented in the war, however it led 

to the contamination of Gruinard Island, which remains a restricted zone even today103. 

As mentioned previously, 103 nations cosigned the 1972 Convention on the Prohibition 

of the Development, Production, and Stockpiling of Bacteriological (Biological) and 

Toxin Weapons and on Their Destruction treaty, which prohibits the stockpiling of 

biological warfare agents and toxins.  

Despite this, anthrax exposure events have continued and even remain a recent 

memory for many alive today. In 1979, there was an outbreak of human anthrax in 

Sverdlovsk, the Soviet Union, in which 96 cases of inhalation anthrax occurred104. It was 



39 
 

concluded that aerosolized anthrax spores had accidentally been released from a 

military facility located nearby and caused the outbreak incident. Although it was 

concluded that this was an accidental release occurrence, it nonetheless highlighted the 

possibility of mass exposure of civilian populations to biological weapons. 

The first intentional anthrax release in the United States occurred in the Fall of 

2001 following the 9/11 attacks, when 22 Americans were infected from letters 

contaminated with anthrax spores. 11 of these cases were determined to be inhalation 

anthrax, and 11 were either confirmed or suspected to be cutaneous anthrax. Of the 11 

cases of inhalation anthrax, five people died105, though fortunately the survival rate was 

higher than that reported in the early 1900s (15%), attributed to early diagnosis and 

quality of treatment2. The 11 cases of cutaneous anthrax were observed in postal 

workers or people who were believed to have handled contaminated mail, and all 

survived infection2. Following these attacks, the Special Agent Program was created 

with B. anthracis listed as a Tier 1 Select Agent, for its high likelihood for mass casualty 

following exposure to civilian and military populations. Because of B. anthracis’ prior 

biological weapons use in the United States, its ability to sporulate, as well as its high 

lethality in human hosts, there remains a general public fear of its use as another 

biological weapon. Therefore, much research has gone into understanding the 

pathogenesis of this organism in order to design improved antibiotics and prophylactics. 

 

1.3.3 Inhalation Anthrax Pathogenesis 

Anthrax is an acute disease caused by the bacteria Bacillus anthracis. This 

Gram-positive bacteria has been found on every continent and is able to form 
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endospores, which endow the spores with resistance against heat, cold, and radiation, 

allowing them to survive for up to decades and centuries106. Anthrax spores are capable 

of being transmitted to the host via three modes - inhalation, gastrointestinal, and 

cutaneous. Inhalation anthrax occurs through inhalation of spores into the lungs, where 

they deposit in the upper airways and alveoli107. This route of infection is the most 

deadly, with mortality rates of reportedly 86% during the 1979 outbreak in the Soviet 

Union and 89% in the United States108.  

The exact mode of pathogenesis of this bacterium is still rather unclear. It has 

long been known that the bacteria are capable of disseminating from the lungs into 

circulation via the lymphatic system, where they ultimately spread throughout the body. 

Autopsies from patients that died from the Sverdlovsk outbreak in 1979 revealed 

bacteremia and toxemia at time of death, with edema and hemorrhaging throughout the 

body, including the lungs, thoracic lymph nodes, and brain109. The first proposed 

mechanism of anthrax pathogenesis was by Joan Ross in 1957, who observed bacillus 

spores were phagocytosed by alveolar macrophages and trafficked to the draining 

tracheal bronchial lymph nodes110. This discovery and many after led to the ‘Trojan 

Horse’ model of anthrax infection in 2002 by Guidi-Rontani, in which alveolar 

macrophages provide the route of infection for anthrax111. In this model, anthrax spores 

deposit in the alveoli of the lungs but are unable to germinate in the lumen. Alveolar 

macrophages, which situate on the apical side of the epithelium, phagocytose anthrax 

spores and transport the bacillus across the lung epithelium and to the draining lymph 

node, where spore germination and subsequent infection occurs111.  
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However, recent evidence has cast doubt on the Trojan Horse model (see 112 for 

detailed review). One of the most compelling issues with this model is that there 

currently is no direct evidence that bacteremia derives from macrophage-phagocytosed 

spores. Some reports have shown that although alveolar macrophages are the first to 

engulf anthrax spores within as little as 10 minutes after infection, pulmonary DCs are 

also able to phagocytose spores after 30 minutes and traffic to the thoracic lymph nodes 

directly after, which may lend a new avenue for anthrax pathogenesis113. Another study 

reported that epithelial cells and fibroblasts are able to internalize both anthrax spores 

and vegetative cells in vitro, thus suggesting new mode of infection that does not 

involve a Trojan horse phagocyte at all114. Lastly, recent studies have shown that 

anthrax spores actually can germinate within the nasal-associated lymphoid tissues 

(NALT) in the lungs, which has prompted a new model called the ‘Jailbreak’ model of 

dissemination, in which anthrax spores germinate within the NALT and produce 

exotoxins and proteases that disrupt innate immune cell function and permeabilize lung 

tissue through degrading the extracellular matrix, thus allowing for vegetative bacteria to 

drain to the draining lymph nodes and subsequently into circulation112. 

It is very likely that all of the above modes of action contribute to some degree to 

disease pathogenesis. Regardless, it is certain that by the time B. anthracis enters the 

lungs, it releases an arsenal of virulence factors upon the host that enable it to 

overcome host immune defenses, which will be detailed in the next section. 
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1.3.4 Inhalation Anthrax Mechanisms of Action 

B. anthracis belongs to the Bacillus cereus group, a small group of six Bacillus 

species who all have very similar chromosomes102. However, it is the extrachromosomal 

genetic elements that differentiate B. anthracis from other species. In fact, B. anthracis 

itself exhibits very little genetic diversity across strains, however the major differences 

between strains lie in the plasmids that the bacteria express, with these plasmids 

providing the virulence factors that differentiate fully virulent, lethal anthrax strains from 

nonvirulent strains102.  

The main virulence factors associated with B. anthracis are displayed on two 

plasmids. The first plasmid, a 183-kb plasmid pXO1, allows B. anthracis to secrete the 

bipartite exotoxins, lethal toxin (LT) and edema toxin (ET), which have shown to 

modulate innate cell signaling processes, including oxidative burst in macrophages, 

chemotaxis, cytokine secretion, and cellular activation102. It has been revealed that 

transcription of the toxin genes is located on a pathogenicity island and is regulated by 

the anthrax toxin activator protein, a pleiotropic regulator protein, and also carbon 

dioxide and bicarbonate, thus inferring that recognition of the host tissue environment 

activates toxin secretion102. There are three proteins that are secreted that make up the 

two bipartite toxins. They are protective antigen (PA), edema factor (EF), and lethal 

factor (LF). The second plasmid, pXO2, is a 96-kb plasmid that encodes for poly-ɣ-D 

glutamic acid (PGA), a polypeptide capsule that encapsulates the bacteria and blocks 

phagocytosis of the bacteria102. Interestingly, expression of PGA is also upregulated by 

presence of carbon dioxide, further suggesting that bacterial virulence is increased 

following recognition of the host tissue environment102. 
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Protective Antigen 

PA is an 83 kDa protein that contains four domains. Its role in pathogenesis 

involves recognition of host cells and subsequently coordinating the transport of both EF 

and LF into the cytosol of host cells (Figure 1.3). It does this through the binding of its 

domain IIII to the Anthrax Toxin Receptors, of which only two receptors have been 

identified thus far115,116. Following binding, PA is cleaved at domain I into a 63 kDa 

active fragment by the cell surface protease furin117, where it then oligomerizes into 

heptamer and octamer pores on the cell surface102. These complexes contain binding 

sites for both LF and EF, which are believed to aid in allowing the LF/EF-PA complexes 

to become internalized in to endosomes, where LF and EF are released through the 

pore and into the cytosol of the host cell102. As PA is critical for the delivery of LF and 

EF into the cell, it has been the most studied target antigen for most current vaccines 

against anthrax, as it believed that neutralizing antibodies against PA will ablate toxin 

efficacy. 

 

Lethal Factor 

LF is a 90 kDa protein containing four domains. The most critical is domain IIII, 

which contains a zinc-binding catalytic active site, which cleaves the mitogen-activated 

protein kinase kinase (MAPKK) family of proteins102. This is detrimental to cells, as the 

downstream signaling effects of MAPKK cleavage ultimately disrupts inflammatory 

cytokine production and therefore suppresses innate immune defenses against the 

pathogen (see 118 for a more detailed review). This outcome of attenuated innate 

immunity ultimately leads to lack of bacterial clearance, subsequent dissemination into 
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circulation, of which LF preferentially targets cardiomyocytes and smooth muscle cells, 

which leads to vascular collapse and finally host death, hence why it is named ‘lethal 

factor’102. 

 

Edema Factor 

EF is also a 90 kDa protein catalyst that converts free ATP to cAMP at a very 

high rate (2,000 molecules per second)102. This higher than normal level of cAMP is 

known to be detrimental to innate immunity, as higher levels suppresses inflammatory 

cytokine production, enhances anti-inflammatory IL-10 production, suppress receptor-

mediated phagocytosis of pathogens by monocytes, macrophages, and neutrophils, and 

generation of reactive oxygen species that aids in killing internalized pathogens119. 

 

Poly-D-ɣ-glutamic acid 

The PGA capsule of B. anthracis plays a vital role in defense of the extracellular 

pathogen against both humoral and cell-mediated immunity. PGA is a T cell-

independent type II antigen, making it weakly immunogenic, and thus generates weak 

antibody responses, enabling the bacteria to evade immune responses via subverting 

phagocytosis120. Even though it is possible to activate the classical complement 

pathway of B. anthracis spores121, expression of capsule is also believed to block 

opsonization by antibodies, and many current efforts have been made to design MAbs 

against the capsule, which have shown to protect mice against lethal challenge122–124. 

This suggests that the PGA capsule is essential for bacterial dissemination from the 

lungs into circulation. Drysdale et al. demonstrated this by showing that fully virulent 
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pXO1+ pXO2+ B. anthracis strain UT500 could be detected in the spleens of BALB/c 

mice, whereas a strain with the capsule synthesis operon attenuated could not be 

detected in the spleen and had minimal signs of pathology in lungs and spleen125.  

Recent studies are beginning to recognize additional roles of PGA in 

pathogenesis. PGA is not solely expressed on the cell surface. In fact, it is polymerized 

on the cell surface until it reaches a high molecular mass, where it is then degraded to a 

lower molecular mass polymer and is released from the bacteria126. PGA levels in blood 

appear in later stages of disease (after 24 hours) in mice, rabbits, and non-human 

primates and is capable of reaching concentrations as high as 500 µg in mice127, 

correlating with the level of bacteria in circulation128–130. Jang et al. demonstrated that 

co-administering PGA with LT can enhance LT lethality in vitro in J774.1 cells as well as 

in BALB/c mice, though the exact mechanism is unknown131. Interestingly, Cho et al. 

showed that PGA can activate caspase-I and induce IL-1β secretion in human THP-1-

derived macrophages, suggesting that PGA may contribute to the inflammatory cytokine 

storm and could explain the enhanced lethality of co-administered PGA and LT132. 

Supporting this theory are reports that PGA has shown to bind to TLR-2, inducing 

proinflammatory cytokines133,134.  However, Ahn et al. demonstrated that PGA derived 

from Bacillus subtilis upregulated proinflammatory mRNA, specifically IL-1β, TNF-α, and 

IL-6 in bone marrow-derived macrophages while simultaneously inhibiting 

inflammasome activation, suggesting a role for PGA in reducing inflammation. This was 

conclusively shown by challenging mice with LPS and PGA, in which PGA protected 

mice against LPS challenge125. This is supported by a report showing PGA suppresses 

Th-17 responses and promotes the differentiation of anti-inflammatory regulatory T 
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cells135. PGA therefore may play a role enhancing innate immune cell death while 

additionally quelling innate immune responses. 

Whether through interaction with TLR-2 or other additional pathways, the 

immune outcomes of PGA are profound. It was recently shown that immature DCs 

differentiated from monocytes in the presence of PGA had an attenuated maturation 

following peptidoglycan stimulation and secreted high levels of IL-8136. It has also been 

shown that PGA stimulation of bone marrow-derived DCs (BMDCs) led to the release of 

Th1 cytokines that skew naïve T cells to a Th1 phenotype137, an undesirable immune 

phenotype against extracellular pathogens. Paradoxically, the authors report this was 

dependent on TLR-4 signaling. PGA can stimulate natural killer DCs and displays anti-

tumor activity133. Despite all of the information currently gathered demonstrating the 

effects of PGA on various aspects of the immune response, further studies are needed 

to elucidate the exact mechanism of PGA’s enhancement of lethality in vivo. 

 

1.3.5 Current Vaccine Strategies against Inhalation Anthrax 

Most vaccine strategies, including the current FDA-approved vaccine, center 

around inclusion of PA as it is believed that neutralizing its ability to heptamerize and 

translocate LF and EF into the cytosol is critical to prevent dissemination of the bacteria 

and toxemia associated with mortality102. Indeed, a number of monoclonal antibodies 

have been generated that confer toxin neutralizing capacity in vitro and in vivo135. A 

recent study demonstrated that anti-PA antibody titer and toxin neutralization titer 

following prime-boost vaccination did correlate with protection in New Zealand white 

rabbits challenged intranasally with Ames strain spores138. In a similar study with guinea 
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pigs, it was shown that antibody titer did not correlate with protection, however toxin 

neutralization titer did correlate following prime-boost vaccination139.  

 

Anthrax Vaccine Adsorbed 

Currently, the only FDA-approved vaccine against anthrax is the Biothrax 

Anthrax Vaccine Adsorbed (AVA), which is manufactured by Emergent Biodefense 

Corporation, formerly BioPort Corporation. Approved in 1970, this vaccine is described 

as “a sterile, milky-white suspension…made from cell-free filtrates of microaerophilic 

cultures of an avirulent, non-encapsulated strain of Bacillus anthracis.” These cell-free 

filtrates are adsorbed to aluminum hydroxide in a sodium chloride solution, which is 

injected intramuscularly (IM). The current vaccine regimen requires three IM doses 

within the first six months followed by boosters at 12 and 18 months, and yearly 

boosters following. It is believed that PA is the most immunogenic component of the 

AVA vaccine, and that anti-PA neutralizing antibodies are the correlate for protection.  

AVA has not had a controlled clinical study performed to evaluate its vaccine 

efficacy against inhalation anthrax due to the lack of infectious occurrences in the 

modern times, therefore establishing human correlates for protection are difficult. The 

first study conducted to evaluate a similar PA-based vaccine formulation derived from 

the F1-NP mutant of the Vollum strain of anthrax in humans was performed between 

1955-1959 by Brachman et al.4. Mill workers during this time were at high risk of anthrax 

exposure from goat hair, hence workers from four textile mills were immunized with 

three injections at two-week intervals, followed by another three injections at six-month 

intervals, with yearly boosters afterward. During the course of this study, 26 cases of 



48 
 

anthrax occurred, with 21 cases of cutaneous anthrax and five of inhalation anthrax. 

Three of the cases occurred in vaccinated individuals, though only one of these had 

received a “complete vaccine” consisting of the first three immunizations. Hence, the 

efficacy was determined to be 92.5 percent, however protective efficacy against 

inhalation anthrax could not be determined due to the low sample size. Another study 

performed by the Centers for Disease Control and Prevention between 1962 to 1974 in 

textile mills found that of 27 cases of cutaneous anthrax identified, none occurred in 

individuals who received at least the first three immunizations – two cases occurred in 

individuals who received less than three immunizations4. These results suggest that 

AVA is an effective vaccine candidate against cutaneous anthrax, however it requires 

multiple immunizations in order to achieve protective immunity. Additionally, its 

protective efficacy in humans against inhalation anthrax has yet to be demonstrated. 

AVA efficacy against inhalation anthrax has been studied in multiple animal 

models. In mice (A/J, BALB/cJ, and CBA/J strains) immunized three times with the AVA 

vaccine, protection could not be achieved against cutaneous challenge using the fully 

virulent V1b strain140. This is because mouse models are quite difficult to model anthrax 

immunity due to their high susceptibility to polyglutamic acid capsule positive strains of 

anthrax – the 100% lethal dose is at most 20 spores in CBA, C57BL/6, and BALB/c 

mouse strains141. Protection is guinea pigs is very difficult to achieve, as antibodies 

directed against PA appear to not correlate with protection4. However, rabbits and non-

human primate models appear to have the most similar disease pathology and immune 

responses to humans, and anti-PA antibody titer does appear to correlate with 

protection in rabbits against intranasal challenge with B. anthracis Ames strain4. Studies 
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have shown complete protection in rhesus macaques against aerosol challenge with B. 

anthracis Ames strain, even after a single dose of AVA4. Despite the variable responses 

in various animal models, the high levels of protection achieved in rabbits and rhesus 

macaques supports the purported efficacy of the AVA vaccine. Recently, addition of a 

B-class CpG DNA adjuvant CPG 7909 (TLR-9 agonist) to the AVA vaccine was 

evaluated in a phase I clinical trial and shown to be well tolerated, both accelerating and 

enhancing antibody response to PA by 6-8-fold142, hence it may be possible to reduce 

the number of immunizations. 

Despite the body of evidence supporting the efficacy of AVA in both human and 

animal studies, this vaccine platform has a few major limitations. Firstly, the cell-free 

filtrate used in the AVA vaccine is not well defined143, and batch to batch variably could 

presumably be very high. Second, as mentioned above, protective efficacy in both 

human and animal models requires multiple immunizations (generally at least three) in 

order to achieve purported protective antibody titers4. From a patient compliance 

standpoint, the requirement for multiple immunizations is undesirable, and this is highly 

non-ideal for military personnel who are being deployed, as the first three immunizations 

occur over the course of six months. The requirement for multiple immunizations is also 

highly non-ideal in the event of mass exposure of civilian and warfighter populations. In 

addition to the requirement for multiple immunizations, there have been injection-site 

reactogenicities reported with aluminum-based vaccines. A large comprehensive review 

by the Committee to Assess the Safety and Efficacy of the Anthrax Vaccine in 2000 

concluded that local events (redness, swelling, nodules) were fairly common in 

vaccinees, systemic reactions (fever, malaise, myalgia) occurred but were less 
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common, and immediate-onset health effects that causes brief functional impairment 

could occur as well4. Therefore, it would be desirable to design vaccine formulations 

that are safer to administer. Lastly, there are concerns of thermal stability with proteins 

adsorbed to aluminum-based adjuvants5,6, hence there is a need for an anthrax vaccine 

that can provide rapid and long-lived immunity, ideally in a single dose, and is 

thermostable. 

 

Additional PA-based Vaccines 

In an attempt to improve consistency of vaccine batches, recombinant protective 

antigen (rPA) has been produced in various bacterial strains and has demonstrated 

protective in guinea pigs144, rabbits138, and non-human primate145 models against 

aerosol challenge. This protection appears to be largely antibody based, as high 

antibody titer and in vitro toxin neutralization seem to determine whether animals are 

protected or not. Interestingly, rhesus macaques immunized with a single dose of rPA 

adjuvanted with either aluminum hydroxide, saponin QS-21, or monophosphoryl lipid A 

(MPL) in squalene/lecithin/Tween 80 emulsion (SLT) were completely protected against 

the fully virulent Ames strain lethal challenge six weeks PI145. 

 

Whole-cell Vaccines 

Currently, Russia and China have approved the use of an attenuated, live spore 

anthrax vaccine146. Despite the difficulties with protecting mice against intranasal lethal 

challenge of the Ames strain using PA-based vaccines, mice can be protected against 

Ames strain lethal challenge by using non-encapsulated whole-cell vaccines or 



51 
 

spores146. In fact, it has recently been reported that two doses of alhydrogel-adjuvanted 

formalin-inactivated spores adjuvanted from Bacillus cereus, an avirulent bacteria, 

provided BALB/c mice significant protection against aerosolized challenge with the 

Ames strain, suggesting that generating immune responses against spore antigens may 

be important for providing protection147.  

 

Poly-D-ɣ-glutamic acid Capsule-based Vaccines 

In addition to the evidence supporting generating antibodies against PA as well 

as whole cell and spore antigens, the PGA capsule has become of recent interest as a 

vaccine candidate. As previously mentioned, fully virulent strains of anthrax are those 

that are both capsule and toxin positive, and despite the ability to protect non-human 

primates with the current AVA vaccine in a single shot145, mice are extremely 

susceptible to capsulated strains of B. anthracis, making vaccine design difficult to 

evaluate in mice148. As PGA has been shown to be critical for the dissemination of B. 

anthracis from the lungs into circulation, it is believed that generating opsonizing 

antibodies against the capsule may enhance bacterial clearance. Indeed, multiple 

studies have demonstrated protection through passive anti-PGA antibody transfer in 

mice against the fully virulent Ames strain122–124,127,149. Glinert et al. showed that while 

vaccination with PA was protective against subcutaneous challenge with Ames strain 

spores, it failed to protect against intravenous (IV) challenge with vegetative Ames 

strain cells, thus suggesting that neutralizing PA alone is not sufficient for protection in 

later stages of disease149. 
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PGA has shown promise as a vaccine candidate, despite being poorly 

immunogenic. Due to its low immunogenicity, early attempts included conjugating it with 

more immunogenic proteins, such as PA150 and BSA151. Chabot et al. demonstrated 

complete protection in rhesus macaques using PGA conjugated to the outer membrane 

protein complex (OMPC) of Neisseria meningitidis using prime-boost vaccination over 

28 days152. Unfortunately, this vaccine failed to protect New Zealand white rabbits. This 

is likely due to the necessity for PA to be incorporated into the anthrax vaccine, as PA 

has already shown to protect rabbits138. This hypothesis is further motivated by work 

from Glinert et al., who showed that despite the inability of PA to protect New Zealand 

white rabbits against IV challenge with vegetative Ames strain cells, complete protection 

could be achieved if rabbits were co-immunized with PA plus a secreted protein fraction 

containing PGA and other secreted proteins from a toxin-null anthrax mutant149. 

Therefore, inclusion of multiple antigens can likely aid in improving immune responses 

against anthrax. It is important to note, however, that the challenge in this study was not 

intranasal, so it is not certain how mice would be protected from intranasal lethal 

challenge. 

Inclusion of multiple antigens, PA and PGA in particular, is capable of providing 

protection in mice. Candela et al. demonstrated complete protection in OF1 mice, an 

outbred strain of mice, against subcutaneous challenge of fully virulent B. anthracis 

9602 following co-immunization with PA and a PGA-peptidoglycan conjugate that was 

purified from Bacillus lecheniformis153. Only partial protection was afforded when 

immunizing mice with either PA or PGA alone. Unfortunately, however, this protection 

required four vaccinations over the course of 42 days, which is not non-ideal, as well as 
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the fact that the challenge was subcutaneous and not intranasal. Regardless, the fact 

that PGA demonstrates protective efficacy in non-human primates following IN lethal 

challenge as well as enhances immunity when co-immunized with PA suggests there 

may be promise in improving upon the currently approved AVA vaccine by inducing 

antibodies that neutralize PA and also opsonize the bacteria directly, thus improving 

cell-mediated immune responses and subsequently bacterial clearance. 

 

Lethal Factor-based Vaccines 

LF may demonstrate the ability to be a successful vaccine candidate. This is 

supported by the observation that the AVA vaccine does contain trace quantities of LF, 

humans immunized with the AVA vaccine develop antibody titers against LF154,155, and 

CD4+ T cell responses to LF ex vivo were found to be similar in patients immunized with 

the European-licensed vaccine (anthrax vaccine precipitated, or AVP) to those who 

survived cutaneous anthrax infection, whereas vaccinees did not generate CD4+ T cell 

responses to PA156. This CD4+ T cell response was found to correlate with domain IIII of 

LF. Recent work by Baillie et al. demonstrated that both the full length LF and a 

truncated protein (domain I of LF) fully protected BALB/c mice from intraperitoneal 

challenge with STI spores of anthrax157. However, this antigen has yet to show 

protection in animal models against lethal intranasal challenge with a fully virulent B. 

anthracis strain and needs to be further evaluated. 
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Additional Anthrax Vaccine Considerations 

Despite the numerous studies citing the protective efficacy of both the AVA 

vaccine and recombinant PA, PA is a highly labile protein, demonstrating loss in toxin 

neutralization activity after only two minutes stored at elevated temperatures158. 

Therefore, improved anthrax vaccines need to be developed that are able to maintain or 

improve immune responses to PA while improving shelf stability. 

Much focus on anthrax vaccines is towards developing humoral immunity, 

characterized by robust antibody titers against PA as well as in vitro toxin neutralization 

assays for correlates of protection. However, as mentioned above, it may be important 

generate immune responses that balance cell-mediated and humoral immunity. For 

example, Glomski et al. questioned the dogma of humoral immunity by demonstrating 

that mice passively transferred immune serum from formalin-inactivated anthrax spore 

(FIS)-immunized mice were not protected against subcutaneous challenge with a toxin-

attenuated, capsulated spores of B. anthracis, however protection in naïve µMT mice 

(lacking mature B cells) passively transferred splenocytes from FIS-immunized mice 

were protected159. These results, though not evaluated with the Ames strain, suggest 

that cell-mediated immunity may critically important for protection, especially early 

during infection in order to target non-vegetative spores. 

Based upon the successes of multiple anthrax antigens, it may be important to 

target antigens other than solely PA, or incorporate additional adjuvants, that are able to 

improve the breadth of the immune response against anthrax. For example, human 

individuals who survived cutaneous anthrax infection developed memory CD4+ T cells 

that secrete a diverse cytokine profile, including Th1, Th2, and Th9 cytokines following 
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restimulation with domain IIII of LF, whereas CD4+ T cells from individuals vaccinated 

with AVP fail to induce diverse cytokine secretion160. As PA additionally fails to induce 

IFN-ɣ-secreting CD4+ T cells in vaccinated individuals156, additional strategies should be 

employed to ensure a robust and balance immune response against anthrax can be 

achieved. 

 

1.3.6 Summary 

B. anthracis is a highly pathogenic organism that causes near complete mortality 

after only a few days if untreated. Currently, there exists the FDA-approved AVA 

vaccine against anthrax that likely is capable of protecting humans, however it is limited 

in that it is not a well-defined formulation, requires multiple immunizations to achieve 

purported protective immunity, contains reactogenic aluminum, and doesn’t provide 

rapid immunity. In addition, PA is a highly labile protein, whose shelf stability must be 

improved. Most studies against anthrax rely heavily on generating humoral immunity 

against PA, though humoral immunity alone may be insufficient, particularly in mouse 

models. Recently, additional antigens, including LF and PGA, have been evaluated as 

vaccine candidates in multiple animal models. However, there are no reports of an 

anthrax vaccine platform that provides rapid protective immunity, in as little as 14 days 

PI, which is critical in the event of mass exposure to civilians and warfighters. Therefore, 

there still remains a critical need for a vaccine platform against inhalation anthrax that 

properly stimulates both cell-mediated and humoral branches of the immune system 

and is capable of providing both rapid and long-lived protective immunity, ideally in a 

single dose.  
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1.4 Bovine Respiratory Syncytial Virus 

1.4.1 Introduction 

Human respiratory syncytial virus (HRSV) is a leading cause of severe acute 

lower respiratory tract disease in infants and young children worldwide7 and accounts 

for up to 70% of hospitalized bronchiolitis cases in industrialized countries8. Globally, 

there are an estimated 33 million new episodes of HRSV-associated disease in children 

under five years of age with more than 100,000 resultant deaths9. Severe RSV infection 

has been linked with the development and exacerbation of recurrent wheezing and 

asthma10, and is a predisposing factor to the development of otitis media11. RSV 

infection has a devastating, worldwide impact on human health and despite significant 

efforts, no approved vaccine currently exists for use against the disease in humans. 

Bovine RSV (BRSV) is closely related to HRSV and a significant cause of 

morbidity in young cattle. BRSV infection in calves displays many similarities to RSV 

infection in humans, including similar age dependency and disease pathogenesis, 

making it an attractive animal model for vaccine studies with HRSV (recently reviewed 

in 161). Although vaccines have been widely available for BRSV for decades, their 

efficacy in the field is problematic, and BRSV infection in calves continues to have 

significant impacts on animal health and the agricultural economy162,163.  

BRSV is an enveloped, negative-stranded RNA virus that is a member of the 

Pneumovirus genus (Figure 1.4)164. This virus is pleomorphic, with either a rounded or 

filamentous shape. The envelope of the virus contains lipids derived from the host 

plasma membrane, as well as three virally encoded transmembrane surface 

glycoproteins, namely the large glycoprotein G, fusion protein F, and small hydrophobic 
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protein SH, but it is the former two which appear to play a critical role in viral 

replication164.  

 

1.4.2 BRSV Pathogenesis 

As previously mentioned, the pathogenesis and disease symptoms between 

humans and cattle are similar. In cattle, BRSV can have massive detrimental effects 

between autumn and winter seasons, with a high morbidity (60-80%), and upwards of 

20% mortality rates165. This pathogen has been found in cattle from Europe, America, 

and Asia, and is highly contagious, being transmitted by direct contact via 

aerosolization164. Following inhalation of viral-containing aerosols, the virus deposits 

within both the upper and lower airways of the lungs. The virus preferentially replicates 

superficially on the ciliated epithelium of the lungs, where it utilizes the surface 

glycoproteins to attach and fuse with the host cell membrane, enabling the release of 

the nucleocapside into the cytosol164. The nucleocapside is a ribonucleoprotein complex 

that contains one copy of the genome and the machinery that initiates viral transcription 

and later genome replication. During transcription, the viral RNA-dependent RNA 

polymerase transcribes messenger RNA and is regulated by the chaperone 

phosphoprotein while the nucleoprotein protects the genomic RNA from RNAse 

degradation164. Once enough viral protein is translated into protein, the viral RNA 

polymerase switches to what is called read through mode, in which viral replication 

commences. During this step, positive-sense RNA is synthesized, which acts as 

template to synthesize additional negative-sense RNA. After this is complete, the 

nucleocapside is assembled within the cytoplasm and coordinates with a matrix protein 
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M to traffic to the cell membrane which contains virally-produced surface 

glycoproteins164. There, the viral particle assembles and viral budding can be observed 

on the cell surface, after which the virus is released and continues on to infection 

additional cells.  

Interestingly, no cytopathology is observed in vitro in epithelial cell cultures 

infected with either BRSV or HRSV166, suggesting (much like with Y. pestis infection) 

that the host response to this pathogen is what causes the severity of disease. This is 

corroborated in the clinical signs and symptoms that develop. Following an incubation 

period between 2-5 days, microscopic lesions develop in primarily in the cranioventral 

region of the lungs, with exudative inflammation in the bronchi, alveolar collapse, and a 

high degree of cellular infiltration to the inflamed tissue164. Due to the inflammation, 

necrotic tissue and cellular debris can collect in the epithelium and often obstructs the 

bronchoalveolar lumen7. In addition, viral fusion with host cells results in the synthesis 

of a small peptide virokinin, which induces the contraction of smooth muscle cells and 

constricts the lung airways164. This can result in labored breathing, including polypnea, 

dyspnea, audible wheezing, and in cattle can result in depression and anorexia161. 

Therefore, it is critical to understand the molecular basis for how this pathogen interacts 

with host cells to reduce the severity of this infection. 

  

1.4.3 BRSV Mechanisms of Action 

G glycoprotein 

The G glycoprotein is a 257-264 amino acid, heavily glycosylated nonglobular 

type II glycoprotein (depending on the isolate) that resembles cellular mucins and is the 
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major attachment protein164. It is synthesized either in a membrane-anchored form or 

secreted form, with approximately 80% in the secreted form 24 hours post-infection164. 

The surface-bound protein forms a trimer and is believed to attach to the cell surface by 

interacting with heparin-binding domains with glycosaminoglycans on all cell 

membranes167; it appears vital to viral pathogenesis in vivo, as knocking out this gene 

attenuates viral replication. It has been hypothesized that the secreted form of the 

protein acts as a decoy by binding to neutralizing antibodies, however its exact role in 

disease pathogenesis is not well understood. 

 

F glycoprotein 

The RSV F protein is a 574 amino acid protein that is responsible for viral 

penetration into host cells. It is highly conserved between virus strains, as well as 

between HRSV and BRSV, demonstrating approximately 80% homology168. This protein 

is a type I viral fusion protein that exists in two forms on the viral surface: a metastable 

pre-fusion form and a stable post-fusion form169. It is initially synthesized as an inactive 

precursor called F0, which is cleaved by furin to its active heterodimer form164. This 

heterodimer then functions by fusing the viral and cell membranes, resulting in delivery 

of the nucleocapside into the cytosol; hence, this protein is also indispensable for viral 

replication. The F protein is also responsible for the formation of the RSV characteristic 

syncytia, which are the presence of multinucleated cells formed via fusion of infected 

cells to healthy host cells found in the lumen and epithelium of infected lung tissue164.   
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1.4.4 Current Vaccination Strategies against BRSV 

RSV-specific immune responses are directed against a number of viral proteins; 

however, the fusion (F) and attachment (G) proteins appear to be the most important 

targets167. Although still not entirely understood, it is believed that neutralizing IgG and 

IgA have a role in protection from RSV. Adults repeatedly infected with RSV 

demonstrate robust levels of IgA in nasal secretions, which has shown to prevent virus 

replication in the upper airways, regardless of serum Ig levels170,171.  Mucosal IgA also 

plays an important role in reducing the occurrence and severity of RSV infection in 

infants and children172. However, in adults, IgA responses can wane171 and the IgG 

response may be more important in long-term protection.   

However, there is still a poor understanding of the immune responses that are 

most important for protection from RSV disease in the neonate, and even less 

appreciation for the role of maternal antibody in protection from infection. Some studies 

suggest that maternal antibody can prevent RSV infection173,174; and systemic, 

prophylactic administration of Palivizumab, a monoclonal antibody that is specific to the 

RSV F protein, is effective at reducing RSV-related hospitalization in high-risk infants165. 

However, both human infants175–177 and calves178 with maternal antibodies still develop 

severe RSV disease; and in infants, there is no correlation between titers of virus-

specific maternal IgG and prevention of hospitalization with RSV176,179.   

The pre-fusion F protein contains antigenic site ø, and recent evidence suggests 

that this epitope is the primary target for neutralizing antibodies in humans180. Vaccine 

formulations incorporating the pre-fusion form of the F protein are highly efficacious in 

rodent models169,181–183; and a highly efficacious pre-fusion F vaccine was also recently 

reported for BRSV168, suggesting that the antigenic ø site is conserved and of 
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immunologic relevance to the calf model as well. In addition, the post-fusion form of the 

F protein contains two major neutralizing epitopes, antigenic sites II and IV184. High-

affinity, site-II directed neutralizing antibodies are protective in mice and cotton 

rats185,186.  Post-fusion F is also highly stable, making it an appealing candidate for 

incorporation into a subunit vaccine.  

Reports in mice have shown that vaccines that elicit G-protein specific antibody 

and T cell responses are protective against RSV infection187,188. Bastien et al. also 

demonstrated that immunization with a conserved peptide from the BRSV G protein 

afforded partial protection against BRSV infection in cattle188. The F and G protein have 

also been shown suitable vaccine targets in cattle, as recombinant vector-vaccines 

targeting the BRSV F189,190 and G190–192 proteins, and recombinant plasmid-based 

strategies targeting the G protein192,193, have both been shown to reduce virus shedding 

and BRSV-associated lung pathology in challenged calves. 

 

1.4.5 Summary 

Human respiratory syncytial virus (HRSV) is a leading cause of severe acute 

lower respiratory tract disease in infants and young children worldwide. Following 

inhalation of viral-containing aerosols, the virus deposits within both the upper and lower 

airways of the lungs, where it preferentially replicates superficially on the ciliated 

epithelium of the lungs, utilizing the surface glycoproteins F and G proteins to release 

the nucleocapsid into the cytosol that induces viral transcription and replication. Due to 

their indispensable roles in viral pathogenesis, the post-fusion F glycoprotein and G 
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glycoprotein are attractive vaccine candidates for generating high titer antibodies that 

neutralize the binding and fusion of the virus to host cells.  

 

1.5 Vaccine Adjuvants 

Vaccination is an effective strategy to combating disease by establishing a strong 

immune defense against foreign pathogens before the individual is exposed to the 

organism. In an attempt to move away from whole-cell organisms, which have risk of 

causing deleterious side effects, many current strategies employ subunit vaccines, 

which generally consist of antigens derived from the pathogen or produced 

recombinantly. However, these vaccine antigens are generally weakly immunogenic 

when administered alone and require the inclusion of additional materials to enhance 

immune responses to vaccine antigens, termed adjuvants. The following section will 

describe traditional adjuvants studied and motivate the need for next-generation 

adjuvants. 

 

1.5.1 Traditional Adjuvants 

An adjuvant is any material that has the potential to modulate the immune 

response. These materials are typically employed with vaccines in order to improve 

vaccine efficacy through reducing the optimal dose of vaccine, increasing the 

robustness of the immune response, and/or modulating the phenotypic response of 

various immune cells194. Traditionally, adjuvants have been divided into either 1st or 2nd 

generations.  
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1st generation adjuvants are simply classified as either delivery systems or 

immune potentiators (Table 1.1). Examples of delivery systems include alum, MF59, 

polymeric microparticles, and liposomes194. MF59, which consists of a squalene oil-in-

water emulsion, along with the water insoluble aluminum salts, were classically known 

to provide a ‘depot effect’ in vivo, in which the antigen is slowly released from the water 

insoluble adjuvant phase, allowing for controlled release of antigen over time195. Unlike 

emulsions, liposomes and polymeric particles act as a delivery vehicle by encapsulating 

the vaccine constituent, thereby releasing the antigen via triggered release 

mechanisms196 and controlled degradation kinetics197, respectively. Hence ‘delivery 

vehicle’ is a broad description of the many routes by which vaccines can be control 

released from a carrier vessel. 

Examples of immune potentiators include monophosphoryl lipid A (MPL), CpG 

DNA, poly(I:C), cyclic dinucleotides (CDNs), double-stranded RNA, and small molecule 

potentiators194. Many of these immune potentiator adjuvants are derived from and 

exploit known biological signaling pathways in order to modulate the immune response 

to vaccine formulations. For example, MPL is a detoxified derivative of LPS, the cell wall 

component of Gram-negative bacteria, and is an agonist for toll-like receptor 4 (TLR-4) 

on host immune cells198.  

It should be noted that the traditional view of 1st generation adjuvants is not 

entirely complete, as some delivery systems have also been found to have 

immunomodulatory capabilities. For example, alum’s adjuvant mechanism (through the 

depot effect) is currently being challenged, as removal of the alum-containing injection 

site shortly after administration did not alter B and T cell activation or antibody 



64 
 

production in situ compared to control mice that retained the injection site, suggesting 

another mechanism other than the depot effect was driving adaptive immune 

responses199. It is now known that alum provides immunomodulatory capabilities, 

though its exact mechanism of action is still being investigated200,201. Additionally, as will 

be discussed later in this review, polymeric nano- and microparticles demonstrate 

immunomodulatory capabilities15,17,18,202–206. Therefore, this broad generalization of 

adjuvants as solely delivery vehicles is incomplete. 

2nd generation adjuvants have expanded upon the concept of 1st generation 

adjuvants by trying to modulate immune responses through encompassing both 

features of vaccine delivery as well as immune potentiation (Figure 1.5). Such examples 

include Complete Freund’s adjuvant, and GlaxoSmithKline’s FDA-approved AS01b, 

AS03, and AS04 adjuvants. Complete Freund’s adjuvant contains inactivated 

Mycobacterium tuberculosis emulsified in mineral oil; AS01b is a liposomal-based 

adjuvant containing MPL and the saponin QS-21; AS03 consists of an immune 

potentiator alpha tocopherol emulsified with MF59; AS04 consists of MPL adsorbed to 

alum. 

 

1.5.2 Current FDA-approved Adjuvants 

The first FDA-approved adjuvant and to date mostly widely used are aluminum-

based. These include aluminum phosphate, aluminum hydroxide, potassium aluminum 

sulfate (alum), or mixed aluminum salts. It’s adjuvant properties were demonstrated 

over ninety years ago by Glenny et al., who showed that alum enhanced antibody 

responses to diphtheria toxin195, presumably via the depot effect. Since then, aluminum 
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has been used extensively in a wide range of vaccine formulations. Alum is a potent 

inducer of Th2 immune responses48,207, characterized by robust humoral responses 

against extracellular pathogens, such as helminths. In contrast to this, adjuvants such 

as MPL and Complete Freund’s adjuvant induce a Th1 response, characterized by T 

cells that drive cell-mediated immune responses against intracellular pathogens207 

Currently, the list of adjuvants included across all of the current 98 FDA-

approved or introduced vaccines is limited to only aluminum salts, MPL, MF59, SD-101, 

AS01b, AS03, and AS04 (Table 1.2)194,208,209. This list is ever-increasing, considering 

the vaccines containing SD-101 and AS01b were approved in 2017.  

 

1.6 Next-Generation Adjuvants 

Extensive research is underway to increase the pool of adjuvant candidates that 

are both biocompatible and immunomodulatory, however the small pool of adjuvants 

currently available limits future vaccine development, and there are still many needs 

and challenges that traditional adjuvants do not address. These include the need to 

design vaccine formulations that, while being highly effective, are very safe, have a 

broad protective age range for the young and elderly, improve patient compliance (i.e., 

needle-free and single dose), reduce cost through dose sparing, and overcome cold 

chain challenges for long term storage on the shelf or in harsh conditions. This will 

require the development of novel next-generation adjuvants and tailoring immune 

responses through a combinatorial adjuvant approach, in order to increase the 

robustness and breadth of the immune response. This section will introduce a few novel 

adjuvants that have recently shown promise as vaccine adjuvants.  
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1.6.1 Cyclic Dinucleotides 

A promising new class of adjuvants is represented by cyclic dinucleotides 

(CDNs). CDNs are small molecules composed of two purine molecules linked together, 

with the prototypical CDNs being cyclic di-GMP (CDG), cyclic di-AMP (CDA), and cyclic 

AMP-GMP (cGAMP). These molecules are found in many bacterial and mammalian 

cells, and play a host of different roles, depending on the organism. In fact, CDG, 

composed of two GMP molecules linked by two 3’-5’ phosphodiester bonds, has 

recently been recognized as a universal secondary messenger molecule in Gram-

negative bacteria, playing a variety of roles in bacterial development, motility, biofilm 

formation, and virulence (Figure 1.6)210. Despite playing such a critical role in the 

bacterial life cycle, these molecules are recognized as PAMPs by mammalian host 

cells. The PRR responsible for recognition of CDNs is a transmembrane endoplasmic 

protein called STING (STimulator of INterferon Genes) which, as its name suggests, 

binds to cytosolic CDNs and induces expression cytokines and chemokines, including 

type I IFNs (Figure 1.7)211. Found in a variety of organs, including the heart, spleen, 

kidney, placenta, lung and peripheral leukocytes212, STING is able to recognize 

intracellular bacteria, viruses, and protozoa through its ability to bind directly to a wide 

variety of CDNs, including CDG, CDA, cGAMP211. Protozoa and viruses don’t express 

CDNs, however another cytosolic protein called cyclic GMP-AMP synthase (cGAS), was 

discovered to recognize cytosolic double stranded DNA and synthesize cGAMP, which 

then can bind to STING and activate type I IFN responses211. 

These molecules have recently been studied as vaccine adjuvants due to their 

potent adjuvant activity, while CDG is the most characterized CDN adjuvant to date. 

Karaolis et al. first demonstrated CDG’s adjuvant potential by co-administering CDG 
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along with S. aureus clumping factor (ClfA) in mice, which produced significantly higher 

anti-ClfA IgG titers and had enhanced recruitment of activated monocytes and 

granulocytes to the immunization site213. Human immature DCs cultured with CDG had 

increased levels of costimulatory markers CD80/CD86, proinflammatory cytokines 

(including IL-12 and IFN-Ɣ), and chemokine receptor expression. Interestingly, mature 

DCs activated with CDG enhanced T cell stimulation. Work from this same group also 

showed that treatment with CDG intranasally alone protected against Klebsiella 

pneumoniae challenge, evidenced by a robust innate immune response in the lungs 

characterized by enhanced accumulation of neutrophils, activated αβ T cells, and 

activated NK cells, which correlated with high expression of chemokines and type I 

cytokines214. Ebensen et al. demonstrated that mice immunized with β-gal adjuvanted 

with CDG displayed a balanced Th1/Th2 response characterized by levels of IgG1 and 

IgG2a in mouse sera, as well as higher levels IFN-Ɣ, IL-2, and IL-4 in ex vivo CDG-

stimulated splenocyte supernatant215. To prove enhanced protective efficacy, Hu et al. 

demonstrated that mice immunized with ClfA adjuvanted with CDG elicited significantly 

higher levels of IgG1, IgG2a, IgG2b, and IgG3 than mice immunized with ClfA 

adjuvanted with alum, and these mice had a significantly higher protection following 

lethal challenge with methicillin-resistant S. aureus infection216. Collectively, these 

results demonstrate that CDG is a potent adjuvant whose PRR activation capabilities 

can be exploited to enhance both humoral and cellular immune responses. 
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1.6.2 Polymeric Nanoparticles as Adjuvants 

Polymers have been studied as biomaterials for tissue regeneration and drug 

delivery applications for decades, however their ability to adjuvant vaccines has recently 

become recognized (see Table 1.3 for a list of current polymeric adjuvants being 

studied). These materials show great promise when formulated as a nanoparticle-based 

vaccine delivery system14,15,17,205,217. A nanoparticle is a very small particle whose size 

is on the order of 1-999 x 10-9 meters. Polymeric nanoparticles of this small size scale 

offer many beneficial advantages from a vaccine delivery standpoint. They are generally 

considered to be biocompatible (i.e., – low level inflammation)13, stabilize subunit 

vaccines19,218–220, have controlled release profiles that can enable single-dose 

vaccination14,221, and can enhance vaccine shelf life storage over long time periods19. In 

addition, they have shown to exhibit immunomodulatory capabilities202–204 and can be 

functionalized for targeted delivery222,223, therefore acting both as a vaccine delivery 

platform and immune potentiator. As APCs such as DCs and MØ are known to traffic to 

the draining lymph nodes and present antigen to T cells following internalization and 

activation of antigen, most current efforts are employed to try to enhance internalization 

of antigen and subsequent activation by APCs. This requires an understanding the 

physiochemical properties of the materials in order to best design formulations that are 

able to best adjuvant antigens. 

 

Physical Properties of Polymeric Nanoparticles that Modulate Immune Responses 

A strategy to increase antigen internalization by APCs is the physical 

internalization of nanoparticles encapsulating antigen. Factors that control cellular 

internalization of nanoparticles include size, charge, and geometry of the nanoparticles. 
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Size plays a vital role in targeting specific immune cells and generating appropriate 

responses. The first barrier that must be crossed in generating appropriate immune 

responses is the physical barrier, including the mucosa and epithelial barriers in the 

lungs. Controlling the size of  the nanoparticles has been shown to control deposition, 

cellular uptake, and clearance rates in the lungs, thus allowing for targeting of specific 

alveolar compartments in the lungs that contain alveolar macrophages and lead to 

induction of adaptive immune responses224. Size is also a very important parameter as 

phagocytic cells, such as dendritic cells and macrophages, have size constraints in the 

particles that they phagocytize (Figure 1.8)225. Independent studies with polystyrene and 

PLGA particles have shown less effective particle uptake levels in microparticles than 

nanoparticles in DCs with in vitro assays, suggesting that DCs are more limited to 

internalizing particles below 1 µm in diameter226,227. Champion et al. demonstrated that 

between 1-6 µm diameter, microparticles in the 2-3 µm diameter range had the highest 

internalization in rat alveolar macrophages after one hour228. Silva et al. showed that 

PLGA nanoparticles encapsulating OVA and the TLR-3 ligand Poly(I:C) were more 

readily internalized than microparticles, which led to increased presentation to CD8+ T 

cells in vitro227. In addition, they observed greater activation of CD8+ T cells in vivo, 

suggesting that nanoparticles must be internalized in order to enhance immune 

responses to vaccines. 

Surface charge plays a critical role in the uptake of nanoparticles. For example, it 

was observed that 1 µm-sized polystyrene particles modified with various positively 

charged ligands were more readily internalized by a larger percentage of dendritic cells 

in vitro than their negatively charged counterparts226. Although size was also shown to 
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be critical for enhancing the percentage of cells that internalized particles, increasing 

the positive charge of the particle increased the size of particles that these DCs were 

able to internalize. 

One final physical property consideration is shape of the material. Champion et 

al. demonstrated that rod-shaped particles were less readily up taken by macrophages 

than spherical particles, and success of the macrophage to initiate phagocytosis 

depended on the side of the rod initially contacted by the cell229. In total, consideration 

of these physical properties of the nanoparticles is important in the effective delivery of 

antigen into APCs by nanoparticle-based vaccine formulations. 

 

Chemical Properties of Polymeric Nanoparticles that Modulate Immune Responses 

In addition to the physical properties of the nanoparticle, the chemistry of the 

material chosen is an important consideration for nanoparticle design. The chemical 

properties of the polymer and the payload dictates how the payload will associate, and 

subsequently distribute, within the particle230. In addition, the molecular structure and 

type of bond linkages in the polymer dictate the degradation kinetics of the polymer and 

also whether the polymer matrix is surface vs. bulk eroding (Table 1.4)231. 

Copolymerization of monomers is a powerful strategy that allows for the tuning of the 

erosion kinetics of the nanoparticles, as increasing the copolymer composition of 

amphiphilic monomers can increase the ability of water to penetrate the polymer matrix, 

and therefore the degradation rate and subsequent rate of release of the payload231,232.  

Beyond controlling the release kinetics, tuning copolymer composition plays a 

role in cellular uptake by APCs, and ultimately the immune response to a given antigen. 
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Petersen et al. demonstrated that polyanhydride nanoparticle internalization by bone 

marrow-derived DCs (BMDCs) in vitro correlated with increased sebacic acid 

composition, which corresponded with elevated expression of CD40L on their surface16. 

Ulery et al. demonstrated that altering copolymer composition of polyanhydride 

nanoparticles dictated the number and size of nanoparticles that were internalized by 

BMDCs15. Interestingly, copolymer chemistry also controlled the persistence of the 

nanoparticles within the cells, with the most persistent chemistry displaying ‘pathogen 

mimicking’ properties that mimicked those of Yersinia pestis, as evidenced by 

intracellular persistence and cell surface marker expression of MHC II and costimulatory 

molecules15. 

 

1.6.3 Polyester Nanoparticle Adjuvants 

Polyesters are a class of biodegradable polymers that consist of repeating units 

of either monomer, dimer, or block chains bound by ester linkages in the polymer 

backbone231. Generally, ester linkages in these polymers with long aliphatic backbones 

are considered fairly stable bonds, however polyesters with short monomer backbones, 

such as those with the hydroxyl group bound to the α-carbon (termed poly(α-hydroxy 

acids) are less stable and degrade over much shorter time spans via hydrolysis of the 

ester, making them attractive for use as both a drug delivery and vaccine delivery 

vehicle197,233. 
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PLGA 

Poly(lactic-co-glycolic acid) (PLGA) is a poly(α-hydroxy acid) that has changed 

the landscape of the medical industry, whose applications as biodegradable sutures, 

tissue scaffolds, as well as drug and vaccine delivery devices is one of the greatest 

contributions of biomedical engineering. This material is biocompatible, biodegradable, 

and is currently licensed for use by the US Food and Drug Administration (FDA) and the 

European Medicines Agency. It is currently licensed for use as sutures (Vicryl®, Vicryl 

Rapide®, Polysorb®, and Purasorb®), and has been widely studied as a nanoparticle-

based drug and vaccine delivery device, as well as a tissue scaffold for regenerative 

medicine234–236.   

PLGA is a copolymer consisting of monomeric carboxylic acids polylactic acid 

(PLA) and polyglycolic acid (PGA) (Table 1.5). The polymer degrades via hydrolysis of 

the ester linkage, whose monomeric degradation products are safe and enter the citric 

acid cycle, excreting as carbon dioxide and water236–238. Both of these monomers have 

unique properties that enable fine tuning of the copolymer characteristics when varying 

the monomeric ratio. For example, PLA contains a methyl group bound to its α-carbon, 

which endows it an increased hydrophobicity compared to PGA236. Therefore, PLGA 

copolymers with a higher molar ratio of PLA are more hydrophobic and result in a 

slower degradation rate237. It has been reported that 50:50, 75:25, and 85:15 PLGA 

copolymers have degradation times of 1-2 months, 4-5 months, and 5-6 months, 

respectively239. 

PLGA can be fabricated into nanoparticles typically via an oil-in-water single 

emulsion, in which polymer is dissolved into an organic solvent, the payload is then 
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added and the suspension is emulsified in larger volume of water, with the resultant 

precipitate dried to reduce cleavage of the ester bonds236. For hydrophilic proteins, a 

water-oil-water double emulsion technique can be employed, where the protein is first 

dissolved into water, emulsified with the polymer/solvent solution, and finally emulsified 

in a larger volume of water236. One detriment to using the double emulsion technique for 

PLGA nanoparticle synthesis is that low encapsulation efficiencies have been reported, 

making this synthesis route unattractive from a feasibility standpoint.  

PLGA has been studied as a nanoparticle-based vaccine delivery platform235,240. 

It is believed that nanoparticles are internalized by phagocytic cells, where they then 

escape the phagolysosome and enter the cytosol, continuing to release antigen and 

enhance cross presentation to CD8+ T cells235. Silva et al. observed enhanced 

activation of CD8+ T cells, as well as a balanced Th1/Th2 antibody response, following 

immunization with 50:50 PLGA nanoparticles encapsulating ovalbumin and poly(I:C)241. 

The mechanism behind how PLGA both degrades and releases its payload is 

complex. Depending on the hydrophilicity of the payload, its affinity to PLGA, and 

copolymer chemistry, the release rate from PLGA nanoparticles can involve desorption 

of surface-bound protein, diffusion from the polymer matrix following water penetration, 

and erosion of the nanoparticle matrix237. The combined effect of the latter two 

phenomena is a process called bulk erosion. During bulk erosion, water is able to 

penetrate into the bed of the polymer faster than the surface erosion rate, resulting in 

swelling of the polymer, uniform degradation of the polymer matrix, and release of the 

payload (Figure 1.9)231. The uniform swelling of the polymer matrix can result in the 

rapid release of encapsulated payloads, which makes sustained release difficult to 
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achieve. Additionally, the degradation rate of PLGA is acid-catalyzed, hence the 

carboxylic acid degradation protects can undergo autocatalysis, where the carboxylic 

acid products further enhance the degradation rate of the surrounding polymer and 

enhances bulk erosion231. This can be detrimental to protein stability as prolonged 

exposure to water and the low pH environment can denature proteins. In fact, the pKa 

of lactic acid and glycolic acid is 3.08 and 3.83, respectively, making PLGA one of the 

more acidic biomaterials being investigated (Table 1.6). The prolonged exposure of 

water in the polymer matrix can also cause denaturing of labile proteins. Therefore, 

although PLGA has shown much promise as a vaccine delivery device, the issues of 

bulk erosion, acidic degradation products, and low encapsulation efficiencies further the 

motivation to design new materials that can overcome such deficiencies. 

 

1.6.4 Polyanhydride Nanovaccines 

Polyanhydrides are a novel class of polymers that, like PLGA, have proven 

effective as a nanoparticle-based vaccine delivery formulation. These materials have 

proven biocompatible, biodegradable, and are also approved by the FDA. These 

materials have shown much promise as both drug and vaccine delivery vehicles for a 

wide variety of applications242–244. 

This class of polymers consists of repeating dicarboxylic acid monomers linked 

via anhydride bonds. Their degradation products are biocompatible and readily enter 

the citric acid cycle and are excreted as carbon dioxide or harmless dicarboxylic acid 

monomers245. Polyanhydrides are polymerized via an anhydride exchange mechanism. 

The synthesis of polyanhydrides was originally reported in 1909 by Bucher et al. for 

isophthalic and teraphthalic acids, in which the diacids were dissolved in acetic 
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anhydride, the solvent distilled off at 200°C, and finally the viscous product maintained 

at temperature for approximately an hour to yield the final product246. As aliphatic 

polyanhydrides were known to be highly hydrolytically labile, Conix et al. adapted this 

method for the synthesis of aromatic dicarboxylic acids in 1958, demonstrating high 

glass transition temperatures and slower degradation kinetics via resistance to 

hydrolysis due to enhanced hydrophobicity247.  

Their first use as a biodegradable device was demonstrated by Robert Langer in 

1980, who demonstrated that the degradation of aromatic polyanhydrides could be 

utilized for the sustained, near zero-order release of cholic acid248. In fact, aided by their 

safety and biodegradability, the Gliadel® wafer, an aromatic polyanhydride copolymer 

wafer comprising of a 20:80 molar ratio of 1,3-bis-(p-carboxyphenoxy)propane and 

sebacic acid, was approved by the FDA for the sustained release of BCNU, a 

chemotherapeutic agent used to treat malignant gliomas. These wafers are inserted into 

the resected areas of the brain, where it releases the active compound over prolonged 

periods of time. It wasn’t until 1993 that Robert Langer’s laboratory demonstrated the 

use of polyanhydrides as a protein delivery device, showing high encapsulation 

efficiency, structural stability, and zero-order release of multiple model and therapeutic 

proteins244.  

Since then, polyanhydrides have demonstrated efficacy as a vaccine delivery 

vehicle for numerous antigens. Work out of our laboratory has thoroughly investigated 

polyanhydride nanoparticle-based vaccines (i.e., nanovaccines) against multiple 

bacterial and viral pathogens14,15,17,205,217. The polyanhydrides studied consist of random 

copolymers comprising the aliphatic dicarboxylic acid sebacic acid (SA) and aromatic 
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dicarboxylic acids 1,6-bis(p-carboxyphenoxy)hexane (CPH) and 1,8-bis(p-

carboxyphenoxy)-3,6-dioxaoctane (CPTEG) (Table 1.5). CPTEG has shown to have the 

highest rate of erosion, on the order of days, owed to its amphiphilic properties via 

incorporation of triethylene glycol into the backbone of the monomer232. Sebacic acid is 

an aliphatic monomer, and thus has the next highest rate of erosion, which has been 

reported to be on the order of days to weeks245. Lastly, CPH is a highly hydrophobic 

monomer, whose erosion rate has been reported to be months to years232. However, by 

synthesizing random copolymers and varying the copolymer composition, it is possible 

to control the rate of degradation of the polymer and subsequent release of 

encapsulated proteins232,249.  

One beneficial characteristic of polyanhydrides that is advantageous over PLGA 

is that polyanhydrides are hydrophobic and thus exhibit surface erosion, where the rate 

of water penetration into the polymer matrix is slower than the rate of erosion at the 

water/polymer interface. This results in the polymer solely degrading inward from the 

surface of the material, allowing for predictable and sustained release of encapsulated 

proteins (Figure 1.9). The surface erosion characteristics of polyanhydrides preserves 

encapsulated proteins, preventing protein aggregation and denaturation by precluding 

water penetration into the polymer bed; in addition, the dicarboxylic acid degradation 

products are less acidic than PGA and PLA, and are less detrimental to protein stability. 

Polyanhydride nanovaccines provide vaccine delivery benefits and adjuvant 

properties that make them well suited as a vaccine delivery platform and have been 

extensively studied as a nanovaccine platform against infectious pathogens such as 

influenza, BRSV, Streptococcus pneumoniae, Yersinia pestis, and Bacillus 
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anthracis14,15,19,217,219. These materials exhibit high biocompatibility with minimal 

injection site reactivity13,250,251 (i.e., tenderness, swelling, and pain) in comparison to 

traditional adjuvants, such as alum, which has been associated with immunization site 

tenderness and pain. The sustained release of antigen from polyanhydride 

nanovaccines allows for enhanced bioavailability of antigen to drive adaptive immune 

responses and enables single-dose administration and dose-sparing 

capabilities14,18,204,252. In addition, varying polyanhydride copolymer composition has 

shown to modulate internalization and persistence within APCs in vitro, as well as 

induction of both cellular and humoral immune responses in vivo, indicating the ability to 

tailor polymer chemistry in order to rationally design nanovaccines that optimally 

inducing antigen-specific protective immunity15,16,204,222,223,253–259.  

 

1.7 Conclusions 

Despite the significant advancements in the understanding of pathogenesis of 

deadly pathogens such as Y. pestis and B. anthracis, and the ability to work with 

excellent animal models for respiratory infections such as BRSV, there is a dearth of 

FDA-approved vaccines that are highly protective against these pathogens. In addition, 

in the event of potential weaponization of pathogens such as Y. pestis and B. anthracis, 

there is a need for vaccines that can provide both rapid and long-lived protective 

immunity, while also being capable of dose sparing and enhancing shelf stability for 

rapid response mass immunization strategies. Current vaccine approaches utilize 

subunit vaccines due to concerns of undesirable side effects with whole cell or 

attenuated viral vaccines, however these subunit proteins are generally weakly 
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immunogenic when administered alone and require the addition of an adjuvant to 

enhance immune responses. The current pool of FDA-approved adjuvants is fairly 

limited and it would be highly desirable to expand this list of available adjuvants to 

provide the ability to tailor immune responses through a combinatorial adjuvant 

approach. In addition, these next-generation adjuvants should provide the ability to 

enable single dose vaccination, dose sparing, and enhanced shelf stability. Adjuvants 

such as CDNs and polyanhydride nanovaccines are attractive next-generation 

adjuvants which, through a combinatorial approach, are capable of providing robust 

immunity while also enhancing the long-term shelf stability of labile proteins.   

 

 

 

 

 

 

 

 

 

 

 

 

 



79 
 

1.8 Tables 

 

Table 1.1. Examples of 1st generation adjuvants. 

Delivery Systems Immune Potentiators 

Alum MPL and synthetic derivatives 

Calcium phosphate MDP and derivatives 

Tyrosine CpG oligonucleotides 

Liposomes Alternative bacterial or viral 

components (i.e., flagellin) 

Virosomes Lipopeptides 

Emulsions Saponins 

Microparticles/nanoparticles dsRNA 

Iscoms Small molecule immune 

potentiators (resiquimod) 

Virus-like particles CDNs (i.e., CDG, CDA) 

Hydrogels/Micelles Cytokines/Chemokines 
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Table 1.2. List of Current FDA-approved adjuvants. 

 

Adjuvant Constituents Commercial Vaccine 

Formulation(s) Manufacturer 

Aluminum salts 

Aluminum hydroxide 

Aluminum salts have been 

used in a wide variety of 

vaccines 
N/A 

Aluminum phosphate 

Potassium aluminum sulfate (alum) 

Mixed aluminum salts 

MPL Synthetic derivative of LPS Cervarix (see AS04) Invivogen 

MF59 Squalene oil in water emulsion Fluad  Novartis 

SD-101 Proprietary TLR-9 agonist HEPLISAV-B Dynavax 

AS01b Liposomal-based adjuvant containing 

MPL and the saponin QS-21 Shingrix GlaxoSmithKline 

AS03 Alpha tocopherol emulsified with 

MF59 
Influenza A (H5N1) Virus 

Monovalent Vaccine GlaxoSmithKline 

AS04 MPL adsorbed to alum Cervarix GlaxoSmithKline 
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Table 1.3 Examples of polymeric adjuvants currently studied. 

 

 

 

  

  

Polymer Class Examples Vaccines studied with References 

Polyanhydrides CPTEG:CPH, 

CPH:SA 
F1-V, rPA, Influenza NP & 

HA, PspA, BRSV F & G 
14,15,19,205,217,219 

Polyesters PLA, PGA, PLGA TT, MP rgp120, BSA, 

HbsAg 
260–262 

Polymethacrylates 

Ethylene Glycol 

Methyl Ether MA, 

Hydroxypropyl 

MA, Isobornyl MA, 

HEMA 

N.A. 203,263,264 

Pentablock 

copolymer gels 

PDEAEM based 

gels, PEG-PCL-

PLA-PCL-PEG 

based gels 

Ovalbumin, QA 217,265–267 

Poly(N-iso-

propylacrylamide-

co-acrylic acid) 

(Chemical 

modifications) N.A. 202 

Polyphosphazene 

polyacids PCPP, PCEP Hepatitis B surface 

antigen, X-31 influenza 
268,269 

Table 2.3. Examples of polymeric adjuvants currently studied 
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Table 1.4. List of various classes of polymers and their respective polymer erosion front 
width (D/k)1/2 and erosion velocity (Dk)1/2 (adapted from 270). 

 

 

 

 

 

 

Polymers kr (1/s) D (cm
2
/s) (D/k)

1/2 (Dk)
1/2 

poly(anhydride) 2E-03 1E-08 20 µm 2 mm/day 

poly(ortho ester) 5E-05 1E-08 140 µm 1 mm/day 

poly(α-hydroxyl ester) 7E-09 1E-07 40 mm 7 µm/day 

poly(amide) 3E-13 1E-08 2 m 50 nm/day 
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Table 1.5. Chemical structure of polyester and polyanhydride adjuvants.  
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Table 1.6. pKa values of various polyester and polyanhydride monomers. 

 

Polymer pKa 

Glycolic acid 3.83271 

Lactic acid 3.08272 

1,6-bis(p-carboxyphenoxy)hexane  3.7 & 6.7273 

1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane 5.8 & 8.4232 

Sebacic acid 4.8 & 5.6273 
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1.9 Figures

 

Figure 1.1. Host defense against foreign pathogens in the lungs. The lungs contain 
multiple fronts against foreign pathogens, including (A) a secreted mucus layer from 
goblet cells (depicted yellow cell) that prevents bacterial adhesion and (B) secreted 
antibodies, β-defensins, lysozyme, lactoferrin, and other proteins responsible for either 
killing the pathogen or blocking adhesion. In addition (C) CD103+ dendritic cells and (D) 
alveolar macrophages act as sentinels, ready to phagocytose and initiate robust innate 
and adaptive immune responses against detected foreign pathogens. 
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Figure 1.2. Yersinia pestis virulence factors. Y. pestis is capable of expressing the fraction 1 (F1) protein capsule on its 

surface, which prevents opsonization of the bacteria. In addition, this pathogen can express the type (III) secretion 

system, in which yersinia outermembrane proteins are inserted into the host cell cytosol and disrupt cell signalling 

pathways that disable phagocytosis of the pathogen and induce apoptotic pathways.
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Figure 1.3. B anthracis virulence factors. B. anthracis is capable of expressing the polyglutamic acid capsule on its 

surface, which prevents opsonization of the bacteria. In addition, this pathogen can secrete a tripartite toxin, consisting of 

protective antigen, lethal factor, and edema factor. Protective antigen binds to the host cell membrane and enables 

transport of lethal factor and edema factor into the host cytosol, which play a role in inducing necrosis and edema, 

respectively.
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Figure 1.4. BRSV structure and virulence factors. BRSV is an enveloped, negative-stranded RNA virus which 

expresses the glycoproteins G and F on its surface. G is responsible for binding to host cells, while F initiates fusion of the 

viral envelope to the plasma membrane, which releases the nucleocapsid into the host cytosol and allows the virus to 

transcribe viral proteins and further replication. 
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Figure 1.5. Immune skewing of adjuvants. Adjuvants that have traditionally been defined as delivery vehicles, such as 

alum, microparticles/nanoparticles, incomplete Freund’s adjuvant, and hydrogels, tend to skew immune responses toward 

a Th2 phenotype, while immune potentiators, such as double-stranded RNA and monophosphoryl lipid A, tend to skew 

immune responses toward a Th1 phenotype. Some second generation adjuvants are capable of balancing the Th 

phenotype, or help skew the immune response of traditional delivery vehicle systems toward a Th1 phenotype. Next-

generationn adjuvants, such as cyclic dinucleotides (i.e., CDG and CDA) and rationally-designed polymeric nanoparticles, 

can provide a balanced Th phenotype. 
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Figure 1.6. Chemical structure of cyclic-diGMP (CDG). Cyclic dinucleotides small molecules composed of two purine 

molecules linked together, with CDG being composed of two GMP molecules linked by two 3’-5’ phosphodiester bonds. 

This molecule has recently been recognized as a universal secondary messenger molecule in Gram-negative bacteria, 

playing a variety of roles in bacterial development, motility, biofilm formation, and virulence. 
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Figure 1.7. Stimulator of Interferon Genes (STING) pathway.   Cyclic dinucleotides activate cells through binding to 

STING, an endoplasmic reticulum membrane protein. Following binding, STING forms a complex with TANK-binding 

kinase I (TBK1), which then traffics to perinuclear Golgi structures. TBK1 is then shuttled to endolysosomal vesicles, 

where it phosphorylates the transcription factors interferon regulatory factor 3 (IRF3) and nuclear factor-ƙB (NFƙB). These 

activated transcription factors then migrate to the nucleus, where they initiate the production of cytokines, such as the type 

I interferons, that exhibit anti-pathogen activity.
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Figure 1.8. Sizes of particles/pathogens internalized by antigen presenting cells. 

Dendritic cells are typically limited to internalizing particles below 1 µm in diameter, 

while macrophages can internalize particle greater than 1 µm, with highest efficiency of 

internalizing microparticles of 2-3 µm in diameter. 
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Figure 1.9. Bulk erosion vs. surface erosion. During bulk erosion, water is able to 

penetrate into the bulk of the polymer faster than the surface of the polymer erodes, 

resulting in swelling of the polymer, uniform degradation of the polymer matrix, and 

release of the payload. The uniform swelling of the polymer matrix can result in the 

rapid release of encapsulated payloads, which makes sustained release difficult to 

achieve. During surface erosion, the rate of water penetration into the polymer matrix is 

slower than the rate of erosion at the polymer surface. This results in the polymer solely 

degrading inward from the surface of the material, allowing for predictable and 

sustained release of encapsulated proteins. Surface erosion characteristics preserve 

encapsulated proteins, preventing protein aggregation and denaturation by precluding 

water penetration into the polymer bulk. 
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CHAPTER 2. RESEARCH OBJECTIVES AND THESIS ORGANIZATION 
 

The overall goal of this thesis is to design a single dose polyanhydride 

nanoparticle-based vaccine platform that is capable of providing rapid and long-lived 

protective immunity against multiple respiratory pathogens, including pneumonic 

plague, inhalation anthrax, and RSV. In order to achieve this, the Y. pestis fusion 

protein F1-V and B. anthracis protein PA were encapsulated into polyanhydride 

nanoparticles formulated with a noncanonical CDG adjuvant, dithio-RP,RP-[cyclic di-

guanosine monophosphate (R,R-CDG), which has shown to enhance CD8+ T cell 

responses and promotes Th1 responses over canonical CDG, and these formulations 

were administered to mice. Additionally, the BRSV F and G glycoproteins were 

encapsulated into polyanhydride nanoparticles and administered to neonatal calves. 

The stability of F1-V and PA upon release from polyanhydride particles has been 

established previously19,220. As for Y. pestis, the protective efficacy of a single dose 

polyanhydride nanovaccine encapsulating F1-V has been demonstrated in mice 280 

days PI, however the induction of rapid protective immunity has not been shown (after 

14 days PI)15. In addition, the protective efficacy of a PA-based polyanhydride 

nanovaccine has not been evaluated in vivo. Similarly, the efficacy of a polyanhydride 

nanovaccine against BRSV has not been evaluated in vivo. Lastly, despite the previous 

successes of traditional polyanhydride nanovaccines, there is still room for improved 

design of polyanhydride copolymers with improved thermal properties, payload stability, 

and internalization by APCs for applications in drug and vaccine delivery. 

The specific goals of this thesis are to: 
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1) Demonstrate the rapid and long-lived protective efficacy of a combination F1-

V-based nanovaccine in female C57BL/6 mice against Y. pestis CO92 lethal 

challenge. 

2) Demonstrate the rapid and long-lived anti-PA antibody responses to a 

combination PA-based nanovaccine in female A/J mice through in vitro toxin 

neutralization assays. 

3) Demonstrate the protective efficacy of a combination BRSV F/G protein-

based nanovaccine in cattle. 

4) Describe the synthesis and design of CPTEG:SA nanoparticles with improved 

thermal properties, payload stability, and internalization by APCs for applications 

in drug and vaccine delivery. 

The thesis is organized as follows. Chapter III will describe work showing protective 

efficacy of an F1-V-based polyanhydride combination nanovaccine against pneumonic 

plague. Chapter IV will describe work showing the anti-PA antibody responses of a PA-

based polyanhydride combination nanovaccine against anthrax toxin. Chapter V will 

describe work showing protective efficacy of a polyanhydride nanovaccine against 

BRSV. Chapter VI will describe work showing the synthesis and design of CPTEG:SA 

nanoparticles. Finally, Chapter VII will summarize the results of these thesis chapters 

and highlight future work that can continue to increase our understanding of 

nanoparticle-based vaccine design and protective efficacy against respiratory 

pathogens. 
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Abstract 

Yersinia pestis, the causative agent of pneumonic plague, induces a highly lethal 

infection if left untreated. Currently, there is no FDA-approved vaccine against this 

pathogen; however, USAMRIID has developed a recombinant fusion protein, F1-V that 

has shown to induce protection against pneumonic plague. Many F1-V-based vaccine 

formulations require prime-boost immunization to achieve protective immunity, and 

there are limited reports of rapid induction of protective immunity (≤ 14 days post-

immunization (DPI)). The STimulator of INterferon Genes agonists cyclic dinucleotides 

(CDNs) have been shown to be promising vaccine adjuvants. Polyanhydride 

nanoparticle-based vaccines (i.e., nanovaccines) have also shown to enhance immune 

responses due to their dual functionality as adjuvants and delivery vehicles. In this work, 

a combination nanovaccine was designed that comprised F1-V-loaded nanoparticles 

combined with the CDN, dithio-RP,RP-cyclic di-guanosine monophosphate, to induce 

rapid and long-lived protective immunity against pneumonic plague. All mice immunized 

with a single dose combination nanovaccine were protected from Y. pestis lethal 

challenge within 14 DPI and demonstrated enhanced protection over F1-V adjuvanted 

with CDNs alone. In addition, 75 percent of mice receiving the single dose of the 

combination nanovaccine were protected from challenge at 182 DPI, while maintaining 

high levels of antigen-specific serum IgG. ELISPOT analysis of vaccinated animals at 

218 DPI revealed F1-V-specific long-lived plasma cells in bone marrow. Microarray 

analysis of revealed the presence of serum antibody with high affinity for a broad range 

of F1 and V linear epitopes. These results demonstrate that combining the adjuvanticity 
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of CDNs with a nanovaccine delivery system enables induction of both rapid and long-

lived protective immunity against Y. pestis. 

 

3.1 Introduction 

Plague has relentlessly affected humans throughout history, accounting for an 

estimated 200 million deaths 1,52 and continues to persist worldwide, with the latest 

outbreak occurring in Madagascar in 2017. Plague is caused by the non-motile, 

facultative intracellular, Gram-negative bacterium Yersinia pestis 274. Pneumonic 

plague, the respiratory manifestation of Y. pestis infection, is transmitted through 

aerosolized droplets 55. In the case of pneumonic plague, treatment with intravenous or 

oral ciprofloxacin and doxycycline over 48 hours is successful, though mortality rates 

quickly approach 90-100% if left untreated for 24-36 hours post-infection 1.  

The threat of weaponization of Y. pestis is high, largely evidenced by its history 

of such use 52. Though the United States and 103 other countries co-signed an 

agreement to terminate biological weapons programs in 1972, Y. pestis remains listed 

as a Tier 1 Select Agent. Currently, there is no FDA-approved vaccine against Y. pestis, 

making it critical to develop a protective vaccine with the capability to provide both rapid 

and long-lived immunity in the event of mass exposure of aerosolized Y. pestis to 

civilian or military populations. As Y. pestis is predominantly an extracellular pathogen, 

many vaccination strategies have focused on developing strong humoral immunity, 

characterized by neutralizing antibodies against the V antigen and opsonizing 

antibodies against the F1 capsule 83,88,275,276. In mice, anti-F1 IgG antibody titers have 

been shown to correlate with protection 83. Additionally, mAb 7.3, which binds to the V 
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antigen, has been shown to neutralize Y. pestis in vitro and provides passive protection 

against lethal challenge 88,93. 

The United States Army Medical Research Institute of Infectious Diseases 

(USAMRIID) developed a recombinant fusion protein, F1-V, containing both full length 

of both F1 and V proteins, and shows promise as a target antigen for Y. pestis 

92,95,277,278. This vaccine has long shown promise as a vaccine candidate against both 

pneumonic and bubonic plague in rodents 95,277,278. In fact, it was recently shown that 

F1-V adjuvanted with aluminum hydroxide (alum) using an IM/SC prime-boost regimen 

provided complete protection against intranasal challenge with virulent Y. pestis CO92 

in mice, guinea pigs, and macaques 92. Additionally, serum collected from immunized 

macaques conferred passive protection to mice. Despite such success, this vaccine 

formulation is most often administered as a prime-boost regimen; in the event of mass 

exposure, it would be ideal to use single dose formulations that can provide rapid 

immunity in as short a time frame as possible and that can maintain long-lived 

protective immunity.  

Cyclic dinucleotides (CDNs), a class of small molecule adjuvants, are recognized 

as microbial-associated molecular patterns (MAMPs) by the pattern recognition receptor 

(PRR) STING (STimulator of INterferon Genes) 279, resulting in the phosphorylation of 

transcription factors NFκB and IRF3 and the induction of type I interferon (IFN), which is 

associated with anti-pathogenic activity 211,212. Cyclic di-guanosine monophosphate (3), 

the most well-studied CDN to date, has been recognized as a universal secondary 

messenger molecule in Gram-negative bacteria, playing a role in bacterial development, 

motility, and virulence 210. Vaccines adjuvanted with CDG induce a balanced immune 
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response, characterized by equal presence of IgG subclasses in serum 215, and have 

been shown to elicit significantly higher antibody titers than alum-adjuvanted 

formulations 216.  

Biodegradable polyanhydride particles, a novel class of adjuvants and delivery 

vehicles, possess a multitude of beneficial characteristics to address challenges faced 

by many current vaccines 280. Comprised of 1,6-bis(p-carboxyphenoxy)hexane (CPH) 

and 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG), these materials are highly 

biocompatible demonstrating minimal injection-site reactivity when administered as 

particles 13,250 and whose non-toxic dicarboxylic acid degradation products are safely 

excreted from the body 243. Their amphiphilic properties allow for stabilization of labile 

proteins 19,220,281, provide sustained release of encapsulated proteins via surface erosion 

kinetics 14,18,19,232, and allow for enhanced shelf stability of encapsulated proteins, even 

at elevated temperatures (e.g., 40 °C) 19. Additionally, polyanhydride particles display 

inherent adjuvanticity demonstrating chemistry-dependent internalization, persistence, 

and activation of antigen presenting cells in vitro, as well as the ability to prime humoral 

and cell-mediated immune responses in vivo 15,16,204,206,222,223,253–259. These properties 

have enabled the study of polyanhydride nanoparticle-based vaccines (i.e., 

nanovaccines) against multiple bacterial and viral pathogens 14,15,17,19,217.  

Previous work from our laboratories demonstrated that encapsulation of F1-V 

into polyanhydride particles maintained F1-V structure and prolonged antigen 

bioavailability 220, and a single, intranasal dose of F1-V nanovaccine provided complete 

protection against lethal challenge of Y. pestis for at least 280 days post-immunization 

(DPI) 15. In addition to long-lived protective immunity, it is also important that vaccines 
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induce rapid (i.e., ≤ 14 days) protective immunity to counter acute outbreaks of disease. 

Designing next-generation vaccine platforms that provide both rapid and long-lived 

immunity against highly lethal pathogens will likely require novel approaches including 

developing new adjuvants or vaccine regimen with combination adjuvants to enhance 

both rapid and long-lived protective immunity. Herein, the design and evaluation of a 

combination nanovaccine, comprising of F1-V-containing polyanhydride nanoparticles 

and a non-canonical CDG CDN adjuvant (containing 2’,5’-3’-5’ phosphate linkages) is 

described. This nanovaccine formulation synergistically combines the adjuvant 

properties of polyanhydride nanoparticles and CDNs to induce rapid immune responses 

and facilitate the induction of long-lived protective immunity against pneumonic plague. 

 

3.2 Material and Methods 

3.2.1 Materials 

Chemicals used for CPTEG and CPH diacid and polymer synthesis included 1,6-

dibromohexane, triethylene 4-p-hydroxybenzoic acid, and 1-methyl-2-pyrrolidinone, 

purchased from Sigma-Aldrich (St. Louis, MO). Chloroform, petroleum ether, ethyl 

ether, hexanes, sodium hydroxide, toluene, sulfuric acid, acetonitrile, dimethyl 

formamide, acetic anhydride, methylene chloride, pentane, and potassium carbonate 

were purchased from Fisher Scientific (Fairlawn, NJ). 4-p-fluorobenzonitrile was 

purchased from Apollo Scientific (Cheshire, UK). Deuterated chloroform used for 1H 

NMR analysis was purchased from Cambridge Isotope Laboratories (Andover, MA). 

Dithio-RP,RP-cyclic di-guanosine monophosphate (R,R-Cyclic di-GMP (CDG)) was 

provided by Aduro Biotech (Berkeley, CA). Complete cell culture medium reagents 
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RPMI 1640 and penicillin-streptomycin were purchased from Mediatech (Herndon, VA); 

heat inactivated fetal calf serum was purchased from Atlanta Biologicals (Atlanta, GA). 

Y. pestis, strain CO92 (NR-641) and the Y. pestis fusion protein F1-V (NR-4526) were 

obtained from the Biodefense and Emerging Infections Repository (Manassas, VA). 

 

3.2.2 Polyanhydride Synthesis 

CPTEG and CPH diacids were synthesized as previously described 232,255. 20:80 

CPTEG:CPH copolymer synthesis was performed using melt polycondensation 232. 

Copolymer composition and molecular weight were estimated using end group analysis 

of 1H NMR (DXR 500) spectra.  

 

3.2.3 Nanoparticle Synthesis 

10 % (w/w) F1-V-loaded 20:80 CPTEG:CPH nanoparticles were synthesized 

using flash nanoprecipitation, as described previously 204. Briefly, F1-V and 20:80 

CPTEG:CPH copolymer was dissolved in methylene chloride at 2 mg/mL and 20 

mg/mL, respectively, sonicated at 30 Hz for approximately 30 seconds, and poured into 

pentane chilled to -20 °C at a methylene chloride:pentane ratio of 1:250. Nanoparticles 

were imaged using scanning electron microscopy (SEM; JEOL 840 A, JEOL Ltd., 

Tokyo, Japan), and nanoparticle mean size and size distribution were determined using 

ImageJ (National Institutes of Health, Bethesda, MD). Nanoparticle zeta potential was 

measured using Zetasizer Nano (Malvern Instruments, Worcestershire, UK).  
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3.2.4 Protein Release and Encapsulation Efficiency 

To quantify released protein, approximately 2 mg of nanoparticles were 

suspended in 500 μL of PBS, sonicated for 15 seconds, and placed on a shaker plate at 

37 °C. Periodically, 400 μL aliquots of sample supernatant were withdrawn and sample 

volumes were reconstituted with 400 μL of fresh PBS. After 32 days, 40 mM sodium 

hydroxide was used in place of PBS to catalyze the release of any remaining protein. 

Protein released from F1-V-loaded 20:80 CPTEG:CPH nanoparticles was quantified 

using a microbichoninic acid (microBCA) assay (Thermo Fisher Scientific, Waltham, 

MA), and percent by mass of protein released over time was calculated as the 

cumulative protein released from nanoparticles at each time point divided by total mass 

of protein released. To quantify protein encapsulation efficiency, approximately 1 mg of 

nanoparticles was suspended in 500 μL of 40 mM sodium hydroxide solution, sonicated 

for 15 seconds, and placed on a shaker plate at 37 °C. Frequently, 400 μL samples of 

supernatant were withdrawn and sample volumes were reconstituted with 400 μL of 40 

mM sodium hydroxide. Protein released from F1-V-loaded 20:80 CPTEG:CPH 

nanoparticles was quantified using a microBCA assay, and the encapsulation efficiency 

was calculated as the sum of the protein released from the nanoparticles divided by the 

initial mass of protein. 

 

3.2.5 Animals 

Seven to eight-week old female C57BL/6NCrl mice were purchased from Charles 

River (Wilmington, MA). Mice were housed under specific pathogen-free conditions 

where all bedding, caging, water, and feed were sterilized prior to use. All studies were 
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conducted with the approval of the Iowa State University Institutional Animal Care and 

Use Committee (IACUC). 

 

3.2.6 Immunization and Serum Collection 

Groups comprised of C57BL/6NCrl mice (n = 8-16/group) were immunized once 

subcutaneously at the nape of the neck with either of the following formulations: 50 µg 

F1-V + 35 µg CDNs (R,R-CDG, Aduro Biotech), 36-50 µg F1-V encapsulated into 500 

µg of 20:80 CPTEG:CPH nanoparticles, 36-50 µg F1-V encapsulated into 500 µg of 

20:80 CPTEG:CPH nanoparticles + 35 µg CDNs, or saline in a total volume of 200 µL. 

Blood was collected from mice via saphenous vein and serum was separated following 

centrifugation (10,000 rcf for 10 min) at 13, 14, 36, 49, 79, 101, 121, 150, and 178 DPI. 

An additional serum sample was obtained from mice sacrificed for ELISPOT analysis at 

218 DPI via cardiac exsanguination. Serum was stored at -20°C until analysis. 

Bronchoalveolar lavage (BAL) fluid was collected post-euthanization by introducing a 

catheter needle through a small incision made in the trachea and injecting/aspirating 

700 µL of PBS thrice.  

 

3.2.7 ELISA 

Anti-F1-V antibody titers were determined via ELISA, as previously described 14. 

Briefly, high-binding Costar 590 EIA/RIA microtiter plates (Corning) were coated 

overnight with 100 µL of a 0.5 µg/mL solution of F1-V at 4 °C. After washing the wells, 

microtiter plates were blocked for two hours with a solution of 2.5% (w/v) powdered 

skim milk dissolved in PBS-Tween with 0.05% Tween 20, pH 7.4, that had been 
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incubated for two hours at 56 °C to inactivate any endogenous phosphatase activity. 

Following block, microtiter plates were washed thrice with PBS-T. Serum obtained from 

immunized mice was added at a dilution of 1:200 and serially diluted in PBS-T 

containing 1% (v/v) goat serum. Each sample was tested in duplicate. Following 

incubation overnight at 4°C, plates were washed thrice with PBS-T, after which 

secondary antibody was added at a dilution of 1 µg/mL. Secondary antibodies used in 

these studies were: alkaline phosphatase-conjugated goat anti-mouse IgG heavy and 

light chain, IgG1 and IgG2c (Jackson ImmunoResearch). Plates were incubated for two 

hours at room temperature and then washed three times with PBS-T. To each well, 100 

µL of alkaline phosphatase substrate (Fisher Scientific, Pittsburgh, PA) was added at a 

concentration of 1 mg/mL dissolved in 50 mM sodium carbonate, 2 mM magnesium 

chloride buffer at pH 9.3 for colorimetric development. Plates were analyzed after 30 

min using a SpectraMax M3 microplate reader at a wavelength of 405 nm. Titer is 

reported as the reciprocal of serum dilution at which the optical density (OD) value was 

at most 0.2, a conservative endpoint greater than the average OD of saline-mouse 

serum, at a 1:200 dilution, plus two standard deviations.  

 

3.2.8 ELISPOT  

MultiScreen 96-well plates (Millipore Sigma, Billerica, MA) were pretreated with 

35 % ethanol for one minute, washed three times with PBS, and coated overnight at 4 

°C with 0.5 µg/mL F1-V in PBS. The following day, plates were dumped and blocked 

with complete tissue culture medium consisting of RPMI 1640 (Gibco, Grand Island, 

NY), 10% (v/v) fetal calf serum, 1% (v/v) penicillin-streptomycin, and 1% (v/v) L-
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glutamine for at least two hours at 37 °C. Plates were dumped and single cell 

suspensions of bone marrow or splenic lymphocytes harvested from mice between 214-

218 days post-immunization were added to the plates at 500,000 cells per well and 

placed in a 37 °C incubator for two hours. Plates were then washed three times with 

PBS, another three times with PBS-T, and alkaline phosphatase-conjugated goat anti-

mouse IgG (H+L) secondary antibody (Jackson ImmunoResearch) was added to the 

wells at a 1:500 dilution in 1% (v/v) goat serum PBS-T for two hours at room 

temperature. Plates were washed six times with PBS-T and 25 µL per well of BCIP/NBT 

liquid substrate (Millipore Sigma) was added to the wells and developed for 15 min at 

room temperature. Plates were emptied, the bottoms removed, and gently washed with 

nanopure water, after which they were left to dry completely. Spots were counted using 

an AID Multispot Reader (AID, Strassberg, Germany). AID EliSpot software (Version 

6.0) was used for data analysis. 

 

3.2.9 Peptide Microarray Printing and Analysis 

Twenty seven 14- to 17-mer linear peptides (11 amino acid overlaps) spanning 

the full length of F1 antigen and fifty three 15- to 17-mer linear peptides (11 or 12 amino 

acid overlaps) spanning the full length of V antigen, as well as full length proteins F1-V, 

Bacillus anthracis protective antigen (PA), and chicken egg ovalbumin (OVA) were 

printed onto Nexterion Slide AL (Schott, Louisville, KY) using a BioRobotics MicroGRID 

II microarray printer (Genomic Solutions, Inc. Ann Arbor, MI). Peptides and proteins 

were dissolved into DMSO at 10 mg/mL to ensure dissolution, then diluted 10-fold in 

water to 1 mg/mL. The solution was diluted to bring the final concentration to 0.5 mg/mL 
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in 1x print buffer (5% (v/v) DMSO, 137 mM NaCl, 9 mM KOH, 11.3 mM NaH2PO4). The 

full length F1-V fusion protein was used as a positive control, while PA and OVA were 

used as negative controls. Slides were printed with 16 arrays per slide, each array 

containing 16x16 spots per array, with peptides printed in a serpentine pattern in 

triplicate. Following printing, slides were vacuum sealed and stored at -80 °C until 

further use.  

Microarray slides were warmed to room temperature and then placed on a hot 

plate at 37 °C for 30 min to dry; the slides were then placed immediately in a blocking 

solution consisting of 1 % BSA (w/v) in PBS-T for one hour. Slides were subsequently 

blocked for one hour in 1 % (v/v) goat serum PBS-T, then thrice washed with PBS-T 

and placed into a 16-well incubation chamber (Nexterion IC-16) to separate individual 

arrays. Serum was added at a 1:20 dilution for one hour at room temperature with 

gentle agitation. Slides were washed thrice with PBS-T and biotinylated goat anti-mouse 

IgG (H+L) secondary antibody (Jackson ImmunoResearch) was added to wells at 

1:1000 dilution for one hour at room temperature with gentle agitation. Slides were 

washed thrice with PBS-T. Streptavidin Alexa Fluor 555 conjugate was added to wells 

at a 1:1000 dilution for 30 min at room temperature with gentle agitation. Slides were 

removed from incubation chambers, washed thrice with PBS-T, followed by another 

three washes with PBS. Slides were spun dry by centrifugation and read on the 

Scanarray 5000 laser scanner (GSI Lumonics, Bedford, MA). 

The scanned images of the microarray slides were analyzed using SoftWorRx 

Tracker v2.8 software (Applied Precision, Inc., Issaquah, WA) to detect and quantify the 

fluorescence of each spot. R (v3.4.1) software was used to calculate the background-
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corrected fluorescence of each spot as the mean fluorescence intensity of each spot 

minus the median background fluorescence intensity surrounding the spot. The mean 

fluorescence intensity for each peptide or protein was calculated as the average of the 

corresponding triplicate background-corrected fluorescence spot values, and a heat 

map was generated based upon the magnitude of individual mouse serum responses to 

each peptide. Saline-treated mouse serum was used as a negative control. 

 

3.2.10 Lethal Challenge 

Y. pestis CO92 (NR-641) was obtained from BEI Resources. Frozen stocks were 

prepared in advance of challenges. Y. pestis was initially grown on brain heart infusion 

(BHI) agar at 28 °C for 72 h; a single colony was isolated and inoculated in BHI broth 

and cultivated for 24 h at 28 °C while shaking at 120 rpm. Glycerol solution was added 

to the broth to bring final glycerol concentration to 5% (v/v). Aliquots were snap frozen 

and stored at -72 °C. Prior to challenge experiments, aliquots of the frozen stock were 

thawed and cultured on tryptic soy agar (TSA) with 1% bovine hemoglobin at 37°C and 

5% CO2 to check viability and CFU enumeration. For challenge experiments, frozen Y. 

pestis stocks were thawed and diluted in room temperature PBS. Groups of 

C57BL/6NCrl mice immunized as described previously were anesthetized with an 

intraperitoneal injection of ketamine/xylazine cocktail and infected intranasally with 

5,700, 7,000, or 10,700 CFU (14 DPI) or 6,500 CFU (218 DPI) of Y. pestis CO92 in a 50 

µL volume. Y. pestis bacterial suspension was administered intranasally to nares of 

mice by a micropipette. CFU enumeration was performed on infectious inoculum 

preceding to and following infection of the animals to determine infectious dose 



109 
 

administered. Animals were checked daily for morbidity and mortality over the course of 

two weeks. All activities were performed in an animal biosafety level 3 (ABSL-3) 

laboratory at Iowa State University with protocols approved by the Iowa State University 

Institutional Animal Care and Use Committee and Institutional Biosafety Committee.  

 

3.2.11 Statistical Analyses 

Statistical analyses on ELISA and survival were performed using the Mantel-Cox 

log rank test and the one-way analysis of variance (ANOVA) using Tukey’s multiple 

comparisons test. Statistical significance in microarray serum responses to each 

peptide between vaccinated groups of animals was evaluated using Student’s t test. A 

p-value ≤ 0.05 was considered to be statistically significant. All analyses were 

performed using GraphPad Prism v. 7.0 (GraphPad, La Jolla, CA). 

 

3.3 Results 

3.3.1 F1-V Nanovaccine Characterization 

Following synthesis, the F1-V nanovaccine was characterized for size 

distribution, surface charge, release kinetics, and encapsulation efficiency of 

encapsulated F1-V. The size of the F1-V nanovaccine was consistent with previous 

work 15, with a mean diameter of 228 ± 78 nm and a polydispersity index of 0.12, 

indicating a narrow size distribution (Figure 3.1A and 3.1B). Zeta potential 

measurements of the F1-V nanovaccine demonstrated a negative surface charge, -34.8 

± 1.4 mV. In order to provide sufficient antigen to induce a robust immune response for 

rapid protection, while also sustaining the release of antigen to induce long-lived 
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protective immunity, this nanoparticle formulation was designed with a high (10% w/w) 

loading of F1-V providing a biphasic release profile that was characterized by an initial 

burst of approximately 75% of the protein released within the first 24 h, followed by slow 

zero order release over time (Figure 3.1C). The encapsulation efficiency of the F1-V 

within the various nanoparticle batches was 51-72%.  

 

3.3.2 Combination Nanovaccine Induces Rapid Protective Immunity  

In order to assess the potential of CDNs and nanovaccines to rapidly stimulate 

protective immunity, C57BL/6NCrl mice (n=12-16 per group) were immunized 

subcutaneously with a single dose of one of the following vaccine formulations: i) 

soluble F1-V adjuvanted with CDNs (CDN Vaccine), ii) F1-V encapsulated into 20:80 

CPTEG:CPH nanoparticles (Nanovaccine), iii) F1-V encapsulated into 20:80 

CPTEG:CPH nanoparticles co-adjuvanted with CDNs (Combination Nanovaccine), or 

iv) saline alone. Blood samples were collected from immunized animals at 13 DPI 

(Figure 3.2A, C, E). Anti-F1-V total IgG antibody titers from CDN Vaccine- and 

Combination Nanovaccine-immunized animals evaluated at 13 DPI were similar in 

magnitude and showed significantly (p ≤ 0.0001) higher titers than sera from animals 

immunized with the Nanovaccine alone.  

Mice were challenged intranasally 14 DPI with escalating lethal doses of Y. 

pestis CO92 in separate studies and survival was assessed over a period of two weeks 

(Figure 3.2B, D, F). All naïve (i.e., saline-treated) mice succumbed to infection within 

four days of challenge, while all Nanovaccine-immunized mice succumbed over a 

period of eight days following challenge (Figure 3.2B). In contrast, immunization with 
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Combination Nanovaccine yielded 100 % protection against all challenge doses, while 

immunization with CDN Vaccine showed decreasing levels of efficacy with increasing 

challenge doses. Immunization with the Combination Nanovaccine provided significantly 

better protection (p ≤ 0.05) compared to the CDN Vaccine when challenged at 7,000 

and 10,700 CFU.  

 

3.3.3 Combination Nanovaccine Enhances Long-lived Protective Immunity 

Previous work from our laboratories has shown the potential for a single dose 

nanovaccine, consisting of a soluble bolus of F1-V and F1-V containing nanoparticles, 

to enhance long-lived antibody responses for at least 280 DPI and provide protective 

immunity 14,15. To evaluate the potential for a single dose of the CDN vaccine and the 

two nanovaccines (with no soluble F1-V bolus) to induce long-lived protective immunity, 

separate groups of C57BL/6NCrl mice (n=8-12 per group) were immunized 

subcutaneously with the same formulations as above and anti-F1-V total IgG titers were 

evaluated between 14 and 218 DPI (Figure 3.3A and Supplementary Figure 3.1). At all 

time points, sera from both Combination Nanovaccine-immunized and CDN Vaccine-

immunized mice showed comparable and significantly (p ≤ 0.0001) higher titers than 

sera from Nanovaccine-immunized mice. Serum was analyzed at 14, 79 and 178 DPI 

for presence of class-switched anti-F1-V IgG1, IgG2c and IgG3 antibodies 

(Supplementary Figure 3.2). All vaccination regimens produced detectable IgG1 at 14 

and 79 DPI significant (p ≤ 0.0001) over background, with Combination Nanovaccine 

and CDN Vaccine groups also showing significant (p ≤ 0.04) responses at 178 DPI 

(Supplementary Figure 3.2A). Additionally, Combination Nanovaccine- and CDN 
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Vaccine-immunized animals showed significantly (p ≤ 0.05) higher IgG1 titers compared 

to Nanovaccine-immunized mice at 79 DPI. Sera from animals immunized with both 

Combination Nanovaccine and CDN Vaccine exhibited significantly (p ≤ 0.0001) higher 

IgG2c antibody titers at all time points, and IgG3 at 14 DPI, compared to sera from 

Nanovaccine-immunized and Saline-treated mice (Supplementary Figure 3.2B and C). 

Lastly, a subset of mice (n=2-4) were euthanized 214-218 DPI and BAL fluid was 

collected for evaluation of anti-F1-V lung IgG (Supplementary Figure 3.3) and IgA. The 

BAL fluid recovered from the animals immunized with Combination Nanovaccine and 

CDN Vaccine was found to have significantly (p ≤ 0.05) higher total anti-F1-V IgG 

compared to that from animals immunized with Nanovaccine or treated with Saline. No 

IgA was detected in the BAL fluid (data not shown).  

After the single sc immunization, mice were challenged intranasally at 182 DPI 

with a lethal dose of Y. pestis CO92 (6,500 CFU) and survival assessed over a two-

week period (Figure 3.3B). All naïve mice succumbed to infection within three days of 

challenge. Both the Combination Nanovaccine and CDN Vaccine immunization 

regimens induced superior protection (p ≤ 0.01) when compared to the Nanovaccine- or 

saline-immunized mice. Specifically, immunization with the Combination Nanovaccine 

provided 75% protection from lethal challenge and immunization with the CDN Vaccine 

provided 62% protection.  

 

3.3.4 Combination Nanovaccine Provides Broad Antibody IgG Recognition to F1-
V Linear Epitopes 

A linearly overlapping peptide array was used to identify F1-V-specific IgG (H+L) 

antibodies in serum collected from mice immunized with either CDN Vaccine, 
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Nanovaccine, or Combination Serum from Nanovaccine and naïve control mice 

collected at 14, 79, and 178 DPI was reactive to 14- to 17-mer linear peptides spanning 

the full length of F1 antigen, 15- to 17-mer linear peptides spanning the full length of V 

antigen, and F1-V fusion protein (Figure 3.4). The antibody response to F1-V and all 

linear epitopes in mouse serum collected at 14 DPI was noticeably lower than at 79 and 

178 DPI. In addition, naïve mouse serum did not bind appreciably to either F1-V, or any 

F1 or V peptides, at any time point evaluated.  

Serum from CDN Vaccine- and Combination Nanovaccine-immunized animals 

elicited antibodies that bound multiple linear peptides from F1 and V antigens across all 

time points, with responses observed to peptides F1-3, F11, and V45-46 at all time 

points evaluated (p < 0.05 compared to non-vaccinated mice). At 178 DPI, serum 

antibody from both CDN Vaccine- and Combination Nanovaccine-immunized animals 

continued to react with peptides F9, V18, V32, and V44 (Fig. 4, blue arrows). Serum 

from mice immunized with Nanovaccine possessed fewer F1- and V-peptide specific 

antibodies compared to CDN Vaccine- and Combination Nanovaccine-immunized 

animals, however, responses to peptides F1-3 and V44-45 were observed at all time 

points evaluated.   

 

3.3.5 Combination Nanovaccine Induces Long-lived Plasma Cells  

As anti-F1-V-specific serum antibody was found to persist for at least 218 days, 

ELISPOT analysis was performed on cells harvested from spleen and bone marrow at 

214-218 DPI to demonstrate the presence of the long-lived antibody secreting cells 

(ASCs). Analysis of bone marrow revealed a significantly (p < 0.05) higher number of 
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F1-V-specific ASCs in CDN Vaccine- and Combination Nanovaccine-immunized mice 

compared to non-vaccinated (dashed line) mice (Figure 3.5A). There was no difference 

in the number of ASCs in the bone marrow of Nanovaccine-immunized mice compared 

to non-vaccinated mice. Additionally, there was no difference in the number of ASCs 

detected in the spleens harvested from immunized mice versus naïve mice at 218 DPI 

(Figure 3.5B). Analysis of ASC-derived antibody IgG subclass expression revealed a 

trend of a greater number of F1-V-specific IgG2c ASCs present in the bone marrow of 

CDN Vaccine- and Combination Nanovaccine-immunized mice compared to non-

vaccinated mice 218 DPI; however, this difference was not statistically significant 

(Supplementary Figure 3.4). There was no difference in the number of F1-V-specific 

IgG2c ASCs in the spleen 218 DPI, nor was there a difference in the number of F1-V-

specific IgG1 ASCs between all vaccine groups in either spleen or bone marrow. 

 

3.4 Discussion 

With increasing concern of biological weaponization, it is of paramount 

importance to enhance preparedness with biodefense vaccines that can induce both 

rapid and long-lived protective immunity. To date, there is no FDA-approved vaccine 

against the weaponizable Y. pestis. An efficacious, single-dose vaccine would be vitally 

important to induce rapid and long-lived protective immunity both in the critical window 

of time immediately following an exposure event as well as for military personnel 

against potential exposure after deployment. Previous work on pneumonic plague 

vaccines from other laboratories has shown some immunization success using 

aluminum hydroxide-based and TLR-targeting adjuvants; however, many of these 
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studies required prime-boost vaccination 92,95,99,277,278,282. A few studies have 

demonstrated the ability to induce protective immunity within 14 DPI against pneumonic 

plague challenge with strains other than CO92 283–285.  

The goal of this work was to incorporate the benefits of two novel adjuvants (i.e., 

CDNs and polyanhydride nanoparticles) in order to design a single-dose, combination 

vaccine that would provide both rapid and long-lived immunity. Previously, it was shown 

that a single dose of intranasally administered nanovaccine containing 40 µg soluble 

F1-V antigen and 10 µg F1-V encapsulated into polyanhydride nanoparticles provided 

100 % protection for at least 280 DPI 15. Additionally, it was previously demonstrated 

that intranasally administered 20:80 CPTEG:CPH nanoparticles elicited demonstrable 

F1-V-specific antibody titers as early as 14 DPI 204. Motivated by these studies, a 

combination nanovaccine including R,R-CDG CDNs and F1-V-containing 20:80 

CPTEG:CPH nanoparticles was designed with rapid release of ~ 70 % of the antigen 

(Figure 3.1) in order to initiate the adaptive immune response. This current work 

highlights the potent immunostimulatory properties of polyanhydride nanoparticle- and 

CDN-based combination adjuvants, which individually could not provide rapid protection 

(i.e., at 14 DPI) when the challenge inoculum contained ≥ 7,000 CFU Y. pestis; 

however, when administered together, rapid and complete protection against all three 

lethal doses of Y. pestis was achieved (Figure 3.2). The results indicate that while the 

CDN vaccine induced a similar anti-F1-V antibody titer as did the Combination 

Nanovaccine formulation, only the latter formulation induced rapid protection (14 DPI) 

against all three challenge doses of Y. pestis CO92, suggesting a qualitative difference 

in the immune response induced by the Combination Nanovaccine formulation. 



116 
 

Therefore, it is possible that polyanhydride nanoparticles modulated immune responses 

beyond humoral immunity. Indeed, previous reports have demonstrated that vaccinated 

B cell-deficient µMT mice were protected from lethal challenge with the KimD27 strain of 

Y. pestis286 and that blocking IFN-ɣ and TNF-α in F1-V-vaccinated C57BL/6NCrl mice 

resulted in loss of protection against Y. pestis CO92287. As previously mentioned, 

polyanhydride particles display inherent adjuvanticity demonstrating the ability to prime 

humoral and cell-mediated immune responses in vivo 15,16,204,206,222,223,253–259,288; 

therefore, the nanovaccine regimen may be activating cellular immune responses that 

contribute to the protection at higher challenge doses of Y. pestis CO92. 

The focus on the importance of serum antibody to the immunity induced by 

plague vaccines is based largely on the following: 1) human patients infected with Y. 

pestis demonstrate long-lived antibody responses to F1 and V antigens with little to no 

demonstrable T cell responses 289; 2) monoclonal antibodies passively transferred to 

mice have been shown to be protective against lethal challenge 93,275,276; 3) direct 

neutralization of LcrV has been shown to be necessary to prevent Yop translocation into 

macrophages in vitro 88; 4) murine challenge models have suggested that anti-F1 IgG1 

antibody titer correlates with survival 83; and 5) mucosal and serum anti-V antigen 

antibodies are the best correlates for survival against pneumonic plague in mice 290. 

Regardless of the route of immunization, the induction or presence of anti-V neutralizing 

antibodies in the lungs is likely critical for protection against pneumonic plague; and, it 

has been demonstrated that intratracheally administered monoclonal antibody (mAb) 

7.3 protected mice against lethal intranasal challenge 96,291,292. The results herein 

support this notion, as high IgG levels in peripheral blood and BAL fluid were observed 
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218 DPI (Supplementary Figures 3.1 and 3.3) following a single, subcutaneous 

administration of the Combination Nanovaccine.  

Elevated antibody responses observed in this work are in agreement with 

previously reported studies that demonstrated that the use of CDG as an adjuvant 

enhances antibody responses compared to traditional adjuvants 213,215,216,293. In this 

work, the resultant antibody responses induced by both the Combination Nanovaccine 

and CDN Vaccine were characterized by high affinity, class-switched F1-V-specific IgG1 

and IgG2c by 14 DPI (Figure 3.2 and Supplementary Figure 3.2). Following a single SC 

immunization, the antibody response was also characterized by a stable F1-V-specific 

antibody response over 218 DPI that was accompanied by evidence of F1-V-specific 

long-lived plasma cells in the bone marrow, however these titers were not necessarily 

correlated with protection at 182 DPI (Supplementary Figure 3.1 & Figure 3.5).  

Using microarray analysis, potential protective immunodominant peptides were 

identified that were consistent with previously published reports. Xiao et al. identified 

monoclonal antibodies (mAbs) that bound to peptides F1-2, V19-20, and V28 and 

together conferred protection against lethal challenge 276. In the current study, 

responses to F1-3 were observed in sera from immunized mice at all time points. It has 

also been reported that a neutralizing mAb BA5 binds amino acids 196-225, 

corresponding to peptides V31-39, and protects mice against systemic challenge 294. 

Consistent with this study, serum antibody recognized the V32 peptide suggesting that 

the CDN Vaccine and Combination Nanovaccine elicited antibodies with potentially 

similar neutralizing capacity as mAb BA5. Khan et al. previously characterized peptides 

‘b’ (a.a. 46-60) and ‘g’ (a.a. 256-270) as B cell epitopes 295. Similar antibody responses 
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were observed in this study to peptides F9 (a.a. 49-65) and V44-46 (a.a. 258-286). 

Interestingly, there are no previous reports of antibody recognition of peptide F11 (a.a. 

61-77) or V18 (a.a. 102-118), and, therefore, these regions may be of interest for further 

research. Together, these results suggest that both CDN Vaccine and Combination 

Nanovaccine elicited polyclonal antibody responses that recognized multiple linear 

epitopes.   

Encapsulation of antigen into polyanhydride nanoparticles can provide many 

benefits for labile proteins including maintenance of protein structure and adjuvant 

activity for multiple vaccine antigens 19,219,296,297, including F1-V 220. The surface eroding 

characteristics of these particles enables chemistry-dependent release kinetics of 

antigen providing for single-dose (i.e., no booster) vaccination 14,15,17. Previously, 

polyanhydride nanoparticles have shown the ability to adjuvant pneumococcal surface 

protein A (PspA) resulting in the induction of complete protection of mice from a lethal 

challenge of S. pneumoniae that was comparable to that induced by alum-adjuvanted 

PspA with markedly less injection site reactogenicity 13,17. In addition to the adjuvanticity 

of the polyanhydrides, previous reports have demonstrated that protein structure and 

functional activity of the labile recombinant protective antigen from Bacillus anthracis 

was maintained upon encapsulation and release from polyanhydride nanoparticles after 

storage for at least four months at temperatures up to 40 °C 19. Consequently, 

encapsulation of proteins into polyanhydride nanoparticles has the capability to both 

enhance protective immunity and provide extended shelf storage, both of which may be 

beneficial with respect to stockpiling biodefense vaccines such as plague vaccines. 
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In summary, these results indicate that the Combination Nanovaccine is a 

promising vaccine candidate against Y. pestis based on its ability to induce both rapid 

and long-lived protective immunity. Immune responses to F1-V were characterized by 

long-lived high antibody titers, increased breadth of antibody responses to a broader 

array of epitopes, and induction of long-lived plasma cells in the bone marrow for at 

least 218 DPI. With the ability to enhance immune responses to F1-V and potential for 

enhance shelf stability of labile proteins, the Combination Nanovaccine shows promise 

as a next-generation vaccine platform against weaponized Y. pestis. 
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3.8 Figures 

 

 

 
Figure 3.1. Characterization of F1-V Nanovaccine. A) Representative scanning 

electron photomicrograph of F1-V nanovaccine (scale bar = 3 µm). B) Nanoparticle size 
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distribution of the F1-V nanovaccine (228 ± 78 nm), determined via ImageJ analysis. C) 

Cumulative in vitro F1-V release profile from the nanovaccine. Nanoparticles were 

suspended in PBS (pH 7.4) and released protein was quantified via a microBCA assay.  
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Figure 3.2. Combination Nanovaccine provides rapid protective immunity against lethal Y. pestis challenge. 

Groups of C57BL/6NCrl mice (n=12-16 per group) were immunized subcutaneously with the following groups: F1-V + 

CDNs (CDN Vaccine), F1-V encapsulated into nanoparticles (Nanovaccine), F1-V encapsulated into nanoparticles + 

CDNs (Combination Nanovaccine) or saline. (A,C,E) Serum was collected at 13 DPI and evaluated via ELISA for total 

anti-F1-V IgG antibody titers. The dashed line represents anti-F1-V IgG (H+L) antibody titers from saline-treated mice as a 

negative control. * p ≤ 0.0001 compared to Nanovaccine and saline. Mice were challenged at 14 DPI with (B) 5,700 CFU, 

(D) 7,000 CFU, or (F) 10,700 CFU Y. pestis CO92 and survival was monitored for two weeks post-challenge. * p ≤ 0.0001 

compared to saline-treated mice. + p ≤ 0.0001 compared to Nanovaccine-immunized mice. # p ≤ 0.05 compared to CDN 

Vaccine-immunized mice. 
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Figure 3.3. Combination Nanovaccine provides long-lived protective immunity against lethal Y. pestis challenge. 

Groups of C57BL/6NCrl mice (n=12-16 per group) were immunized subcutaneously with the following treatments: F1-V + 

CDNs (CDN Vaccine), F1-V encapsulated into nanoparticles (Nanovaccine), F1-V encapsulated into nanoparticles + 

CDNs (Combination Nanovaccine) or saline. (A) Serum samples were collected at 14, 36, 79, 121, and 178 DPI and 

analyzed for total anti-F1-V IgG (H+L) antibodies via ELISA. The dashed line represents the background anti-F1-V IgG 

(H+L) antibody response from naive mice. # p ≤ 0.05 compared to CDN Vaccine. * p ≤ 0.0001 compared to Nanovaccine-

immunized and saline-treated mice. (B) Mice were challenged at 182 DPI with 6500 CFU Y. pestis CO92 and survival was 

monitored for two weeks post-challenge. # p ≤ 0.01 compared to Nanovaccine-immunized mice. * p ≤ 0.05 compared to 

Saline-treated mice.
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Figure 3.4. Combination Nanovaccine and CDN Vaccine provide broad antibody responses to potentially 
protective linear epitopes. Serum samples collected from C57BL/6NCrl mice (n=12-16 per group) immunized with either 
saline, CDN Nanovaccine, Nanovaccine, or Combination Nanovaccine at 14, 79, and 178 DPI was analyzed for total anti-
F1-V IgG antibodies against twenty-seven 14- to 17-mer linear peptides (11 amino acid overlaps) from the F1 antigen and 
fifty-three 15- to 17-mer linear peptides (11 or 12 amino acid overlaps) from the V antigen. The peptides were covalently 
bound to microarray slides as described in Materials and Methods. Each row corresponds to a specific peptide, the top 
row representing peptide F1 and the proceeding downward rows corresponding to each following linear peptide 
incrementally through peptide V53. Each column represents responses from a single mouse. The mean fluorescence 
intensity of serum responses to each peptide is represented by a range of color from white (no response) to purple 
(maximum response). The full-length F1-V fusion protein was used as a positive control, and Bacillus anthracis protective 
antigen (PA) and chicken egg ovalbumin (OVA) were used as negative controls. Black arrows indicate significance (p < 
0.05) of Combination Nanovaccine and CDN Vaccine serum compared to naïve serum at all time points evaluated. Blue 
arrows indicate significance (p < 0.05) of Combination Nanovaccine and CDN Vaccine serum compared to naïve serum at 
179 DPI.  
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Figure 3.5. Long-lived antibody responses to F1-V originate from long-lived plasma cells in the bone marrow. 

Bone marrow and splenic lymphocytes were harvested at 213-218 DPI from groups (n=3-4/group) of C57BL/6NCrl mice 

immunized with CDN Vaccine, Nanovaccine, Combination Nanovaccine regimens, or treated with saline, and were 

analyzed via ELISPOT for the number of F1-V-specific antibody secreting cells. Data represent the number of F1-V-

specific antibody secreting cells per 500,000 cells in either A) bone marrow or B) spleen from individual mice from one 

experiment. The dashed line represents the number of F1-V-specific ASCs per 500,000 cells determined from saline-

treated mice as a negative control * p ≤ 0.02 compared to saline-treated mice. # p ≤ 0.03 compared to Nanovaccine-

immunized mice. 
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Supplemental Figure 3.1. Combination Nanovaccine provides long-lived antibody responses to F1-V. Groups of 
C57BL/6NCrl mice (n=12-16 per group) were immunized subcutaneously with the following treatments: F1-V + CDNs 
(CDN Vaccine), F1-V encapsulated into nanoparticles (Nanovaccine), F1-V encapsulated into nanoparticles + CDNs 
(Combination Nanovaccine) or saline. Serum samples were collected at 14, 36, 49, 79, 101, 121, 150, 178, and 218 DPI 
and analyzed for total anti-F1-V IgG (H+L) antibodies via ELISA. # p ≤ 0.05 compared to CDN Vaccine. * p ≤ 0.0001 
compared to Nanovaccine-immunized and saline-treated mice. 
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Supplemental Figure 3.2. Combination Nanovaccine induces class-switched antibody responses to F1-V. Groups 

of C57BL/6NCrl mice (n=12-16 per group) were immunized subcutaneously with the following treatments: F1-V + CDNs 

(CDN Vaccine), F1-V encapsulated into nanoparticles (Nanovaccine), F1-V encapsulated into nanoparticles + CDNs 

(Combination Nanovaccine) or saline. Serum samples were collected at 14, 79, and 178 DPI and analyzed for A) anti-F1-

V IgG1, B) anti-F1-V IgG2c, and C) anti-F1-V IgG3 antibodies via ELISA. D) Ratio of anti-F1-V IgG1 to IgG2c responses 

in immunized mice. * p ≤ 0.0001 compared to saline-treated mice. # p ≤ 0.05 compared to Nanovaccine-immunized mice. 
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Supplemental Figure 3.3. Combination Nanovaccine induces long-lived antibody responses in BAL fluid against 

F1-V. Groups of C57BL/6NCrl mice (n=12-16 per group) were immunized subcutaneously with the following treatments: 

F1-V + CDNs (CDN Vaccine), F1-V encapsulated into nanoparticles (Nanovaccine), F1-V encapsulated into nanoparticles 

+ CDNs (Combination Nanovaccine) or saline. BAL fluid was collected 213-218 DPI and assessed for total anti-F1-V IgG 

(H+L) antibodies via ELISA. * p ≤ 0.0001 compared to Nanovaccine-immunized and saline-treated mice. 
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Supplemental Figure 3.4. Long-lived anti-F1-V IgG1 and IgG2c antibody secreting cell responses in bone marrow 

and spleen. Groups of C57BL/6NCrl mice (n=12-16 per group) were immunized subcutaneously with the following 

treatments: F1-V + CDNs (CDN Vaccine), F1-V encapsulated into nanoparticles (Nanovaccine), F1-V encapsulated into 

nanoparticles + CDNs (Combination Nanovaccine) or saline. Bone marrow and spleen lymphocytes were harvested at 

213-218 DPI from groups (n=3-4/group) of mice and were analyzed via ELISPOT for the number of F1-V-specific IgG1 

and IgG2c antibody secreting cells from spleen (panels A and C) or bone marrow (panels B and D). Data points represent 

the number of F1-V-specific antibody secreting cells per 500,000 bone marrow or spleen cells from individual mice from 

one experiment. 
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CHAPTER 4. SINGLE-DOSE COMBINATION NANOVACCINE INDUCES BOTH 
RAPID AND LONG-LIVED TOXIN NEUTRALIZING ANTIBODY RESPONSES 

AGAINST BACILLUS ANTHRACIS TOXIN 
 

Part of this work is adapted from the thesis work of Ross Jeffrey Darling title “The 
STING of inflammatory adjuvants: Is the Toll too high?” 
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Abstract 

Bacillus anthracis, the causative agent of anthrax, continues to be one of the 

most prominent biological warfare and bioterrorism threats. Vaccination is likely to 

remain the most cost effective and patient friendly protective regimen to counter this 

threat in the foreseeable future. The commercially available AVA BioThrax, while 

currently the best option available, has a number of shortcomings where improvement 

would lead to a more practical and effective vaccine for use in the case of an exposure 

event. Identification of more effective adjuvants and novel delivery platforms is 

necessary in order to improve not only the effectiveness of the anthrax vaccine, but also 

enhance shelf stability and ease-of-use to improve patient compliance. In previous 

studies, cyclic dinucleotides have proven to be uniquely effective at inducing a 
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beneficial inflammatory environment that leads to high titer antibodies post-vaccination 

capable of providing rapid protection against Yersinia pestis. This makes them an ideal 

adjuvant candidate for an antitoxin vaccine where rapid generation of neutralizing titers 

is critical. Polyanhydride particles have proven to be effective at adjuvanting the vaccine 

associated adaptive immune response, as well as enhancing stability of encapsulated 

antigen. Here, we evaluate the individual contributions of cyclic dinucleotides, 

polyanhydride nanoparticles, and a combination thereof to elicit both rapid and long-

lasting neutralizing antibody titers against the recombinant protective antigen (PA) from 

B. anthracis. 

 
4.1 Introduction 

Bacillus anthracis is a Gram-positive, spore-forming bacteria that is the causative 

agent of the disease anthrax, whose spores are capable of lasting decades to centuries 

in the environment106. The natural course of infection for humans can occur via multiple 

routes, including through the skin via an open wound or flea bite (cutaneous anthrax), 

ingestion of infected meat (gastrointestinal anthrax), or direct inhalation of anthrax-

containing spores (inhalation anthrax). This disease has devastated mankind throughout 

human history, proposed to have caused the plague of Athens (430–427 BCE)2, and 

causing numerous infections throughout the 19th and 20th centuries in textile workers who 

came into contact with goat hair, sheep or alpacas wool2. However, this pathogen has 

been used as a bioterror agent as well, with the Japanese experimenting on prisoners 

during World War II with various pathogens, including anthrax103. Despite the agreement 

cosigned between the United States and 103 other countries to stop biological weapons 
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research in 1972, there still remains a concern of possible biological weaponization of 

lethal pathogens such as B. anthracis, especially due to the durability of the spores.  

The main virulence factors associated with B. anthracis are displayed on two 

plasmids. The first plasmid, a 183-kb plasmid pXO1, allows B. anthracis to secrete the 

bipartite exotoxins, lethal toxin (LT) and edema toxin (ET), which have been shown to 

modulate innate cell signaling processes, including oxidative burst in macrophages, 

chemotaxis, cytokine secretion, and cellular activation102. There are three proteins that 

are secreted that make up the two bipartite toxins. They are protective antigen (PA), 

edema factor (EF), and lethal factor (LF). It has been revealed that transcription of the 

toxin genes is located on a pathogenicity island and is regulated by the anthrax toxin 

activator protein, a pleiotropic regulator protein, and also carbon dioxide and bicarbonate, 

thus inferring that recognition of the host tissue environment activates toxin secretion102. 

The second plasmid, pXO2, is a 96-kb plasmid that encodes for poly-ɣ-D glutamic acid 

(PGA), a polypeptide capsule that encapsulates the bacteria and blocks phagocytosis102. 

Interestingly, expression of PGA is also upregulated by the presence of carbon dioxide, 

further suggesting that bacterial virulence is increased following recognition of the host 

tissue environment102. 

Most vaccine strategies center around inclusion of PA as it is believed that 

neutralizing its ability to heptamerize and translocate LF and EF into the host cell cytosol 

is critical to prevent dissemination of the bacteria and toxemia associated with 

mortality102. Indeed, a number of monoclonal antibodies have been generated that confer 

toxin neutralizing capacity in vitro and in vivo135. A recent study demonstrated that anti-

PA antibody titer and toxin neutralization titer following prime-boost vaccination did 
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correlate with protection in New Zealand white rabbits challenged intranasally with Ames 

strain spores138. In a similar study with guinea pigs, it was shown that antibody titer did 

not correlate with protection, however toxin neutralization titer correlated with protection 

following prime-boost vaccination139. 

The currently FDA-approved vaccine Biothrax Anthrax Vaccine Adsorbed (AVA) 

consists of a cell-free supernatant adsorbed to aluminum hydroxide. It is believed that PA 

is the most immunogenic component of the AVA vaccine, and that anti-PA neutralizing 

antibodies are the correlate for protection. However, this vaccine currently requires five 

vaccinations in the first 18 months, followed by yearly boosters afterward in order to 

maintain protective immunity; thus there is still a need for a vaccine that can provide rapid 

and long-lasting protective immunity in the event of an exposure or outbreak event.  

Cyclic dinucleotides (CDNs), a class of small molecule adjuvants, are recognized 

as microbial-associated molecular patterns (MAMPs) by the pattern recognition receptor 

(PRR) STING (STimulator of INterferon Genes)279, resulting in the phosphorylation of 

transcription factors NFκB and IRF3 and the induction of type I interferon (IFN), which is 

associated with anti-pathogenic activity211,212. Cyclic di-guanosine monophosphate, the 

most well-studied CDN to date, has been recognized as a universal secondary 

messenger molecule in Gram-negative bacteria, playing a role in bacterial development, 

motility, and virulence210. Vaccines adjuvanted with CDG induce a balanced immune 

response, characterized by equal presence of IgG subclasses in serum215, and have 

been shown to elicit significantly higher antibody titers than alum-adjuvanted 

formulations 216.  
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Polyanhydride nanoparticle-based vaccines (i.e., nanovaccines) represent 

another vaccine adjuvant platform that has proven to enhance immune responses for a 

wide number of antigens, including recombinant PA (rPA). In previous studies, 

nanoparticles encapsulating rPA have shown the ability to maintain protein structure and 

functional activity following release219. The ability to release functionally active protein 

was maintained for at least four months when stored on the shelf, even at elevated 

temperature up to 40 ºC. Of note, polyanhydride chemistries that contained CPTEG and 

CPH best maintained the secondary and tertiary structures of rPA, as well as its functional 

activity. In addition, 20:80 CPTEG:CPH nanoparticles enhanced rPA shelf stability over 

50:50 CPTEG:CPH nanoparticles. Previous work from our laboratories have shown that 

polyanhydride nano- and microparticle-based systems encapsulating antigen are capable 

of adjuvanting encapsulated antigen, allowing for dose sparing, and have shown to 

provide complete protection against multiple bacterial pathogens such as Streptococcus 

pneumoneia and Yersinia pestis intranasal challenge14,15,17,18,204,206.  

Previous studies from out laboratory have demonstrated that a combination of 

polyanhydride nanoparticles and CDNs were capable of providing complete protection 

against lethal pneumonic plague in only 14 DPI (see Chapter 3). Herein, we evaluated 

the efficacy of 20:80 CPTEG:CPH polyanhydride nanoparticles encapsulating rPA in 

combination with CDNs to elicit rapid and long-lasting anti-rPA antibody responses, 

characterized by anti-rPA antibody responses and in vitro toxin neutralization, with 

potential for long term shelf storage.  
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4.2 Methods and Materials 

4.2.1 Materials 

Chemicals used for the polymer and nanoparticles synthesis: 4-p-hydroxybenzoic 

acid, tri-ethylene-glycol, 1,6- dibromohexane were obtained from Sigma Aldrich (St. 

Louis, MO); dimethyl formamide, acetic acid, acetonitrile, acetic anhydride, toluene, 

methylene chloride, pentane were purchased from Fisher Scientific (Fairlawn, NJ) and 

4-pflourobenzonitrile was purchased from Apollo Scientific (Cheshire, UK). 

 

4.2.2 Polymer Synthesis 

Monomers of 1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctante (CPTEG) and 1,6-

bis(p-carboxyphenoxy) hexane (CPH) was used to synthesize the copolymer 20:80 

CPTEG:CPH via melt polycondensation reaction as previously described232,255. The 

purity and molecular weight of the copolymer was characterized using 1H nuclear 

magnetic resonance spectroscopy in deuterated chloroform. The molecular weight of 

the copolymer was near 5.3 kDa. 

 

4.2.3 Particle Synthesis 

Polyanhydride nanoparticles encapsulating 6.8% rPA (BEI resources, Cat# NR-

3780, Manassas, VA), from Bacillus anthracis, by weight were synthesized using 20:80 

CPTEG:CPH, via flash nanoprecipitation as essentially as previously described204. 

Briefly, 20:80 CPTEG:CPH polymer was dissolved in methylene chloride at a 

concentration of 20 mg/mL and rPA was suspended in this solution at a concentration of 



139 
 

2 mg/mL. This solution was poured into pentane at a solvent to anti-solvent ratio of 

1:250. The nanoparticles were then collected using vacuum filtration. 

 

4.2.4 Animals 

Female A/J mice of six to eight weeks of age were obtained from Jackson 

Laboratory (Bar Harbor, ME). All studies involving the use of animals was carried out in 

accordance with and approval from the Iowa State University institutional animal care 

and use committee. 

 

4.2.5 Vaccinations 

Separate groups of 6-8 week old female A/J mice were immunized 

subcutaneously (sc) with one of the following vaccine formulations: 1) 5 μg rPA 

encapsulated in 73.5 μg of 20:80 CPTEG:CPH (6.8% wt/wt) nanoparticles 

(Nanovaccine), 2) 5 μg soluble rPA adjuvanted with 25 μg cyclic dinucleotide cdG 

(dithio-RP,RP-cyclic diguanosine monophosphate, CDN) (Aduro Biotech, Berkley, CA), 

3) a combination of 5 μg rPA encapsulated in 73.5 μg of 20:80 CPTEG:CPH (6.8% 

wt/wt) nanoparticles adjuvanted with 25 μg CDN (Combination Nanovaccine), 4) 5 μg 

soluble rPA alone (PA), or 5) 5 μg soluble rPA adsorbed to a 1:9 dilution of Alhydrogel 

adjuvant 2% (Alhydrogel) (Invivogen, San Diego, CA). 
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4.2.6 Serum Antibody 

Vaccinated mice were bled via saphenous vein at the indicated time points post 

vaccination and serum was collected and stored at – 20 °C until used for analysis. Anti-

rPA serum antibody titers were measured via indirect ELISA. Costar 3590 96-well 

EIA/RIA high binding plates (Corning, Corning NY) were coated with 100 μL of PA (0.5 

μg/mL in PBS) and incubated overnight at 4 °C. Plates were blocked using either 2% 

(w/v) Difco gelatin in PBS (0.05 M, PH 7.2) containing 0.05% Tween-20 (PBS-T) for 2 h 

at room temperature (Figure 4.2) or 2.5% (w/v) powdered skim milk dissolved in PBS-

Tween with 0.05% Tween 20, pH 7.4, that had been incubated for 2 h at 56 °C to 

inactivate any endogenous phosphatase activity (Figures 4.3 and 4.4). After three 

washes using PBS-T, serum samples were titrated across the plate using two-fold serial 

dilutions, starting at 1:200 (Figure 4.2) or 1:100 (Figures 4.3 and 4.4), in PBS-T 

containing 1% (v/v) normal goat serum. Samples were incubated overnight at 4 °C. 

After three washes in PBS-T, an alkaline phosphatase conjugated goat anti-mouse IgG 

(H+L) secondary detection antibody (Cat# 115-005-003, Jackson ImmunoResearch, 

West Grove, PA) was diluted 1:1000, and 100 μL was added to the wells and allowed to 

incubate at room temperature for 2 h. Plates were washed three times with PBS-T and 

alkaline phosphatase substrate (Cat# BP2534, Fischer Scientific, Hampton, NH) was 

added at 1 mg/mL in buffer containing 50 mM sodium carbonate, 2 mM magnesium 

chloride, and sodium bicarbonate added to achieve a pH of 9.3. Color was allowed to 

develop for 30 min (Figures 4.3 and 4.4) or 2 h (Figure 4.2) and analyzed using the 

SpectraMAX 190 (Molecular Devices, San Jose, CA) at a wavelength of 405 nm. 
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4.2.7 Cell Culture 

J774 cells were cultured and maintained in DMEM (Cat #15-013-CV, Corning) 

medium supplemented with 100 U/mL penicillin and 100 μg/mL streptomycin, 2 mM 

glutamine, and 10% FBS. 

 

4.2.8 Toxin Neutralization Assay 

In order to assess neutralizing activity of serum from vaccinated mice, a J774 cell 

based killing assay was used essentially as previously described298,299. Briefly, J774 

cells were seeded into 96-well flat bottom plates (Costar, Cat #3595) at a concentration 

of 4 x 104 cells/well and allowed to adhere for 18 hours. Serum samples were prepared 

in separate 96-well plates by adding 100 μL of serum at a 1:50 dilution and serially 

diluting them across the plate with two-fold dilutions. The serum samples were then 

incubated for 30 min with rPA and LF (BEI resources, Cat# NR-28544), at constant 

concentrations of 50 ng/mL and 40 ng/mL respectively, and then added to the prepared 

J774s. The cell-serum-toxin mixture was allowed to incubate for 4 hours after which 25 

μL of a 5 mg/mL solution of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

(MTT) reagent (Invitrogen, Cat# M6494, Carlsbad, CA) was added. After two hours of 

incubation, supernatants were removed and 100 μL of dimethyl sulfoxide (Fisher 

Scientific, Cat# D128-500, Hampton, NH) was added to lyse and solubilize formazan 

crystals. The OD at 555 nm was measured on a SpectraMAX 190 and recorded for 

each sample. 
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4.2.9 Statistical Analysis 

Data generated during anti-rPA serum IgG ELISAs were log2 transformed and 

analyzed within each time point via one-way ANOVA with a Tukey post-test for multiple 

comparisons. Cell based toxin neutralization experiments were analyzed by calculating 

an area under the curve for each treatment group with the baseline set at the negative 

control. Difference between treatments were determined via one-way ANOVA with a 

Tukey post-test for multiple comparison. All analyses were performed using GraphPad 

Prism 8.0 (GraphPad Software, La Jolla, CA). 

 

4.3 Results 

4.3.1 Polyanhydride Nanoparticle Characterization 

Following synthesis, the 10%-loaded rPA (w/w) 20:80 CPTEG:CPH nanoparticles 

were characterized for size distribution and encapsulation efficiency of encapsulated 

F1-V. The size of the nanoparticles was consistent with previous work 15, with a mean 

diameter of 255 ± 98 nm and a polydispersity index of 0.15, indicating a narrow size 

distribution (Figure 4.1). The encapsulation efficiency of the rPA within the nanoparticles 

was 68%.  

 

4.3.2 Polyanhydride Nanovaccine Elicits High and Long Lasting Anti-PA Antibody 
Responses 

In order to assess the ability of the CDNs and polyanhydride nanoparticles to 

elicit anti-rPA responses, female A/J mice (n = 4 per group) were immunized 

subcutaneously with a single dose of one of the following vaccine formulations: i) 5 µg 

soluble rPA (sPA), ii) 5 µg soluble rPA adjuvanted with 25 µg CDNs (CDN Vaccine), iii) 
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5 µg rPA encapsulated into polyanhydride nanoparticles (6.8% w/w) (Nanovaccine), or 

iv) 5 µg rPA encapsulated into polyanhydride nanoparticles (6.8% w/w) co-adjuvanted 

with 25 µg CDNs (Combination Nanovaccine). Serum samples were collected at 2-, 4-, 

8-, and 15-weeks post-vaccination and anti-rPA total IgG antibody titers were evaluated 

at each time point. 

The vaccinated A/J mice rapidly attained high anti-rPA titers and maintained 

them over time (Figure 4.2). The only formulations able to significantly improve the A/J 

antibody titers over that induced by sPA alone were the CDN Vaccine and the 

Combination Nanovaccine. The 15-week time point indicated the serum of animals 

immunized with the Combination Nanovaccine had the highest titers and this elevated 

titer was maintained compared to rPA alone. Analysis of the serum of animals 

immunized with the Nanovaccine alone indicated that this formulations was insufficient 

in terms of rapidly enhancing the magnitude of the anti-rPA antibody response. These 

results suggest that the CDNs are able to induce rapid and long-lived antibody response 

to rPA in A/J mice, which may be improved when combine with polyanhydride 

nanoparticles. 

 

4.3.3 Polyanhydride Nanovaccine Elicits Rapid Toxin Neutralization Antibodies 
against the Anthrax Toxin 

Next, the ability of the Combination Nanovaccine to induce anti-rPA antibody 

responses was compared to an alhydrogel-adjuvanted vaccine formulation in female A/J 

mice. In order to normalize by the dose of antigen for comparison between the 

Combination Nanovaccine and alhydrogel-adjuvanted vaccine, rPA was adjuvanted with 

a 1:9 dilution of alhydrogel (~0.9-1.1 mg/mL aluminum content). Female A/J mice (n = 8 
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per group) were immunized subcutaneously with a single dose of one of the following 

vaccine formulations: i) 5 µg soluble rPA (sPA), ii) 5 µg soluble rPA adjuvanted with 

alhydrogel (Alhydrogel), or iii) 5 µg rPA encapsulated into polyanhydride nanoparticles 

co-adjuvanted with 25 µg CDNs (Combination Nanovaccine).  

Blood samples were collected from immunized animals 15 days post-

immunization (DPI). Anti-rPA total IgG antibody titers in sera of mice immunized with 

either the Alhydrogel formulation or Combination Nanovaccine were similar and had 

significantly (p ≤ 0.0001) higher total IgG anti-rPA antibody titers compared to titers in 

sera of mice immunized with soluble rPA alone (Figure 4.3A). Interestingly, despite 

having similar magnitude of total IgG, the Combination Nanovaccine induced 

significantly (p = 0.008) higher toxin neutralizing antibody responses compared to the 

Alhydrogel formulation at 15 DPI, determined via integrating the area under the curve of 

the Log2 transformed serum dilution curves (Figure 4.3B and Table 4.1). Therefore, 

these results indicate a qualitative difference in the anti-rPA response induced by the 

Combination Nanovaccine and Alhydrogel formulations, with the combination of 

polyanhydride nanoparticles and CDNs improving the anthrax toxin neutralizing 

response over that of alhydrogel, despite having similar magnitude anti-rPA IgG 

antibody titers. 

 

4.3.4 Combination Nanovaccine and Alhydrogel formulation Elicit Similar Long 
Term Anti-PA Responses 

Serum samples were additionally collected 30- and 46-days post-vaccination 

from female A/J mice immunized with the above vaccine formulations in order to 

compare the long term anti-rPA antibody response elicited by the Combination 
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Nanovaccine and Alhydrogel formulation. The magnitude of anti-rPA response between 

mice vaccinated with either formulations was similar across all time points evaluated, 

with significantly (p ≤ 0.0001) higher anti-rPA total IgG antibody titers compared to 

animals vaccinated with soluble rPA (Figure 4.4A). The ability of serum from 

Combination Nanovaccine-immunized mice to neutralize lethal toxin was similar to that 

of the Alhydrogel formulation by 46 DPI (Figure 4.4B). Thus, the total anti-rPA IgG 

response an PA neutralizing serum responses in mice immunized with either the 

Combination Nanovaccine and Alhydrogel formulations was similar after 15 DPI, despite 

the higher earlier responses elicited by the Combination Nanovaccine by 15 DPI. 

Additionally, the Combination Nanovaccine formulation successfully induced high titer 

anti-rPA IgG responses rapidly, which was maintained over time. 

 

4.4 Discussion 

In this work, the ability of a combination polyanhydride nanoparticle-based 

vaccine platform co-adjuvanted with CDNs to induce neutralizing antibodies against the 

protective antigen of B. anthracis was evaluated. The results of this work illustrated the 

induction of high titer neutralizing antibodies with a single-dose formulation of rPA-

containing polyanhydride nanoparticles co-adjuvanted with CDNs, which were able to 

elicit significantly higher anti-rPA toxin neutralizing antibodies compared to PA 

adjuvanted with alhydrogel by 15 DPI, despite having similar overall anti-rPA total IgG 

titers. 

While natural inhalation infection of humans with B. anthracis spores is rare, its 

durable spores and high lethality capable of infecting hundreds of thousands of 
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individuals with a single aerosol dispersion, places B. anthracis in a position of 

prominence as a major biological warfare agent300–302. The difficulty in diagnosing 

anthrax, with its early onset of cold-like symptoms, is one of the major hurdles in 

managing the response to a widespread release event of B. anthracis spores102,301. If 

anthrax infection is identified early after exposure, intervention or prophylaxis with 

antibiotics is critical to prevent serious illness and death. This antibiotic regimen must be 

adhered to for an extended period of time as spores can persist in a dormant state and 

cause disease well after the initial exposure302–304. In order to respond to a large-scale 

release, a therapeutic intervention would require a largescale stockpile of antibiotics to 

be readily available at all times and would require that health care workers follow up 

with individuals to improve upon historically poor patient compliance305. Another class of 

therapeutic interventions in development are toxin neutralizing monoclonal antibodies 

(mAb). Neutralizing mAbs would provide benefits over antibiotic usage as the two to 

four-week half-life of the mAbs after infusion could prove effective at preventing severe 

disease with limited treatments306,307. 

While these effective treatment options are available, deploying them on any 

large scale remains a public health obstacle. Treatments including vaccination for 

higher risk populations or those who have been exposed or were potentially exposed 

remains the most cost effective and most patient friendly option available308,309. Even as 

one of the ideal approaches to dealing with B. anthracis as a biological agent, current 

vaccines targeting PA have room for improvement. The major issues that need to be 

resolved in next generation anti-PA vaccines are: i) reducing the number of doses 

required to effectively induce high neutralizing titer; ii) identification of adjuvants that 
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skew responses to neutralizing epitopes rather than towards non-neutralizing epitopes; 

and iii) improving the shelf-life stability of the PA protein and formulated vaccines310–315. 

Encapsulation of protein payloads, including PA, into polyanhydride particle 

formulations has demonstrated the stability enhancing properties that encapsulation can 

provide during storage and upon protein release19,218. This enhanced stability provided 

by polyanhydride nanoparticles would be particularly advantageous in the stockpiling 

and storage of vaccine doses to be readily distributed should the need arise. 

In immunization studies evaluating the immune response of female A/J mice, the 

NP formulation with 100% of the rPA encapsulated did not result in a measurable 

increase in anti-PA antibody titers compared to that induced by rPA alone (Figure 4.2). 

The inclusion of CDNs as a co-adjuvant, either alone or combined with the NP 

formulation, led to increases in anti-rPA titers across all time points evaluated. At 108 

days after the single dose immunization of A/J mice, the total anti-rPA IgG response 

induced by the Combination Nanovaccine exhibited the greatest titer suggesting there is 

a potential immunological benefit when antigen is encapsulated within and released 

from nanoparticles over time (Figure 4.2). 

This propensity of CDNs to induce rapid toxin neutralizing titers could lead to 

rapid immunity for individuals in an effected area and limit the danger of the resulting 

exclusion zone created by B. anthracis spores. Rapid generation of neutralizing 

antibodies would also have the potential of reducing the extended (60+ days) of 

prophylactic antibiotic treatments used when potential exposure has occurred. In cell-

based toxin neutralization assays, all tested vaccine formulations induced detectible 

neutralization of the holotoxin as evidenced by the inhibition of cell death (Figures 4.3 
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and 4.4 and Table 4.1), however at 15 DPI the Combination Nanovaccine was able to 

elicit significantly higher neutralizing antibodies in A/J mice compared to that of rPA 

adjuvanted with alhydrogel, which closely resembles the response induced by the 

commercially available AVA vaccine (Figure 4.3). This early high titer responses 

observed illustrate a potential strength for vaccination after a large-scale dispersal 

event.  

In conclusion, a Combination Nanovaccine comprising polyanhydride 

nanoparticles co-adjuvanted with CDNs was able to elicit both rapid and durable anti-

rPA antibody responses. 

 

4.5 Tables 

 

Table 4.1. Summary of toxin neutralization assays. 

Days Post-Immunization Vaccine Formulation Area Under Curve 

15 sPA   1.03 ± 0.50 
 Alhydrogel   5.90 ± 0.65* 
 Combination Nanovaccine 10.36 ± 0.95*$ 

46 sPA   8.51 ± 1.08  
  Alhydrogel 19.85 ± 0.72* 
  Combination Nanovaccine 21.33 ± 0.74* 
*indicates significant differences (p ≤ 0.05) from sPA 
$indicates significant differences (p ≤ 0.05) from Alhydrogel 
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4.6 Figures 

 

 
 

Figure 4.1. Characterization of PA Nanovaccine. A) Representative scanning electron 

micrograph image of PA nanovaccine (scale bar = 2 µm). Nanoparticle mean diameter 

was 255 ± 98 nm, determined via ImageJ analysis.  
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Figure 4.2. Combination Nanovaccine induces antibodies against protective 

antigen. A/J (n=4) mice were vaccinated subcutaneously against the PA protein from B. 

anthracis. The formulations consisted of 5 μg rPA encapsulated in 20:80 CPTEG:CPH 

nanoparticles (NP), 5 μg soluble rPA adjuvanted with 25 μg CDNs (CDN Vaccine), a 

combination of 5 μg rPA encapsulated in 20:80 CPTEG:CPH nanoparticles adjuvanted 

with 25 μg CDN (Combination Nanovaccine), or 5 μg soluble rPA alone (sPA). Total 

serum IgG antibody titer to rPA was quantified via ELISA at 2-weeks, 4- weeks, and 8-

weeks post-immunization. Titer values were Log2 transformed and compared at each 

time point for statistical significance between treatment groups via an ordinary one-way 

ANOVA with a Tukey’s multiple comparison test. P value is indicated as follows for each 

comparison indicated (*#@$=p<0.05) (#=NP, $=CDN Vaccine, @=Combination 

Nanovaccine, *=sPA). Individual animals are shown with bars indicating mean ± SEM. 
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Figure 4.3. Combination Nanovaccine elicits rapid toxin neutralizing antibodies against protective antigen. A/J (n=8) 
mice were vaccinated subcutaneously against the PA protein from B. anthracis. The formulations consisted of 5 μg soluble 
rPA adsorbed to a 1:9 dilution of alhydrogel (Alhydrogel), a combination of 5 μg rPA encapsulated in 20:80 CPTEG:CPH 
nanoparticles adjuvanted with 25 μg CDN (Combination Nanovaccine), or 5 μg soluble rPA alone (sPA). (A) Total serum 
IgG antibody titer to rPA was quantified via ELISA at 15 days post-immunization. Titer values were Log2 transformed and 
compared at each time point for statistical significance between treatment groups via an ordinary one-way ANOVA with a 
Tukey’s multiple comparison test. P value is indicated as follows for each comparison indicated (*#@$=p<0.05) 
($=Alhydrogel, @=Combination Nanovaccine, *=sPA). Individual animals are shown with bars indicating mean ± SD. (B) 
Neutralizing antibody titers were determined in serum collected 15 days post-immunization via an MTT assay. Dilution 
values were Log2 transformed and the mean area under the curve (AUC) was calculated for each treatment group. The 
AUC was compared between treatment groups via one-way ANOVA with a Tukey’s multiple comparison test. P value is 
indicated as follows (*@$=p<0.05) (@=Combo, $=Alhydrogel *=sPA) as compared to all other groups in the figure legend. 
The lower dotted line indicates the no sample control average OD (0.136). Group averages are shown with error bars 
indicating mean ± SD. 
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Figure 4.4. Combination Nanovaccine elicits similar long term toxin neutralizing antibodies against protective 
antigen compared to alhydrogel. A/J (n=8) mice were vaccinated subcutaneously against the PA protein from B. 
anthracis. The formulations consisted of 5 μg soluble rPA adsorbed to a 1:9 dilution of alhydrogel (Alhydrogel), a 
combination of 5 μg rPA encapsulated in 20:80 CPTEG:CPH nanoparticles adjuvanted with 25 μg CDN (Combination 
Nanovaccine), or 5 μg soluble rPA alone (sPA). (A) Total serum IgG antibody titer to rPA was quantified via ELISA at 15, 
30, and 46 days post-immunization. Titer values were Log2 transformed and compared at each time point for statistical 
significance between treatment groups via an ordinary one-way ANOVA with a Tukey’s multiple comparison test. P value 
is indicated as follows for each comparison indicated (*$@=p<0.05) ($=Alhydrogel, @=Combo, *=sPA). Individual animals 
are shown with bars indicating mean ± SD. (B) Neutralizing antibody titers were determined in serum collected 46 days 
post-immunization via an MTT assay. Dilution values were Log2 transformed and the mean area under the curve (AUC) 
was calculated for each treatment group. The AUC was compared between treatment groups via one-way ANOVA with a 
Tukey’s multiple comparison test. P value is indicated as follows (*@$=p<0.05) ($=Alhydrogel, @=Combo, *=sPA) as 
compared to all other groups in the figure legend. The lower dotted line indicates the no sample control average OD 
(0.136). Group averages are shown with error bars indicating mean ± SD. 
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Abstract 

Human respiratory syncytial virus (HRSV) is a leading cause of severe acute 

lower respiratory tract infection in infants and children worldwide. Bovine RSV (BRSV) is 

closely related to HRSV and a significant cause of morbidity in young cattle. BRSV 

infection in calves displays many similarities to RSV infection in humans, including 

similar age dependency and disease pathogenesis. Polyanhydride nanoparticle-based 

vaccines (i.e., nanovaccines) have shown promise as adjuvants and vaccine delivery 

vehicles due to their ability to promote enhanced immunogenicity through the route of 

administration, provide sustained antigen exposure, and induce both antibody- and cell-

mediated immunity. Here, we developed a novel, mucosal nanovaccine that 
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encapsulates the post-fusion F and G glycoproteins from BRSV into polyanhydride 

nanoparticles and determined the efficacy of the vaccine against RSV infection using a 

neonatal calf model.  Calves receiving the BRSV-F/G nanovaccine exhibited reduced 

pathology in the lungs, reduced viral burden, and decreased virus shedding compared 

to unvaccinated control calves, which correlated with BRSV-specific immune responses 

in the respiratory tract and peripheral blood. Our results indicate that the BRSV-F/G 

nanovaccine is highly immunogenic and, with optimization, has the potential to 

significantly reduce the disease burden associated with RSV infection in both humans 

and animals. 

 

5.1 Introduction 

Human respiratory syncytial virus (HRSV) is a leading cause of severe acute 

lower respiratory tract disease in infants and young children worldwide7 and accounts 

for up to 70% of hospitalized bronchiolitis cases in industrialized countries8. Globally, 

there are an estimated 33 million new episodes of HRSV-associated disease in children 

under five years of age with more than 100,000 resultant deaths316. Severe RSV 

infection has been linked with the development and exacerbation of recurrent wheezing 

and asthma10, and is a predisposing factor to the development of otitis media11. To date, 

there are no safe and effective vaccines available for HRSV. 

RSV-specific immune responses are directed against a number of viral proteins; 

however, the fusion (F) and attachment (G) proteins appear to be the most important 

targets167; and thus represent attractive options for the development of subunit 

vaccines.  The F protein exists in two forms on the virion surface: a metastable pre-
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fusion form and a stable post-fusion trimer. Post-fusion F contains two major 

neutralizing epitopes, antigenic sites II and IV184. Vaccines utilizing post-fusion F elicit 

high-affinity, site-II directed neutralizing antibodies and have been shown to be highly 

efficacious in mice and cotton rats185,186. Post-fusion F is also highly stable, making it an 

appealing candidate for incorporation into a subunit vaccine. Reports in mice have 

shown that vaccines that elicit G-protein specific antibody and T cell responses are 

protective against RSV infection187,188. Bastien et al. also demonstrated that 

immunization with a conserved peptide from the BRSV G protein afforded partial 

protection against BRSV infection in cattle188. The F and G protein have also been 

shown suitable vaccine targets in cattle, as recombinant vector-vaccines targeting the 

BRSV F190,317 and G190,192,318 proteins, and recombinant plasmid-based strategies 

targeting the G protein192,193, have both been shown to reduce virus shedding and 

BRSV-associated lung pathology in challenged calves. 

A significant barrier to the development of a safe and efficacious vaccine for use 

against HRSV has been the lack of a suitable animal model.  Although mice and cotton 

rats are commonly used to test candidate vaccines, they are only semi-permissive for 

HRSV replication, and the pathogenesis of disease significantly differs from that 

observed in human infants (recently reviewed in 161).  Bovine respiratory syncytial virus 

(BRSV) is genetically and antigenically closely related to HRSV and is a primary cause 

of severe acute lower respiratory tract disease in young cattle.  Although host specific, 

BRSV and HRSV display similar epidemiology, pathogenesis and clinical expression in 

their respective hosts.  Development of an efficacious vaccine for BRSV poses similar 

challenges to that faced for HRSV, particularly the need to immunize the very young, 
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the presence of maternally-derived antibodies and the possibility for the development of 

vaccine-enhanced disease. Thus, the calf is an ideal model for testing novel vaccine 

candidates and determining appropriate correlates of vaccine-induced protection from 

infection.  

Polyanhydride nanoparticle-based vaccines (i.e., nanovaccines) have been 

studied extensively as a vaccine adjuvant and/or delivery platform and provide a safe, 

efficacious alternative to traditional vaccines280. These biodegradable polymers are 

based on 1,6-bis(p-carboxyphenoxy)hexane (CPH), 1,8-bis(p-carboxyphenoxy)-3,6-

dioxaoctane (CPTEG), and sebacic anhydride (SA).  They are biocompatible13,250, have 

shown to stabilize labile proteins19,220,281, and demonstrate sustained release of 

encapsulated proteins due to their surface-erodible properties14,18,19,232, allowing for the 

possibility of single-dose administration. In addition, polyanhydride nanovaccines 

display chemistry-dependent cellular uptake and intracellular persistence by antigen 

presenting cells (APC)15,16,223, which can aid in adjuvanting poorly immunogenic 

proteins. These nanovaccines can be delivered using multiple routes of administration, 

including intranasally (i.n.)14,15,204,319.  Finally, these nanoadjuvants have been shown to 

induce sustained humoral320 and cellular immunity297,321.  These properties have been 

exploited to design nanovaccine formulations against multiple pathogens, including 

Yersinia pestis, Bacillus anthracis, Streptococcus pneumoniae, and influenza A virus280.  

The nanovaccine chosen for the current studies is based on the amphiphilic 50:50 

CPTEG:CPH due to its enhanced pathogen-mimicking characteristics15, improved 

stability of encapsulated antigen19,220, and suitability as an effective formulation for i.n. 

delivery14,15,204,319. 
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Here, we report the development of a polyanhydride-based nanovaccine that 

contains the recombinant post-fusion F and G proteins from BRSV and demonstrate for 

the first time, that a single, i.n. immunization of the BRSV-F/G nanovaccine induces 

robust local cellular and humoral immunity in the respiratory tract, reduced virus-

associated pathology, reduced viral burden, and decreased incidence of virus shedding 

in neonatal calves. 

 

5.2 Materials and Methods 

5.2.1 Protein Production and Purification 

Recombinant F protein 

The recombinant fusion (F) protein was produced by Genscript (Piscataway, NJ) 

using a recombinant baculovirus expression system.  The expression scheme was 

selected based upon previous publications322–324.  The F protein from BRSV strain 375 

(L158-T529, GenBank FJ543092.1) was expressed with a truncation at the COOH 

terminus, as described by Wathen et al.323.  The construct was then modified at the 3’ 

end with the addition of a linker sequence, a GCN4 trimerization domain and a HIS-tag.  

Sf9 cells were grown in Sf‐900 II SFM Expression Medium (Life Technologies) and 

maintained in Erlenmeyer Flasks at 27° C in an orbital shaker. One day before 

transfection, the cells were seeded in 6 wells. On the day of transfection, DNA and 

Cellfectin II (Life Technologies) were added into the plate with cells ready for 

transfection. Cells were incubated in Sf‐900 II SFM for 5‐7 days at 27° C before harvest. 

The supernatant was collected after centrifugation and designated as P1 viral stock. P2 

was amplified for later infection. For preparation of the recombinant protein, Sf9 cells 
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were infected with the recombinant P2 virus and incubated for 5‐7 days at 27° C before 

harvest.  Cell pellets were harvested and lysed using Triton-X 100 lysis buffer and the 

precipitation of cell lysate was dissolved using urea. The target protein was obtained by 

one‐step purification using a Ni column and 8 M urea-based wash buffer. Fractions 

were pooled and refolded followed by 0.22 μm filter sterilization. The proteins were 

analyzed by SDSPAGE and Western blot by using standard protocols for molecular 

weight and purity measurements. The primary antibody for Western blot was Mouse‐

anti‐his mAb (GenScript,). The protein concentration was determined by Bradford 

protein assay with BSA as a standard. The protein was confirmed to contain <0.1 EU/μg 

(LAL Endotoxin Assay Kit, Genscript). 

 

Recombinant G protein 

Recombinant G protein was expressed with the assistance of the Protein 

Production Group, COBRE Center for Protein Structure and Function, University of 

Kansas.  The ectodomain of the attachment (G) protein from BRSV strain 375 (S67-

I257, GenBank L10925.1) was modified at the 3’ end by a HIS-tag and expressed in 

E.coli using the pTBSG vector as previously described325. For production of the 

recombinant protein, recombinant E. coli was grown overnight in LB media containing 

ampicillin and chloramphenicol. The cells were induced with IPTG for 3 hours, then cells 

were pelleted.  The cell pellets were lysed in 20 mM Tris buffer (pH 8.0) containing 1% 

Triton-X 100 and frozen.  The cell lysate was sonicated until the suspension was no 

longer viscous and then the soluble fraction removed by centrifugation.  The insoluble 

fraction (inclusion bodies) was solubilized in urea buffer (6 M urea, 50 mM Tris-HCl (pH 
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8.0), and 500 mM NaCl).  The solubilized fraction was purified by Ni-NTA Affinity 

Chromatography.  The endotoxin levels on the resulting purified fractions were 

confirmed to be less than 1 EU/μg.   

 

5.2.2 Polymer Synthesis and Characterization 

CPTEG and CPH monomer synthesis and 50:50 CPTEG:CPH copolymer 

synthesis using melt polycondensation were performed as described previously206,232. 

Copolymer composition and molecular weight were determined using 1H NMR (DXR 

400), specifically by end group analysis of NMR spectra. The copolymer molecular 

weight was determined to be 5,003 g/mol with a molar composition of 48% CPTEG and 

52% CPH. 

 

5.2.3 Nanoparticle Synthesis 

50:50 CPTEG:CPH nanoparticles encapsulating 2.4% w/w protein, consisting of 

1.9% w/w G protein and 0.5% w/w F protein, were synthesized using water/oil/oil 

nanoprecipitation256. Briefly, F and G proteins were dissolved into nanopure water at 

178 µg/Ml. 50:50 CPTEG:CPH copolymer was dissolved in methylene chloride at 20 

mg/Ml, and the protein solution was pipetted into the solvent. The mixture was 

sonicated (30 Hz for 30 s), and poured into a non-solvent (pentane chilled to -10 °C) at 

a solvent to non-solvent ratio of 1 to 250. The suspension was immediately vacuum 

filtered to recover nanoparticles encapsulating the proteins, with a yield of ca. 62%. 

Nanoparticles not encapsulating protein (i.e., “empty” nanoparticles) were synthesized 

as a control using the same procedure as described above.  For preliminary in vitro 
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studies, CPTEG:CPH nanoparticles were also generated using a cocktail of 

overlapping, 20-mer peptides from the BRSV G protein.  The peptides were 

encapsulated at 2% w/w protein using the protocol described above.  The G-protein 

peptide nanoparticles were used for the alveolar macrophage studies in Figure 5.2C 

and the moDC data in Supplementary Figure 5.1. 

 

5.2.4 Protein Release Assay 

BRSV-G nanoparticles were incubated in microcentrifuge tubes at a 

concentration of 20 mg/Ml in 0.5 Ml of 0.1 M PBS buffer (pH 7.4). Samples were 

sonicated (30 Hz for 30 s) and placed in a shaker incubator at 37 °C. Samples were 

centrifuged at 10,000 rcf for 10 min and 0.4 Ml of supernatant was removed and 

replaced with fresh buffer at indicated time points. Aliquots were stored at 4 °C and 

protein mass released was measured via micro bicinchoninic acid (microBCA) analysis 

at an absorbance of 562 nm. After 35 days, unreleased protein was extracted by 40 Mm 

NaOH using 0.2 Ml per microcentrifuge tube, as described326. The mass of protein 

released was determined via microBCA analysis and the encapsulation efficiency, 

which was defined as the total amount of protein released divided by the initial mass of 

protein, was calculated. 

 

5.2.5 Animals 

BRSV-F/G protein immunogenicity studies 

Peripheral blood and sera were collected from eight female adult Holstein cows 

housed at the Kansas State University Dairy in Manhattan, KS. Animals from this herd 

have BRSV-specific antibodies and BRSV-specific CD4 T cells327.   
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5.2.6 Vaccine Studies 

Twenty-four, colostrum replete, mixed-gender Holstein calves were enrolled at 2-

3 weeks of age and were randomly assigned to four treatment groups (n=6 

animals/group): unvaccinated, uninfected controls; unvaccinated and challenged with 

BRSV strain 375; i.n. vaccination with 190 mg total ‘empty’ CPTEG:CPH nanoparticles, 

followed by BRSV challenge; i.n. vaccination with 190 mg total BRSV-F/G-loaded 

CPTEG:CPH nanoparticles, followed by BRSV challenge.  Each calf received ~0.9 mg 

total of the recombinant BRSV-F/G proteins.  I.n. vaccines were administered in a 

volume of 5 mL sterile saline, with 2.5 mL injected into each nostril. 

Nasal fluid samples were collected at weekly intervals following vaccination, and 

on days 2, 4 and 6 post BRSV challenge.  Commercial, polyurethane sponges were cut 

into 1-2 inch squares and autoclaved.  Sponges were dampened with 1 mL of sterile 

saline and then a single square was inserted into the calf’s nostril for 5-10 minutes.  The 

sponges were then removed, placed in a tube and an additional 1 mL of sterile saline 

was added.  Liquid was recovered from each sponge by squeezing in the barrel of a 5 

mL syringe.  The resulting nasal fluid was then aliquoted and frozen at -80° C for later 

use.   

All animal procedures were conducted in strict accordance with federal and 

institutional guidelines and were approved by the Kansas State University Institutional 

Animal Care and Use Committee. 

 

5.2.7 BRSV Inoculum and Aerosol Challenge Model 

BRSV strain 375 was prepared from virus stock re-isolated from the lung of an 

infected animal and passaged less than 4 times on bovine turbinate (BT) cells.  The 
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viral inoculum was determined free of contaminating BVDV by PCR. Calves were 

inoculated via aerosol challenge with ~104 TCID50/mL of BRSV strain 375 as previously 

described328.  

 

5.2.8 Antigen Recall Assays 

Peripheral blood mononuclear cells (PBMCs) were prepared as previously 

described327.  Cells were labeled with Cell Trace Violet per manufacturer’s instructions 

(Life Technologies) and 5x106 cells/mL were plated in round-bottom 96-well plates with 

5 μg/mL recombinant BRSV F or G protein or 0.01 MOI of BRSV.  For immunogenicity 

studies, BRSV-F/G was encapsulated into the CPTEG:CPH particles, then released as 

described, and used to stimulate PBMCs.  Plates were incubated for 6 days at 37° C in 

a 5% CO2 incubator. Cell culture supernatants were stored at -80° C.  PBMC were 

resuspended in FACS buffer and stained with antibodies specific to bovine CD3, CD4 

and CD8 as previously described327.  Cells were analyzed using a BD LSR Fortessa 

X20 and FlowJo Software (Treestar).  

 

5.2.9 Necropsy and Pathological Evaluation 

Calves were euthanized on day 7 post-infection (p.i.) by barbiturate overdose.  

Pathological evaluation was performed similar to previous descriptions328,329. The extent 

of gross pneumonic consolidation was evaluated using the scoring system similar to 

that outlined in329, and is shown in Supplementary Table 5.1. 

Bronchoalveolar lavage fluid (BAL) was collected by introducing 500 mL of 

sterile, ice-cold PBS through the trachea.  Samples of affected and unaffected lungs 
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were collected from multiple sites for histopathological evaluation. Tissues were fixed by 

immersion in 10% neutral buffered formalin and processed by routine paraffin-

embedment and sectioning. Five μm sections were stained for hematoxylin and eosin. 

Microscopic lesions were evaluated by a pathologist (Dr. Kumar) in a blinded manner.  

The severity of the lung lesions was scored based upon the criteria outlined in 

Supplementary Table 5.2. 

 

5.2.10 In vitro Analysis of Nanoparticle Immunogenicity in Bovine APC 

Monocyte-derived dendritic cells (moDC) were prepared from adult cows housed 

at the KSU dairy.  The moDC were generated using a protocol previously described by 

Werling et al.330.  Recombinant bovine IL-4 and recombinant bovine GM-CSF were 

purchased from Kingfisher Biotech, Inc.  After 6 days, moDC were seeded at 5x105 cells 

per well in 24-well plates and incubated with 10 μg/mL ‘empty’ or BRSV-F/G loaded 

CPTEG:CPH particles.  Alveolar macrophages were isolated from the BAL fluid of 

normal calves at the National Animal Disease Center in Ames, IA.  Macrophages were 

seeded at 5x105 cells per well in 24-well plates and stimulated as above, using the 

CPTEG:CPH G-peptide loaded nanoparticles.  In both sets of experiments, mock 

cultures were treated with media only.  After 18 hours, the cells were preserved for 

qPCR analysis.  After 48 hours, cell culture supernatants were harvested and stored at -

80° C until later analysis.   

 

5.2.11 Real-time PCR 

RNA isolation, cDNA preparation and qPCR were performed as described327. 

The primers for bovine IL-8 and IL-12p40 have been published328. Relative gene 
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expression was determined using the 2−ΔΔCt method331, with RPS9 as the reference 

housekeeping gene. 

For quantitation of NS2 copy number, lung samples from a representative gross 

lesion and non-lesioned tissue from each calf were collected and stored in RNAlater.  

RNA was isolated from lung tissue samples using Trizol Reagen (Life Technologies).  

Total RNA was quantified by Nanodrop and 500 ng of total RNA were used in each 

reaction.  cDNA synthesis and quantitative rtPCR reactions were carried out using the 

Taqman RNA-to-CT 1-step kit (Applied Biosystems) per manufacturer’s instructions 

using the following primers and probes: NS2 forward, 5’-GAACGACAGGCCACATTTA-

3’; NS2 reverse, 5’- AGGCATTGGAAATGTACCATA-3’; NS2 probe, 5’-/56-

FAM/TGAAGCTAT/ZEN/TGCATAAAGTGGGTAGCACA/3IABkFQ/-3’; S9 forward, 5’-

GTGAACATCCCGTCCTTCAT-3’; S9 reverse, 5’-TCTTGGCGTTCTTCCTCTTC-3’; S9 

probe,  5’-/56-FAM/AAGTCGATG/ZEN/TGCTTCTGCGAGTCC/3IABkFQ/-3’.  The 

reactions were performed on an Agilent MX3000P Real-Time PCR machine with the 

following cycling conditions: 48° C hold for 15 minutes; 95° C hold for 10 minutes; 40 

cycles of 95° C for 15 s, then 60°C for 1 minute.  Standard curves for NS2 and S9 

genes were run in parallel with test samples, and all standards and test samples were 

run in triplicate.  Viral NS2 copy numbers were calculated using standard curves and 

normalized to S9 to correct for differences in input material. 

 

5.2.12 Virus Isolation 

Nasal swabs were collected from each calf on days 0, 3 and 6 p.i. and placed in 

sterile PBS.  Virus isolations were performed as previously described328. 
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5.2.13 ELISAs and Multiplex Cytokine Immunoassay 

A multiplex immunoassay (Aushon Biosystems) was used to quantify cytokine 

secretion in supernatants from bovine alveolar macrophages as previously described327. 

Bovine IL-17A, IFNγ, IL-6, IL-1β and TNFα VetSet ELISA Development kits were 

purchased from Kingfisher Biotech, Inc.  The bovine IL-4 ELISA kit was purchased from 

Thermo Fisher Scientific.  ELISAs were performed according to kit manufacturer’s 

instructions. 

Indirect ELISAs were used to quantify IgA in the nasal and BAL fluid. Indirect 

ELISAs were also used to determine the immunogenicity of the BRSV F and G proteins 

prior to encapsulation, and following release from the CPTEG:CPH nanoparticles.  For 

the IgA quantification, ELISA plates were coated overnight at 4° C with 3 μg/mL F or G 

protein, or with 100 μL/well of BRSV stock (~104 TCID50).  For the immunogenicity 

studies, the ELISA plates were coated overnight at 4° C with 5 μg/mL total of the F and 

G protein (2.5 μg/mL or each), with ~5 μg/mL of the BRSV F and G proteins that had 

been encapsulated and released from the CPTEG:CPH nanoparticles, or with 100 

μL/well of BRSV stock (~104 TCID50).  Negative control wells were coated with 100 

μL/well cell culture media prepared from uninfected BT.  Nasal fluid samples were 

diluted 1:2 and treated with 10 mM dithiothreitol (DTT) for 1 hour at 37° C prior to 

performing the ELISAs.  BAL samples were diluted 1:2 but were not treated with DTT.  

Serum samples were diluted 1:1000.  All samples were plated in duplicates, incubated 

for 2 hours at room temperature and then washed.  Mouse anti-bovine IgA-HRP (Bethyl 

Laboratories) was used at 0.5 μg/mL.  Mouse anti-bovine IgG-HRP (Bethyl 

Laboratories) was used at 0.5 μg/mL for the immunogenicity experiments.  Plates were 

developed using Pierce 1-Step Ultra TMP Substrate (ThermoScientific Pierce).  The 
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reaction was stopped with the addition of 0.2 M H2SO4 and plates were read at an 

optical density of 450 nm and 540 nm using an automated plate reader. 

 

5.2.14 Virus Neutralization Assay 

BT cells were seeded into 96-well flat-bottomed plates.  Nasal fluid samples were 

serially diluted two-fold in serum-free tissue culture medium.  BRSV (100 TCID50 units) 

was added to the diluted samples and incubated for 30 minutes at 37° C.  The tissue 

culture media was removed from the cell monolayers and replaced with the nasal 

fluid/virus samples.  Each sample was assayed in triplicate.  The virus was allowed to 

infect for 90 minutes at 37° C with occasional rocking, and then the cell monolayers 

were washed and returned to complete cell culture medium.  The plates were observed 

for cytopathic effect daily for 10 days. The virus neutralizing antibody titer was recorded 

as the reciprocal of the last dilution of the fluid that was able to prevent infection in 

100% of the triplicate wells.   

 

5.2.15 Statistics 

Statistical analysis was performed using Prism v6.0f software (GraphPad 

Software, Inc.).  The data were analyzed using a Kruskal-Wallis test followed by Dunn’s 

Multiple Comparisons posttest.  

 

5.2.16 Data Availability 

The datasets generated during and/or analyzed during the current study are 

available from the corresponding author on reasonable request. 
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5.3 Results 

5.3.1 In vitro Release Kinetics of BRSV-F/G Nanoparticles 

We produced a recombinant form of the post-fusion F protein from BRSV strain 

375 using a baculovirus expression system; and a recombinant form of the G protein 

from BRSV strain 375 using an E. coli expression system as described in Materials and 

Methods.  The recombinant BRSV F and G proteins were then co-encapsulated at 2.4% 

by weight into 50:50 CPTEG:CPH nanoparticles. 

The release kinetics of the BRSV-F/G nanovaccine was simulated by using 2% G 

protein-loaded 50:50 CPTEG:CPH nanoparticles (Figure 5.1A). The data show that 

approximately 40% of G protein encapsulated within the nanoparticles was released 

within 35 days. This amphiphilic formulation provided zero-order sustained release of 

the immunogen over the first seven days, followed by a slower rate of release beyond 

day seven. The encapsulation efficiency of G protein in the nanovaccine was ca. 20%.  

The G protein release kinetics are consistent with previous observations of protein 

release kinetics from polyanhydride nanoparticles14,19,219,220,232,332. 

 

5.3.2 Immunogenicity of Recombinant BRSV-F/G is Preserved Following Release 
from CPTEG:CPH Nanoparticles 

We next confirmed that the recombinant BRSV F and G proteins were 

immunogenic and stable following encapsulation and release from the 50:50 

CPTEG:CPH nanovaccine.  As shown in Figure 5.1B, serum IgG from BRSV-

vaccinated cows recognized both BRSV and the recombinant F and G proteins, with no 

difference in the response to the encapsulated and released F and G proteins.  Serum 

from the colostrum-deprived animals did not react with BRSV or the recombinant 
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proteins.  As shown in Figure 5.1C, CD4 T cells from BRSV-immune cows underwent 

clonal expansion in recall response to BRSV, recombinant BRSV-F/G and the released 

BRSV-F/G proteins.  We observed no significant differences in the response to the 

encapsulated and released proteins compared to the unencapsulated recombinant 

proteins. 

 

5.3.3 Amphiphilic CPTEG:CPH Particles Activate Bovine Monocyte-derived 
Dendritic Cells (moDC) 

Previous reports have shown that CPTEG:CPH nanoparticles have the capacity 

to activate murine antigen presenting cells16,253. Therefore, we determined if the 50:50 

CPTEG:CPH nanovaccine was similarly immunogenic in the bovine system.  MoDC 

were generated from adult, BRSV-immune cows.  The cells were stimulated with 10 

μg/mL of ‘empty’ or BRSV-F/G-loaded CPTEG:CPH nanoparticles and expression of IL-

8 and IL-12p40 was assessed by qPCR, and inflammatory cytokine production was 

assessed by ELISA.  Consistent with reports from mice, the nanovaccine induced 

moDC activation, as measured by increased expression of IL-8 and IL-12p40 (Figure 

5.2A) and increased production of IFNγ, IL-6, IL-1β and TNFα (Figure 5.2B).  In Figure 

5.2C, alveolar macrophages were stimulated with 10 μg/mL CPTEG:CPH nanoparticles 

that were ‘empty’, as in Figure 5.2A and 5.2B, or were stimulated with CPTEG:CPH 

nanoparticles that were loaded with overlapping 20-mer peptides from the BRSV G 

protein.  Inflammatory cytokine production was measured by multiplex immunoassay.  

Consistent with our results in Figure 5.2A and 5.2B, we observed increased 

inflammatory cytokine expression by nanovaccine-stimulated alveolar macrophages 

compared to untreated controls, and observed no difference in the response to ‘empty’ 
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or peptide-loaded nanoparticles (Figure 5.2C). In separate experiments, we also 

determined the capacity of the G-peptide loaded nanoparticles to activate moDC.  

Consistent with our results in Figure 5.2, moDC increased inflammatory cytokine 

production (data not shown) and upregulated surface expression of costimulatory 

molecules (Supplementary Figure 5.1) in response to CPTEG:CPH nanoparticle 

treatment, and we observed no differences between the ‘empty’ and G-peptide loaded 

nanoparticles.  Together our results confirm that the CPTEG:CPH nanoparticles are 

immunogenic for bovine antigen presenting cells and demonstrate that this response is 

largely independent of the antigen payload, as ‘empty’ particles, peptide-loaded 

particles, and particles loaded with recombinant F and G proteins elicit similar 

inflammatory responses. 

 

5.3.4 In vivo Immunogenicity and Efficacy of the BRSV-F/G Nanovaccine 

To determine the efficacy of the BRSV-F/G CPTEG:CPH nanovaccine in 

neonatal calves, animals were vaccinated i.n. with 190 mg ‘empty’ CPTEG:CPH 

nanoparticles or 190 mg BRSV-F/G-loaded nanoparticles.  Four weeks later, calves 

were challenged via aerosol inoculation with ~104 BRSV strain 375. 

Calves were monitored daily for clinical signs and rectal temperatures.  Several 

animals in the unvaccinated group demonstrated elevated temperatures (40-41° C) for 

1-2 days during infection; however, the fevers were not prolonged and no significant 

differences in body temperature were observed between vaccinated and unvaccinated 

groups.  Mild clinical signs were observed in the BRSV challenged animals, including 

coughing, increased respiration rates and increased expiratory effort.  Clinical signs of 
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experimental BRSV infection were apparent starting on days 4-6 after infection and 

were recorded in at least some animals from each group. Mild clinical signs were 

observed in 4/6 calves in the unvaccinated control group, 3/6 calves in the ‘empty’ 

nanovaccine-administered groups and 2/6 of the BRSV-F/G nanovaccine administered 

group.  However, due to variability between animals and disease kinetics, the clinical 

scores did not differ significantly between vaccinated and unvaccinated groups.  No 

clinical signs were observed in the uninfected control animals at any time during the 

study. 

 

5.3.5 Reduced Gross and Microscopic Pathology in BRSV-F/G Nanovaccine-
Administered calves  

Animals were euthanized on day 7 p.i.  We observed gross lesions in these 

animals that were consistent with our previous reports328.  The lesions were bilateral 

and most frequently observed in the cranioventral lung lobes, consisting of multifocal to 

coalescing areas of firm, pneumonic consolidation (Figure 5.3A). The extent of gross 

pathology in the lungs was evaluated using the criteria outlined in Supplementary Table 

5.1.  Unvaccinated control animals developed large, diffuse gross lesions, affecting as 

much as 40-50% of the lung, while calves receiving the BRSV nanovaccine 

demonstrated fewer lesions and a significant reduction in the area of lung affected 

(Figure 5.3B).  

Representative micrographs from an uninfected control calf (i), an unvaccinated 

positive control calf (ii), an ‘empty’ nanovaccine-administered calf (iii) and a BRSV-F/G 

vaccinated calf (iv) are shown in Figure 5.3C. Cumulative histopathology scores are 

depicted in Figure 5.3D.  The scores for the individual histopathological categories are 
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presented in Supplementary Figure 5.2.  Pulmonary lesions were most pronounced in 

the unvaccinated control animals and included thickened alveolar septa with infiltrates 

of macrophages, lymphocytes and occasional neutrophils; and bronchioles filled with 

neutrophils, sloughed epithelial cells and necrotic cell debris.  Five of the six BRSV-F/G 

nanovaccine-administered calves exhibited reduced histological lesions compared to 

the unvaccinated calves, with only mild peribronchiolar lymphocytic infiltration and minor 

accumulation of alveolar exudates.  We observed no evidence that the BRSV-F/G 

nanovaccine promoted the development of enhanced or exacerbated disease.  

 

5.3.6 Reduced Viral Burden and Reduced Virus Shedding in BRSV-F/G 
Nanovaccine-administered Calves 

Nasal swabs and lung tissues were assessed for virus isolation.  BRSV was 

isolated from 5/6 unvaccinated calves on day 3 p.i., and 6/6 animals on day 6 p.i..  Virus 

was isolated from the lungs of all 6 unvaccinated controls at necropsy.  In contrast, 

BRSV was isolated from only 2/6 BRSV-F/G nanovaccine-administered calves on day 

3, and 1/6 on day 6 p.i.  Virus was isolated from the lungs of this same animal on day 7 

p.i.  BRSV was isolated from the nasal swabs of 4/6 calves in the ‘empty’ nanovaccine-

administered group on days 3 and 6 after infection, and from the lung tissues of 3/6 

calves on day 7 p.i.  We did not isolate virus from the nasal swabs collected from any of 

the animals on day 0 (prior to BRSV challenge), nor did we isolate BRSV from the nasal 

swabs or lung tissues of the uninfected control calves. 

We performed qPCR for the BRSV NS2 gene on lung tissues collected on day 7 

p.i.  Consistent with our virus isolation results, BRSV-F/G nanovaccine-administered 
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calves demonstrated significantly reduced quantities of viral RNA compared to their 

unvaccinated cohorts (Figure 5.4).   

 

5.3.7 BRSV-specific IgA in the Nasal and BAL Fluid of BRSV-F/G Nanovaccine-
administered Calves 

Nasal fluid samples were assessed for BRSV-, F- and G-specific IgA following 

vaccination and challenge.  We observed no significant changes in BRSV-specific IgA 

on day 28 after vaccination.  By day 6 after infection, BRSV-F/G nanovaccine-

administered calves demonstrated a significant increase in virus-specific IgA compared 

to the unvaccinated calves or animals receiving the ‘empty’ nanovaccine (Figure 5.5A).  

We also observed increased BRSV-, F- and G-specific IgA in the BAL fluid from BRSV-

F/G nanovaccine-administered calves by day 7 after infection (Figure 5.5B).   

We performed virus-neutralization assays using nasal fluid to determine if 

neutralizing antibody responses were generated in the respiratory tract.  On day 28-post 

vaccination (day 0 prior to challenge), we measured low titers of neutralizing antibody in 

the nasal fluid of all animals, with no significant differences observed between treatment 

groups (Table 5.1).  By day 6 after infection, we observed an increase in neutralizing 

antibody titers in the nasal fluid of all BRSV-challenged groups, and noted significantly 

higher titers (p≤0.01) in the nasal fluid of BRSV-F/G nanovaccine-administered animals 

compared with the unvaccinated control animals.  Importantly, these results indicate 

that a single dose of the BRSV-F/G nanovaccine promotes significant production of 

neutralizing, BRSV-specific antibodies in the respiratory tract of neonatal calves. 

Given the importance of developing an RSV vaccine that is efficacious in the face 

of maternal antibody, we selected colostrum-replete animals for these studies.  Calves 
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in all groups demonstrated pre-existing BRSV-specific IgG in the serum, with 

neutralizing antibody titers ranging from 16-256 on the day of vaccination; 16-128 on 

day 28 post-vaccination (day 0, prior to challenge); and 8-128 on day 6 after challenge.  

We observed no significant differences between treatment groups, nor did we observe 

any consistent changes in serum neutralizing titers related to BRSV-F/G nanovaccine-

administration or BRSV challenge.   

 

5.3.8 BRSV-specific Cellular Responses in the Lungs and Peripheral Blood of 
BRSV-F/G Nanovaccine-administered Calves 

Prior to challenge, we detected no significant BRSV-, F- and G-protein specific 

CD4 or CD8 T cell proliferation in PBMCs from any groups.  By day 6 p.i., we measured 

significant antigen-specific proliferation by CD4 T cells from BRSV-F/G nanovaccine-

administered calves in response to both live virus and the recombinant proteins (Figure 

5.6A). PBMCs from the BRSV-F/G nanovaccine-administrated animals also secreted 

IFNγ and IL-17A in response to whole virus and the recombinant proteins (Figure 5.6B). 

Levels of IL-4 were below the limit of detection for all groups (data not shown).   

Mononuclear cells were isolated from the BAL on day 7 p.i. and stimulated with 

whole virus, F or G protein as in Figure 5.6A.  We measured a significant increase in the 

concentration of IFNγ and IL-17 in the BAL cell culture supernatants from the BRSV-F/G 

nanovaccine-administered calves, but not control calves, in response to protein or 

whole virus stimulation (Figure 5.6C). 
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5.4 Discussion 

RSV infection has a devastating, worldwide impact on human health and despite 

significant efforts, no approved vaccine currently exists for use against the disease in 

humans.  Similarly, although vaccines have been widely available for BRSV for 

decades, their efficacy in the field is problematic, and BRSV infection in calves 

continues to have significant impacts on animal health and the agricultural 

economy162,163. The two diseases, HRSV infection in humans and BRSV infection in 

calves, present with striking similarities in pathogenesis and host immunity (recently 

reviewed in161). Thus, the calf model represents authentic host-pathogen interaction that 

faithfully replicates many aspects of human RSV infection, and is therefore an ideal 

model for testing novel vaccine candidates and determining appropriate correlates of 

vaccine-induced protection. Here, we vaccinated animals that were less than one month 

of age and had BRSV-specific maternally-derived antibodies.  A single, i.n. 

administration of the BRSV-F/G nanovaccine induced mucosal, anti-viral immunity and 

protected most animals from virulent BRSV challenge.  Calves receiving the BRSV-F/G 

nanovaccine mounted cellular and humoral immune responses in the upper and lower 

respiratory tract (Figures 5.5 and 5.6, and Table 5.1); exhibited a reduced viral burden 

in the lungs on day 7 post challenge (Figure 5.4); and developed significantly fewer 

gross and microscopic lesions in the lungs compared to unvaccinated control animals 

(Figure 5.3). 

Our amphiphilic, polyanhydride nanovaccine platform, which is based upon 

CPTEG:CPH copolymers, offers a number of advantages over other polymeric 

nanoparticle systems, including: inherent adjuvant properties15,16,253,333; the tendency of 
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the particles to surface erode334, thus stabilizing the encapsulated proteins and 

maintaining the structural and biological features of the antigens for longer periods of 

time19,219,220,332; the ability to provide sustained and tunable antigen release kinetics232; 

and the ability to degrade at a neutral pH, into non-toxic and non-mutagenic carboxylic 

acids335. Consistent with previous reports showing that polyanhydride nanoparticles can 

protect labile proteins from degradation19,219,220,281,332,335, we demonstrated here that the 

in vitro antigenicity of the BRSV F and G proteins was preserved following 

encapsulation and release from the 50:50 CPTEG:CPH particles (Figure 5.1). We 

observed no significant changes in the capacity of BRSV-specific polyclonal antibodies 

or BRSV-specific CD4 T cells to recognize the recombinant proteins following their 

release from the nanoparticles, which is critical for vaccine efficacy. The length of 

antigen exposure is a vital factor dictating the establishment of long-term immunity, and 

consistent with prior reports, the CPTEG:CPH nanoparticles used here provided 

sustained antigen release of the BRSV G protein, with only ~40% of the recombinant 

protein released by 30 days in vitro.  In agreement with our in vitro findings suggesting 

that the BRSV-F/G nanovaccine should be stable and immunogenic, our in vivo vaccine 

experiments demonstrated that a single i.n. vaccination, containing a suboptimal dose 

of antigen, was sufficient to protect a majority of calves from severe BRSV infection. 

As previously mentioned, neutralizing IgG and IgA are believed to have a role in 

protection from RSV.  However, we still have a poor understanding of the immune 

responses that are most important for protection from RSV disease in the neonate, and 

even less appreciation for the role of maternal antibody in protection from infection.  

Some studies suggest that maternal antibody can prevent RSV infection173,174; and 
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systemic, prophylactic administration of Palivizumab, a monoclonal antibody that is 

specific to the RSV F protein, is effective at reducing RSV-related hospitalization in 

high-risk infants336.  However, both human infants175–177 and calves178 with maternal 

antibodies still develop severe RSV disease; and in infants, there is no correlation 

between titers of virus-specific maternal IgG and prevention of hospitalization with 

RSV176,179.  In agreement, despite significant titers of maternally-derived serum 

antibodies, our unvaccinated control animals developed BRSV disease, including 

transient fevers, clinical signs, severe pathology in the lungs and significant viral 

shedding. 

Adults repeatedly infected with RSV demonstrate robust levels of IgA in nasal 

secretions, which has shown to prevent virus replication in the upper airways, 

regardless of serum Ig levels170,171. Mucosal IgA also plays an important role in reducing 

the occurrence and severity of RSV infection in infants and children177. Our results 

reinforce this conclusion, demonstrating that BRSV-F/G vaccinated calves mounted a 

significant IgA response in the nasal cavity and BAL that increased rapidly in the days 

following virulent BRSV challenge.  However, in adults, IgA responses can wane171 and 

the IgG response may be more important in long-term protection.  We chose to use 

calves with BRSV-specific maternal antibodies, as it is the most stringent and 

physiologic model in which to test our novel vaccine platform.  We were unable to 

measure any changes in BRSV serum neutralizing titers following administration of the 

BRSV-F/G nanovaccine, or following virulent BRSV challenge.  Thus, it is currently 

unknown if a single administration of the BRSV-F/G nanovaccine induces systemic 

antibody responses.  In the future, it may be necessary to dissect the contributions of 
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systemic vs. mucosal vaccine-induced immunity in calves with low or no BRSV-specific 

maternal antibodies.   

We observed a significant rise in neutralizing antibody titers in the nasal 

secretions of the BRSV-F/G nanovaccine administered calves (Table 5.1).  Based upon 

the results of our ELISA analysis, this response is presumably mediated by neutralizing 

IgA.  Interestingly, however, we also observed a rapid increase (nearly 4-fold) in 

neutralizing titer in the nasal fluid of the unvaccinated control calves by six days post 

infection.  It is possible that the early neutralizing response we observed in the 

unvaccinated and ‘empty’ nanovaccine administered calves was mediated by BRSV-

specific IgM, which has been previously observed in nasal secretions from children 

hospitalized with human RSV infection337, and was shown to appear more rapidly than 

RSV-specific IgA. 

The RSV F protein is a type I viral fusion protein that is synthesized as a 

precursor that is proteolytically cleaved by furin into disulfide-linked fragments184.  It is 

highly conserved between virus strains, as well as between HRSV and BRSV, 

demonstrating approximately 80% homology338.  The F protein exists in two forms on 

the virion surface: a metastable pre-fusion form and a stable post-fusion trimer.  The 

post-fusion form of the F protein contains two major neutralizing epitopes, antigenic 

sites II and IV184.  High-affinity, site-II directed neutralizing antibodies are protective in 

mice and cotton rats185,186.  When considering the design of an F protein based subunit 

vaccine, protein stability is of paramount concern, and the post-fusion F is 

advantageous due to its highly stable nature. The prefusion F protein contains antigenic 

site ø, and recent evidence suggests that this epitope is the primary target for 
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neutralizing antibodies in humans339.  Vaccine formulations incorporating the pre-fusion 

form of the F protein are highly efficacious in rodent models169,181,183,340; and a highly 

efficacious prefusion F vaccine was also recently reported for BRSV338, suggesting that 

the antigenic ø site is conserved and of immunologic relevance to the calf model as 

well.  Stable expression of the prefusion F protein is not trivial and hurdles exist with 

respect to affordable, consistent production of sufficient quantities of stable, prefusion F 

for use in subunit vaccines.  However, the availability of the crystal structure338,341, and 

improved strategies to express and stabilize the prefusion F168,169,183, significantly 

enhance the feasibility of a subunit based prefusion F vaccine.  In the future, we plan to 

examine the stability and efficacy of a mucosal, prefusion F-based nanovaccine in 

neonates. 

In summary, we have shown here that a single, intranasal administration of the 

BRSV-F/G nanovaccine elicits mucosal and systemic antiviral immunity, resulting in 

reduced virus-associated pathology and reduced viral burdens in animals vaccinated at 

≤ one month of age.  The results of our in vivo efficacy studies warrant further 

evaluation of the BRSV-F/G nanovaccine for protection against RSV infection in both 

humans and cattle, and have encouraged us to continue to refine the polyanhydride 

chemistries and vaccine formulations to optimize their efficacy against RSV infection in 

neonates.  
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5.5 Tables 

 
 
 
 
 

Table 5.1. Virus neutralization titers measured in the nasal fluid on day 28 (day 0 
before challenge) and day 6 post-challenge. Data are presented as the mean (range) 
titer per group. **p < 0.01 compared to unvaccinated control animals. 
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5.6 Figures 

 

 

 

 

 

 

 

Figure 5.1. Recombinant BRSV F and G proteins are stable and immunogenic 

following encapsulation and release from polyanhydride nanoparticles. (A) G 

protein release kinetics from polyanhydride nanoparticles.  Data shown is the 

cumulative mass fraction of G protein released from 50:50 CPTEG:CPH nanoparticles.  

Data represent means ± SEM. Results are representative of three independent 

experiments with duplicate samples used in each experiment. (B) ELISA plates were 
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coated with 5 μg/mL (2.5 μg/mL each) of the recombinant F and G proteins (BRSV-

F/G), or with 100 μL/well of BRSV virus stock (~104 TCID50) grown in BT cells. 

Recombinant BRSV F and G proteins were encapsulated in 50:50 CPTEG:CPH 

particles and released as described.  The released proteins were also coated onto 

ELISA plates at ~5 μg/mL (BRSV-F/G NP).  Sera from BRSV-immune cows were 

diluted 1:1000 and added to the plates.  The binding of bovine IgG to the virus or 

recombinant proteins was measured by absorbance.  Sera were also collected from 2 

colostrum-deprived calves, diluted 1:1000, and included as negative control samples.  

(C) PBMC were labeled with Cell Trace Violet and stimulated for 6 days with 5 μg/mL of 

the recombinant BRSV F and G proteins; 5 μg/mL recombinant BRSV F and G proteins 

that were encapsulated and released from the CPTEG:CPH particles; or 0.01 MOI of 

BRSV strain 375.  Pokeweed Mitogen was used at a concentration of 1 μg/mL as a 

positive control.  Mock stimulated samples (negative control wells) were cultured with 

cRPMI and were used to correct for background proliferation.  After 6 days, antigen-

specific CD4 T cell proliferation was assessed by flow cytometry.  Representative flow 

plots and aggregate results are shown in C.  Background levels of proliferation were 

subtracted and results are presented as change over mock.  (B and C) Results are 

pooled from 2-3 independent experiments for a total of n=8-10 animals.  Data represent 

means ± SEM. *p<0.05 **p<0.01  NS: not significant compared to BRSV. 

 

 



182 
 

 

Figure 5.2. Polyanhydride nanoparticles activate bovine APC. Bovine moDC were 

seeded at 5x105 cells per well in a 24-well plate and stimulated with 10 μg/mL ‘empty’ or 

BRSV-F/G-loaded 50:50 CPTEG:CPH particles.  Mock cultures were treated with media 
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only.  (A) After 18 hours, RNA was isolated from the cells and analyzed by qPCR for 

expression of IL-8 and IL-12p40.  For qPCR analysis, results were normalized to the 

housekeeping gene RPS-9, and expressed relative to unstimulated control samples. (B) 

After 48 hours, cell culture supernatants were collected and analyzed by ELISAs for 

concentrations of IFNγ, IL-6, IL-1β and TNFα.  (C) Alveolar macrophages were isolated 

from the BAL fluid of healthy calves and were seeded at a concentration of 5x105 cells 

per well in 24-well plates.  The macrophages were stimulated with empty CPTEG:CPH 

particles or with CPTEG:CPH nanoparticles that were loaded with peptides from the 

BRSV G protein.  Mock cultures were treated with media only.  After 48 hours, cell 

culture supernatants were analyzed by multiplex immunoassay.  A-C: Results were 

pooled from two independent experiments for a total of n=8-10 animals.  Data represent 

means ± SEM. *p<0.05 **p<0.01 compared to mock stimulated cultures. 
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Figure 5.3. Reduced BRSV-associated gross and microscopic pathology in BRSV-F/G nanovaccine-administered 

calves. Treatment groups included unvaccinated, uninfected negative control calves; unvaccinated calves challenged 

with BRSV strain 375; calves vaccinated with ‘empty’ nanoparticles and challenged with BRSV strain 375; and calves 

vaccinated with the BRSV-F/G nanovaccine and challenged with BRSV strain 375.  Animals were euthanized and 

necropsied on day 7 after challenge.  The extent of gross pneumonic consolidation was evaluated based upon the percent 

of lung affected: a score of 0 was given to lungs free of lesions; 1 was given to lungs with 1-5% affected; 2 was given for 

5-15% affected; 3 with 15-30% affected; 4 to lungs with 30-50% of consolidated tissue; and 5 for lungs <50% affected.  

Representative images from an unvaccinated, infected calf and a calf which received the BRSV-F/G nanovaccine are 

depicted in (A).  Aggregate gross pathology results from all groups and all animals are presented in (B). (C) Sections of 

lung were collected from multiple locations and microscopic lesions were evaluated by a pathologist in a blinded manner.  

The severity of the lung lesions was scored based upon six criteria as outlined in Supplementary Table 5.2. 

Representative histological images from each of the four groups of calves: uninfected control calf (i), unvaccinated calf (ii), 

an empty nanovaccinated control calf (iii) and a BRSV nanovaccine-administered calf (iv). Hematoxylin and eosin stain. (i) 

and (iv)- Normal lung architecture. Note bronchioles are lined by normal tall columnar epithelium and there is no 

inflammation in the airways. (ii) and (iii)- Severe bronchointerstitial pneumonia with necrotizing bronchiolitis. Bronchioles 

are filled with degenerate neutrophils, sloughed epithelial cells and necrotic cell debris. (ii) The bronchiolar epithelial cells 

occasionally form multinucleated syncytia cells (arrows). Alveoli contain variable combinations of macrophages, syncytial 
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cells with foamy vacuolated cytoplasm, lymphocytes and lesser numbers of neutrophils. (iii) The affected bronchioles 

show syncytia within the lining epithelium and some inflammatory cells mixed with desquamated cells within the lumen.  (i 

and iv) Black scale bars represent 100 μm. (ii and iii) Black scale bars represent 20 μm. Aggregate microscopic pathology 

results are presented in (D). Results represent n=6 animals/group.  The lines indicate the means of each group *p<0.05 

compared to unvaccinated control calves. 
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Figure 5.4. Reduced viral burden in the lungs of BRSV-F/G nanovaccine-administered calves. Treatment groups 

are outlined in Figure 5.3.  Samples were collected from lesion and non-lesion sites of the lungs were collected on day 7 

post-challenged and preserved in RNALater.  Tissues were then analyzed by qPCR for the BRSV NS2 gene.  Viral NS2 

copy numbers were calculated using standard curves and normalized to the housekeeping gene, S9, to correct for 

differences in input material. Results represent n=6 animals/group.  Data represent means ± SEM. *p<0.05 compared to 

unvaccinated control calves. 
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Figure 5.5. Increased BRSV-specific IgA in the nasal fluid and BAL fluid of BRSV-

F/G nanovaccine-administered calves. Treatment groups are outlined in Figure 5.3.  

Nasal fluid was collected on days 0, 14 and 28 post-vaccination, and on days 3 and 6 

post-challenge.  BAL fluid was collected during necropsy on day 7 post-challenge.  The 

samples were diluted 1:2.  Indirect ELISAs were used to quantify BRSV-, F-protein or 

G-protein specific IgA in (A) nasal fluid and (B) BAL fluid.  Results represent n=6 

animals/group.  Data represent means ± SEM. *p<0.05 **p<0.01 compared to 

unvaccinated control calves. 
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Figure 5.6. Enhanced BRSV-specific T cell responses in the peripheral blood and 

BAL of BRSV-F/G nanovaccine administered calves. PBMC were collected on day 6 
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post-challenge, labeled with Cell Trace Violet and stimulated for 6 days with 5 μg/mL of 

the recombinant BRSV F and G proteins, or 0.01 MOI of BRSV strain 375.  Pokeweed 

Mitogen was used at a concentration of 1 μg/mL as a positive control.  Mock stimulated 

samples (negative control wells) were cultured with cRPMI and were used to correct for 

background proliferation.  (A) After 6 days, antigen-specific CD4 T cell proliferation was 

assessed by flow cytometry, as measured by dilution of the Cell Trace Violet dye.  

Background levels of proliferation were subtracted and results are presented as change 

over mock.  (B) Stimulated cell culture supernatants were collected after 6 days and 

concentrations of IFNγ (left panel) and IL-17A (right panel) were measured by 

commercial sandwich ELISAs.  (C)  BALs were performed on day 7 post-challenge.  

Cells were enumerated and stimulated for 6 days with recombinant BRSV F protein, G 

protein or BRSV as in A.  After 6 days, cell culture supernatants were collected and 

concentrations of IFNγ (left panel) and IL-17A (right panel) were measured by 

commercial sandwich ELISAs. Results represent n=6 animals/group.  Data represent 

means ± SEM. *p<0.05 **p<0.01 compared to unvaccinated controls. 
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Abstract 

There is a currently a need to develop adjuvants that are best suited to 

simultaneously enhance immune responses, induce immunologic memory, improve 

patient compliance (i.e., reduce doses and inflammation), and provide vaccine shelf 

stability for stockpiling and deployment to harsh environments in developing countries. 

Biodegradable polyanhydrides have been investigated extensively to overcome such 

challenges. It has been shown that controlling copolymer composition can result in 

chemistry-dependent immunomodulatory capabilities. These studies have revealed that 

copolymers rich in sebacic acid (SA) are highly internalized by antigen presenting cells 
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and confer improved shelf stability of encapsulated proteins, while copolymers rich in 

1,8-bis(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG) also exhibit enhanced 

internalization by and activation of APCs, in addition to providing superior retention of 

protein stability following encapsulation and release. However, to date CPTEG:SA 

copolymers have not been synthesized and described. In this work, we hypothesized 

that new copolymers composed of CPTEG and SA would combine the advantages of 

both monomers in terms of enhanced thermal properties, maintaining antigenicity of 

encapsulated proteins following nanoparticle synthesis, and superior cellular 

internalization by APCs. Here, we describe the synthesis and design of novel 

CPTEG:SA nanoparticles with improved thermal properties, payload stability, and 

internalization by antigen presenting cells for applications in vaccine delivery. The 

performance of these new CPTEG:SA formulations was compared to that of the more 

commonly used polyanhydride copolymers. 

 

6.1 Introduction 

There are many challenges associated with developing vaccination strategies to 

prevent pathogens from establishing infection in the host. With the advent of 

recombinant subunit protein-based vaccines, the need has increased to develop 

adjuvants that are best suited to enhance immune responses, induce immunologic 

memory, improve patient compliance (i.e., reduce doses and inflammation), and provide 

vaccine shelf stability for stockpiling and deployment to harsh environments. While 

traditional adjuvants enhance immune responses, some of them (e.g., MPLA, 

aluminum-based salts) induce inflammation and adverse reactions at the injection 
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site342 and must be refrigerated for extended storage, limiting their use for long term 

storage or in harsh environments6.  

Nanoparticle-based technologies have long been investigated as a delivery 

vehicle/adjuvant system for vaccines343. It has been shown that nanoparticle 

characteristics, such as size228, shape229,344, charge226, and chemistry15 can be used to 

control cellular uptake, and ligation of the polymer can aid in targeting draining lymph 

nodes345, thus enabling targeted delivery of the payload. Biodegradable polymer-based 

nanoparticle systems are promising for vaccine delivery due to their facile synthesis, 

ability to protect encapsulated proteins from enzymatic degradation, and degradation-

controlled sustained release249 or pulsatile release mechanisms346. Poly(lactic-co-

glycolic acid) is the most widely investigated polymer in this category and is FDA-

approved for use in sutures, showing promise for vaccine delivery347. However, PLGA 

exhibits bulk erosion which, along with the relatively high acidity of its degradation 

products (pKa glycolic acid: 3.83271; lactic acid: 3.08272), can cause denaturation of 

encapsulated proteins348. 

Biodegradable polyanhydrides have also been investigated extensively to 

overcome such challenges and meet the abovementioned vaccine requirements280. 

Comprised of 1,6-bis(p-carboxyphenoxy) hexane (CPH), 1,8-bis(p-carboxyphenoxy)-

3,6-dioxaoctane (CPTEG), and sebacic acid (SA), these materials are safe, 

biodegradable, exhibit mild inflammation, and are currently FDA-approved for use to 

treat malignant glioblastomas. Controlling copolymer composition has been shown to 

enhance cellular uptake16,349, ultimately resulting in chemistry-dependent 

immunomodulatory capabilities13,255. These materials have proven an efficacious 
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vaccine adjuvant platform, evidenced by sustained antibody responses to numerous 

antigens14,17,204,297,350, enhanced germinal center formation252, increased cytotoxic T cell 

responses288, and protection against multiple bacterial and viral infections14,205,217.  

Previous work has shown that SA-rich chemistries are highly internalized by 

antigen presenting cells16 (APCs) and confer improved shelf stability of encapsulated 

proteins19. CPTEG-rich chemistries also exhibit enhanced internalization by and 

activation of APCs16, in addition to providing superior retention of protein stability 

following encapsulation and release19. In this work, we hypothesized that new 

copolymers composed of CPTEG and SA would combine the advantages of both 

monomers in terms of enhanced thermal properties, maintaining antigenicity of 

encapsulated proteins following nanoparticle synthesis, and superior cellular 

internalization by APCs. Here, we describe the synthesis and design of novel 

CPTEG:SA nanoparticles with improved thermal properties, payload stability, and 

internalization by APCs for applications in vaccine delivery. The performance of these 

new CPTEG:SA formulations was compared to that of the more commonly used 20:80 

CPTEG:CPH, 50:50 CPTEG:CPH, and 20:80 CPH:SA copolymers. 

 

6.2 Materials and Methods 

6.2.1 Materials 

Sebacic acid (99%), bovine serum albumin, and chemicals used for CPTEG and 

CPH diacid and polymer synthesis, including 1,6-dibromohexane, triethylene 4-p-

hydroxybenzoic acid, and 1-methyl-2-pyrrolidinone were purchased from Sigma-Aldrich 

(St. Louis, MO). Chloroform, petroleum ether, ethyl ether, hexanes, sodium hydroxide, 
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toluene, sulfuric acid, acetonitrile, dimethyl formamide, acetic anhydride, methylene 

chloride, pentane, and potassium carbonate were purchased from Fisher Scientific 

(Fairlawn, NJ). 4-p-fluorobenzonitrile was purchased from Apollo Scientific (Cheshire, 

UK). Deuterated chloroform used for 1H NMR analysis was purchased from Cambridge 

Isotope Laboratories (Andover, MA). RAW 264.7 and J774 cells were purchased from 

American Type Culture Collection (ATCC; Manassas, VA) and were used for assays.  

 

6.2.2 Animals 

Female BALB/c mice (6−7-week-old) were purchased from Charles River 

Laboratories (Wilmington, MA). The Institutional Animal Care and Use Committee 

(IACUC) at Iowa State University approved all protocols involving animals. 

 

6.2.3 Copolymer Synthesis and Characterization 

CPTEG and CPH diacids were synthesized as previously described232,255. 

CPTEG:CPH and CPH:SA copolymer synthesis was performed using melt 

polycondensation232. For synthesis of the novel CPTEG:SA copolymer, 2 g of total 

monomer (the mass of each monomer varied depending on copolymer composition) 

and 90 mL of acetic anhydride were added to a 100 mL round bottom flask and reacted 

for 30 min at 125 °C in an oil bath. The acetic anhydride was removed using a rotary 

evaporator, and the dried product was then reacted for 1 hr at 140 °C in an oil bath 

under vacuum (0.2 torr). The solid product was dissolved in approximately 20 mL of 

methylene chloride overnight and precipitated in 1 L hexanes to isolate the copolymer. 

Copolymer composition and molecular weight were estimated using end group analysis 
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of 1H NMR (DXR 500, Bruker) spectra. Copolymer thermal properties (glass transition 

temperature and melting point) were determined using differential scanning calorimetry 

(Q2000, TA Instruments). The relative crystallinity of CPTEG:SA copolymers was 

determined using wide angle X-ray diffraction (Siemens D500, Siemens/Bruker).  

The number average sequence length, degree of randomness, and reactivity 

ratios of CPTEG:SA copolymers was determined from 1H NMR spectra, using methods 

described previously351. Films were made for contact angle measurements by dissolving 

copolymer in methylene chloride at 50 mg/mL, 300 µL was pipetted on a 6 cm glass 

slide, heated to 80 °C for 10 s and spin coated (WS-650Mz-23NPPB, Laurell 

Technologies, North Wales, UK) for 30 s at 2000 rpm with a 1500 rpm/s acceleration 

rate. An average of eight contact angle measurements of each chemistry of CPTEG:SA 

films was performed using a goniometer (NRL 100, ramé-hart, Succasunna, NJ) with 2 

µL droplets of nanopure water.  

 

6.2.4 Erosion Kinetics 

Films were prepared by dissolving copolymers in methylene chloride at a 

concentration of 150 mg/mL and allowed to dry overnight. The scintillation vials 

containing dried copolymer were then heated to their respective melting points for one 

minute and then allowed to cool to room temperature. 15 mL of nanopure water was 

pipetted into each vial and 15 mL was removed and replaced daily over 45 days of 

study. Samples were lyophilized, the dry mass was weighed, and the cumulative mass 

was determined over the course of the study. In separate vials, samples of the film were 

collected on days 15, 30, and 45, the film samples lyophilized, dissolved in deuterated 

DMSO, and characterized for copolymer composition by 1H NMR.  
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6.2.5 Nanoparticle Synthesis and Characterization 

For protein stability characterization, CPTEG:SA nanoparticles, either empty or 

encapsulating OVA (5% w/w), were synthesized via flash nanoprecipitation, as 

previously described204. For release experiments, CPTEG:SA nanoparticles 

encapsulating bovine serum albumin (BSA; 2% w/w) were spray dried using a Buchi 

B90 HP spray dryer (Büchi, Flawil, Switzerland). Briefly, for spray dried nanoparticle 

synthesis, polymer was dissolved in chloroform at 10 mg/mL with 5 mM sodium dioctyl 

sulfosuccinate as an emulsifier. Then model protein, BSA was dissolved in nanopure 

water at 4 mg/mL, pipetted at a 1:20 (water:solvent) ratio into the solvent, and 

emulsified with the polymer via sonication for 30 s. The emulsion was spray dried at 

room temperature (pump rate 10%, spray rate 100%, gas flow rate 100 L/min, inlet 

temperature ~30 ºC). CPTEG:SA nanoparticles were imaged using scanning election 

microscopy (SEM; JEOL 840 A, JEOL Ltd., Tokyo, Japan), and nanoparticle mean size 

and size distribution were determined using ImageJ (National Institutes of Health, 

Bethesda, MD). Nanoparticle zeta potential was measured using Zetasizer Nano 

(Malvern Instruments, Worcester, UK).  

 

6.2.6 Protein Release Kinetics 

For protein release characterization, approximately 5 mg of nanoparticles was 

suspended in 250 µL of PBS, sonicated for 30 s, and placed on a shaker incubator at 37 

ºC. 200 µL were removed and replaced with fresh PBS at indicated time points, and 

released protein was measured via micro bicinchoninic assay (Thermo Fisher Scientific, 

Waltham, MA). Following 30 days of release, the buffer was changed to 40 mM sodium 

hydroxide to catalyze the release of any remaining protein and this information was 
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utilized to determine the encapsulation efficiency, which was calculated as the total 

amount of protein released divided by the theoretical amount of protein used for 

nanoparticle synthesis. 

 

6.2.7 Protein Release Characterization 

For protein characterization studies of OVA released from 5% (w/w) CPTEG:SA 

nanoparticles, 5 mg of each nanoparticle formulation was suspended in 250 µL 

nanopure water, sonicated for approximately 15 seconds, and the samples were 

allowed to release overnight (~18 h), after which the samples were centrifuged at 

15,000 rcf for 5 mins and 200 µL supernatant was removed. The protein released was 

quantified via micro bicinchoninic acid assay, and the samples were diluted to 40 µg/mL 

for Native PAGE gel analysis (see below). To determine changes in the tertiary 

structure of the protein, the samples (40 µg/mL) were excited at a wavelength of 280 nm 

and the emission was measured over the range of 300 – 450 nm using a SpectraMax 

M3 fluorescent spectrometer (Molecular Devices, Sunnyvale, CA). To determine 

changes in the secondary structure of the protein, circular dichroism spectra were 

acquired using a Jasco J-715 spectrophotometer (Jasco Analytical Instruments, Easton, 

MD) of the samples (20 µg/mL) over a range of 195 – 260 nm. 

 

6.2.8 Native PAGE Gel Analysis 

Native PAGE gel analysis was performed using release supernatants from flash 

nanoprecipitated 5%-loaded (w/w) OVA CPTEG:SA nanoparticles. Samples 

concentrations were adjusted to 20 µg/mL, then diluted with an equal volume of native 
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sample buffer (Bio-Rad, catalog # 161-0738), and 25 µL of each diluted sample was 

added to the respective wells of a polyacrylamide gel (4-20% MP TGX Gel 10W 30 µL, 

Bio-Rad, catalog #4561093). The gel was subjected to 150 V for 60 min using 25 mM 

Tris, 192 mM glycine running buffer, placed in fixative solution (40% (v/v) ethanol, 10% 

(v/v) acetic acid) for three hours, and then stained overnight using flamingo fluorescent 

gel stain (Bio-Rad, catalog # 161-0491). The stained gel was imaged using a Typhoon 

9400 flatbed scanner (GE Healthcare, Pittsburgh, PA). 

 

6.2.9 ELISA 

ELISA analysis of OVA released from CPTEG:SA nanoparticles was performed 

as previously described14. Briefly, high-binding Costar 590 EIA/RIA microtiter plates 

(Corning) were coated overnight with 100 µL of a 0.5 µg/mL solution of OVA released 

from the nanoparticles at 4 °C. After washing the wells, microtiter plates were blocked 

for two hours with a solution of 2.5% (w/v) powdered skim milk dissolved in PBS-Tween 

with 0.05% Tween 20, pH 7.4, that had been incubated for two hours at 56 °C to 

inactivate any endogenous phosphatase activity. Following block, microtiter plates were 

washed thrice with PBS-T. Pooled serum obtained from OVA-immunized mice was 

added at a dilution of 1:200 and serially diluted in PBS-T containing 1% (v/v) goat 

serum. Each sample was tested in duplicate. Following incubation overnight at 4°C, 

plates were washed thrice with PBS-T, after which the secondary antibody alkaline 

phosphatase-conjugated goat anti-mouse IgG heavy and light chain (Jackson 

ImmunoResearch) was added at a dilution of 1 µg/mL. Plates were incubated for two 

hours at room temperature and then washed three times with PBS-T. To each well, 100 
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µL of alkaline phosphatase substrate (Fisher Scientific, Pittsburgh, PA) was added at a 

concentration of 1 mg/mL dissolved in 50 mM sodium carbonate, 2 mM magnesium 

chloride buffer at pH 9.3 for colorimetric development. Plates were analyzed after 30 

min using a SpectraMax M3 microplate reader at a wavelength of 405 nm. Titer is 

reported as the reciprocal of serum dilution at which the optical density (OD) value was 

at most 0.2, a conservative endpoint greater than the average OD of saline-mouse 

serum, at a 1:200 dilution, plus two standard deviations. 

 

6.2.10 Differentiation of Bone Marrow-derived Dendritic Cells (BMDCs) 

Bone marrow was harvested from femurs and tibia of BALB/c mice and 

differentiated into dendritic cells using a protocol previously described352. Briefly, bone 

marrow isolates were harvested by flushing the tibia or femur with 10% FBS RPMI. 

Cells were counted and subsequently plated on petri dishes at 4 x 106 cells/plate in 10 

mL media. 10 ng/mL of granulocyte macrophage colony stimulating factor (GM-CSF) 

was added to the plates on day 0 and fresh GM-CSF and media was added on day 3. 

On days 6 and 8 of culture, 10 mL of media was replaced with fresh GM-CSF and 

media, and the cells harvested on day 10 for nanoparticle stimulation assays. 

 

6.2.11 Biocompatibility and Cellular Internalization of CPTEG:SA Nanoparticles 

For biocompatibility assays, the murine RAW 264.7 monocyte/macrophage cell 

line was seeded in flat bottom 96 well tissue culture plates at a density of 100,000 

cells/well (100 µL) and allowed to adhere overnight. The following morning, 100 µL was 

added to the wells containing empty CPTEG:SA nanoparticles at concentrations ranging 
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from 500 µg/mL serially diluted two-fold down to 7.8 µg/mL for 24 hours, after which 25 

µL of MTT reagent (2.5 mg/mL) was added to the wells and allowed to react for two 

hours. The entire volume was carefully pipetted off and 300 µL DMSO was added to the 

wells and absorbance measurements were made at 540 nm, using 690 nm as a 

background subtraction. The cell viability was calculated as the background corrected 

absorbance of the samples divided by the background corrected absorbance of 

unstimulated cells.  

For cell internalization, the murine J774 monocyte/macrophage cell line, human 

THP-1 cell line, and murine BMDCs were seeded in flat bottom 24 well tissue culture 

plates at cell density of 500,000 cells/well (500 µL cell culture media) and allowed to 

adhere overnight. The following morning, 500 µL culture media was added to the wells 

containing CPTEG:SA nanoparticles encapsulating CdxSe1-x/ZnScore/shell fluorescent 

nanocrystals (1% w/w; excitation 405 nm; emission 450 nm; Cytodiagnostics, 

Burlington, Ontario, Canada) at a concentration of 125 µg/mL for 2.5 h, after which the 

cells were scraped, fixed, and the samples assessed for nanoparticle-positive cells via 

flow cytometry. In order to properly differentiate nanoparticles and nanocrystals from 

cells, control tubes were also analyzed containing solely the nanocrystal-loaded 

nanoparticles in addition to a tube containing nanocrystals alone suspended in buffer. 

 

6.3 Results 

CPTEG:SA copolymers were synthesized with the following criteria in mind: 1) 

the thermal properties of the copolymers must be above body temperature (37 ºC) to 

maintain discreteness of the nanoparticles and encapsulated protein stability at in vivo 
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temperatures, 2) the synthesized nanoparticles must be discrete to maintain suspension 

quality for ease of administration, and 3) the nanoparticles must maintain antigenicity of 

protein during encapsulation and release. Once these criteria were met, the 

nanoparticles were evaluated for their biocompatibility and APC internalization. 

 

6.3.1 CPTEG:SA Copolymer Structural Characterization 

CPTEG:SA copolymers were synthesized by varying CPTEG molar composition 

from 0 – 25 mol%. Unfortunately, copolymers in molecular weight ranges of 10,000-

20,000 Da resulted in an oily substance (data not shown) that was unsuitable for further 

processing; however, increasing the reaction time to maintain the molecular weight 

between 20,000-30,000 Da resulted in a solid mass for all copolymers synthesized 

(Table 6.1). It should be noted that CPTEG:SA copolymers with >25 mol% CPTEG were 

not studied further because the copolymers were less solid, sticky, and failed to result in 

discrete nanoparticles (data not shown). 

1H NMR spectra of these copolymers revealed characteristic peaks associated 

with CPTEG232 and SA351, with aromatic CPTEG proton peaks located in the δ = 6.8-8.1 

ppm range, and inner chain proton peaks located between 3.6-4.4 ppm (Figure 6.1A). 

Characteristic SA proton peaks were located at between 1.35-2.65 ppm. As expected, 

increasing the molar ratio of CPTEG in the copolymer backbone resulted in an increase 

in the proton peaks associated with CPTEG and the copolymer composition matched 

that of the feed composition, consistent with previous studies with CPH:SA and 

CPTEG:CPH copolymers232,351,353. Further analysis of 1H NMR spectra of CPTEG:SA 

copolymers revealed a decrease in average sequence length with increasing CPTEG 
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content, in line with previous reports for other polyanhydride copolymers (Figure 

6.1B)351,354. All copolymers studied exhibited alternating or random copolymer 

formation, evidenced by degree of randomness values of approximately 2.0 (Table 6.1). 

This was further confirmed by calculating the reactivity ratios r1 and r2, which were 

determined to be r1 = 1.0 – 1.8 and r2 = 1.0 – 1.8 using the Mayo-Lewis method, or r1 = 

1.46 and r2 = 1.01 using the Fineman-Ross method, indicating that either monomer can 

be added to the copolymer backbone at comparable rates, as is the case for random 

copolymers. 

Thermal analysis of the copolymers demonstrated increased melting 

temperatures with increasing SA molar composition, ranging from 52 °C for 25:75 

CPTEG:SA to 78 °C for poly(SA) (Figure 6.2A and Table 6.1). Wide angle X ray 

diffraction analysis of powders of the copolymers revealed semi-crystalline properties of 

all copolymers analyzed, with an increase in relative crystallinity with increasing SA 

molar composition, ranging from 26% for 25:75 CPTEG:SA to 59% for poly(SA) (Figure 

6.2B and Table 6.1). Therefore, CPTEG:SA copolymers demonstrate characteristic 

properties consistent with those previously observed in other polyanhydride copolymers 

and the investigated copolymer chemistries exhibited desirable thermal properties for 

vaccine stability in vivo and long-term shelf storage.  

 

6.3.2 Erosion Kinetics of Polyanhydride Films 

To assess the relative erosion kinetics of CPTEG:SA copolymers compared to 

traditional polyanhydride copolymers, copolymer films were prepared for contact angle 

measurements to determine their hydrophobicity, followed by characterization of their 
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erosion kinetics. Interestingly, contact angle measurements of CPTEG:SA copolymer 

films of various copolymer composition revealed that hydrophobicities were relatively 

similar with varying copolymer composition, with 10:90 CPTEG:SA having the highest 

contact angle (76°) and 80:20 CPTEG:SA having the lowest (57°) (Figure 6.3A). The 

erosion kinetics data demonstrated a more rapid erosion profile for all CPTEG:SA 

copolymers studied compared to that of 20:80 CPTEG:CPH and 20:80 CPH:SA films 

(Figure 6.3B). The erosion rate of CPTEG:SA films increased with increasing SA molar 

composition (approximately 150-200 mg eroded over 45 days), compared to 20:80 

CPTEG:CPH and 20:80 CPH:SA films, which had approximately 100 and 50 mg eroded 

over 45 days, respectively. This trend was also observed with the release of BSA from 

spray dried 2% (w/w) CPTEG:SA nanoparticles, in which increasing SA content resulted 

in a more rapid release of encapsulated protein over the course of 30 days (Figure 

6.3C). 1H NMR analysis of copolymer film samples performed at 15, 30, and 45 days 

revealed a decrease in SA composition in the films over time, indicating that SA-SA 

bonds are more water labile than CPTEG-CPTEG or CPTEG-SA bonds (Table 6.2). 

Therefore, CPTEG:SA copolymers exhibit rapid erosion rates compared to conventional 

20:80 CPTEG:CPH and 20:80 CPH:SA copolymers and the rate of erosion can be 

tuned by modulating copolymer composition. 

 

6.3.3 CPTEG:SA Nanoparticles Stabilize Protein Payloads and Provide Sustained 
Release 

Nanoparticles based on CPTEG:SA copolymers were synthesized in order to 

assess the size, discreteness, and ability to encapsulate and release antigenically 

stable protein (hen egg ovalbumin was used as a model antigen in these studies). 
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Empty particles synthesized using flash nanoprecipitation method were discrete, with 

sizes ranging from 575 – 1054 nm, and with narrow size distributions (Figure 6.4 and 

Table 6.3). These diameters are slightly larger than those typically reported for 

CPTEG:CPH17 and CPH:SA355 nanoparticles. Zeta potential measurements of the 

nanoparticles showed zeta potentials ranging from -28.7 to -35.3 mV, consistent with 

previous reports for other polyanhydride nanoparticles (Table 6.3)17.  

CPTEG:SA nanoparticles were investigated for their ability to encapsulate and 

release stable antigen. Native PAGE gel analysis of hen egg ovalbumin (OVA) released 

from 5% (w/w) OVA-loaded CPTEG:SA nanoparticles demonstrated that all CPTEG:SA 

chemistries maintained the native conformational stability of the encapsulated antigen 

upon release (Figure 6.5A). Further analysis of OVA using circular dichroism revealed 

that the secondary structure of the released antigen was preserved (Figure 6.5B). In 

addition, fluorescence spectroscopy analysis of OVA revealed that the tertiary structure 

of released antigen was maintained (Figure 6.5C). Interestingly, there was a trend in 

increasing fluorescence signal from samples with higher CPTEG molar composition, 

matching that of the OVA standard. These studies indicated that CPTEG:SA 

nanoparticles can be synthesized into discrete nanoparticles that maintain protein 

stability following encapsulation and release. 

 

6.3.4 CPTEG:SA Nanoparticles Are Biocompatible and Enhance Cellular 
Internalization 

CPTEG:SA nanoparticles were evaluated for their biocompatibility as well as 

degree of internalization by APCs. An MTT assay performed on CPTEG:SA 

nanoparticles incubated with RAW 264.7 cells demonstrated that these nanoparticles 
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maintained cell viability at >75% for nanoparticle concentrations of up to 62.5 µg/mL 

(Figure 6.6A). Interestingly, there was a trend in increasing cell viability with increasing 

CPTEG molar composition for concentrations >62.5 µg/mL. In comparison, 20:80 

CPTEG:CPH nanoparticles demonstrated similar biocompatibility, however these 

particles maintained higher cell viability at concentrations >62.5 µg/mL.  

When CPTEG:SA nanoparticles were incubated with three different APC types, 

murine J774 monocyte/macrophage cell line, human THP-1 monocyte/macrophage cell 

line, and murine BMDCs, the data showed a high degree of internalization of these 

particles by all three cell types. Formulations rich in SA displayed the highest degree of 

uptake across all three cell types (Figure 6.6B). Interestingly, depending on the cell 

type, 5:95 CPTEG:SA, 10:90 CPTEG:SA, and 15:85 CPTEG:SA copolymers had rates 

of internalization greater than or equal to poly(SA), while 20:80 CPTEG:SA 

nanoparticles providing the same degree of internalization as poly(SA) in J774 and 

THP-1 cells, but not in BMDCs. The 25:75 CPTEG:SA nanoparticles had the lowest 

degree of internalization, with significantly lower rates of cell internalization than all 

other formulations. These results demonstrate the biocompatibility of CPTEG:SA 

nanoparticles and show that copolymer chemistries with molar composition ≤ 20 mol% 

are highly internalized by APCs, with certain chemistries having enhanced 

internalization rates compared to poly(SA) nanoparticles. 

 

6.4 Discussion 

There is a growing body of literature on the efficacy of nanoparticles for protein 

therapeutics as well as novel adjuvant technologies that enhance immune responses to 
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vaccines, in particular subunit vaccines208,356–358. Polymeric nanoparticles are a 

promising class of carriers/adjuvants due to their facile synthesis and their ability to 

stabilize encapsulated payloads, ligate the polymer with various targeting ligands for 

targeted delivery, and tune release kinetics through copolymerization. Polyanhydrides 

have been investigated as a protein and vaccine delivery platform due to their surface 

erosion characteristics, which enhances stability of encapsulated payloads19,219,220,332. In 

addition, their degradation products are less acidic than that of PLGA, with pKas of 5.8 

& 8.4 (CPTEG)232, 3.7 & 6.7 (CPH)273, and 4.8 & 5.6 (SA)273. In this work, a new class of 

polyanhydride copolymers comprising of CPTEG and SA were synthesized in order to 

confer enhanced thermal properties for long term storage, ease of administration 

(discrete particles that suspend well), retention of protein stability following 

encapsulation and release, and improved uptake by APCs. 

In addition to chemical properties of polymers being critical for maintaining 

protein conformational stability, maintaining thermal stability of both the antigen and the 

nanoparticle formulation is critical in the design of future vaccines for long term 

storage19,359. Maintaining protein conformational stability of antigen is critical for 

developing robust immune responses to vaccines because linked recognition plays a 

role in the affinity maturation process of B cells in germinal centers360. Having the 

protein sequestered within a rigid polymer matrix with high thermal properties will allow 

for maintenance of protein stability during encapsulation and antigenicity of the payload 

upon release. In addition, the desirable thermal properties can also help retain particle 

discreteness and morphology for long term storage, which would enable stockpiling 

vaccines for mass vaccination against highly lethal bioterrorism pathogens, or for 
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deployment to harsh environments. We have previously shown that CPH:SA 

copolymers rich in SA were best able to maintain the antigenicity of Bacillus anthracis 

protective antigen (PA) for at least four months, and this was attributed to the high 

thermal properties of SA, despite the inability of the copolymer to release antigenic 

protein compared to CPTEG:CPH copolymers19. Hence, it was hypothesized that 

copolymers of CPTEG and SA would have high thermal properties due to the high 

melting point (78 ºC) of poly(SA), and copolymerization with CPTEG would improve 

antigenicity of the released protein. In our studies, CPTEG molar compositions upwards 

of 25% yielded melting points of at least 52 ºC. These melting points are similar to those 

observed with CPH:SA copolymers (melting points of 20:80 CPH:SA and 50:50 CPH:SA 

are 66 ºC and 50 ºC, respectively361).  

Copolymers based on CPTEG:CPH or CPH:SA have demonstrated sustained 

release of encapsulated protein payloads over extended time periods, on the order of 

months326. In this work, it was observed that CPTEG:SA copolymers had faster erosion 

kinetics (on the order of weeks) than the traditionally used 20:80 CPTEG:CPH and 

20:80 CPH:SA copolymers. The ability to tune the film erosion rate was dictated by the 

copolymer composition, consistent with previous reports for CPTEG:CPH 

copolymers232. Despite having similar contact angles, chemistries rich in SA had the 

fastest rates of erosion and this was corroborated by 1H NMR spectroscopy 

measurements of the films over time, which showed that SA molar composition of the 

films decreased over time. These rapid erosion characteristics may be desirable for 

both drug and vaccine delivery, in order to have finer control over protein release 
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kinetics, or by cocktailing these nanoparticle chemistries with slower releasing 

copolymer formulations such as 20:80 CPTEG:CPH. 

The hydrophobicity of polyanhydrides results in surface erosion characteristics, 

which in addition to higher pKa values, allows for protection of the structural stability of 

encapsulated proteins19,220,281. Copolymers containing CPTEG have previously 

demonstrated to maintain the stability of encapsulated proteins, with 50:50 CPTEG:CPH 

copolymers typically best at maintaining protein structure and antigenicity following 

release19,219,220,332. Despite the enhanced thermal properties of SA-rich chemistries 

(poly(SA) and 20:80 CPH:SA), it was previously shown that copolymers rich in SA 

resulted in loss of stability of Bacillus anthracis protective antigen, and subsequently its 

antigenicity, which was attributed to the greater acidity of SA degradation products 

compared to CPTEG and CPH diacids19. Therefore, it was hypothesized that 

copolymerizing the more protein-favorable CPTEG with SA might be able to maintain 

protein structure and antigenicity following encapsulation. CPTEG:SA nanoparticles 

encapsulating OVA maintained protein stability via native PAGE gel analysis and 

circular dichroism, however it was observed that copolymers richer in CPTEG tended to 

best maintain the tertiary structure of the OVA, thus making them an attractive 

candidate for protein encapsulation.  

Polyanhydride nanovaccines display chemistry-dependent cellular internalization 

and intracellular persistence by APCs which can aid in adjuvanting poorly immunogenic 

proteins. This has been observed to be enhanced in polymer chemistries rich in CPTEG 

molar composition16, which had the highest degree of internalization and persistence in 

RAW264.7 macrophages15. In BMDCs, copolymer chemistries rich in SA had the 
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highest percentage of cellular internalization, even greater than CPTEG-rich 

chemistries16. In this work, CPTEG:SA nanoparticles exhibited high rates of 

internalization by APCs. Interestingly, although previously poly(SA) nanoparticles had 

been shown to be the most highly internalized formulation (ref), multiple CPTEG:SA 

compositions (5:95 CPTEG:SA, 10:90 CPTEG:SA, and 15:85 CPTEG:SA) showed 

rates of internalization greater than or equal to that of poly(SA), depending on the cell 

type. This observation is hypothesized to occur due to synergy between the cellular 

internalization and activation mechanism(s) of CPTEG and SA-rich copolymers16,256. 

These properties, along with observations that CPTEG-rich chemistries best retain the 

secondary and tertiary structures of encapsulated proteins19,219,220, make CPTEG:SA 

copolymers particularly promising in the design of new carriers and adjuvants. 

In summary, this work described the synthesis and characterization of novel 

copolymers based on CPTEG and SA with favorable thermal properties for in vivo 

protein/vaccine delivery and long-term shelf storage. The CPTEG:SA nanoparticles 

maintain protein stability and antigenicity upon release, are biocompatible, and are 

highly internalized by APCs, making them an attractive candidate for further study as a 

vaccine adjuvant/delivery system. 
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6.5 Tables 

 

Table 6.1. CPTEG:SA copolymer characterization     

Chemistry 
Molecular Weight 

(Daltons) 
Melting Point 

(°C) 
Relative 

Crystallinity (%) 
Degree of 

Randomness 
poly(SA) 10466 – 18727 76.7 ± 2.0 58.7 1 
5:95 CPTEG:SA 20119 – 24062 74.6 ± 1.8 55.7 2.6 
10:90 CPTEG:SA 20601 – 29083 70.0 ± 1.9 48 2.2 
15:85 CPTEG:SA 20571 – 24944 64.5 ± 2.4 40.6 2.1 
20:80 CPTEG:SA 19978 – 30828 58.9 ± 3.2 35 2.1 
25:75 CPTEG:SA 25578 – 31455 52.3 ± 3.5 26 2.1 
 

Table 6.2. CPTEG:SA copolymer film composition over time 

Chemistry Time point 
Mole Fraction 

CPTEG 
Mole Fraction 

SA 
5:95 CPTEG:SA Day 15 0.05 0.95 
  Day 30 0.06 0.94 
  Day 45 0.06 0.94 
15:85 CPTEG:SA Day 15 0.28 0.72 
  Day 30 0.28 0.72 
  Day 45 0.38 0.62 
25:75 CPTEG:SA Day 15 0.39 0.61 
  Day 30 0.38 0.62 

  Day 45 0.48 0.52 
 

Table 6.3. Characterization of CPTEG:SA nanoparticles 

Chemistry 
Diameter 

(nm) 
Polydispersity 

Index 
Zeta Potential 

(mV) 
poly(SA) 655.6 ± 197.3  0.091 -31.7 ± 6.7 
5:95 CPTEG:SA 605.7 ± 284.2 0.220 -33 ± 9.3 
10:90 CPTEG:SA 575.3 ± 252.0 0.192 -33.7 ± 8.9 
15:85 CPTEG:SA 619.6 ± 279.5  0.203 -35.3 ± 9.0 
20:80 CPTEG:SA 1054.3 ± 477.2 0.205 -29.6 ± 12.7 
25:75 CPTEG:SA 798.5 ± 292.7 0.134 -28.7 ± 8.8 
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6.6 Figures 

 

Figure 6.1. CPTEG:SA copolymers demonstrate characteristic polyanhydride physical properties via NMR 
spectroscopy. (A) Molecular structure of CPTEG:SA copolymer. (B) NMR spectra of CPTEG:SA copolymers. (C) 
Description of hydrogens in copolymer backbone for 1H NMR spectra. (D) Number average sequence lengths of repeating 
CPTEG or SA units determined from 1H NMR spectra. 
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Figure 6.2. CPTEG:SA copolymers demonstrate characteristic polyanhydride physical properties via DSC and 
WAXD. (A) Heat flow vs. temperature plot of CPTEG:SA copolymer powders measured via differential scanning 
calorimetry (DSC). The melting point of the polymer was determined as the minima of the endotherm of each chemistry. 
(B) Wide angle X ray diffraction (WAXD) spectrogram of CPTEG:SA copolymer powders.
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Figure 6.3. CPTEG:SA copolymers demonstrate chemistry-dependent erosion kinetics. (A) Contact angle 

measurements of CPTEG:SA copolymer films fabricated via spin coating on glass slides. (B) Mass of CPTEG:SA 

copolymer films eroded as a function of time. 15 mL supernatants were collected daily and the entire volume was 

replaced with fresh nanopure water. (C) Cumulative % mass fraction released from spray dried 2% (w/w) BSA-loaded 

CPTEG:SA nanoparticles. Statistical significance for contact angle measurements was determined via an ordinary one-

way ANOVA with a Tukey’s multiple comparison test. Differences in letters above each copolymer chemistry indicate 

significant differences (p ≤ 0.05) in contact angle measurements between the various copolymers. 
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Figure 6.4. CPTEG:SA nanoparticles can be fabricated into discrete nanoparticles with narrow size distribution. 

SEM images of empty CPTEG:SA nanoparticles fabricated via flash nanoprecipitation. Briefly, copolymer was dissolved in 

methylene chloride at a concentration of 20 mg/mL. The solution was poured into a bath of pentane at a 1:250 volumetric 

ratio (methylene chloride: pentane), and the resulting suspension was vacuum filtered to collect the nanoparticles. The 

mean diameter of the nanoparticles were as follows: poly(SA) - 655.6 ± 197.3 nm, 5:95 CPTEG:SA - 605.7 ± 284.2 nm, 

10:90 CPTEG:SA - 575.3 ± 252.0 nm, 15:85 CPTEG:SA - 619.6 ± 279.5 nm, 20:80 CPTEG:SA - 1054.3 ± 477.2 nm, 

25:75 CPTEG:SA - 798.5 ± 292.7 nm.
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Figure 6.5. CPTEG:SA nanoparticles maintain protein conformational stability following encapsulation and 
release. (A) Native PAGE gel analysis of OVA released from 5% (w/w) OVA-loaded CPTEG:SA nanoparticles. Released 
OVA concentration was measured via microBCA and diluted to 40 µg/mL for analysis. (B) Circular dichroism spectra of 
OVA released from 5% (w/w) OVA-loaded CPTEG:SA nanoparticles. Released OVA concentration was measured via 
microBCA and diluted to 20 µg/mL for analysis. (C) Fluorescence spectra of OVA released from 5% (w/w) OVA-loaded 
CPTEG:SA nanoparticles. Released OVA concentration was measured via microBCA and diluted to 40 µg/mL for 
analysis. Samples were excited at 280 nm and fluorescence was measured from 300-450 nm.  



 
 

2
2

0
 

 



 
 

2
2

1
 

Figure 6.6. CPTEG:SA nanoparticles are biocompatible and exhibit high rates of internalization by antigen 

presenting cells. (A) MTT assay of CPTEG:SA nanoparticles incubated with the murine RAW 264.7 

monocyte/macrophage cell line. Cells were incubated with varying concentrations of the empty nanoparticles for 24 hours, 

after which MTT reagent was added to the wells to determine cell viability. (B) Cell internalization assay of CPTEG:SA 

nanoparticles incubated with the murine J774 monocyte/macrophage cell line, human THP-1 monocyte/macrophage cell 

line, and murine bone-marrow-derived dendritic cells. CPTEG:SA nanoparticles encapsulating fluorescent nanocrystals 

(1% w/w) were incubated with cells for 2.5 hours at 125 µg/mL and flow cytometry analysis was performed to determine 

the percentage of nanoparticle-positive cells. Statistical significance for contact angle measurements was determined via 

an ordinary one-way ANOVA with a Tukey’s multiple comparison test. Differences in letters above each copolymer 

chemistry indicate significant differences (p ≤ 0.05) between the various treatment groups.
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CHAPTER 7. CONCLUSIONS AND ONGOING/FUTURE RESEARCH 
 

7.1 Conclusions 

There is an urgent and unmet need for developing vaccines that can provide 

rapid and long-lived protective immunity against potential biological warfare agents such 

as Y. pestis362 and B. anthracis103, as well as vaccines that are capable of inducing 

robust mucosal immune responses in the lungs against pathogens such as RSV7,8. 

Unfortunately, there are no FDA-approved vaccines available against Y. pestis363 and 

RSV364, and the FDA-approved AVA vaccine against anthrax requires multiple 

immunizations over an 18-month time period to achieve protective immunity, which is 

not effective in the event of an outbreak scenario. Current promising approaches 

against these pathogens are focused on using subunit vaccines due to the adverse 

effects of live-attenuated strains of the organisms82,84; however, the inclusion of 

adjuvants in these vaccines to boost the immune response is necessary194.  

Polyanhydride nanovaccines are a promising next-generation vaccine adjuvant 

platform against lethal respiratory pathogens that allow for sustained release and dose 

sparing18, immunomodulation in a chemistry-dependent manner15,17,204,255, and 

stabilization of protein antigens for extended periods at elevated temperatures19. Hence, 

this work sought to investigate the ability of polyanhydride-based vaccines, or 

nanovaccines, at inducing protective immune responses against multiple bacterial 

pathogens. 

The work described in Chapter 3 investigated the efficacy of a combination of 

polyanhydride nanovaccines with the synthetic co-adjuvant cyclic dinucleotide (CDN) 

RR-CDG to provide both rapid and long term protective immunity against lethal 
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pneumonic plague challenge. Female C57BL/6 mice immunized with polyanhydride 

nanovaccine encapsulating F1-V co-administered with CDNs demonstrated rapid (14 

DPI) and long-lived (182 DPI) protective immunity against lethal IN Y. pestis challenge, 

thus highlighting the benefits of using a combination-adjuvant approach that both 

enhance immune responses. The work described in Chapter 4 extended this idea by 

showing that a combination nanovaccine encapsulating rPA and RR-CDG induced rapid 

neutralizing antibody responses against the anthrax lethal toxin after 15 DPI, which 

were greater that those of rPA adsorbed to alhydrogel.  

The results of these two studies highlight the potential for combination adjuvants, 

where each component of the vaccine formulation may contribute beneficial properties 

to enhance protection. In both studies, polyanhydride nanoparticles alone were unable 

to enhance the magnitude of the overall IgG response to the antigens, however they 

were necessary for providing complete protection against escalating challenge doses of 

pneumonic plague. The CDN co-adjuvant RR-CDG was necessary for eliciting rapid 

and durable antibody responses against both antigens, however failed to provide rapid 

protection against pneumonic plague at higher challenge doses. 

Beyond eliciting rapid protective immunity against biodefense pathogens, 

polyanhydride nanovaccines are a proven vaccine adjuvant platform against a number 

of respiratory pathogens, including Streptococcus pneumoniae17, influenza204,217,350, and 

respiratory syncytial virus (Chapter 5). The work described in Chapter 5 demonstrated 

that a polyanhydride nanovaccine encapsulating the BRSV F and G glycoproteins 

enhanced mucosal adaptive immune responses against BRSV, exhibited in its ability to 
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reduce pathology in the lungs, viral burden, and virus shedding, while also enhancing 

mucosal IgA production and CD4+ T cell proliferation and cytokine secretion.  

In addition to their well-documented ability to adjuvant vaccines, polyanhydride 

nanovaccines provide thermal stability of encapsulated antigens19, thus highlighting 

their additional ability to eliminate the cold chain. Despite the superior ability of SA-rich 

copolymer chemistries to improve vaccine shelf stability, the acidity of SA degradation 

products may negatively impact protein stability19,219,220,332. Hence, the work in Chapter 

6 described the synthesis and characterization of novel polyanhydride copolymers 

based on CPTEG and SA with favorable thermal properties for in vivo protein/vaccine 

delivery and long-term shelf storage. The CPTEG:SA nanoparticles maintained protein 

stability and antigenicity upon release, are biocompatible, and are highly internalized by 

APCs, making them an attractive candidate for further study as a vaccine 

adjuvant/delivery system. These properties are all likely beneficial in the design of future 

vaccines, where maintaining vaccine stability outside of the cold chain will dramatically 

reduce cost of storage and improve delivery to remote areas where refrigeration may 

not be possible, or for military personnel deployed to harsh environments. 

In summary, the work described in this thesis demonstrated how combination 

nanovaccines enhanced both rapid and long-lived protective immune responses against 

a wide variety of viral and bacterial respiratory pathogens, including RSV, Y. pestis, and 

B. anthracis, and have favorable thermal properties that may allow extended shelf 

storage and elimination of the cold chain. 
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7.2 Ongoing/Future Work 

 Due to the success of the combination nanovaccine in providing complete 

protection against pneumonic plague, providing a greater level of protection than either 

adjuvant platform alone (Chapter 3), understanding the mechanism of protection is of 

interest. Therefore, the following section will describe initial efforts to understand how 

the combination of polyanhydride nanovaccine and CDNs was able to protect against 

pneumonic plague challenge. 

 

7.2.1 Neutralization of IFNƔ/TNFα Impacts Pneumonic Plague Challenge Outcome 

Previous studies have highlighted the role of IFNƔ/TNFα in providing protection 

against pneumonic plague challenge, suggesting a role of cell-mediated immunity in 

protection against pneumonic plague98,365–367. Previous studies have also demonstrated 

a role of T cells in protecting against fully virulent strains of Y. pestis97,366. This appears 

to be in agreement with observations that despite generating high titer antibody 

responses against F1-V, African Green Monkeys are highly susceptible to pneumonic 

plague infection92,368,369. Therefore, initial studies were conducted to evaluate the role of 

IFNƔ/TNFα in the protective responses observed by the Combination Nanovaccine 

described in Chapter 3. In this work, female C57BL/6 mice (n=12 per group) were 

immunized subcutaneously with 50 µg F1-V encapsulated into 20:80 CPTEG:CPH 

nanoparticles + 35 µg CDNs (Combination Nanovaccine). Anti-F1-V total IgG antibody 

titers were evaluated at 13 DPI and a small cohort of mice (n=4 per group) were injected 

intraperitoneally with 1 mg each of anti-IFNƔ and anti-TNFα monoclonal antibodies to 

neutralize these cytokines. The following day, the mice were challenged intranasally 
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with 7000 CFUs of Y. pestis CO92 and survival was monitored for 14 days post-

challenge.  

Serum responses analyzed 13 DPI showed similar high titer anti-F1-V IgG 

responses between control mice and those injected with the neutralizing antibodies 

(Figure 7.1A). In agreement with previous studies, it was observed that the protection 

afforded to mice injected with IFNƔ/TNFα neutralizing antibodies was reduced 

compared to controls. 

These results highlight the potential role of the combination of polyanhydride 

nanoparticles and CDNs at eliciting protective immune responses against pneumonic 

plague that extend beyond using antibody responses as the correlate of protection. 

Future work could expand upon this idea by investigating the role of each adjuvant in 

the formulation at inducing this response, as well as determining the source of each of 

these cytokines and their role in protection. In addition, due to the enhanced thermal 

properties and superior internalization of CPTEG:SA nanoparticles described in Chapter 

6, it may be of interest to investigate F1-V-loaded CPTEG:SA nanovaccines against 

pneumonic plague, as well as perform long term shelf studies to compare F1-V stability 

in this novel polyanhydride chemistry compared to more traditional polyanhydrides. 

Understanding the underlying mechanism of action of the combination nanovaccine, as 

well as improving vaccine shelf stability, will enable improved rational design of future 

vaccines and build upon the successes described in this work. 
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7.3 Figures 

 

 

Figure 7.1. Neutralization of IFNƔ/TNFα decreases the protective efficacy of the Combination Nanovaccine 14 
days post-immunization. Female C57BL/6 mice (n=12 per group) were immunized subcutaneously with 50 µg F1-V 
encapsulated into 20:80 CPTEG:CPH nanoparticles + 35 µg CDNs (Combination Nanovaccine). Anti-F1-V total IgG 
antibody titers were evaluated at 13 DPI and a small cohort of mice (n=4 per group) were injected intraperitoneally with 1 
mg each of anti-IFNƔ and anti-TNFα monoclonal antibodies to deplete these cytokines. The following day, the mice were 
challenged intranasally with 7000 CFUs of Y. pestis CO92 and survival was monitored for 14 days post-challenge. (A) 
Anti-F1-V (H+L) IgG serum responses measured 13 DPI. (B) Survival of mice challenged with 7000 CFU Y. pestis CO92 
14 DPI, with a small cohort (n=4 per group) injected intraperitoneally with IFNƔ/TNFα neutralizing antibodies 24 hours 
prior to challenge. 
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