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Abstract 

The prevalence of allergic disease such as peanut (PN) allergy has increased 

within the last century. Environmental factors have been associated with an increased 

risk of developing allergic diseases. The severity of allergic diseases has also increased 

and clinical trials are investigating allergen-specific immunotherapy as a method to treat 

allergies. The purpose of this work was to identify a vaccine adjuvant that induced 

potent antigen-specific Th1 immune responses and determine its ability to reduce the 

development and severity of Th2- mediated allergic disease, using models of peanut 

hypersensitivity.  

Three studies were performed. The first study compared a variety of vaccine 

adjuvants to identify a potent adjuvant with strong Th1-associated activity. This study 

verified that the Toll-like receptor (TLR) ligand CpG could induce potent Th1-associated 

immune responses. The second study tested the ability of environmental endotoxin 

levels and alum-adjuvanted vaccines to modulate the development of allergic disease 

using a mouse model of peanut allergy. Additionally, the TLR ligands, CpG and MPL, 

were combined with alum-adjuvanted vaccines to determine their ability to further 

impact allergic disease development. Results suggested that the addition of CpG to an 

alum-adjuvanted vaccine indirectly modified host immunity in a manner that decreased 

the development of PN-induced allergic disease. The last study evaluated the ability of 

CpG to reduce the severity of peanut allergy symptoms when combined with peanut in 
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an immunotherapy formulation administered to peanut-hypersensitive mice. Nasal 

immunotherapy with PN + CpG but not PN alone or CpG alone reduced the severity of 

PN-induced anaphylaxis in hypersensitive mice. PN-hypersensitive mice treated with 

PN + CpG displayed an increased PN-specific IgG2c and IFN-γ responses. A reduction 

in allergic disease severity in PN-hypersensitive mice correlated with an increase in PN-

specific IgG2c, IFN-γ and IL-10 responses and a reduction in PN-specific IL-13 

responses, suggesting a shift from Th2 responses towards Th1 and/or T regulatory cell 

responses.  

Taken together, the data obtained from these studies demonstrate the potent 

activity of CpG to induce antigen-specific Th1-associated immune responses and also 

reduce the severity of peanut-hypersensitivity in mice through direct and indirect 

association with peanut allergens. 
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1. Introduction  

Peanut allergy is a form of allergic disease that may cause severe and life-

threatening reactions if the peanut-allergic individual is exposed to peanut. The 

incidence of allergic diseases has steadily increased in the last 40 years [1] and the 

severity of allergic diseases is also increasing.  Peanut allergy has increased two-fold in a 

5-year period in the United States [2]. Together, peanuts and tree nuts account for nearly 

80% of the fatal and near-fatal reactions to food antigens [3]. The mechanisms 

responsible for the increase in food allergy in recent years are not known; however, the 

incidence of infectious disease inversely correlates with allergic disease [1]. A decrease 

in infectious diseases is thought to be due to increased use of vaccines and antibiotics 

and more hygienic living environments. The “hygiene hypothesis” was proposed to 

explain the link between changing environmental conditions and allergic disease.  This 

hypothesis suggests that a reduction in microbial exposure due to higher birth order 

(e.g., the oldest child in a family) or the lack of interaction with other children (e.g.  in 

daycares) is associated with increased allergic diseases [4]. Epidemiology studies have 

also suggested that increased endotoxin exposure is associated with decreased allergic 

disease [5, 6].  Studies were performed to determine if environmental exposure to 

endotoxin and the vaccine adjuvant alum influenced the development of peanut allergy 

in a mouse model.  
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Food allergy is an immune-mediated disease that is characterized by an increase 

in T helper (Th) type 2 cells that secrete IL-4, IL-5 and IL-13 as well as increased 

production of allergen-specific IgE responses [7]. It is possible that an increase in 

allergen-specific Th1 or T regulatory (Treg) cells may decrease allergen-specific Th2 

responses and improve allergic disease. Therefore, the ability of a vaccine adjuvant that 

enhances immune responses not normally associated with food allergy (i.e., Th1) was 

tested for its ability to reduce the development of allergy when added to an alum-

adjuvanted vaccine.  

 It is estimated that 2.5% of children are allergic to peanuts in the United States  

[8].   There is currently no cure for peanut allergy.   Unlike what has been observed for 

some other food allergens, individuals often do not outgrow peanut.  Allergic 

individuals thus must attempt to avoid exposure to peanut to prevent allergic reactions 

or rely on post-exposure treatments such as antihistamines and epinephrine [8].   Recent 

clinical trials have evaluated mucosal immunotherapy with peanut to reduce allergic 

reactions upon peanut exposure. In these immunotherapy studies, peanut flour is 

administered orally or sublingually (i.e. under the tongue) over many months in an 

attempt to modify the host immune response to prevent peanut-induced allergic 

reactions.  An increase in the dose of peanut that triggers an allergic reaction, which is 

defined as desensitization, has been shown to accompany changes in host immune 

responses that include an increase in peanut-specific antibodies (i.e., IgG4 and IgA) and 
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T regulatory cells but also a decrease in peanut-specific IgE responses as well as T helper 

type 2 cytokines Interleukins (IL) -5 and -13 [9-11]. Studies were performed to determine 

if the addition of a Th1-skewing adjuvant to a peanut nasal immunotherapy formulation 

could reduce the severity of allergic responses in peanut-hypersensitive mice. Since the 

development of allergy and the induction of protection against allergy involve the host 

immune system, an introduction to the basic concepts of the immune system will be 

provided.  

1.1 The Immune System 

The mammalian body utilizes the immune system to protect against foreign 

antigens including infectious pathogens and environmental antigens that may also serve 

as allergens. Immunity can be induced at mucosal sites such as the gastrointestinal and 

respiratory tracts and also at systemic sites such as the spleen and lymph nodes. Both 

systemic and mucosal immune systems contain inductive and effector sites. Inductive 

sites are secondary lymphoid organs such as the spleen, lymph nodes and mucosal-

associated lymphoid tissues (MALT), where immune responses are induced through the 

activation of the adaptive immune cells by innate immune cells. Effector sites, i.e., 

systemic tissues and the lamina propria, which underlies the epithelium of mucosal 

sites, are sites in which adaptive immune cells execute their functions. Activation of the 

innate immune system is the first step to generate an immune response. 
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1.1.1 Innate Immune System 

The innate immune system is the first line of defense against danger where it 

recognizes pathogens and damaged host cells. It is the most primitive component of the 

immune system that is conserved between plants, insects and mammals [12]. Innate 

immune responses are broad responses that are rapidly induced without memory. The 

innate immune system is comprised of physical barriers such as the skin and mucosal 

membranes, chemical barriers including sweat and mucus and non-lymphocyte white 

blood cells including dendritic cells (DCs) and mast cells [13]. An innate immune 

response is activated through pattern recognition receptors (PRR) on innate cells, such as 

DCs, epithelial cells and fibroblasts. These cells recognize danger-associated molecular 

patterns (DAMPs) such as DNA release by damaged cells or pathogen-associated 

molecular patterns (PAMPs) that are conserved among various bacteria and viruses [14]. 

Innate immune cell activation shapes adaptive immune responses that can lead to 

protection against infectious diseases or to aberrant responses that cause allergic 

diseases. 

1.1.1.1 Cells of the Innate Immune System 

The innate immune system includes a variety of cells including neutrophils, 

monocytes, macrophages, basophils, mast cells and dendritic cells [15]. Cells such as 

epithelial cells and fibroblasts may also be included as innate immune cells since they 

are able to produce cytokines and chemokines that influence the immune system after 
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exposure to allergens, microbes or their products [16, 17]. This discussion will focus on 

dendritic cells, due to their involvement in linking the innate and adaptive immune 

systems and the ability of vaccine adjuvants to influence their activity, and on mast cells 

that serve as effector cells in both innate immune responses and antigen-specific allergic 

responses. 

1.1.1.1.1 Dendritic Cells 

 Dendritic cells are one form of antigen presenting cells (APC) that connect 

innate immunity to adaptive immunity. An antigen is defined as any substance foreign 

to the body that evokes a specific immune response from B or T cells [18]. Hematopoietic 

cells from the bone marrow are the starting cell source for dendritic cells. Common DC 

progenitors (CDP) can arise from both the common myeloid (CMP) and lymphoid (CLP) 

progenitor subsets [19].  

Differentiated dendritic cells first appear in the immature state as defined by low 

expression levels of co-stimulatory and antigen presenting molecules [20]. These cells 

are positioned beneath the skin and mucosal membranes to allow for close proximity for 

antigen sampling. In order for dendritic cells to mature and present antigens, they 

require two distinct signals [13]. Maturation of immature DCs requires antigen uptake 

(signal 1) and PAMPs or DAMPs to bind pattern recognition receptors (PRRs) on the DC 

(signal 2) [21]. DC maturation increases its expression of co-stimulatory molecules, 

clusters of differentiation (CD)40, CD80 and CD86, and the antigen presenting 

molecules, major histocompatibility complexes (MHC),which are required to activate T 
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cells [21]. Dendritic cells can express two forms of MHC molecules, MHC class I and 

MHC class II, to present peptides and activate CD8+ and CD4+ T cells, respectively [22]. 

Classical dendritic cells (cDCs) and plasmacytoid dendritic cells are two major types of 

dendritic cells that vary in co-stimulatory molecule expression and PRR activation. 

Plasmacytoid DCs are located in secondary lymphoid organs and are less 

efficient APCs than cDCs [23]. Their surface expression is defined as CD11clow MHC IIlow 

B220+, Ly6C+ [19]. Toll-like receptors (TLR)7 and TLR9 are expressed by pDCs [23]. 

Activation of pDCs by TLR ligands induces the cells to secrete type I Interferons (α and 

β) and IL-12 [23]. Immature pDCs have low levels of costimulatory and MHC molecules 

and activation increases the expression of costimulatory molecules but not the MHC 

complexes. Therefore, the ability of pDC to provide T cell activation is not as robust as 

cDCs that express higher levels of MHC [24]. 

Classical dendritic cells are CD11chigh MHC IIhigh B220- cells that express an array 

of TLRs including TLR4 and TLR9 [19, 25]. Activation of cDCs induce high levels of 

MHC and costimulatory modules, which allow them to be the most potent APCs and 

activate T cells [19]. Antigen dose has been implicated as one factor that directs cDCs to 

induce type 1 or 2 T helper cell responses [25]. A high dose of antigen is thought to 

support a Th1 response while lower antigen doses drive a Th2 response [25]. (Th1 and 

Th2 T cells will be discussed in Section 1.1.2.2). 
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Dendritic cell activation is often a requirement for adjuvant activity. Our lab has 

previously shown that CD11c+ cells, which include dendritic cells, are required to 

possess myeloid differentiation factor 88 (Myd88) signaling, which shares a common 

signaling pathway with the IL-1 receptor, for the induction of potent antibody responses 

in a vaccine that contains IL-1 and recombinant lethal factor from anthrax [26]. Similarly, 

Hou et al. demonstrated the importance of TLR activation in CD11c+ dendritic cells for 

TLR ligand-induced cytokine production and maximal adjuvant activity [27]. 

Specifically, MyD88 is also required for activation of all TLRs except TLR3 [28, 29] and 

TLR stimulated CD11c+ cells deficient in MyD88 have reduced IL-12 production and 

decreased CD40, CD86 and MHC class II expression [27]. 

1.1.1.1.2 Mast Cells 

Mast cells are granulocytes that arise from bone marrow hematopoietic cells. 

Granulocytes are innate immune cells that contain small pockets of inflammatory 

mediators called granules and include mast cells, basophils and neutrophils. Mast cell 

differentiation occurs within the bone marrow and is identified by the presence of the 

mast/stem cell growth factor receptor (c-kit) on the cell surface [30]. Stem cell factor 

(SCF) is a protein that binds c-kit and is required for mast cell development [31]. 

Immature mast cells leave the bone marrow and traffic to connective and mucosal 

tissues where they complete their maturation into connective tissue mast cells or 

mucosal mast cells, respectively.  
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Connective tissue mast cells (CTMC) and mucosal mast cells (MMC) can be 

differentiated by location in the body and proteases produced by the cells [32]. 

Connective tissue mast cells are found in the skin and peritoneal cavity and mucosal 

mast cells are located in mucosal tissues, such as the gastrointestinal, respiratory and 

urogenital tracts. Mouse CTMCs contain mast cell protease (MCP)- 4, -5 and -6 and 

MMCs have MCP-1 and -2 in their granules [32, 33]. Mucosal mast cells in humans 

secrete tryptase upon degranulation while connective tissue mast cells produce both 

tryptase and chymase [34]. Both tryptase and chymase are enzymes that cleave peptides 

after specific amino acids. Tryptases cleaves peptides after lysine and arginine amino 

acids, while chymases cleave after tyrosine and phenylalanine amino acids [35]. 

Proteases and other inflammatory mediators, such as histamine and lipid mediators are 

stored in the granules of mast cells and released during mast cell activation. 

Activation of mast cells results in the immediate release of inflammatory 

mediators such as histamine, proteases, leukotrienes and prostaglandins and a delayed 

production of cytokines [36]. These inflammatory mediators increase the migration of 

white blood cells from the vasculature into the tissues where they can eliminate 

pathogens and control infection [37]. Cytokines, such as tumor necrosis factor (TNF)-α, 

IL-4, IL-5 and IL-13, are released during mast cell degranulation and help support 

survival of the cell by blocking apoptosis [31, 37]. Mast cells can be activated by the 



 

9 

innate immune system through the PRRs including TLRs or by the adaptive immune 

system due to antigen-specific antibodies bound on their surface [38, 39].  

TLR activated mast cells can induce cytokines including IL-6 and TNF-α in the 

mouse and IL-13 in humans [40, 41]. Mouse mast cells express TLRs 2, 4 and 6 and 

activation through TLR4 with lipopolysaccharide (LPS) induced IL-6 and TNFα 

production while and TLR2 activation with peptidoglycan can induced IL-6 production 

[40] . Similarly, human mast cells express TLRs 2, 4, 5, 6 and 8 [41]. Stimulation of 

human mast cells through TLRs 4 and 6 induced both granulocyte/macrophage colony 

stimulating factor (GM-CSF) and IL-8, while ligands for TLR8 induced TNF-α [41] .  

Mast cells can be activated by PRRs but also in an antigen-specific manner. IgE 

antibodies bind mast cells through a high affinity receptor, FcεRI. Once the specific 

antigen crosslinks IgE bound to mast cells, the cells are activated to release inflammatory 

mediators [7]. Innate and adaptive activation of mast cells can work together to enhance 

inflammatory mediator production. Crosslinking of IgE on mast cells through an anti-

IgE antibody and ligation of TLR4 increased GM-CSF, IL-5, IL-10 and IL-13 production 

by mast cells [41].  

1.1.1.2 Pattern Recognition Receptors 

PAMPs are conserved patterns in molecules that are shared by many pathogens 

including gram-negative and gram-positive bacteria, viruses and fungi. Many of the 

PAMPs are nucleic acids, carbohydrates, peptidoglycans and lipoproteins. Pattern 
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recognition receptors can be found on both the surface and inside cells [15]. PRRs differ 

in the type of ligand (PAMP or DAMP) they recognize to activate innate immune 

responses and regulate the induction of adaptive immune responses.  

NOD-like receptors (NLRs) are nucleotide-binding oligomerization domain 

receptors that are located inside of the cell [15]. NLRs are activated by intracellular 

PAMPs such as peptidoglycans from bacteria or DAMPs including DNA from damaged 

cells [42].  

Other intracellular PRRs include retinoic acid inducible gene (RIG)-1 receptors 

(RLRs). These receptors are involved in immunity against viruses [43]. Double-stranded 

ribonucleic acids (dsRNA) are the ligands for RLRs.  

C-type lectin receptors (CLRs) are PRRs that bind carbohydrates located in 

pathogens such as fungi, bacteria and viruses [44, 45]. Dendritic cells utilize CLRs to 

bind mannose for viral, fungal and mycobacterial recognition and fucose to recognize 

bacteria and helminths [45]. 

Toll-like receptors (TLRs) are PRRs that can be activated by a wide range of 

bacterial, fungal and viral PAMPs [46]. There are 10 TLRs in humans and 12 in mice 

(Table 1). One mechanism to effectively activate the innate immune system and 

modulate B and T cell responses is through TLRs. Vaccinologists are investigating TLR 

ligands as vaccine adjuvants to enhance and modify antigen-specific immune responses 
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[47, 48]. The specific TLRs and their ligands utilized in the studies presented in this 

dissertation are introduced in the sections below.  

Table 1: Human and Mouse Toll-like Receptors Ligands 

Human 

TLR 

Mouse 

TLR 

TLR ligands References 

1 1 Microbial lipopeptides [49] 

2 2 Microbial lipopeptides [49] 

3 3 Double-stranded RNA (poly:IC) [50] 

4 4 Lipopolysaccharides [51] 

5 5 Flagellin [52] 

6 6 Microbial lipopeptides [49] 

7 7 MicroRNA, nucleic acids [53, 54] 

8 8 Nucleic Acids [54] 

9 9 Unmethylated CpG oligodeoxynucleotides [51] 

10  Unknown [55] 

 11 Profilin-like protein, uropathogenic bacteria [56, 57] 

 12 Profilin [58] 

 13 23S ribosomal RNA [59] 

Toll-like receptors present in humans and mice and the ligands that cause 

activation. 

 

1.1.1.2.1 TLR2 

Toll-like receptor 2 forms a complex with TLR1 and TLR6 to activate innate 

immune cells that are bound by lipopeptides, such as peptidoglycans found in bacteria 

cell walls and the synthetic tripalmitoylated lipoprotein, Pam3CSK4 [48, 49]. The TLR2/6 

heterodimer prefers diacetylated lipoproteins and require CD36, a glycoprotein known 

as the fatty acid translocase, while TLR 2/1 does not require CD36 and is activated by 

triacetylated lipopeptides [60]. Dendritic cells and mast cells express TLR2 [61] and DC 

activation by Pam3CSK4 induces MHC class II, CD40 and CD80 and IL-10 and IL-12 

[48].  
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1.1.1.2.2 TLR4 

TLR4 is found on many cell types including dendritic cells, mast cells and 

epithelial cells [62]. Lipopolysaccharide (LPS, i.e., endotoxin), which is a component of 

the outer membrane of gram-negative bacteria, is a TLR4 ligand [63]. Activation of the 

innate immune system through TLR4 can induce various types of immune responses. 

Mouse mast cells cultured in the presence of LPS induced IL-6 and TNF-α responses in a 

TLR4-dependent manner [40]. Similarly, dendritic cells cultured in the presence of LPS 

secrete IL-10 and IL-12 [64].  

1.1.1.2.3 TLR7/8 

Toll-like receptors 7 and 8 are structurally similar and are activated by single 

stranded ribonucleotides that contain poly-uracil and guanine-uracil sequences [65]. 

Natural TLR7/8 ligands can be produced by many viruses including influenza [66]. TLRs 

7 and 8 are located in the endosome of innate immune cells such as DCs and 

macrophages but are also found in lymphocytes [67]. Synthetic mimics of TLR7/8 

ligands, including imiquimod and R848, have been used to activate APCs [68, 69]. In the 

presence of imiquimod, human dendritic cells secrete IL-6 and IL-12 [68]. Similarly, R848 

induces IL-12 and IFN-α from macrophages but also assists monocyte precursors to 

differentiate into mature dendritic cells that display increased costimulatory molecules 

and IL-6, IL-12, TNF-α and IFN-α production [69].  

1.1.1.2.4 TLR9 

TLR9 is widely expressed in pDCs, B cells and to a lesser extent cDCs [70]. 

Similar to TLR7/8, TLR9 is found intracellularly on the endosomes of innate and 
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adaptive immune cells. Synthetic mimics of bacterial and viral oligodeoxynucleotides 

(ODNs) that contain unmethylated cytosine-phosphophate-guanine (CpG) sequences 

can active cells through TLR9 [71]. CpG induces human pDCs to produce IFN-α, TNF-α 

and IL-6 and IL-12 in mice and TLR9-activated B cells display increased costimulatory 

molecules, MHC II, CD80 and CD86 and IL-10 production [70].  

1.1.2 Adaptive Immune System 

Adaptive immunity has antigen specificity, requires more time than innate 

activation to induce responses towards antigens [72] and is only found in vertebrates 

[73]. The function of the adaptive immune system is to induce responses towards foreign 

pathologic antigens; however, dysregulation of the adaptive immune system can 

produce aberrant responses to self-antigens (autoimmune disorders) and harmless 

environmental antigens, such as in the instance of allergic diseases. There are two arms 

of the adaptive immune system: humoral immunity and cell-mediated immunity. B cells 

are the adaptive cells involved in a humoral response and T cells are the cell type 

responsible for adaptive cell-mediated immunity [74]. One specialty of the adaptive 

immune system is the presence of memory, which allows for a rapid recall response. The 

long-lasting responses induced by the adaptive immune system can provide life-long 

protection against pathogens but can also support life-long allergic diseases. Vaccines 

and allergen-immunotherapy formulations are being investigated to modify antigen-
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specific B and T cell immune responses to protect against infections and allergies, 

respectively. 

1.1.2.1 B cells 

B cells are the adaptive immune cells involved in humoral immunity. They are 

generated in the bone marrow from hematopoietic stem cells and differentiate from 

common lymphoid progenitors  where their development continues in secondary 

lymphoid organs [75]. Activation of naïve B cells induces them to become antibody-

secreting plasma cells and it is through these antibodies that B cells execute their effector 

functions.  

1.1.2.1.1 B cell Activation 

Activation of naïve B cells induces proliferation and differentiation into memory 

B cells or plasma cells. Memory B cells contain B cell receptors (BCR) with high affinity 

for the cognate antigen and constant regions that may or may not have switched from 

IgM to other isotypes such as IgG, IgA or IgE [76]. Upon subsequent exposure to the 

specific antigens, memory B cells can rapidly proliferate into antibody secreting plasma 

cells. Naïve B cells can also differentiate directly into plasma cells that secrete antibodies 

[77, 78]. The process of B cell activation occurs by antigen binding to the BCR and co-

stimulation by T helper cells (T dependent antigens) or through PRRs (T independent 

antigens). BCR ligation without co-stimulation through induces B cell anergy or 

unresponsiveness [79, 80]. T cell-independent (TI) antigens can be type 1 and activate B 

cells through PRRs such as LPS and upregulate co-stimulatory molecules CD40, CD86 
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and MHC II molecules, as well as IgM [72, 81]. Alternatively, TI antigens can be type 2 

antigens such as, polysaccharides, which crosslink BCRs and induce antibody switching 

to IgG or IgA [82].  

Proteins are T-dependent (TD) antigens and require T helper cells to provide co-

stimulation to B cells for activation. B cells are also APCs that internalize, process and 

present protein antigens in peptide forms to T cells in a MHC-peptide complex and 

activate T helper cells. T helper cells assist in B cell activation through CD40L binding its 

receptor on the B cell (CD40) [83]. Activated B cells interact with T follicular helper 

(TFH) cells in regions of secondary lymphoid organs called germinal centers to continue 

proliferation and begin class switch recombination [72]. In the germinal centers TFH 

cells provide cytokine signals that instruct B cells to begin to switch to different 

immunoglobulin isotypes [74]. 

1.1.2.1.2 Class Switch Recombination 

Class switch recombination (CSR) is a process in which IgG, IgA and IgE 

antibodies are formed from naive B cells that express IgM and IgD after maturation [84]. 

Antibody isotype is determined by the Fc (fragment crystallizable) region heavy chain of 

the antibody molecule [85]. The isotype of an antibody determines its effector function, 

such as viral and toxin neutralization (IgM, IgG and IgA) or mast cell degranulation 

(IgE) [7, 86]. CSR occurs in response to TD-antigens by CD40:CD40L interactions 

between B cells and T cells, respectively and type 2 TI-antigens by BCR crosslinking [82, 

84].  
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Switching to alternative antibody isotypes involves deletional recombination of 

DNA in specialized areas called switch regions, which are located upstream of the 

desired isotype constant region heavy chain gene segment (CH) [84]. Activation-induced 

cytidine deaminase (AID) is an enzyme that initiates CSR by changing cytosines in the 

isotype switch region to uracils. Since uracils are not normal components of DNA, uracil 

DNA glycolase (UNG) removes some of the uracils leaving missing nucleotides in the 

DNA sequence [84]. Apurinic/apyrimidinic endonucleases cut the DNA backbone in the 

area where the uracils were present causing single-strand breaks (ssb) into the DNA 

sequence. It has been hypothesized that double strand breaks (dsb) are induced by 

mismatched repair proteins, Msh2/Msh6 that bind the remaining uracils not excised by 

UNG and recruit exonucleases to remove the single strand DNA that contains the 

mismatched pair [84]. Double strand breaks have DNA overhangs that are not 

compatible with other switch regions; therefore, DNA polymerases add nucleotides to 

repair the DNA gaps created by UNG as well as create blunt dsb that can bind the 

switch regions of other isotypes. By adding nucleotides to the DNA sequences, DNA 

polymerase induces mutations in the switch regions. DSBs must occur in the switch 

regions of both the donor isotype (i.e., Cµ for IgM) and the acceptor isotype (i.e., Cγ 

(IgG), Cα (IgA), or Cε (IgE)). Nonhomologous end-joining proteins recombine the donor 

switch regions with the acceptor switch region [84]. Through CSR, IgG, IgE or IgA 

heavy-chain sequences replace the former IgM and IgD gene segments. The human 
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immunoglobulin locus is ordered according to the following: Cµ, Cδ, Cγ3, Cγ1, Cα1, 

Cγ2, Cγ4, Cε, Cα2 [87] and the mouse heavy chain immunoglobulin is oriented as 

follows: Cµ, Cδ, Cγ3, Cγ1, Cγ2b, Cγ2a, Cε, Cα [88]. CSR removes gene segments 

between switch regions of recombined isotypes and prevents isotype switching to 

excised antibodies [84]. For example, switching to IgE from IgM prevents isotypes that 

are located between Cµ and Cε, such as Cγ3, Cγ1, Cα1, Cγ2, Cγ4 in humans from being 

produced [84].  

1.1.2.1.4 B cell Effector Molecules (Immunoglobulins) 

 

Antibodies are the effector molecules produced by B cells. Humans have 9 

antibody isotypes (IgM, IgD, IgE, IgG1, IgG2, IgG3, IgG4, IgA1 and IgA2) while mice 

have 8 antibody isotypes (IgM, IgD, IgE, IgA, IgG1, IgG2a/c, IgG2b and IgG3. This 

section discusses specific properties of the different immunoglobulin molecules. 

1.1.2.1.4.1 IgG Antibodies 

IgG is the most abundant antibody within the blood [86]. Humans and mice each 

have four IgG subtypes, IgG1-4 in humans and IgG1, IgG2a/c, IgG2b and IgG3 in mice 

[89]. While both mice and humans have 4 IgG subclasses, they do not always align with 

each other. For example, IL-4 is involved with isotype switching for both human and 

mouse from IgM to IgG1 [90, 91]. However, TI antigens induce IgG2 in humans and 

IgG3 in mice [92, 93].The type of antibody isotype induced in response to a particular 

antigen is influenced by the location of antigen exposure (systemic or mucosal), the type 



 

18 

of antigen (i.e., protein or polysaccharide) and CD4+-produced cytokines in the 

microenvironment of B cell activation [86, 94]. 

1.1.2.1.4.2 IgG1 

 IgG1 antibodies are the most abundant IgG subclass [86]. They are induced in 

the presence of IL-4 and the absence of IFN-γ [95-97]. IgG1 antibodies mainly recognize 

protein antigens [86] and are the most effective isotype for opsonization, which is the 

“process of coating a molecule with proteins such as antibodies”[98], but can also 

perform neutralization of pathogens and toxins and mediate antibody-dependent cell 

cytotoxicity (ADCC) by natural killer (NK) cells [72, 74]. ADCC is a process by which 

antibodies bind to target cells that express the specific antigen such as virus-infected 

host cells, followed by binding of the cell-bound antibody with NK cells that produce 

perforins and granzymes, which kill the cell in an antibody-dependent fashion [99, 100].  

1.1.2.1.4.3 IgG2 

IgG2 in the human is induced in response to carbohydrate antigens [86]. Similar 

to IgG1 antibodies, human IgG2 can also mediate ADCC through myeloid cells such as 

neutrophils [72], opsonization [74] and activate complement [86]. Antibody: antigen 

complexes initiate the complement cascade by binding C1q , which may result in 

assembly of membrane attack protein complexes (MAC) that lyse pathogens through 

pore formation [74, 101]. 

Mice have two subclasses of IgG2 antibodies; IgG2a/c and IgG2b. C57BL/6 mice 

produce IgG2c while BALB/c mice produce IgG2a although both IgG2c and IgG2a 
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provide similar functions [102]. IgG2a/c antibodies are induced by IFN-γ [103] and can 

assist in ADCC [72]. Increased levels of allergen-specific IgG2a/c have been shown to 

correlate with reduced allergic disease in mice [104]. Mice also have IgG2b which is 

induced by TGF-β [105] and in the presence of IL-12 functions to fix complement [106]. 

CpG, a TLR9 ligand, can induce B cells to produce IgG2a, IgG2b and IgG3 antibodies 

[107]. 

1.1.2.1.4.4 IgG3 

Similar to IgG1, IgG3 is found in both mice and humans. IgG3 antibodies are 

mainly induced in response to protein antigens but to a lesser extent polysaccharide 

antigens [86]. Human IgG3 is also induced by IL-4 [95]. IFN-γ has been shown to induce 

IgG3 antibodies in mice [108]; however, this isotype has also been shown to be generated 

by LPS in the absence of additional cytokines [109]. Mostly, IgG3 is thought to mediate 

their effector functions by fixing complement [72, 106]; however, IgG3 may also 

neutralize pathogens and toxins [110].  

1.1.2.1.4.5 IgG4 

In contrast to mice, IgG4 is found within humans. It is the least abundant IgG 

subclass [111]. IgG4 is induced by IL-4 and IL-13 [112]. Unlike the other IgG isotypes, 

IgG4 does not activate complement and has weak affinity for IgG receptors on cells 

[111]. Activation of TLR2/6 and TLR4 has been shown to increase IgG4 antibody 

production [113]. Allergic individuals that received allergen immunotherapy have 

increased allergen-specific IgG4 and reduced disease severity compared to those who 
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maintained their level of allergic disease severity, which was accompanied by low levels 

of IgG4 [114]. 

1.1.2.1.4.6 IgE Antibodies 

IgE antibodies are the least abundant antibody in the blood [72]. It is induced by 

IL-4 and IL-13 [112, 115]. One function of IgE antibodies is to aid in the clearance of 

parasitic infections [116] but IgE also the primary mediator of allergic disease [7]. In 

allergic disease, IgE antibodies bind to mast cells through the FcεRI which, when cross-

linked due to binding specific antigen, leads to mast cell activation with subsequent 

release of inflammatory mediators [7]. A reduction in allergen-specific IgE correlates 

with reduced allergic disease [114]. 

1.1.2.1.4.7 IgA Antibodies 

IgA antibodies are the most abundant antibody isotype in mucosal secretions; 

however, IgG and IgM are also present [117]. T cells that secrete TGF-β can induce B cell 

CSR to produce IgA [118]. The combination of IL-5 and TGF-β increased IgA production 

from LPS-stimulated B cells [119]. Low-affinity IgA antibodies can also be induced by TI 

antigens and assist in maintaining homeostasis with commensal bacteria [120]. IgA 

molecules can appear in multimeric forms in mucosal secretions [121]. Multimeric IgA is 

formed by joining multiple IgA molecules through the joining chain [121]. Polymeric 

IgA molecules bind the polymeric Ig receptor (pIgR) expressed on epithelial cells of 

mucosal tissues [117, 122]. Once polymeric IgA (pIgA) molecules bind pIgR, they may be 

actively transported through the epithelial cells and released into mucosal secretions. At 
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the completion of pIgR-dependent transport, the pIgR is cleaved to release the polymeric 

IgA into mucosal secretions. After this cleavage process, a small fragment of pIgR, 

referred to as secretory component, remains associated with the polymeric IgA and this 

complex of polymeric IgA and the secretory component is secretory IgA. Secretory IgA 

(S-IgA) is more resistant to proteolytic degradation than pIgA and is expected to have a 

longer half-life in mucosal secretions than non-secretory antibodies [123]. The longer 

half-life of S-IgA in mucosal secretions may enhance its ability to provide protection in 

the presence of microbial or host proteases that are likely present at the mucosal surfaces 

of the host. 

Mucosal IgA provides antigen-specific protection at mucosal surfaces by at least 

three different mechanisms including: immune exclusion, viral neutralization and 

antigen excretion [124]. Immune exclusion by IgA prevents antigens from crossing the 

epithelial barrier and entering the submucosa [124]. In the event that an antigen is able 

to cross the epithelium, IgA can sequester it and export the antigen back through the 

lumen via the pIgR [117] a process referred to as antigen excretion. Viral neutralization 

by IgA occurs by binding viral proteins and preventing the virus from entering a cell 

[125]. Recently, an increase in mucosal IgA has been observed in peanut-allergic patients 

who have been desensitized to peanuts after sublingual immunotherapy [126] . It may 

be possible for mucosal IgA to bind the protein antigens before they encounter the IgE 

bound to mast cells and thus reduce the onset of an allergic reaction. 
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1.1.2.2 T cells 

T cells are adaptive immune cells that can be CD4+ or CD8+. CD8+ T cells are 

cytotoxic lymphocytes (CTLs) that can directly kill cancer cells or cells infected with 

pathogens. CD8+T cells can also possess regulatory functions, kill effector T cells and 

produce immunosuppressive cytokines [127]. CD4+ T cells are T helper (Th) cells that 

can have effector or regulatory functions. T helper cells mediate their effector functions 

by producing cytokines that instruct B cells to switch to specific antibody isotypes and 

assist in the activation naïve CD8+ T cells by APCs [128]. In addition to helping to 

activate isotype switching in B cells and providing co-stimulation help in CD8+ T cell 

activation, some CD4+ T cells are also regulatory T cells that can suppress an immune 

response [129, 130]. 

1.1.2.2.1 T cell Activation 

It has been estimated that the T cell precursor frequency can range from 0.8 to 

less than 100 antigen-specific cells per million naïve T cells [131]. Thus, the number of 

naïve T cells specific for a foreign antigen (precursor frequency) is extremely low and 

activation of T cells is required to increase the number of T cells that recognize a specific 

antigen. T cell activation occurs by the T cell receptor (TCR) binding to the peptide 

epitope from the specific antigen presented in the context of MHC on the surface of the 

antigen presenting cell. Once in a mature state APCs, such as DCs and B cells process 

and present peptides on their cell surface in MHC complexes. The peptide-MHC 

(pMHC) complex on the activated APC binds the TCR on the T cell.  
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MHC class I and class II molecules present peptides to CD8+ and CD4+ T cells, 

respectively. MHC class I molecules present peptides derived from antigens that enter 

the cytosol of the cell such as, viruses and protozoa and peptides from infected cells that 

have undergone apoptosis [132]. Alternatively, MHC class II molecules present peptides 

from exogenous sources, such as extracellular bacteria and food antigens to CD4+ T cells 

[133]. Co-stimulation through interactions with CD28 on the T cell and CD80 and CD86 

on the APC is required to T cell proliferation and activation into effector cells. Cytokine 

secretion by the APCs during T cell ligation instructs the T cell to differentiate into 

different effector subsets, for example, Th1 or Th2 cells [134].  

1.1.2.2.2 T cell Effector Functions 

 

1.1.2.2.2.1 CD8+ T cells 

CD8+ T cells may be cytotoxic T lymphocytes (CTLs)that are involved in killing 

cancer cells or cells infected with pathogens or may be regulatory T cells [132, 135]. CTLs 

activated by pMHC class I are directed to kill host cells that express those antigens. 

CD8+ T cells kill target cells by release of granzymes and perforins which disrupt the 

cellular membrane of the target cell to allow proteins to enter the cell and induce 

apoptosis [136], a form of programmed cell death that does not mount an inflammatory 

response [137]. Another pathway by which CTLs can mediate cell death is by binding of 

death receptors, such as the TNF family-associated Fas ligand, on the cell surface [136]. 

CD8+ can suppress immune responses by direct contact with antigen-specific effector T 

cells [138] or through the production of IFN-γ and TGF-β [139]. 
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1.1.2.2.2.2 CD4+ T cells 

CD4+ T cells are MHC class II-restricted T helper cells. T helper cells secrete 

cytokines that assist in mounting both pro-inflammatory and anti-inflammatory 

responses. Effector T helper cells are involved in inducing and maintaining 

inflammatory responses while regulatory T cells suppress inflammatory responses. A 

major role of a T helper cell is to provide support in B cell activation, but the cytokines 

produced by T helper cells can also assist in immune responses mediated by CTLs and 

innate immune cells [140]. CD4+ T cells can also perform cytotoxic effector functions 

[141]. T helper cells are divided into subsets that are identified by specific transcription 

factors and cytokine profiles [136]. Transcription factors are proteins that bind DNA 

sequences that assist the converting of DNA into RNA where they work to initiate, 

enhance or repress the expression of a gene [142]. Cells such as dendritic cells and innate 

lymphoid cells in the microenvironment during T helper cell activation secrete cytokines 

that instruct them to differentiate into their respective subtypes [143-145]. Some of the 

major T helper subtypes include Th1, Th2, Th17 and regulatory T cells.  

1.1.2.2.2.3 Th1 Cells 

Th1 cells are induced by IL-12 from DCs and IFN-γ [144, 146]. Dendritic cells 

stimulated with CpG increases the ratio of IFN-γ (Th1): IL-5 (Th2) production by T cells 

[147]. The T-bet transcription factor and secretion of IL-2, IFN-γ and TNF-β defines a T 

helper cell as type 1 [148]. The cytokines produced by Th1 cells designate their effector 

functions. Th1 cells assist B cells to produce IgG2 and IgG3 antibodies [149]. Th1-
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associated responses are often involved in clearing of bacterial infections through cell-

mediated immunity [140]. Adoptive transfer of Th1 cells into T cell-deficient mice 

assisted in clearing a Bordetella pertussis infection [150]. Cytokines produced by Th1 cells 

can also inhibit the proliferation of Th2 cells [151]. Individuals that are allergic to eggs 

have displayed decreased Th1 responses compared to healthy individuals [152].  

1.1.2.2.2.4 Th2 Cells 

Interleukin-4 induces T helper type 2 cell differentiation, which can be achieved 

by the addition of IL-4 and blocking IFN-γ [153, 154]. Innate lymphoid cells (ILC) type 2 

are a source of IL-4, IL-5 and IL-13 that contributes to the production of Th2 cells [155, 

156]. Pam3CSK4 can increase IL-4 and IL-13 secretion from human naïve and memory T 

cells [157]. GATA3 is the Th2- cell specific transcription factor. Upon activation, Th2 cells 

secrete IL-4, IL-5 and IL-13 [140]. IL-10 has also been described to be secreted by Th2 

cells; however, recent publications have described IL-10 as a T regulatory cell cytokine 

[158]. Th2 cells function to enhance antibody production, decrease macrophage 

activation and increase eosinophil activity [159]. Normal Th2 cell responses are also 

involved with eliminating parasitic infections but aberrant Th2 responses are 

responsible for allergic diseases through the induction of IgE antibodies [7, 157]. Th2 

cells assist B cells to produce IgG1 and IgE isotypes [149]. Th2 cells can also inhibit the 

development of Th1 cells [160].  
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1.1.2.2.2.5 Th17 cells 

Th17 cells are induced by TGF-β, IL-6 and IL-21 [161]. The transcription factor 

associated with Th17 cells is the retinoic-acid orphan receptor (ROR)-γt. Activation of 

Th17 cells induces the secretion of IL-17, IL-22 and TNF [161] and Pam3CSK4 can 

increase IL-17 production in T cells [157]. The role of Th17 cells in allergic disease is 

controversial. It has been suggested that Th17 cells may be a biomarker for tolerance in 

food allergy [162]. Conversely, individuals with allergic asthma have been shown to 

display increased Th17 cells and IL-17 production compared to healthy individuals 

[163]. 

1.1.2.2.2.6 T regulatory Cells 

T regulatory cells (Tregs) are classically defined as CD4+ T cells that suppress 

proliferation and cytokine production of effector CD4+ and CD8+ T cells [164]. Tregs can 

be generated in the thymus (natural Tregs , nTregs) or induced in the periphery 

(inducible Tregs, iTregs) and can be identified by CD4+ CD25+ expression and the 

presence of the forkhead box P3 (FoxP3) transcription factor [165]. Natural Tregs are 

induced by the TCR binding to self-peptides in the thymus with high avidity, whereas, 

iTregs are induced in the periphery by foreign peptide antigens such as those derived 

from commensal bacteria or antigens administered to the host via route that induce 

tolerance such as oral or nasal routes [166, 167].  

Both nTregs and iTregs perform the same function, which is to maintain immune 

homeostasis by suppressing effector T cells once the pathogens are cleared and their 
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inflammatory state is no longer required [168]. Tregs also contribute to immune 

homeostasis by preventing inflammatory reactions to the microbiota that colonize the 

host [169]. Suppression mechanisms utilized by Tregs include IL-10 and TGF-β secretion 

and anti-stimulatory molecules such as cytotoxic T lymphocyte-associated antigen 

(CTLA)-4 and programmed death (PD)1 on their cell surface [170-172].  

Suppression functions of Tregs have been shown to involve the acquisition of 

transcription factors of other CD4+ T cell subsets including GATA-3 and T-bet (Th2 and 

Th1 cells, respectively) [170, 171]. For example, scurfy mice, which have a mutation in 

the FoxP3 gene and do not have functional Tregs [173], experience inflammatory disease 

characterized by an increase in Th1 cells. Adoptive transfer of wild-type Tregs that 

express T-bet to scurfy mice prevented disease whereas, Tregs from T-bet deficient mice 

were not protective [174]. Tregs can also assist in antibody isotype switching. IgA 

responses in the gastrointestinal tract directly correlate with the presence of Tregs [175]. 

Specifically, as Tregs are depleted, the number of IgA+ B cells and total amount of IgA 

decreases [175]. Similarly, T regulatory cells have been associated with the increase of 

IgG4 and the decrease of IgE in allergic individuals [176]. 

1.1.2.2.3  T cell Plasticity 

Differentiation of naive CD4+ T cells into the various T helper cell subtypes was 

once thought to be a terminal linear process [177]. However, recent reports have 

suggested that differentiated CD4+ T cells may display a level of plasticity allowing 

CD4+ T cells exhibiting one specific effector type (e.g., Th2) to transform to another 
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effector type (e.g., Th1) [178]. Several factors including antigen load, co-stimulation, 

cytokine microenvironment and signal transduction activator of transcription (STAT) 

signaling have all been implicated in driving T cell plasticity [170, 179-181].  

T cell plasticity can occur in multiple types of T helper cells including Th1, Th2 

and Tregs. For example, CD4+ T cell plasticity has been demonstrated through the 

ability of committed Th2 cells (GATA3+) to acquire a Th2/Th1 (GATA3+/Tbet+) 

phenotype [178] and IL-4 producing cells (Th2) to gain the ability to secrete IFN-γ (Th1) 

and vice versa [182] upon opposite polarizing conditions. Tregs have been shown to 

alter their transcription factor expression and become effector CD4+ Th1 and Th2 cells 

[183, 184]. Williams et al. has described the loss of Foxp3 in Tregs results in a loss of 

suppressive activity and the acquisition of Th1-associated IL-2, TNF-α and IFN-γ after 

transfer into T cell-deficient mice [184]. Similarly, Wang et al. reported that the level of 

Foxp3 expression in Tregs after adoptive transfer into lymphopenic hosts determines the 

plasticity of Tregs to produce Th1 or Th2 cytokines [183]. It has been reported that Tregs 

that have low levels of Foxp3 begin to secrete the Th2-assoiciated IL-4, while Tregs that 

completely lost Foxp3 secreted the Th1-associated IFN-γ [183]. Since it is possible that T 

cells can acquire alternative phenotypes from which they were originally differentiated, 

this property may be manipulated to design vaccines that protect against allergic and 

infectious diseases. 
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1.2 Vaccines 

A vaccine is defined “a product that produces immunity from a disease” [185]. 

Vaccines are a major advancement in public health that has reduced the incidence of 

infectious diseases world-wide. The United States Center for Disease Control and 

Prevention (CDC) has estimated that children born in the last 20 years will be protected 

from 21 million hospitalizations and over 700,000 deaths due to receiving vaccinations 

[186]. The term vaccination is derived from “vacca” which is Latin for cow, since the first 

modern vaccination was performed by Edward Jenner using cowpox [187]. Jenner is 

regarded as the father of modern vaccination due to an experiment he conducted in an 

8-year-old boy, James Phipps. In this experiment, Jenner inoculated Phipps with 

material from a milkmaid’s cowpox lesion and monitored the boy for signs of infection. 

Phipps became ill for about 9 days but recovered from his infection. Jenner then exposed 

Phipps to smallpox a few months after the initial cowpox exposure; however, Phipps 

did not become ill [187]. It was this finding that exposure to sub-lethal cowpox infection 

provided protection against subsequent exposures to the related pathogen, smallpox 

that created a basis for vaccination designs.  

Vaccines work by activating the innate and adaptive immune systems to 

generate antigen-specific memory immune responses that can prevent disease upon 

exposure to the specific pathogen post-vaccination. The administration of vaccines can 

occur by an injection with a needle or direct application to mucosal surfaces (e.g., nasal 
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or oral delivery). Today there are several types of vaccines used to protect against 

infectious diseases, including live-attenuated, inactivated, toxoid and subunit vaccines 

[188].  

1.2.1 Parenterally-Administered Vaccines 

Parenteral vaccines are administered by any route that does not include mucosal 

routes. They can be injected with needles by intramuscular, intradermal or subcutaneous 

routes. Typical immune responses induced by a parenteral injection include increased 

serum IgG antibodies with little to no mucosal antibody responses [189] but can also 

include CD4+ and CD8+ T cell responses [190]. It is likely that all vaccines that contain 

TD antigens induce CD4+ T cell responses since T cells are required to provide help in 

antibody isotype switching. 

1.2.1.1 Live-attenuated Vaccines 

Following along the lines of Jenner’s discovery with cowpox, several vaccine 

strategies use live-attenuated pathogens to induce protective immune responses. Live-

attenuated vaccines are live microbial agents that have been attenuated to reduce the 

virulence in vaccine recipients. Some of the United States’ Food and Drug 

Administration (FDA)-approved live-attenuated vaccines include the measles, mumps 

and rubella (MMR) and chickenpox (Varicella) vaccines [191].  

Live-attenuated vaccines are effective at inducing protective immune responses. 

The combination of MMR plus a Varicella vaccine induced protective immune responses 
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in healthy children with a positive protective rate of 100% against all four pathogens 

[191]. A live-attenuated vaccine may lose its attenuation and obtain similar virulence as 

the natural infection [188]. It is estimated that the live polio vaccine has the ability to 

mutate and cause disease in 1: 500,000 individuals [192]. Due to their ability to infect, 

live-attenuated virus vaccines may not be safe for individuals with weakened immune 

systems such as the elderly or cancer therapy patients.  

Live-attenuated vaccines can induce antibody, CD4+ and CD8+ T cell responses 

[193]. Antibody responses induced by a live-attenuated vaccine, such as the measles 

virus, have a longer half-life than antibody responses induced to toxoid antigens, such 

as tetanus toxoid [193]. Smallpox vaccines can induce antibody responses  that are stable 

in immunized individuals for up to 75 years [194]. Similarly, the live polio vaccine 

induces longer-lasting immunity compared to the inactivated polio virus [195]. Since 

live-attenuated vaccines are a weakened form of an infecting pathogen, they contain the 

natural PAMPs present in the organism [196] and do not require the addition of an 

adjuvant to activate the innate immune system [197].  

1.2.1.2 Inactivated Vaccines 

Inactivated vaccines have an increased safety profile compared to live-attenuated 

vaccines since they are not infectious and therefore, the risk of regaining virulence is 

absent. Formaldehyde, heat or exposures to organic compounds are methods to 

inactivate pathogens for vaccine development [198]. Although inactivated vaccines 
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contain PAMPs that can activate the innate immune system, their immunogenicity is 

reduced compared to live-attenuated vaccines due to the absence of replication or 

cellular infectivity of the killed organisms [188]. For example, a study that compared the 

effectiveness of a live-attenuated influenza vaccine to an inactivated influenza vaccine to 

reduce viral recovery after an influenza challenge demonstrated reduced viral recovery 

in individuals who received the live-attenuated vaccine compared to the inactivated 

vaccine [199]. Similarly, CD4+ and CD8+ IFN-γ producing T cells were increased in 

children vaccinated with the live-attenuated influenza vaccine compared to the 

inactivated influenza vaccine [200]. Inactivated vaccines often require multiple boosters 

to induce potent immune responses since pathogen replication is absent [188]. Although 

PAMPs are present in inactivated vaccines, the inclusion of adjuvants in the vaccine 

formulation may provide additional help that can enhance the immune responses 

induced.  

 IPOL® is an inactivated poliovirus that induces viral neutralizing antibodies 

[201]. The current inactivated polio vaccine does not contain an adjuvant however, 

several preclinical and clinical studies are investigating the inclusion of adjuvants such 

as, alum or CpG [192], since current inactivated polio vaccines induce protective 

immunity on only82% of vaccine recipients [201]. The addition of alum to the 

inactivated polio vaccine enhances immunogenicity in humans with rare adverse events 

[202].  
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HAVRIX® is an inactivated hepatitis A vaccine that contains alum as an adjuvant 

[203]. This vaccine provides protection against a hepatitis A infection by inducing 

hepatitis A-specific antibody responses greater than the detectable antibody response 

observed by passive transfer of 2.5-5 times, which is the standard antibody dose used in 

prophylaxis therapy to prevent hepatitis A infection [203]. It is estimated that 

immunization with the hepatitis A vaccine should provide protective immunity for at 

least 25 years [204, 205].  

1.2.1.3 Subunit Vaccines 

Subunit vaccines only contain antigenic portions of the pathogen that can induce 

protective immune responses instead of the entire organism like live-attenuated and 

inactivated vaccines. There can be one or more antigens in a single subunit vaccine 

formulation. The antigens used in subunit vaccines can be proteins or polysaccharides 

but they must elicit protective immune responses. Subunit antigens are often poorly 

immunogenic on their own and require the use of an adjuvant to induce potent immune 

responses [206]. Since subunit vaccines contain selected antigens, the pathogen-specific 

immune response diversity is reduced compared to an inactivated vaccine or natural 

infection. For example, a person immunized against hepatitis B will have hepatitis B 

surface antigen (HBsAg)-specific immune responses but a person infected with hepatitis 

B will have immunity against all of the antigens present in the hepatitis B virus [188]. 
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The hepatitis B vaccine, ENGERIX-B® utilizes a protein antigen but subunit vaccines can 

also be developed to contain polysaccharide antigens. 

Typhim® contains VI polysaccharide from the Salmonella typhi to induce potent 

VI-specific IgG responses that protect against the pathogen [207]. The polysaccharide 

antigen in the Typhim vaccine is a TI antigen and thus may account for the low levels of 

protective immunity since the vaccine only induced protective immune responses in 

55% of those that received the vaccine [207]. Polysaccharide antigens are often less 

immunogenic than protein antigens and one method to increase the immunogenicity of 

polysaccharides is to conjugate them to protein carriers. Immunization with Salmonella 

VI polysaccharide conjugated to a protein increased VI-specific IgG antibodies 

compared to immunization with VI polysaccharide alone [208]. The observation that 

protein-polysaccharide conjugate vaccines induce higher antibody responses than 

polysaccharide vaccines alone demonstrates the value of T cell help in the induction of 

antigen-specific antibodies. 

1.2.1.4 Toxoid Vaccines 

Toxoids are created by inactivating virulent toxins produced by pathogens such 

as Clostridium tetani and Corynebacterium diphtheria, the causative agents for tetanus and 

diphtheria, respectively, as a part of their pathogenesis with formaldehyde to maintain 

immunogenicity without causing disease [209]. Formaldehyde treatment of toxins alters 

the antigens present in the toxoid and may reduce their ability to induce antigen-specific 
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antibodies against natural epitopes, despite their ability to induce protective immunity 

[210]. It has been shown that toxoids formed from formalin-treated Toxin A from 

Pseudomonas aeruginosa has different antigenic epitopes than the untreated toxin and 

some of the parent epitopes were destroyed [210]. Although the antigenic epitopes are 

different in toxoids compared to the parent toxin, toxoids were able to induce immune 

responses. However, increased time of formalin treatment decreased immunogenicity of 

antigen alone [210]. Toxoid vaccines often require the use of an adjuvant to induce 

protective immune responses since the toxoids usually are not PAMPs themselves and 

therefore lack the ability to activate the innate immune system [188].  

Toxoid vaccines, such as BOOSTRIX®, which contains diphtheria and tetanus 

toxoids, acellular pertussis antigens may be adjuvanted with aluminum hydroxide [211]. 

Immunization with toxoid vaccines can induce long-lasting immune responses but often 

require booster immunizations to maintain these responses. For example, according to 

the CDC, the TDaP vaccine requires 5 vaccine doses before 6 years old and additional 

booster immunizations during ages 11-18 and 19 and older [212]. While toxoid and other 

parenteral vaccines can increase systemic immune responses potent mucosal immunity 

may be low. 

1.2.2 Mucosal Vaccines 

Vaccines may be administered via by topical application to a mucosal surface, 

such as by the intranasal route or the oral route. Mucosal immunization has an 
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advantage over injection immunization because it can induce immune responses 

systemically and at mucosal sites, both at the site of administration and in distal mucosal 

tissues [213]. Protective immune responses induced by mucosal vaccines include the 

induction of antigen-specific serum IgG, mucosal IgA and CD4+ and CD8+ T cells [189] . 

Mucosal immunization allows for active immunity at the port of entry of many 

pathogens, e.g. respiratory tract (influenza) and gastrointestinal (GI) tract (rotavirus). 

Current FDA-approved mucosal vaccines are live-attenuated vaccines and some of 

them, such as the rotavirus vaccine can induce life-long protective immunity without 

many booster immunizations [214]. Similar to live-attenuated parenteral vaccines, 

mucosal live-attenuated vaccines do not require the use of an adjuvant since PAMPs are 

present that can activate the innate immune system.  

1.2.2.1 Live-attenuated mucosal vaccines 

Mucosal administration of live-attenuated vaccines has increased 

immunogenicity compared to mucosal delivery of inactivated vaccines and induces 

mucosal antibody responses more effectively than parenteral vaccines [215]. Clinical 

trials have described the ability of intranasal immunization with one dose of a live-

attenuated influenza vaccine to induce hemagglutinin inhibiting antibodies (HAI) and 

neutralizing antibodies (NtAbs) in 25% and 50% of vaccine recipients, respectively, 

whereas intranasal immunization with one dose of an inactivated influenza vaccine 
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induced HAI antibodies and NtAbs in 13% and 27% of vaccine recipients, respectively 

[215]. 

Combination prime/boost regimens may also enhance mucosal antibody 

production. Intranasal immunization with live-attenuated or inactivated vaccines 

induced similar mucosal antibody responses after one dose; however, a two dose 

immunization regimen that primed with intramuscular administration with an 

inactivated influenza vaccine and boosted with an intranasal live-attenuated influenza 

vaccine increased HAI and NtAbs to 93% and 93%, respectively in the serum and 60% 

antibodies in nasal washes [215]. Conversely, intramuscular prime with the inactivated 

influenza vaccine following by intranasal boost with the inactivated influenza vaccine 

induces HAI, NtAbs and nasal antibodies in 88%, 94% and 38% of vaccine recipients, 

respectively [215]. Although nasal delivery of live-attenuated influenza vaccines induce 

antibody responses similar to inactivated influenza vaccine after one dose, priming the 

immune system with the inactivated vaccine delivered by the intramuscular route 

increases the efficacy of live-attenuated intranasal vaccines to induce mucosal antibody 

responses. Intramuscular prime and boost with an inactivated influenza vaccine induce 

HAI and NtAbs in 92% and 100% of vaccine recipients, respectively but only induce 

nasal antibodies in 17% of vaccine recipients [215].  

 FluMist® is the live-attenuated influenza vaccine that is FDA-approved for nasal 

use. It has been proposed that protective immunity induced by FluMist® includes serum 
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and mucosal antibody responses and antigen-specific T cell responses [216]. Less than 

4% of individuals vaccinated with FluMist® displayed positive culture-confirmed 

influenza (CCI) whereas 12-18% were CCI positive [216]. In addition to nasal 

administration, oral delivery of vaccines is another form of mucosal immunization. 

ROTARIX® is a FDA-approved live-attenuated oral rotavirus vaccine. The 

protective mechanism of ROTARIX® is unknown; however, it reduces the incidence of 

infection in 87% of vaccinated children [217]. Like FluMist® and ROTARIX®, the other 

vaccines that are FDA-approved for mucosal administration are live-attenuated vaccines 

such as the oral Salmonella typhi vaccine, Vivotif®.   

Although live-attenuated vaccines can induce potent protective immune 

responses, the disadvantages of potentially reverting to a virulent pathogen or the 

increased risk of disease in individuals with weakened immune systems, such as elderly 

or immunocompromised populations, has led to interest in developing alternative 

vaccination strategies. Inactivated, subunit and toxoid vaccines may be safer alternatives 

to live-attenuated vaccines. However, similar to parenteral vaccines, in order for subunit 

and toxoid vaccines to be administered to a mucosal surface, an adjuvant is required to 

induce potent immune responses. To date, no vaccines that utilize added adjuvants have 

been FDA-approved for use in humans for delivery by a mucosal route. 
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1.2.2.2 Inactivated Mucosal Vaccines 

Inactivated vaccines have been used mucosally in countries outside of the United 

States. Clinical trials have demonstrated the ability of two doses of an oral inactivated 

cholera vaccine to protect 65% of the vaccine recipients from a cholera infection 

compared to placebo vaccination with inactivated E. coli [218]. Recently, Dukoral®, an 

inactivated cholera vaccine, has been approved for oral delivery in Europe. Dukoral® 

contains both heat and formalin-inactivated Vibrio cholerae bacteria and the cholera toxin 

B subunit to protect against traveler’s diarrhea and cholera [219]. Similar to parenteral 

inactivated vaccines, protective immunity, which includes antitoxin IgA responses 

requires multiple booster immunizations. The efficacy of the inactivated cholera vaccine 

is not maintained for long periods of time. Dukoral® prevents cholera infection in 80-

85% of vaccine recipients after 6 months post-immunization and decreases to 63% after 3 

years without a booster. The duration of full protective immunity from cholera induced 

by Dukoral® is about 2 years [219]. Immune responses induced by mucosal inactivated 

vaccines is often short-lived and less potent than live-attenuated vaccines, thus the 

inclusion of additional vaccine adjuvants may enhance the efficacy of inactivated 

mucosal vaccines. 

1.2.2.3 Mucosal Tolerance 

Immunization with other types of vaccines, such as subunit and toxoid vaccines 

by mucosal routes in the absence of adjuvant, may induce immunological 



 

40 

unresponsiveness to the specific antigen. The lack of a measurable antigen-specific 

immune responses after mucosal delivery of antigen in an environment that is expected 

to induce an immune response is referred to as mucosal tolerance [220]. Mucosal 

tolerance is an active immune process in which immune cells do not respond to antigens 

after prior exposures [220]. T cells mediate tolerance by two mechanisms depending on 

the dose of antigen. Low doses of antigen induce tolerance by producing 

immunosuppressive cytokines, IL-10 and TGF-β, and high doses of antigens induce 

tolerance mediated by anergy of antigen-specific T cells [221]. Oral tolerance prevents 

inflammatory reactions to commensal bacteria and food antigens [222]. Th1-associated 

inflammation is suppressed by oral tolerance more easily than Th2-assoicated 

inflammation, which often requires higher doses of antigen and repeated 

administrations [222]. In order for a mucosal vaccine to be immunogenic it must be 

delivered to the host in a manner that induces antigen-specific protective immunity 

while not inducing antigen-specific mucosal tolerance. The use of vaccine adjuvants can 

convert a toleragenic mucosal vaccine regimen into the effective induction of antigen-

specific immunity [223]. 

1.2.3 Vaccine Adjuvants 

Adjuvants are classically defined as a substance added to a vaccine that can 

enhance or modify an immune response towards an antigen [224-226]. Adjuvants can 

accelerate the rate at which the immune response is induced, increase the magnitude of 
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a particular response and skew an immune response towards specific adaptive immune 

type, for example, Th1 versus Th2 versus Treg [224]. Vaccine adjuvants can be separated 

into different classes based upon their mechanism of action and formulation, such as 

aluminum salts (alum), emulsions (e.g., mineral oil), cytokines (e.g., Interleukin-1) and 

PAMPs from pathogens (e.g., TLR ligands) [224, 227]. In order for a vaccine that does 

not contain many PAMPS (e.g., a subunit or toxoid vaccine) to be immunogenic, 

adjuvants are often required to achieve potent responses [188]. Currently alum and 

monophosphoryl lipid A (MPL) are the only FDA-approved adjuvants commercially 

available in the United States [228]. However, squalene (MF59) has also been approved 

for stockpiled influenza vaccines [228]. These adjuvants are only available for injected 

vaccines. There are no adjuvants currently approved for mucosal use; however, several 

preclinical and clinical studies are investigating new adjuvants that can be safely used 

by both the parenteral and mucosal routes. 

1.2.3.1 FDA-Approved Adjuvants  

1.2.3.1.1 Aluminum Salts (Alum) 

Aluminum salts, such as aluminum hydroxide, aluminum phosphate and 

aluminum potassium sulfate have been used in vaccines for many years [229]. Many 

vaccines including subunit and toxoid vaccines and some inactivated vaccines contain 

alum as their sole adjuvant. For example, HAVRIX® is an inactivated hepatitis A 

vaccine that contains 1440 ELISA units of viral antigen absorbed to 0.5 mg of alum [203].  
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Alum is known to induce a Th2-biased immune response with the potential to 

increase IgE [230]. Many preclinical animal studies use alum to sensitize mice to 

allergens through injections with allergens [231]. Alum is only effective when injected 

and is not a good adjuvant for mucosal use [232]. Intramuscular immunization with the 

alum-adjuvanted hepatitis B vaccine induced more potent immune responses than oral 

immunization with the same vaccine [232]. 

 It was previously thought that alum provided its adjuvant activity through the 

creation of a depot at the injection site, which allowed for continuous antigen sampling 

[233]. However, recent publications have suggested that alum induces local cell death 

that activates PRRs through the release of DAMPs, such as DNA and uric acid, and this 

response activates the innate immune system through the inflammasome [234]. 

Although local cell death has been observed with the use of alum, it is still regarded as a 

safe adjuvant and is used in many of today’s vaccines.  

1.2.3.1.2 Monophosphoryl Lipid A  

Monophosphoryl lipid A (MPL) is a derivative of bacterial lipopolysaccharide 

(LPS) that has reduced toxicity compared to LPS [235]. MPL is a TLR4 ligand and can 

activate the immune system by binding its receptors on cells. MPL can induce a Th1-

associated response as observed by IFN-γ and TNF production [236]. Macrophages 

stimulated by MPL increase IL-10, IL-12 and IFN-γ mRNA responses [237]. MPL is FDA-

approved for use in humans when combined with alum in the adjuvant system AS04 

[235].  
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MPL adjuvant activity to polysaccharide antigens may include activation and 

recruitment of macrophages, increased antigen presentation and decreased suppressor T 

cells responses [238]. Intranasal administration of Streptococcus antigens with MPL 

induce serum and mucosal antigen-specific antibody responses compared to mice 

immunized with antigen alone or mice immunized with antigen + MPL by the oral route 

[239]. Nasal immunization with MPL has also been tested in humans as a part of a 

Norovirus vaccine and increases antigen-specific serum IgG and IgA and mucosal IgA 

without any observed adverse effects [240]. The development of MPL and other 

experimental adjuvants for mucosal vaccines continue to be investigated. 

1.2.3.2 Experimental Adjuvants 

1.2.3.2.1 Cholera Toxin 

Cholera toxin (CT) is a toxin produced by Vibrio cholerae and is the gold standard 

adjuvant for mucosal vaccines [241]. CT is an ADP-ribosyltransferase that increases 

cyclic AMP, which leads to fluid secretion. It is composed of a catalytic A subunit and 5 

B binding domains [242]. Upon contact with host cells, CTB binds the GM1 gangliosides 

on the cell surface and creates a pore for CTA to enter the cell. Once inside the cell CTA 

adds ADP-ribose molecules to the Gsα subunit, which converts GTP to GDP and turns it 

on constitutively leading to an increase of cAMP [243]. The increase in cAMP allows for 

ions and fluids to be released, which results in the diarrhea observed with a V. cholerae 

infection. CT may provide adjuvant activity by enhancing antigen uptake through 

increased permeability of epithelial cells and increased APC activation [244, 245]. CT 
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induces CD86 expression in APCs through a mechanism that involves increased cAMP 

[246], increases IL-1, IL-6 and IL-10 responses and decreases IL-12 and TNF-α 

production [247]. 

CT is an effective adjuvant that induces potent immune responses when 

administered mucosally including nasal and oral/gastric routes [248]. It is a classic Th2-

skewing adjuvant that has been shown to induce IgG1, IgE and IL-4 responses in mice 

[249]. However, in some instances CT can induce Th1 and Th2 responses as identified by 

the induction of antigen-specific IFN-γ and IL-4 responses, respectively [250]. Cholera 

toxin is often used to sensitize mice to peanut antigens in models of peanut 

hypersensitivity when administered by the gastric route [251]. This phenomenon is 

thought to be due to CT’s ability to disrupt the membrane integrity of the epithelium in 

the GI tract as well as its ability to drive Th2 responses. Although CT is an effective 

adjuvant that induces potent immune responses when applied mucosally, cholera toxin 

and the related heat-labile toxin are not safe for human use due to adverse events 

including accumulation in the olfactory bulbs and temporary facial paralysis after nasal 

administration [252, 253].  

1.2.3.2.2 Interleukin-1 

Interleukin-1 is a cytokine that has been described as a potent nasal vaccine 

adjuvant when administered with ovalbumin, tetanus toxoid and influenza [227, 254]. 

Signaling through, the IL-1 receptor (IL-1R) is required for adjuvant activity of IL-1. IL-

1R shares a signaling pathway with MyD88, which is required for activation of all TLRs 
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except TLR3 [255]. IL-1 does not have adjuvant activity in MyD88 knockout mice [26]. 

Interestingly, maximal adjuvant activity of IL-1 is dependent on IL-1 activation of 

MyD88 in CD11c+ cells including DCs [26].  

Nasal delivery of IL-1 combined with recombinant lethal factor (rLF) from 

Bacillus anthracis induced rLF-specific antibody responses that were comparable to CT 

[26]. Serum antibody responses induced by IL-1 were skewed towards a Th2 response 

with greater IgG1 titers compared to IgG2a. IL-1 has also been shown to enhance CD8+ T 

cells that produce granzyme B and IFN-γ and Th17 cells [256, 257]. 

1.2.3.2.3 Compound 48/80 

Compound 48/80 (C48/80) is a polymeric chemical compound that is derived 

from a mixture of phenethylamine and formaldehyde and is known to induce mast cell 

degranulation [258]. Maximal adjuvant activity of C48/80 has been shown to be 

dependent on mast cells [259], thus mast cell activators have been identified as a new 

class of compounds that possess adjuvant activity. Intradermal mast cell activation 

induced by C48/80 increased recruitment of antigen-pulsed dendritic cells to the 

draining lymph node and enhanced antigen-specific T cell responses [260]. Studies have 

shown that C48/80 is a potent adjuvant when used in parenteral and mucosal 

immunizations in mice [259, 261].  

Intradermal injection of recombinant anthrax protective antigen (rPA) and 

C48/80 induced potent rPA-specific IgG responses that were greater than injection of 

antigen alone in C3H/HeN mice [261]. C48/80 has also been shown to be associated with 
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Th2 responses as demonstrated by increased antigen-specific IgG1 responses compared 

to IgG2a/b and IL-5 production compared to the Th1-associated adjuvant, CpG [261]. 

Although C48/80 can induce IFN-γ responses compared to immunization with antigen 

alone, the amount of IFN-γ induced by C48/80 is decreased compared to CpG [261].  

C48/80 is an effective adjuvant when administered nasally to both mice and 

rabbits [259, 262]. Dutch Belted and New Zealand White rabbits were nasally 

immunized with a botulinum antigen, a mucosal targeting ligand, adenovirus type 2 

fiber protein (AD2F), and C48/80 on Days 0, 14, 28 and 91. After three immunizations 

C48/80 induced potent immune responses that were significantly greater than antigen 

alone; however, by the fourth dose C48/80-induced responses decreased [262]. Similarly, 

a mouse study demonstrated that nasal delivery of C48/80 induced antigen-specific 

antibody responses comparable to CT and this adjuvant activity was dependent on mast 

cells [259]. Nasal delivery of C48/80 can also induce protective immune responses 

against Streptococcus pneumoniae comparable to CT and the TLR2 ligand, Pam2CSK4 in 

young mice [263]. Although C48/80 is an effective vaccine adjuvant for both injected and 

mucosal immunizations the presence of many polymers in its chemical makeup induces 

batch-to-batch variability and therefore, would not be a practical adjuvant for vaccines. 

1.2.3.2.4 R848 

The presence of TLRs on the surface of many cells has led to the investigation of 

TLR ligands as potential adjuvants that can directly activate the innate immune system. 

R848 is a synthetic TLR 7/8 ligand that has antiviral activity [264]. R848 has potent Th1 
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skewing abilities when combined with the TLR3 ligand poly:IC as demonstrated by the 

secretion of IL-12 from dendritic cells [265]. Furthermore, DCs primed with R848 

induced T cells to secrete IFN-γ and become CTLs [265].  

R848 can induce antigen-specific IgG2a responses and decrease total IgE 

responses when administered by parenteral and mucosal routes [266]. When combined 

with OVA + alum, R848 increased the OVA-specific IgG2a:IgG1 ratio and IFN-γ 

production similar to CpG combined with OVA + alum [266]. R848 can induce protective 

immune responses in BALB/c mice subcutaneously immunized with Leishmania major 

antigen through an increase in Th1 responses that provided protection from a L. major 

challenge [267]. R848 can also modulate allergic disease. A mouse model of allergic 

airway-hyperreactivity (AHR) demonstrated the ability of R848 to reduce AHR by 

increasing T regulatory cells that required transforming growth factor (TGF)-β for 

suppression [268]. 

1.2.3.2.5 Pam3CSK4 

Pam3CSK4 is a synthetic mimic of bacterial lipoproteins that bind the TLR2/1 

heterodimer [269]. It is a tripalmitoyl fatty acid molecule that contains cysteine, serine 

and four lysine amino acids [270]. Pam3CSK4 can activate DCs to secrete IL-6, IL-10, IL-

12 and TNF-α [271]. DC activation by Pam3CSK4 may induce Th1, Th2 or Treg 

responses. Co-culture with Pam3CSK4 stimulated DCs to polarize naïve T cells to 

secrete IFN-γ and IL-10 [48], which may correspond to Th1 and Treg cells, respectively. 

A mouse model of influenza immunization described the ability of Pam3CSK4, to 
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induce influenza-specific IgG1 responses [97]. Alternatively, immunization of mice with 

Pam3CSK4, influenza (flu) and tetanus toxoid (TT) induced flu and TT-specific antibody 

responses that were significantly greater than immunization with antigens alone [97]. In 

this study, Pam3CSK4 was a better adjuvant than alum, CpG and R848 for the induction 

of flu-specific antibodies but not TT-specific antibodies [97].  

The TLR2/1 ligand Pam3CSK4 has been shown to contribute to the suppression 

of allergic disease in both humans and mice [272]. Treatment of peripheral blood 

mononuclear cells from allergic individuals (PBMC) with allergen and Pam3CSK4 

induced regulatory T cells that increased IL-10 production, decreased IL-4 antibody 

responses and suppressed T cell proliferation [272]. Similarly, a mouse model of OVA-

induced allergy demonstrated the ability of Pam3CSK4 to reduce airway 

hyperresponsiveness and increase Th1/ regulatory T cell responses when combined with 

OVA and administered by the sublingual route [48, 97]. 

1.2.3.2.6 CpG 

The TLR9 ligand, CpG, is also a potent vaccine adjuvant for both parenteral and 

mucosal vaccines [261, 273] . Unmethylated CpGs are synthetic mimics of bacterial and 

viral oligodeoxynucleotides. There are three types of CpG, A, B and C. CpG-A contains 

an internal palindrome and polyG sequence [70]. They are known to induce IFN-α from 

plasmacytoid DCs [274]. CpG-B has a phosphothioate backbone instead of a 

phosphodiester backbone like CpG-A that allows for the ODN to be more resistant to 

nuclease degradation, which may increase its half-life and immunogenicity. This form of 
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CpG is efficient at activating B cells [274]. CpG-C is a combination of both CpG-A and 

CpG-B. DCs may be a cell source that must be activated by CpG for adjuvant activity. 

DCs deficient in MyD88 signaling, which is required for CpG activation, have decreased 

IL-12 production when stimulated with CpG [27]. Additionally, antigen-specific 

antibody responses are decreased in mice that have MyD88-deficient DCs after 

immunization with OVA + CpG. Data obtained from Hou et al. suggests that CpG 

adjuvant activity is dependent on activation of DCs through MyD88 signaling. CpGs can 

induce both Th1 and Treg responses by increasing IL-12 and IL-10, respectively [70]. In 

conjunction with its ability to increase Th1-type responses, CpG can also decrease Th2-

type responses [275].  

CpG may be an effective adjuvant that can improve immunity against allergic 

and infectious diseases. A model of allergic airway hyper-reactivity demonstrated that 

the delivery of CpG to sensitized mice after challenge increased antigen-specific IgG2a 

and total IFN-γ in the bronchoavelor lavage (BAL) fluid and decreased antigen-specific 

IgG1 and IgE and BAL fluid IL-4, IL-5 and IL-13 [275]. CpG has been shown to be 

effective at inducing antigen-specific antibody responses greater than immunization 

with antigen alone when administered by several mucosal routes including rectal, nasal 

and oral [273]. Interestingly, a mouse model of nasal immunization against influenza in 

a virus-like particle vaccine demonstrated that CpG could increase virus-specific serum 

IgG and IgA responses compared to MPL but were decreased compared to CT [276]. 
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Quan et al. demonstrated the ability of CT to reduce viral load in the lungs of influenza- 

challenged mice compared to CpG; however, CpG induced comparable levels of 

survival compared to CT [276]. Similarly, a mouse model of vaccination against Neisseria 

meningitidis has described the ability of CpG to induce serum bactericidal antibodies 

similar to the TLR3 ligand, Poly I:C, the TLR4 ligand, MPL, and the TLR7 ligand, 

imiquimod, even though the total antigen-specific IgG antibodies induced by CpG were 

lower than those induced by MPL and imiquimod [277]. Clinical trials are in progress to 

investigate the safety and efficacy of CpG as an adjuvant in anthrax and malaria 

vaccines [278, 279]. CpG combined with the current anthrax vaccine, which contains 

protective antigen (PA) and alum, increased toxin neutralizing antibodies at a faster rate 

than immunization with PA and alum alone [279]. 

1.3 Allergic Disease 

Allergic diseases are immediate type-one hypersensitive immunological 

reactions to foreign substances including dietary and plant proteins that can occur 

within minutes to hours. Multiple organs including the respiratory tract, skin and 

gastrointestinal tracts can be impacted by allergies. Immediate type-one 

hypersensitivities are a fine-tuned symphony mediated by allergen-specific IgE 

antibodies, mast cells, Th2 cells and inflammatory mediators. Over the last century the 

incidence and severity of allergic diseases have increased [280]. Allergic diseases, such 

as allergic rhinitis and food allergies including peanut hypersensitivities are a growing 
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concern in industrialized countries. According to the American Academy of Allergy 

Asthma and Immunology and the World Health Organization (WHO), 40-50% of school-

aged children are sensitized to one or more allergens worldwide [281]. Insect stings, 

respiratory allergies and food hypersensitivity are the most damaging forms of this 

disease. The prevalence of allergic disease, mechanisms involved in allergen 

sensitization in the context of peanut allergy and potential therapeutic solutions to 

reduce peanut allergy severity will be discussed below. 

1.3.1 Allergic Disease Risk Factors 

Allergic diseases have increased in industrialized countries in the last 50 years  as 

modern technologies began to emerge [281]. Since so many cases of allergies have arisen 

in a rapid manner, the onset of allergic disease is thought to be associated with 

environmental changes rather than genetic abnormalities. In 1989, Dr. Strachan 

postulated the hygiene hypothesis as an explanation to the increased prevalence of 

allergic disorders [4]. The hygiene hypothesis simply suggests that as microbial 

exposures decrease, allergic diseases increase. This phenomenon was advocated by the 

correlation of a decrease in infectious diseases with an increase in autoimmune and 

allergic disease [1]. Since the hygiene hypothesis was proposed, several environmental 

risk factors have been associated with an increase in allergic disease including reduced 

exposures to environmental microbes, endotoxin and infectious diseases and increased 

vaccination and antibiotic use. 
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1.3.1.1 Environmental Endotoxin (LPS) and Allergy 

Decreased exposure to environmental endotoxin (i.e., LPS) has been identified as 

a risk factor associated with the increased development of allergic diseases in 

industrialized countries. Industrialized countries have better living conditions today 

than they had 100 years ago. The sanitation levels in urban areas have increased due to 

technological advances, improved living standards and better personal hygiene. As a 

result of this increased sanitation, the amount of LPS individuals are exposed to has 

decreased. LPS exposure primes the immune system to produce Th1 cytokines IFN-γ 

and IL-12, thereby stimulating Th1-biased immunity that often includes decreased 

production of IgE with enhanced production of IgG2a [282, 283]. The presence of Th1 

cytokines prevents Th2 cells from forming and creates an immune environment that is 

not ideal for the development of allergic disease. A mouse model of ovalbumin allergy 

described the ability of LPS to reduce Th2 responses when administered during the 

allergen-sensitization period [284]. 

LPS exposure may also influence allergic disease in humans. Developing 

countries, such as those found in Sub-Saharan Africa, typically have substandard living 

conditions while also demonstrating low levels of allergic disease [285]. However, 

socioeconomic status in African countries was also a risk factor for allergen sensitivity as 

determined by skin prick tests [286]. The highest prevalence of allergy was observed in 

the wealthy communities of urban areas and the lowest allergy prevalence was observed 
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in rural areas [286]. Similarly, farming environments with high levels of endotoxin are 

often associated with a reduced incidence of allergic disease [287-289]. Individuals who 

were raised on farms or have frequent contact with livestock are presumed to have 

greater endotoxin exposure than those who do not reside on a farm and interact with 

livestock. A decrease in allergic rhinitis was observed in individuals that lived on farms 

compared to those that did not [290], suggesting a protective effect of a farming 

environment for the development of allergic disease. 

1.3.1.2 Infectious Diseases and Allergy  

Decreased exposure to infectious diseases is a risk factor associated with 

increased potential development of allergic disease. Bacterial and viral infections often 

activate the immune system to secrete Th1 cytokines and promote the development of 

Th1 cells [291-293]. For example, classical bacterial infections such as Salmonella are often 

associated with Th1 responses including increased IFN-γ and IL-12 production [294]. 

These sub-lethal infections prime the immune response away from a Th2 phenotype as 

observed by a correlation of decreased allergy and a tuberculosis diagnosis [295]. 

Preclinical studies have also described the ability of microbial components to decrease 

allergic disease. Peanut-hypersensitive mice immunized with heat-killed E. coli that 

express peanut proteins exhibit a shift in immunity towards a Th1 phenotype through 

the increase of IFN-γ and decrease of Th2 cytokines [296]. Heat-killed E. coli reduced 

allergic disease in hypersensitive mice even in the absence of peanut proteins [296]. In 
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the case of allergic disease, both gram-negative and gram-positive bacteria have been 

shown to decrease allergic asthma symptoms and reduce the severity of food allergy 

[292, 297-299].  

Parasitic and viral infections may also influence allergic disease. Parasitic 

infections with helminths have also been described to protect against allergic disease 

[300]. Interestingly, helminth infections which drive Th2-associated immune responses 

[301] decreased allergen-specific IL-5 and increased allergen-specific IL-10 in asthmatics 

who were also infected with helminths compared to asthmatics who were not infected 

[300]. Infectious agents may protect against allergic disease by inducing T regulatory 

cells that produce IL-10 and TGF-β to suppress the activity of the allergen-specific Th2 

cells. Additionally, Th1 cells may assist in antibody isotype switching to IgG isotypes 

that can prevent antigen from binding IgE on the surface of mast cells and reduce 

allergic disease [302]. While Th1, Th2 and Treg responses induced by infections may 

decrease allergic disease, not all infectious diseases protect against allergies. Respiratory 

syncytial virus (RSV) has been shown to enhance airway hyper-reactivity (AHR) in 

allergen-sensitized mice if allergen-sensitization occurs before infection; however, if 

infection precedes sensitization then AHR is reduced [303].  

1.3.1.3 Vaccines and Allergy 

Vaccines are the number one public health tool that is used for the prevention of 

infectious diseases worldwide and may also influence the development of allergic 
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diseases. Since the use of vaccines decrease infectious diseases, they also contribute to 

the decreased microbial exposure that shapes the immune system. This change in 

natural immune responses may disrupt the balance of host Th1:Th2 immunity and 

predispose an individual to develop allergies. Infectious diseases and vaccines have 

been speculated to influence host Th1/Th2 immune responses. Some routine childhood 

vaccines have been associated with Th2 responses including increased vaccine-specific 

and total IgE [304].  

Common vaccinations against diphtheria, pertussis and tetanus have been 

shown to induce vaccine-specific IgE [305-307] and are suspected risk factors for allergic 

diseases, including asthma [304, 308]. IgE and Th2-associated cytokines have been 

observed in children who receive childhood vaccines [309-312], which may modify the 

immune system to provide bystander allergic disease susceptibility. For example, 

children who are immunized with the TDaP vaccine displayed an increase in TT-specific 

Th2 cytokines and IgE [310, 311]. Vaccines such as TDaP that are adjuvanted with alum 

may contribute to allergic disease since an increase IgE and other Th2 responses have 

also been attributed to the addition of alum as adjuvants in current vaccine formulations 

[313].  

 Many FDA-approved vaccines use alum as an adjuvant in their formulation and 

alum is known to promote the production of Th2 cytokines. Therefore, it is possible that 

modern immunization techniques create a Th2 environment that predisposes the host 
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for the induction of allergic disease [283]. The alum present in vaccines may create a 

bystander effect in which allergen-specific immune responses are induced. In addition to 

alum-adjuvants, factors such as age of the host at the time of immunization [314, 315] 

and genetic susceptibility to allergic disease may impact host response to vaccination 

and its association with allergic disease [316]. 

1.3.1.4 Antibiotics, Microbiota and Allergy 

The gastrointestinal tract contains more cells from non-pathogenic commensal 

bacteria (microbiota) than there are human cells in the entire body [317]. Microbiota 

present in the GI tract play an important role in developing the immune system. Germ-

free mice are born in sterile environments and have no commensal bacteria [318]. To 

ensure that germ-free mice remain germ-free, all food and water is also sterilized before 

administration to the animals [318]. The absence of commensal bacteria in germ-free 

mice alters immune stimulation and renders the mice more susceptible to infectious 

diseases [319]. Similarly, the lack of immune stimulation that is normally provided by 

commensal bacteria in germ-free mice increases their propensity to develop allergies 

[320]. Germ-free mice sensitized to the milk protein β-lactoglobulin developed more 

antigen-specific IgG1, IgE and lower IgG2a compared to conventional mice that have 

normal microbiota [320]. However, if germ-free mice receive fecal material from normal 

mice, their pathologic allergic phenotype can be reversed [321].  
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It has been hypothesized that the use of antibiotics early in life decreases the 

commensal bacteria and this decrease in microbiota diversity may decrease immune 

stimulation by the resident microbes. Cotter et al. observed a decrease in commensal 

bacteria after treatment with various antibiotic cocktails [322]. Early exposure to 

antibiotics have been implicated as a risk factor for the development of allergic disease 

[323]. An epidemiology study by Alm et al. identified the use of antibiotics during the 

first week of life in a Swedish cohort as a risk factor for increased development of 

allergic disease [323]. Additionally, Kozyrskyj et al. also described increased risk of 

asthma in children prescribed antibiotics within the first year of life [324]. Similarly, a 

mouse model of peanut allergy demonstrated the ability of antibiotic treatment of mice 

before peanut sensitization induced peanut-hypersensitivity in a mouse that was 

previously resistant to developing allergy [325]. 

1.3.2 Mechanism of Allergen Sensitization 

In order to exhibit the symptoms of peanut allergy, one must first be sensitized to 

the peanut proteins. In peanut allergies, peanut proteins are first ingested and captured 

by APCs such as dendritic cells and presented to T lymphocytes in secondary lymphoid 

organs. Allergen-activated APCs induce the naïve CD4+ T cells to mature and 

differentiate into peanut-specific Th2 cells that have the ability to secrete IL-4, -5 and -13 

[326]. Once the peanut-specific Th2 cells are formed, they help B cells produce peanut-

specific antibodies. The peanut proteins bind B cell receptors on the B cells and induce 
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them to mature and differentiate into plasma cells with T cell help. The secretion of IL-

4,-5 and -13 by the Th2 cells induce the B cells to become IgG1- and IgE- secreting 

plasma cells [327]. Once produced by the plasma cells, IgE binds to mast cells through 

the high affinity IgE receptor, FCεRI [7] . At this point peanut sensitization is complete.  

An allergic reaction does not take place until the sensitized host encounters the 

peanuts again. Most allergic reactions occur through inhalation, ingestion, or direct 

contact with the allergen. Upon subsequent exposure to peanut proteins, the IgE on the 

surface of the mast cell becomes crosslinked and inflammatory mediators, such as 

histamine, lipid mediators and cytokines are released during degranulation [7]. IgG1 

bound to macrophages can also mediate allergen-induced adverse reactions through the 

release of inflammatory mediators, such as platelet activating factor [328, 329].  

 The inflammatory mediators are the chemical messengers responsible for the 

symptoms associated with an allergic reaction. Immediate release of histamine, 

leukotrienes and prostaglandins increase vascular permeability, airway constriction, 

blood flow and edema [330-332]. During the late phase of the allergic reaction, de novo-

synthesized cytokines including IL-4, IL-5, IL-13 and TNF [332] are also produced by 

mast cells and aid in the recruitment of additional inflammatory cells, such as 

eosinophils, basophils, neutrophils and lymphocytes that exacerbate the pathologic 

immune response. The inflammatory cells continue to secrete mediators, such as IL-5, 

IL-8 and leukotrienes [333, 334] that amplify the immune response and act directly on 
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other cell types including mucosal epithelial cells and smooth muscle cells that lead to 

the development of clinical symptoms [335]. 

 

1.3.3 Peanut Allergy  

Peanuts and tree nuts account for 80% of severe food allergic reactions in the 

United States [3] and it is estimated that over 3 million Americans have an allergy to 

peanut and will maintain this allergy throughout their lifetime [11]. Unlike many other 

food allergens, sensitivity to peanuts and tree nuts are not commonly outgrown. Peanut 

allergens can cross-react with other nut allergens and present additional 

hypersensitivities [336]. Individuals with peanut allergies often have a decreased quality 

of life for fear of accidental ingestions of peanuts due to the availability of trace amounts 

peanut contaminating other dietary products [337]. Even minute amounts of peanut 

proteins can trigger severe reactions. The fear associated with peanut allergies has 

increased the awareness of the disease and has spearheaded research to identify 

methods to desensitize allergic individuals and prevent allergic reactions to trace 

amounts of peanuts.  

1.3.4 Allergen Desensitization 

Allergen desensitization is defined as a reduction in the severity of an allergic 

reaction by increasing the dose of allergen an allergic individual can successfully tolerate 

without symptoms and tolerance is the permanent unresponsiveness towards the 
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allergen without any symptoms or continued treatment [9]. Effective therapies that 

reduce or cure allergic diseases must first desensitize the host to the allergen and 

subsequently induce long-term tolerance [9]. Immunotherapy is a method that is being 

evaluated to reduce allergic disease in hypersensitive individuals through 

desensitization and tolerance. It is hypothesized that allergen desensitization involves 

an increase in allergen-specific IgG4 antibodies [338]. IgG4 may serve as blocking 

antibodies that prevent the allergens from binding the IgE on the surface of the mast 

cells. Children who are sensitized to peanut but are not allergic have greater levels of 

IgG4 and decreased basophil/mast cell activation than children who are peanut allergic 

[339]. Interestingly, removal of IgG4 from the plasma of non-allergic children increased 

basophil/mast cell reactivity [339]. Similarly, it is possible that the mechanism of 

tolerance to allergens may involve T regulatory cells. Children who are tolerant to milk 

and those that have outgrown milk allergies have an increase in Tregs compared to 

children that remain allergic to milk [340]. Natural allergen tolerance may increase Tregs 

and IgG4 responses and allergen-specific immunotherapy may be a method to induce 

tolerance in hypersensitive individuals. 

1.3.4.1 Peanut-specific Immunotherapy 

Peanut-specific immunotherapy is being investigated as a potential therapeutic 

for peanut hypersensitivities. Ultimately, the goal of peanut immunotherapy is to alter 

pathologic allergic immune responses to peanuts and induce clinical desensitization that 
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leads to long-term tolerance [9]. Allergen immunotherapy is thought to work by 

elevating allergen-specific Th1-associated responses and regulatory T cells, which inhibit 

Th2 cells and their functions [326]. Several animal models and clinical trials have 

examined parenteral and mucosal administrations of peanut allergens as potential 

immunotherapy techniques and will be discussed below. 

1.3.4.1.1 Cutaneous Peanut-Immunotherapy 

Cutaneous peanut immunotherapy involves repeated treatment of an allergic 

individual with low doses of peanut antigen by the subcutaneous or epicutaneous 

routes to induce desensitization to peanuts and reduce the severity of allergic disease. 

Subcutaneous immunotherapy has been effective at reducing symptoms associated with 

respiratory allergies such as seasonal allergic rhinitis [341]. Nelson et al. tested the ability 

of subcutaneous immunotherapy to reduce allergic symptoms in individuals with 

peanut hypersensitivities [342]. In this cohort, 12 individuals allergic to peanut were 

evenly divided into placebo or peanut injection therapy groups. Study participants were 

given placebo or peanut extract subcutaneously beginning with 1:10,000 wt/vol in 0.05 

mL to 1:100 wt/vol in 0.5 mL for 5 days as a rush immunotherapy and the maximum 

tolerated dose weekly for 8 weeks as maintenance therapy. After therapy, study 

participants were challenged with increasing doses of peanut that began at 100 mg and 

concluded with 8 grams. Half of the participants on active immunotherapy were able to 

tolerate 8 grams of peanut, which was increased compared to their tolerated dose before 

therapy; however, the other half of study participants on active therapy experienced 
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severe allergic reactions and were not able to complete the study [342]. Allergen 

thresholds did not change in individuals in the control groups. Bullock et al. described a 

case study in which an individual allergic to peanuts was able to tolerate injection 

immunotherapy and continue to consume peanuts after the food challenge [343]. In this 

report, peanut-specific IgE increased during therapy but returned to baseline after 

therapy and peanut-specific IgG4 increased throughout the immunotherapy regimen 

[343]. Although the case report published by Bullock et al. described successful 

desensitization with injection immunotherapy for peanut, the severity of the adverse 

events, such as respiratory distress associated with the Nelson study suggests that 

peanut immunotherapy administered by the subcutaneous route may be too risky. 

Therefore, additional methods of immunotherapy administration including 

epicutaneous and mucosal therapies are in clinical investigation. 

Epicutaneous immunotherapy (EPIT) involves applying a patch containing the 

allergen to intact skin for a period of time [344]. Several mouse models have investigated 

epicutaneous immunotherapy as a treatment for peanut allergy [345, 346] and clinical 

trials are in progress to determine the safety and efficacy of peanut epicutaneous 

immunotherapy (Clinicaltrials.gov NCT01904604). Preclinical animal models have 

determined the ability of EPIT to reduce histamine and peanut-specific IgE, IL-4, IL-5 

and IL-13 while increasing peanut-specific IgG2a [346]. Additionally, peanut-EPIT 
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induced T regulatory cells that suppress peanut-specific IL-5 and IL-13 responses when 

transferred to peanut-sensitized untreated mice [345]. 

1.3.4.1.2 Mucosal Peanut-Immunotherapy 

Mucosal immunotherapy is repeated administration of allergens to an allergic 

individual by a mucosal route and may reduce the severity of allergic disease.  One form 

of mucosal immunotherapy tested for its ability to treat peanut allergy is sublingual 

immunotherapy (SLIT). SLIT is performed by administering peanut flour in a liquid 

formulation under the tongue where it is held for several minutes before swallowing 

[10] . Sublingual administration of the immunotherapy formulation allows for resident 

immune cells, such as APCs to respond to the allergen before it is passed on to the GI 

tract [347]. Several trials have investigated sublingual immunotherapy as a potential 

therapeutic for peanut allergy [10, 126, 348].  

Kim et al. performed a 12-month trial in children that utilized a double-blinded 

placebo-controlled technique to evaluate the safety and efficacy of peanut SLIT [10]. In 

this study, participants on active therapy successfully consumed 1710 mg of peanut 

protein compared to the 85 mg of protein that was achieved by the placebo group [10] . 

Desensitization was accompanied by a decrease in peanut-stimulated basophil 

activation, IgE and IL-5 and an increase in IgG4 [10]. Additionally, participants on active 

SLIT displayed an increase in peanut-specific salivary IgA [126]. The increase in mucosal 

IgA also correlated with an increase in peanut activation threshold [126]. Continuation 

of SLIT for three years can provide long-term allergen unresponsiveness [348]. Nearly 
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10% of individuals who received peanut SLIT for 3 years maintained the ability to ingest 

10 g of peanut protein without incidence after discontinuing therapy for eight weeks 

[348]. Only mild symptoms were observed in about 18% of the people receiving peanut 

immunotherapy. It is noteworthy that only 14 participants completed this long-term 

study which had over a 50% dropout rate throughout the course of the study [348]. It 

has been hypothesized that SLIT induces protective immune responses by increasing 

Tregs that produce IL-10 and Th1 cells that produce IFN-γ that cooperate to reduce the 

peanut-specific Th2 responses required to support the allergy phenotype [349]. Taken 

together, SLIT is a safer alternative for peanut immunotherapy that has the potential to 

induce long-term tolerance in allergic individuals. 

Oral immunotherapy (OIT) is another form of mucosal immunotherapy that is 

being investigated for treatment of peanut allergies. During oral immunotherapy, a 

known dose of peanut protein is ingested on a daily schedule. OIT has been shown to be 

effective at inducing desensitization in peanut-allergic individuals in which patients on 

active immunotherapy could tolerate 5000 mg of peanut protein while the placebo 

group could only tolerate 280 mg of protein [11]. Additionally, OIT  reduces peanut-

specific IgE, basophil activation and Th2-associated cytokines IL-5 and IL-13 while 

inducing peanut-specific IgG, IgG4 and Tregs [9, 11, 350]. Mostly mild/moderate adverse 

effects such as itching and sneezing and on rare occasions, severe respiratory reactions, 

have been observed with OIT [351]. However, OIT can also induce long-term tolerance 
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after stopping active immunotherapy [352]. Half of the participants who completed 

peanut OIT and avoided the allergen for a month after immunotherapy could 

successfully ingest 8-10 g of peanut butter and passed the open food challenge [352]. 

Overall OIT has been described to increase the quality of life in individuals allergic to 

peanuts [353] and is gaining acceptance as a potential therapeutic for peanut 

hypersensitivities. 

1.4 Rationale 

Allergic disease is a Th2-mediated disorder and the induction of allergen-specific 

Th1 and Treg responses may reduce Th2 responses and be used to treat or prevent the 

development of allergies. The goal of these dissertation studies was to identify methods 

by which the incidence or severity of allergic disease could be reduced. Since vaccine 

adjuvants can modulate the induction of adaptive immune responses to specific T helper 

cell subtypes, these studies tested the hypothesis that vaccine adjuvants that modify 

antigen-specific responses towards Th1 can alter host immunity in a manner that 

reduces Th2-mediated allergic diseases. 

The first experiment utilized an established nasal anthrax vaccine model to 

compare the activity of a variety of adjuvants and identify adjuvants able to induce 

antigen-specific Th1 immune responses. The Th1-enhancing adjuvant CpG that was 

identified in the first study was used in the second study to evaluate its ability to 

indirectly decrease the development of allergic disease in mice. The influence of 
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environmental risk factors, including decreased endotoxin exposure and increased use 

of vaccines and antibiotics, is thought to shift the immune system towards a Th2 type 

and increase the likeliness of developing allergic disease.  It is possible that an increase 

in Th1 stimulation either through increased environmental endotoxin exposure or that 

vaccines that contain Th1-skewing adjuvants may create a balanced Th1:Th2 type 

immune system within the host and reduce the development of allergic disease. 

Similarly, inclusion of Th1-skewing adjuvants to allergen-specific immunotherapy 

formulations may increase allergen-specific Th1 or Treg responses that may dilute or 

reduce allergen-specific Th2 responses in individuals with a pre-existing allergy. 

Therefore, studies were also performed to determine the ability of combining a Th1-

skewing adjuvant with the allergen in a nasal immunotherapy formulation to reduce 

allergic disease severity. It may be possible that the induction of allergen-specific Th1 or 

Treg cells may inhibit the allergen-specific Th2 cells in the hypersensitive host and lead 

to a decrease in disease severity. Taken together, the studies presented in this 

dissertation identified the TLR9 ligand, CpG, as a potent adjuvant that induces antigen-

specific Th1-associated responses that can indirectly reduce the development of allergic 

disease when combined with alum in an ovalbumin vaccine and directly reduce the 

severity of allergic disease when combined with the allergen in mouse models of peanut 

allergy.  
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2. The Toll-like Receptor Ligand 9, CpG, Induces Potent 
Th1-associated Immune Responses 

2.1 Introduction 

Adjuvants are components of vaccines that can enhance, accelerate or modulate 

antigen-specific adaptive immune responses through activation of the innate immune 

system [354]. The inclusion of an adjuvant to a vaccine formulation can augment the 

magnitude of antigen-specific immune responses and increase protective immunity 

[355]. Adjuvants can also serve as immunomodulators that may skew adaptive immune 

responses to associate with various types of T helper cells including Th1 and Th2 [356]. 

It is possible to divide vaccine adjuvants into various categories, including mast cell 

activating compounds, cytokines, toll-like receptor (TLR) ligands and toxin derived 

adjuvants.  

Cholera toxin (CT) is derived from Vibrio cholera and is considered the gold 

standard mucosal adjuvant that can induce potent antigen-specific immune responses 

when administered by the oral, vaginal, rectal and nasal routes [357, 358]. CT can induce 

Th2-associated responses including increased IgE [359]. Although CT is a potent 

adjuvant it along with the related E. coli heat labile toxin are associated with adverse 

events including antigen accumulation in the olfactory bulb [253] and Bell’s palsy [252]. 

In addition to CT, adjuvants that are not toxin-associated may also induce potent 

adaptive immune responses. Toll-like receptor (TLR) ligands are conserved motifs or 

PAMPs expressed by bacteria, viruses and fungi that can activate innate immunity by 



 

68 

binding their receptor on immune cells. Since TLR ligands can activate the innate 

immune system, they may be good adjuvant candidates for vaccines. The TLR4 ligand, 

monophosphoryl lipid A (MPL), is a derivative of LPS and is currently approved for use 

in the injected vaccine against human papilloma virus (HPV), Cervarix® [360]. Other 

TLR ligands, such as CpG, Pam3CSK4 and R848 are being investigated as potential safe 

and effective adjuvants [97, 267, 361, 362]. Recombinant cytokines can also activate the 

innate cells and may serve as potential adjuvant candidates. Interleukin (IL)-1 has potent 

adjuvant activity when included in mucosal vaccine formulations [26, 227]. Mast cell 

activating compounds may also induce antigen-specific immune responses when 

combined with subunit antigens. Compound 48/80 (C48/80) is a synthetic mast cell 

degranulating compound that induces potent antigen-specific immune responses after 

nasal immunization in a mast cell-dependent manner [259].  

This study compared the activity of various vaccine adjuvants after nasal 

immunization to serve as immunomodulators that induce potent antigen-specific 

immune responses utilizing a mouse anthrax vaccine model. The goal of this study is to 

identify an adjuvant candidate that can induce potent Th1-associated antigen-specific 

immune responses. Toll-like receptor ligands, LPS, CpG, Pam3CSK4 and R848, IL-1, 

compound 48/80 and CT were evaluated for nasal adjuvant activity in C57BL/6 mice. 

Antigen-specific serum and mucosal antibody responses, anthrax lethal toxin 

neutralizing antibodies and antigen-induced splenocyte cytokine responses induced by 
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each adjuvant were measured to identify the most potent adjuvant and also determine 

the ability of the adjuvants to induce immune responses associated with Th1 and Th2 

cells. 

2.2 Methods and Materials 

2.2.1 Mice, Antigens and Adjuvants 

C57BL/6 female mice were purchased from Jackson Labs (Bar Harbor, ME). Mice 

were 6-8 weeks old upon arrival to Duke University. Animals were allowed to rest for 

one to two weeks after arrival to relieve stress from shipping and acclimate to their new 

environment. All procedures were performed under the approval of Duke University’s 

Institutional Animal Care and Use Committee (IACUC). Recombinant lethal factor (rLF), 

protective antigen (rPA) from Bacillus anthracis and CT were purchased from List 

Biologicals (Campbell, CA). Recombinant mouse IL-1α was obtained from R&D Systems 

(Minneapolis, MN). Compound 48/80 was obtained from Sigma-Aldrich (St. Louis, MO). 

The TLR ligands LPS, CpG, Pam3CSK4 and R848 were purchased from Invivogen (San 

Diego, CA). The vaccine antigens and adjuvants all arrived in a lyophilized form and 

were reconstituted in sterile water.  

2.2.2 Nasal Immunization 

Mice were nasally immunized with 2.5 µg of rPA alone or combined with an 

adjuvant on days 0, 7 and 21. Each adjuvant was used at the following dose: CT; 1 µg, 

IL-1α; 5 µg, C48/80; 15 µg, LPS; 1 µg, CpG; 10 µg, Pam3CSK4; 25 µg and R848; 10 µg. 
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The doses used for each adjuvant were selected based on reports in the literature (IL-1α 

[355], CT [355], C48/80 [259], LPS [363], CpG [364], R848 [365] and Pam3CSK4[366]). 

Mice were briefly anesthetized with isoflurane and 7.5 µl of vaccine was applied to each 

nostril.  

2.2.3 Sample Collection 

Blood was collected by submandibular puncture with a 4 mm lancet (Braintree 

Scientific; Braintree, MA) six hours after the priming immunization on Day 0 and on 

days 14 and 42. Three drops of blood were collected into a microcentrifuge tube and 

allowed to clot at room temperature for 1 hour. Whole blood was then centrifuged at 

13000 rpm using Labnet Spectrafuge 16M microcentrifuge (Labnet International; 

Woodbridge, NJ) for 20 minutes and serum was collected for antibody analysis. Fecal 

pellets and vaginal lavages were collected Day 42, while nasal lavages were collected 6 

hours after the priming immunization on Day 0 and on Day 42. Vaginal and nasal 

lavages were centrifuged at 13000 rpm for 20 minutes. Fecal material was extracted at a 

ratio of 1 ml of extraction buffer (PBS/10% goat serum/0.1% Kathon) to 100 mg of fecal 

pellets. Fecal material was vortexed for 30 minutes then centrifuged at 13000 rpm for 20 

minutes. Supernatants were collected and stored at -20°C until analysis. 

2.2.4 ELISA 

Enzyme-linked immunosorbent assay (ELISA) was used to determine the rPA-

specific secretions and total serum IgE. ELISAs were performed as previously described 
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[26] with minor modifications. Antigen-specific ELISAs utilized microtiter plates coated 

with rPA at a concentration of 2 µg/ml in carbonate/bicarbonate buffer. Serum samples 

were diluted 2-fold in complete sample diluent (PBS, 1% W/V bovine serum albumin, 

1% W/V non-fat dry milk, 5% normal goat serum, 0.05% Tween20, 0.5% Kathon) 

beginning at a 1:32 dilution and mucosal samples were also diluted 2-fold with a 

starting dilution of 1:2. Alkaline phosphatase-labeled goat anti-mouse IgG, IgG1, IgG2c 

and IgA (Southern Biotech; Birmingham, AL) were diluted 1:8000 in secondary antibody 

diluent (PBS, 1% W/V bovine serum albumin, 5% normal goat serum, 0.05% Tween20, 

0.5% Kathon). The Attophos substrate system (Promega; Madison, WI) was used to 

develop the plates. ELISAs were reported as end-point titer, which was defined as the 

last sample dilution that demonstrated a fluorescence signal 3-fold higher than the naïve 

reference sample at the same dilution. Total serum IgE was measured by the Mouse IgE 

ELISA MAX™ (Biolegend; San Diego, CA) according to the manufacturer’s instructions. 

2.2.5 Lethal Toxin (LeTx) Neutralization 

The anthrax toxin neutralization assay was performed using J774A.1 (ATCC; 

Manassas, VA) mouse macrophages as previously described [367]. Briefly, serum from 

immunized mice was diluted 2-fold in macrophage media (DMEM/ 10% FBS/1% 

Pen/Strep) with 187.5 ng/ml of rPA. After one hour incubation at 37°C 187.5 ng/ml of rLF 

was added to the serum/rPA mixture and incubated for another hour to form anthrax 

lethal toxin (LeTx). The serum/LeTx was then added to the J774A.1 cells and incubated 
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at 37°C for 4 hours, before cell viability was determined by the CellTiter 96® assay 

(Promega). The NT50, the titer of antibody required to neutralize 50% of the toxin, was 

calculated by plotting the percent neutralization vs the serum log2 dilution. 

2.2.6 Splenocyte Antigen Re-Stimulation 

The spleens from immunized mice were harvested on Day 42 and re-stimulated 

with rPA to measure antigen-induced cytokine responses. Splenocytes were cultured in 

48-well plates at a density of 1.25 x 106 cells with media alone or rPA at 5 µg/ml. 

Supernatants were collected on Day 5 and measured for cytokines by multiplex analysis 

(Bio-Rad; Hercules, CA). The induction of IL-4, IL-5, IL-17 and Interferon (IFN)-γ was 

analyzed. 

2.2.7 Innate Cytokine Measurement 

Innate cytokine responses were measured in serum and nasal lavages collected 6 

hours after the priming immunization on Day 0 using a multiplex kit (Bio-Rad). 

Undiluted samples were analyzed for IL-5, IL-6, G-CSF, KC, MCP-1, MIP-1β and 

RANTES. 

2.2.8 Statistical Analysis 

One-way analysis of variance (ANOVA) with Tukey’s test for multiple 

comparisons was used to determine statistical differences between immunization 

groups. A paired Student’s T test was used to determine differences between rPA-

specific IgG1 and IgG2c responses using GraphPad Prism 5 software (La Jolla, CA). 
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Cytokine responses measured in antigen-stimulated splenocytes were log10 transformed 

and reported as mean ± standard deviation [47]. Innate cytokines are reported as the 

upper and lower confidence intervals with a significant p value of <0.05. 

2.3 Results 

2.3.1 Nasal Delivery of Vaccine Adjuvants Influences the Innate 
Cytokine Profiles in the Serum and Nasal Lavages of Immunized 
Mice. 

Adjuvants lead to the induction of antigen-specific immune responses by 

activation of the innate immune system. Adjuvant-induced innate cytokines and 

chemokines responses were measured in the serum and nasal lavages of immunized 

mice. C57BL/6 mice were immunized with rPA alone or combined with CT, IL-1α, 

C48/80, LPS, CpG, Pam3CSK4 or R848 on Day 0. Cytokine and chemokine responses 

were measured six hours after immunization in the serum (Table 2) and nasal lavages 

(Table 3). Cholera toxin increased serum IL-5 and KC and serum and nasal IL-6 

production compared to rPA alone. C48/80 was a potent inducer of serum IL-5 and IL-6 

in both serum and nasal lavages while LPS increased serum and nasal IL-6 and G-CSF 

and nasal KC compared to rPA alone. IL-1α increased both serum and nasal IL-6, KC 

and G-CSF and serum MCP-1 and MIP-1α. Similarly, R848 increased serum and nasal 

IL-6 and G-CSF and serum MCP-1, MIP-1α and RANTES. Pam3CSK4 induced an 

increase in IL-5, IL-6, G-CSF, KC, MCP-1 and MIP-1β. CpG did not induce any cytokine 

responses at 6 hours in nasal secretions or serum. Vaccine adjuvants differentially 
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induced cytokine and chemokine responses six hours post-immunization and it may be 

possible that innate cytokine signatures may predict adaptive immune responses.  

Table 2: Innate Serum Cytokine Responses 6 Hours Post Immunization 

Cytokine 
rPA 

alone 
CT IL-1α C48/80 LPS CpG Pam R848 

IL-5 

 

18.04 54.6
*
 N.S. 481.9

*
 N.S. N.S. 65.32

*
 N.S. 

9.24, 26.9 25.6, 83.6 
 

-66.7, 

1031   

30.74, 

99.9  

IL-6 

 

2.005 54.4
*
 2344

*
 21.08

*
 16.95

*
 N.S. 115.3

*
 25.57

*
 

1.51, 2.49 18.3, 90.4 -1983, 6670 
1.505, 

40.65 

6.999, 

26.9  

10.57, 

220 

-0.7384, 

51.8 

G-CSF 

 

83.91 N.S. 29209
*
 N.S. 517.7

*
 N.S. 2813

*
 1604

*
 

45.8, 122 
 

8182, 50236 
 

300.4, 

735  

1083, 

4542 

-724.7, 

3933 

KC 

 

68.9 486.1
*
 32621

*
 N.S. N.S. N.S. 647.6

*
 N.S. 

53.3, 84.5 
270.9, 

701.4 

-42281, 

107524    

33.84, 

1261  

MCP-1 

 

80.36 N.S. 29504
*
 N.S. N.S. N.S. 4924

*
 5249

*
 

33.6, 127 
 

-34050, 

93059    

757.7, 

9090 

4022, 

6475 

MIP-1b 

 

7.88 N.S. 32.2
*
 N.S. N.S. N.S. 111.1

*
 130.8

*
 

4.83, 10.9 
 

21.1, 43.4 
   

39.23, 

182.9 

62.43, 

199.1 

RANTES 

 

197.4 N.S. N.S. N.S. N.S. N.S. N.S. 3326
*
 

134.8, 

260.1       

2247, 

4405 

Numbers in bold represents the mean cytokine concentration and the numbers below 

the mean in italics are the lower and upper 95% confidence interval, respectively. *: 

Denotes Statistical Significance compared to rPA alone, p< 0.05 (n = 5 mice/group) 
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Table 3: Nasal Lavage 6 Hour Innate Cytokine Response 

Cytokine 
rPA 

alone 
CT IL-1α C48/80 LPS CpG Pam R848 

IL-6 

2.32 113
*
 143.1

*
 20.36

*
 36.85

*
 N.S. 20.44

*
 15.14

*
 

-0.412, 

5.05 

12.84, 

213.2 

84.22, 

201.9 

0.2509, 

40.47 

15.26, 

58.43  

8.576, 

32.2 

-4.257, 

34.5 

G-CSF 

 

3.98 N.S. 451.8
*
 N.S. 93.68

*
 N.S. 24.98

*
 20.59

*
 

2.46, 

5.50  

306.6, 

597.1  

45.81, 

141.5  

5.355, 

44.6 

5.78, 

35.39 

KC 

 

3.76 N.S. 147
*
 N.S. 31.83

*
 N.S. 21.26

*
 N.S. 

1.39, 

6.10  

96.83, 

197.1  

13.35, 

50.31  

3.814, 

38.71  

Numbers in bold represents the mean cytokine concentration and the numbers below 

the mean and in italics are the lower and upper 95% confidence interval, respectively. *: 

Denotes Statistical Significance compared to rPA alone, p< 0.05 (n = 5 mice/group) 
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2.3.2 Nasal Immunization with Vaccine Adjuvants Enhanced rPA-
specific Serum Antibody Responses  

The induction of antigen-specific antibody responses were measured in 

immunized mice. Mice were nasally immunized on days 0, 7 and 21. After two 

immunizations, mice that were immunized with rPA combined with CT, C48/80 and 

CpG demonstrated an increase in rPA-specific IgG in the serum (Figure 1).  

 

Figure 1: Day 14 Serum rPA-specific IgG Responses 

C57BL/6 mice (n = 5 mice per group) were nasally immunized on Days 0 and 7 with rPA 

alone or combined with adjuvants. Serum was collected on Day 14 and measured for rPA-specific 

IgG responses. Data is shown as the mean ± standard deviation on a log2 scale. One-way ANOVA 

was used to determine statistical differences between each immunization group. The numbers 

above each bar represents statistical differences from the corresponding immunization group.  

 

On Day 14, mice immunized with rPA + C48/80 displayed the most potent rPA-specific 

serum IgG responses with a log2 mean endpoint titer and standard deviation of  17.2 ± 
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1.8  and was significantly increased compared to all other immunization groups. Nasal 

immunization with antigen + CT or CpG also developed a significant increase in rPA-

specific IgG responses compared to antigen alone. However, on Day 42 after 3 

immunizations, all vaccine groups except Pam3CSK4 induced serum anti-rPA IgG titers 

that were significantly higher than anti-rPA serum IgG responses induced by rPA alone 

(Figure 2).  

 

Figure 2: Day 42 Serum rPA-specific IgG responses. 

C57BL/6 mice (n = 5 mice per group) were nasally immunized on Days 0, 7 and 21 with 

rPA alone or combined with adjuvants. Serum was collected on Day 42 and measured for rPA-

specific IgG responses. Data is shown as the mean ± standard deviation. One-way ANOVA was 

used to determine statistical differences between each immunization group. The numbers above 

each bar represents statistical differences from the corresponding immunization group.  
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CT (17.6 ± 4.0), LPS (16.4 ± 4.5) and R848 (18.0 ± 4.0) had induced rPA-specific serum 

antibody responses greater than rPA alone (7.0 ± 4.0). Likewise, IL-1α (21.8 ± 3.3), C48/80 

(23.4 ± 0.9) and CpG (20.4 ± 3.6) had induced rPA-specific IgG responses greater than 

rPA alone and rPA combined with Pam3CSK4 (11.2 ± 2.8). Although the data 

demonstrates that Pam3CSK4 was the only adjuvant that did not enhance antigen-

specific serum IgG responses and under the conditions tested in this study it may 

influence mucosal antibody responses.   

2.3.3 Vaccine Adjuvants Enhance rPA-specific Mucosal Antibody 
Responses after Nasal Immunization. 

In this study mice were immunized by the nasal route and one benefit of 

mucosal immunization is the ability to induce systemic immunity but also immune 

responses at mucosal sites. To assess mucosal antibody responses at diverse mucosal 

sites, antigen-specific IgG and IgA responses were measured in the fecal, vaginal and 

nasal secretions on Day 42. C48/80 was the only adjuvant that significantly increased 

rPA-specific IgG in the fecal secretions. Antigen-specific fecal IgG responses were 

increased in mice that were immunized with rPA + C48/80 (4.6 ± 1.5) compared to 

antigen-specific fecal IgG titers induced in mice immunized with rPA alone or combined 

with LPS, CpG, Pam3CSK4 or R848 , which displayed baseline antibody titer of 1:4 

(Figure 3). 
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Figure 3: Day 42 rPA Fecal IgG and IgA Responses 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Fecal samples were collected on Day 42 and measured for rPA-specific IgG and IgA responses. 

Data is shown as the mean ± standard deviation on a log2 scale. One-way ANOVA was used to 

determine statistical differences between each immunization group. The numbers above each bar 

represents statistical differences from the corresponding immunization group.  

 

C48/80 and CpG were the only two adjuvants that induced rPA-specific IgA responses 

in the fecal extracts. C48/80 (6.4 ± 0.5) increased rPA-specific fecal IgA compared to rPA 

alone, CT, LPS and R848, while CpG (5.2 ± 2.8) enhanced rPA-specific fecal IgA 

responses compared to rPA alone, CT and R848. Immunization with rPA alone or 

combined with CT, LPS or R848 did not induce fecal antibody responses above baseline, 

which was determined to be an endpoint titer of 1:4. 
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Figure 4: Day 42 rPA-specific Vaginal IgG and IgA Responses 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Vaginal samples were collected on Day 42 and measured for rPA-specific IgG and IgA responses. 

Data is shown as the mean ± standard deviation on a log2 scale. One-way ANOVA was used to 

determine statistical differences between each immunization group. The numbers above each bar 

represents statistical differences from the corresponding immunization group.  

 

IL-1α (7.0 ± 2.9) and C48/80 (8.4 ± 0.5) significantly increased vaginal rPA-specific IgG 

responses compared to rPA alone and Pam3CSK4 (Figure 4) and CpG (4.8 ± 2.0) induced 

rPA-specific IgA responses in the vaginal secretions compared to rPA alone, CT, LPS, 

Pam3CSK4 and R848.  
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Figure 5: Day 42 rPA-specific Nasal IgG and IgA Responses 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Nasal samples were collected on Day 42 and measured for rPA-specific IgG and IgA responses. 

Data is shown as the mean ± standard deviation on a log2 scale. One-way ANOVA was used to 

determine statistical differences between each immunization group. The numbers above each bar 

represents statistical differences from the corresponding immunization group.  

 

IL-1α and CpG were the only adjuvants that were able to induce significantly increased 

rPA-specific antibodies in nasal secretions (Figure 5). CpG (4.0 ± 2.8) induced rPA-

specific IgG responses greater than rPA alone and IL-1α (4.0 ± 1.5) induced rPA-specific 

IgA responses compared to rPA alone, CT, Pam3CSK4 and R848. Taken together, IL-1α, 

C48/80 and CpG were the only vaccine adjuvants that significantly increased rPA-

specific mucosal antibody responses under the conditions tested in this study. 
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2.3.4 Vaccine Adjuvants Differentially Influence T helper cell-
associated Antibody Responses 

The goal of this experiment is to identify an adjuvant that induces potent Th1-

associated immune responses. Adjuvant-induced Th1 and Th2 responses were measured 

by comparison of rPA-specific IgG1 (Th2) and IgG2c (Th1) and total IgE (Th2) responses. 

CT, IL-1α, C48/80, LPS and rPA alone induced Th2-associated responses characterized 

by greater rPA-specific IgG1 responses than IgG2c (Figure 6).  

 

Figure 6: Day 42 Serum rPA-specific IgG1 and IgG2c Responses 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Serum was collected on Day 42 and measured for rPA-specific IgG1 and IgG2c responses. Data is 

shown as the mean ± standard deviation on a log2 scale. Student’s T-test was used to determine 

statistical differences within the same immunization group. * denotes a significant difference 

between IgG1 and IgG2c with the same immunization group.  
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CpG was the only adjuvant that induced greater IgG2c responses than IgG1. R848 and 

Pam3CSK4 induced balanced IgG1:IgG2c responses. IL-1α was the only adjuvant that 

induced significantly elevated IgE concentrations in the serum of vaccinated C57BL/6 

mice compared to mice immunized with rPA alone or combined with LPS or R848 

(Figure 7). According to the serum antibody responses, CpG is the only adjuvant that 

induces antigen-specific Th1-associated responses since it induced antigen-specific 

IgG2c responses greater than IgG1 and total IgE responses comparable to antigen alone.  

 

Figure 7: Day 42 Serum IgE Responses 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Total IgE antibody responses were measured in the serum and reported as mean ± standard 

deviation. One-way ANOVA was used to determine statistical differences between each 

immunization group. The numbers above each bar represents statistical differences from the 

corresponding immunization group. 
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2.3.5 Vaccine Adjuvants Differentially Induce Antigen-Specific T 
Helper Cell Responses in the Spleen 

To further characterize T helper cell-associated responses antigen-stimulated 

cytokine responses were measured in the spleens of immunized mice. After the 

completion of the nasal immunization regimen, splenocytes were collected from 

immunized mice, restimulated in vitro with rPA and the supernatants were monitored 

for rPA-induced T cell cytokine responses. Th1, Th2 and Th17 responses were analyzed 

by measuring IFN-γ (Th1), IL-4 and IL-5 (Th2) and IL-17 (Th17), respectively. All 

vaccine adjuvants except for CpG significantly increased rPA-induced IL-4 responses 

compared to rPA alone (Figure 8).  
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Figure 8: rPA Induced IL-4 Responses in the Spleen 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Splenocytes were harvested from each mouse and cultured with media alone or with rPA at a 

concentration of 5 µg/ml for 5 days. Supernatants were collected and measured for IL-4 

production by Multiplex Analysis. Data is reported as the mean pg/ml concentration ± standard 

deviation. The numbers above each bar represents statistical differences between the 

immunization groups (1-8). One-way ANOVA with Tukey’s multiple comparison was used to 

determine significance with a p-value < 0.05. 

 

LPS significantly increased rPA-specific IL-4 responses compared to rPA alone or rPA 

combined with CpG or Pam3CSK4. Similarly, CT, IL-1α, C48/80, LPS and R848 

significantly increased rPA-induced IL-5 production compared to CpG (Figure 9). IL-1 

and C48/80 also increased IL-5 compared to rPA alone and Pam3CSK4. Vaccines that 
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were adjuvanted with CpG and Pam3CSK4 did not enhance rPA-induced IL-5 

responses.    

 

 

Figure 9: IL-5 Splenocyte Responses Induced by rPA 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Splenocytes were harvested from each mouse and cultured with media alone or with rPA at a 

concentration of 5 µg/ml for 5 days. Supernatants were collected and measured for IL-5 

production by Multiplex Analysis. Data is expressed as mean ± standard deviation. The numbers 

above each bar represents statistical differences between the immunization groups (1-8). One-

way ANOVA with Tukey’s multiple comparison was used to determine significance with a p-

value < 0.05. 

 

Interestingly, all vaccine adjuvants induced rPA-specific IL-17 responses in immunized 

mice. CT, IL-1α and LPS significantly induced rPA-specific IL-17 compared to rPA 



 

87 

alone, C48/80 and R848 (Figure 10). CpG and Pam3CSK4 increased IL-17 responses 

greater than rPA alone and R848 and C48/80 and R848 induced IL-17 responses greater 

than rPA alone. 

 

Figure 10: IL-17 Responses Induced by rPA in the Spleen 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Splenocytes were harvested from each mouse and cultured with media alone or with rPA at a 

concentration of 5 µg/ml for 5 days. Supernatants were collected and measured for IL-17 

production by Multiplex Analysis. Data is presented as mean ± standard deviation. The numbers 

above each bar represents statistical differences between the immunization groups (1-8). One-

way ANOVA with Tukey’s multiple comparison was used to determine significance with a p-

value < 0.05. 

 

While all vaccine adjuvants were able to increase IFN-γ responses compared to rPA 

alone (Figure 11), CpG was the most potent inducer of IFN-γ. CpG increased IFN-γ 

responses compared to rPA alone, C48/80, LPS and Pam3CSK4. Antigen-specific T cell 
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responses further describe CpG as a Th1-associated adjuvant by its ability to increase 

IFN-γ responses. 

 

Figure 11: IFN-γ Responses in the Spleen Induced by rPA 

C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Splenocytes were harvested from each mouse and cultured with media alone or with rPA at a 

concentration of 5 µg/ml for 5 days. Supernatants were collected and measured for IFN-γ 

production by Multiplex Analysis. Data represents the mean ± standard deviation. The numbers 

above each bar represents statistical differences between the immunization groups (1-8). One-

way ANOVA with Tukey’s multiple comparison was used to determine significance with a p-

value < 0.05. 

 

2.3.6 Compound 48/80 Induces Lethal Toxin Neutralizing Antibodies 

Previous studies have described the induction of lethal toxin neutralizing 

antibodies in the anthrax vaccine model that correlate with protection against anthrax 
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lethal toxin [367-369]. However, depending on the specificities of antibodies elicited, it is 

possible for a vaccine to induce potent antibody responses that do not protect against an 

infection. Therefore, vaccine-induced serum antibody responses that neutralize anthrax 

lethal toxin were measured. Compound 48/80 (12.2 ± 1.9) was the only adjuvant that 

induced significantly elevated toxin neutralizing antibodies compared to mice 

immunized with rPA alone (6.2 ± 0.6) or rPA combined with CT (7.2 ± 1.3), LPS (7.7 ± 

2.4) or Pam3CSK4 (undetectable) (Figure 12). All vaccine adjuvants except for 

Pam3CSK4 significantly increased rPA-specific serum IgG responses compared to 

antigen alone; however, C48/80 was the only adjuvant that enhanced LeTx-neutralizing 

antibodies. 

 

Figure 12: Day 42 Serum LeTx Neutralizing Antibodies 
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C57BL/6 mice (n = 5 mice per group) were nasally immunized as described in Figure 2. 

Serum samples were collected on Day 42 and measured LeTx-neutralizing antibody production. 

Data is shown as the mean ± standard deviation on a log2 scale. One-way ANOVA was used to 

determine statistical differences between each immunization group. The numbers above each bar 

represents statistical differences from the corresponding immunization group.  

 

2.4 Discussion 

 The purpose of this study was to compare and characterize adaptive immune 

responses induced by various vaccine adjuvants to identify an adjuvant that induces 

Th1-associated immune responses for use in subsequent studies related to the 

development and treatment of food allergy. Results showed that all adjuvants except for 

Pam3CSK4 induced potent antigen-specific immune responses that were significantly 

increased compared to antigen alone. Each adjuvant displayed unique innate cytokine 

and adaptive immune characteristics as identified by rPA-specific IgG subclass profiles 

and T helper cell-associated cytokine responses. Nasal immunization with adjuvants 

induced potent rPA-specific serum, nasal, vaginal and fecal antibody responses as well 

as rPA-specific splenocyte cytokine production. CT, LPS, C48/80 and IL-1α induced Th2-

associated immune responses as indicated by an increase in IgG1 compared to IgG2c 

responses and increased IL-5 production from antigen-stimulated splenocytes. IL-1α 

further demonstrated its potential to induce Th2 immunity by increasing total IgE 

responses. R848 induced a balanced Th1/Th2 response with similar levels of rPA-specific 

IgG1 and IgG2c responses. CpG was the only adjuvant that enhanced IgG2c responses 

compared to IgG1 and induced potent IFN-γ responses indicating it is a Th1-biased 
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adjuvant. Compound 48/80 significantly enhanced lethal toxin neutralizing antibodies. 

Innate cytokine profiles induced 6 hours post-immunization in the different vaccine 

groups were also measured as potential biomarkers for adjuvant activity. Each vaccine 

adjuvant displayed unique adaptive and innate immune signatures that were not 

predictive of protective immune responses. The information gained in this study 

allowed for comparison and characterization of various adjuvants after nasal 

vaccination. Future studies are required to optimize vaccine conditions that maximize 

the induction of effective immune responses that correlate with protection against 

anthrax.  

The induction of significant antigen-specific serum IgG responses compared to 

immunization with antigen alone does not always correlate with protective immunity. 

Under the conditions tested, after three immunizations, all adjuvants except for 

Pam3CSK4 induced significant rPA-specific serum IgG responses greater than antigen 

alone; however, only C48/80 was able to significantly increase lethal toxin neutralizing 

antibodies. This discrepancy between serum IgG and LeTx neutralizing antibodies may 

be due to the dose of antigen used in the vaccine formulation. An antigen dose of 2.5 µg 

of rPA was included in the vaccine formulation as a method to increase the sensitivity of 

adjuvant activity comparison with the induction of LeTx-neutralizing antibodies as 

indication of the most effective adjuvant. Other studies have used higher doses of rPA in 

their vaccine formulations to achieve higher LeTx-neutralizing antibody responses [368]. 
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Boyaka et al. has demonstrated an antigen dose-dependent increase in LeTx-neutralizing 

antibody responses [368]. Since the doses of adjuvants used in this study were 

preselected based upon literature reports, future studies are required to determine if 

modulation of the adjuvant dose can induce lethal toxin neutralizing antibody responses 

while keeping the antigen dose constant.  

Vaccine adjuvants were also compared for their ability to serve as 

immunomodulators and their influence on T helper cell associated responses. Antigen-

specific IgG subclasses were compared amongst adjuvants and increased IgG1 responses 

were indicative of a Th2-associated response while increased IgG2c indicated a Th1-

associated response. Immunization with antigen alone induced a Th2-associated 

response indicated by a greater rPA-specific IgG1 response than IgG2c. Additionally, 

CT, IL-1α, C48/80 and LPS induced greater IgG1 than IgG2c antibody responses. 

Although LPS is traditionally thought to be associated with Th1 responses, the dose of 

LPS has been suggested to be a determining factor for the induction of Th1 or Th2 

responses [370]. Eisenbarth et al. described a model of airway hyper-reactivity in which 

low levels of LPS induced a Th2-type immune response and high levels of LPS shifted 

the immune responses towards Th1 [370]. The increase of IgE responses is also 

associated with Th2 cells [359, 371]. An increase in IgE responses is associated with 

allergic disease, which includes increased inflammation and anaphylactic reactions [249, 

372]. Interleukin-1α was the only adjuvant to significantly increase total IgE responses. 
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CpG induced a Th1-associated response by increasing rPA-specific IgG2c compared to 

IgG1. This is consistent with published reports describing CpG as a Th1-biased adjuvant 

when administered parenterally [362].  

The T helper cell-associated responses identified by rPA-specific IgG subclass 

antibody production were validated by rPA-stimulated T cell cytokine response. CpG 

was the most potent inducer of IFN-γ (Th1) while CT, IL-1α, C48/80 and LPS increased 

IL-4 responses (Th2) and CT, IL-1α and C48/80 increased IL-5 (Th2). This report also 

echoes Boyaka et al. demonstrating an increase in Th2 cytokines with the use of CT [368].  

Mucosal immunization has the ability to induce antigen-specific immune 

responses at systemic sites but also mucosal sites both near the route of administration 

and also at distal mucosal sites. Since anthrax can be acquired through mucosal surfaces, 

rPA-specific IgG and IgA responses in the fecal, vaginal and nasal secretions were 

measured in immunized mice. The induction of mucosal antibody responses was unique 

to each adjuvant. Nasal immunization with C48/80 and CpG were effective at inducing 

antigen-specific antibody responses in fecal extracts while IL-1α and CpG induced 

immunity in the nasal secretions. IL-1α, C48/80 and CpG all induced rPA-specific 

immune responses in the vaginal secretions. In this study IL-1α, C48/80 and CpG were 

superior to CT for the induction of mucosal antibody responses. Hjelm et al. described 

the ability of nasal immunization with Norovirus-like particles and TLR 7 and 9 ligands, 

gardiquimod (GARD) and CpG, respectively to induce vaginal and fecal IgA responses 
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[373]. Additionally, CpG induced antigen-specific IgA responses in the bronchioaveolar 

lavage fluid, while both GARD and CpG induced salivary and gastrointestinal IgA. The 

results by Hjelm et al. are similar to the results described in this study and demonstrate 

that nasal immunization with TLR ligands induce IgA responses at mucosal sites that 

are both near and distal to the site of immunization [373]. This study used R848 as a TLR 

7/8 ligand and Hjelm evaluated the use of gardiquimod. Similarly, Velasquez et al. 

compared the nasal adjuvant activity of R848, GARD and CT and described CT and 

GARD to be the most potent inducers of antigen-specific fecal IgA responses and R848 

induced detectable fecal IgA but not to the same magnitude as CT or GARD [374]. R848, 

GARD and CT induced similar levels of antigen-specific vaginal IgA responses; 

however, CT and GARD induced superior nasal IgA responses compared to R848 [374]. 

Since R848 did not induce significant mucosal antibody responses in the study described 

in this dissertation, future studies may evaluate GARD as a TLR7 ligand for the 

induction of mucosal immunity.  

In addition to adjuvant activity, innate cytokine signatures were determined for 

each adjuvant as a potential biomarker for potent adjuvant activity. The cytokine 

profiles were unique to each adjuvant in both the serum and nasal secretions. CpG did 

not induce measurable cytokine responses 6 hours after immunization despite providing 

effective adjuvant activity based on elevated serum anti-rPA IgG titers. Since no 

cytokines were detected in the CpG-immunized group, this time-point does not appear 
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to be optimal for activation of the innate immune system by CpG. The use of innate 

cytokine responses may not be effective biomarkers for adjuvant activity since published 

reports from our lab demonstrated that the adjuvant activity of IL-1α is not dependent 

on IL-1α-induced innate cytokine production [26]. Similarly, Sanders et al. demonstrated 

TLR5, the receptor for flagellin, is required for maximal flagellin-induced cytokine 

production but not for the induction of flagellin-specific antibody responses [375].  

This experiment was a pilot study that aimed to identify vaccine adjuvants that 

can induce potent antigen-specific immune responses and modulate responses 

associated with Th1 or Th2 type immunity. The data obtained displayed variability 

within the immune responses measured. It is possible that an increase in animals in each 

experimental adjuvant group may enhance the statistical power of the observed results. 

However, as performed, the study allowed the identification of CpG as a potent Th1-

biased adjuvant that increased antigen-specific IgG2c and IFN-γ responses. Thus, CpG 

may be used to modulate immune responses in other vaccine models where a shift 

towards a Th1-response is desired, for example, allergic disease models. 
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3. Modulation of Vaccines to Include Th1-skewing 
Adjuvants as an Environmental Factor Reduces the 
Development of Allergic Disease 

3.1 Introduction 

Allergic disease results from the development of an immediate injurious immune 

reaction to otherwise harmless environmental antigens. Allergen-specific Th2 cells, IgG 

and IgE antibodies are the effectors that lead to massive mast cell degranulation and 

potentially life-threatening allergic symptoms [7]. Recently, the prevalence of allergic 

diseases such as food and respiratory allergies has increased to epidemic proportions in 

modernized countries [4]. This increase in allergic disease incidence has occurred at a 

pace that is too quick to be genetic; therefore, changes in the environment are suspected 

to be risk factors for allergy predisposition. Dr. Strachan observed an increase in hay 

fever and other allergic diseases such as allergic rhinitis in the post-industrialization era 

and hypothesized that a decrease in family size, improved living standards and 

improvements to household amenities have reduced infections within families and led 

to an increase in allergic disease and formed the hygiene hypothesis [4]. Since the 

development of the hygiene hypothesis, several studies have been conducted to identify 

risk factors associated with increased allergic disease. Environmental conditions such as 

reduced endotoxin exposure in the living environment, a decrease in sub-lethal 

infections and increased use of vaccines have all been associated with increased allergic 

disease [376-378]. Individuals who live on farms and/or work with livestock have more 
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endotoxin in their homes compared to those that do not [379] and a decrease in allergic 

disease has been observed in farm dwellers compared urban dwellers [287, 376, 377]. 

Similarly, infection with the measles has been shown to inversely correlate with allergic 

disease [378]. Collectively, epidemiology studies have suggested that an increase in 

microbial exposure through environmental endotoxin exposure or natural infection 

correlates with a decrease in allergic disease.  

Vaccines can contain immunomodulatory adjuvants that enhance immune 

responses towards the specific antigen but may also influence host immunity that 

predisposes one to develop allergic disease. Vaccines that protect against infection and 

reduce microbial exposures may contain aluminum salts as adjuvants that increase Th2-

associated responses [305, 380]. Alum is a Th2-associated adjuvant that has classically 

been used in animal models to sensitize mice to allergens and induce hypersensitivity 

[381]. Alum also has the potential to enhance IgE responses to non-target antigens and 

increase the likeliness of allergic diseases in special genetic populations [382]. 

A number of adjuvant systems are being investigated for clinical use. 

Monophosphoryl lipid A (MPL), a synthetic mimic of bacterial endotoxin, is a FDA-

approved TLR4 ligand vaccine adjuvant. MPL is combined with alum to create the 

adjuvant system AS04, which is used in the Cervarix® vaccine against human papilloma 

virus [383]. The TLR ligand CpG is also being investigated in clinical trials as a vaccine 
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adjuvant [279]. Both MPL and CpG are Th1-associated adjuvants that can reduce Th2 

responses [341, 384] and therefore, may potentially reduce allergic disease development. 

 This study utilized a mouse model to investigate the impact of environmental 

risk factors, including environmental LPS and alum-adjuvanted vaccines on the 

development of peanut allergy. It was hypothesized that mice, which live in low 

endotoxin environments and receive alum-adjuvanted vaccines will develop more 

severe allergic disease compared to mice that live in a standard endotoxin environment 

and do not receive alum-adjuvanted vaccines. The hypothesis that the inclusion of CpG 

or MPL to the alum-adjuvanted vaccine will decrease Th2-associated immune responses 

and reduce the development of peanut allergy was also tested in this study. Taken 

together, these studies provide a novel mouse model of environmental allergy risk 

factors that may be modified to reduce the incidence of allergic disease.  

3.2 Methods and Materials 

3.2.1 Mice 

Six-to-eight week old female C3H/HeOuJ mice were purchased from Jackson 

Labs (Bar Harbor, ME). Mice were allowed to rest for one month to acclimate to their 

environments before beginning immunization and allergen sensitization regimens. 

3.2.2 Mouse Bedding Conditions 

Mice were housed in paper environments that were designed to mimic a low 

endotoxin environment. Paper environments contained Diamond Soft paper bedding 
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(Harlan Teklad; Indianapolis, IN) that was changed every Monday, Wednesday and 

Friday. Alternatively, mice were housed in corncob environments according to Duke 

Division of Laboratory Animal Resources (DLAR) procedures to represent a standard 

endotoxin environment. Standard endotoxin environments contained Enrich-o-cob 

corncob bedding (Andersons Laboratory; Maumee, OH) and were changed every two 

weeks, per standard husbandry practices. 

3.2.3 LPS Analysis 

Endotoxin was measured in the paper and corncob bedding before animal 

exposure on the morning of cage changes before new bedding replaced the used 

bedding. Samples were processed as previously described [385] with modifications. 

Briefly, bedding samples were extracted in sterile water and vortexed for 1 hour. 

Extracts were centrifuged for 10 minutes at 400g. Supernatants were collected and 

analyzed for endotoxin by the Pierce LAL endotoxin kits per the manufacturer’s 

instructions (Thermo Scientific, Waltham, MA). Endotoxin was reported at EU/mg of 

bedding. 

3.2.4 Vaccination Schedule 

Subcutaneous immunizations were administered on experimental Days 0, 14 and 

28. The first and third immunization was delivered between the shoulders and the 

second immunization was administered at the base of the tail. Mice were immunized 

with ovalbumin (OVA) combined with aluminum hydroxide (Alhydrogel; alum) as the 



 

100 

sole adjuvant, OVA + alum + CpG or OVA + alum + MPL. OVA was delivered at a dose 

of 10 µg/immunization in combination of the following adjuvants: alum (550 µg), CpG 

(100 µg) and MPL (25 µg). Vaccine formulations were diluted in sterile USP saline (APP 

Pharmaceuticals; Raleigh, NC) in 100 µl volumes. All vaccine antigens and adjuvants 

were purchased from Invivogen (San Diego, CA), with the exception of MPL, which was 

purchased from Enzo Life Sciences (Farmingdale, NY). 

3.2.5 Peanut Sensitization Schedule 

Mice were sensitized to peanut by gastric gavage of crude peanut extract (PN) 

and cholera toxin (CT, List Biologicals; Campbell, CA) once a week for 4 weeks 

beginning one day after the initial subcutaneous immunization with OVA + adjuvants 

(Experimental Day 1). One milligram of PN was combined with 10 µg of CT in a total 

volume of 200 µl in sterile USP saline. 

3.2.6 Peanut Provocation Protocol 

One week after the last administration of the peanut-sensitization dose, mice 

were challenged with PN by an intraperitoneal injection. The day before the induction of 

anaphylactic reactions, mice were injected subcutaneously with temperature 

transponders (BioMedic Data Systems; Seaford, DE) for the measurement of peanut-

induced hypothermia. On experimental Day 36, 250 µg of PN in sterile USP saline was 

injected into the peritoneal cavity of peanut-hypersensitive mice to induce an 

anaphylactic reaction. All animals were monitored for allergy clinical symptoms and 
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changes in core body temperature for one hour. Allergy clinical symptoms were 

determined using a 0-5 scoring system as previously described by Sun et al. [331] with 

minor modifications. The following descriptions were used to assign clinical symptom 

scores to each animal after challenge: 0, no symptoms; 1, repetitive scratching; 2, 

decreased activity, self-isolation, swelling around the eyes and snout; 3, motionless for 

greater than 1 minute, lying prone on the stomach; 4, no response to whisker stimulation 

or prodding and 5, convulsion, death or temperature decrease greater than 5°C. 

3.2.7 Sample Collection 

Serum and fecal extracts were collected and measured for antigen-specific 

antibody responses by ELISA. Whole blood was collected by submandibular puncture 

on experimental Days 7, 21 and 35 in a manner described by Thompson et al. [26]. Three 

drops of blood were collected in a microcentrifuge tube and allowed to clot at room 

temperature for one hour. Whole blood samples were then centrifuged for 20 minutes. 

Fresh fecal samples were collected from each mouse and placed in extract buffer 

containing 10% goat serum at a ratio of 100 mg of feces: 1 ml of buffer. Samples were 

vortexed for 45 minutes then centrifuged for 20 minutes. The supernatants were 

collected from all samples and individually stored at -20°C until ELISA analysis. 

3.2.8 ELISA 

PN- and OVA-specific ELISAs were performed in 384-well plates using the 

Attophos Substrate system (Promega; Madison, WI). ELISA plates were coated with PN 
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or OVA at 2 µg/ml and incubated overnight (O/N) at 4°C. Plates were blocked with non-

fat dry milk/Carbonate-bicarbonate (CBC) buffer for 2 hours at room temperature before 

washing and the addition of the samples. Samples were diluted 2-fold starting at a 

dilution of 1:25 for serum and 1:23 for fecal in complete sample diluent 

(PBS/1%BSA/1%NFDM/5% goat serum/0.05%Tween 20/0.1%Kathon). After the addition 

of the samples, plates were incubated at 4°C overnight (O/N). Alkaline-phosphatase 

(AP)-labeled secondary antibodies were diluted 1:8000 in secondary antibody diluent 

(PBS/1%BSA/5% goat serum/0.05%Tween 20/0.1%Kathon) and added to the plates after 

washing and incubated at room temperature for 2 hours. After the final wash, Attophos 

was added to each well and allowed to incubate at room temperature for 15 minutes. 

ELISA results were reported as an end-point titer, which is defined as the last dilution 

that provides a fluorescent signal three times greater than the naïve reference sample at 

the same dilution. 

 PN-specific serum IgE responses were measured in a similar manner. Plates 

were coated with unlabeled goat anti-mouse IgE (Southern Biotech; Birmingham, AL) in 

CBC buffer at 5 µg/ml and incubated at 4°C O/N. Samples were added to plates after 

washing and incubated O/N at 4°C. Biotinylated PN was added to the plates after 

washing in complete sample diluent for 2 hours at room temperature. Plates were 

washed and streptavidin-AP was added to the plates in secondary antibody diluent at 
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dilution of 1:10000. Plates were incubated at room temperature for 30 minutes before the 

final wash and addition of Attophos. 

3.2.9 Statistical Analysis 

GraphPad Prism 6 (La Jolla, CA) was used for all statistical calculations. ANOVA 

with Tukey’s multiple comparisons was used to analyze the ELISA. A Mann Whitney 

test was used to analyze the endotoxin concentration in the animal beddings. 
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3.3 Results 

3.3.1 Endotoxin Levels in Mouse Bedding before and after Animal 
Exposure 

This study aimed to create an environment that contained lower levels of 

endotoxin compared to the standard mouse environment provided by Duke 

University’s DLAR. Mouse cages that contained paper bedding that was changed three 

times a week were designed to serve as a low endotoxin environment. Bedding samples 

were collected for endotoxin analysis before animal exposure. There was significantly 

less endotoxin in the clean paper bedding compared to clean corncob bedding (Figure 

13).  
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Figure 13: Endotoxin Levels in Mouse Bedding Before Animal Exposure 

Paper and corncob bedding samples were collected from autoclaved mouse cages before 

animal exposure and analyzed for endotoxin by LAL analysis. Data is reported as endotoxin 

units (EU)/mg of bedding. Mann Whitney’s test was used to determine statistical significance 

between bedding samples.*denotes a significant increase in Eu/mg, p<0.0001.  

 

The average Eu/mg of bedding was 0.04 Endotoxin unit (Eu)/mg for paper bedding and 

0.97 Eu/mg for corncob bedding. The levels of endotoxin were also measured in the 

mouse bedding on the day of cage changing before used bedding was removed, which 

was considered the maximum level of endotoxin exposure at one time. Bedding from 

mice that lived in paper bedding contained an average of 61.29 Eu/mg of bedding and 
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bedding from mice that lived in corncob bedding contained an average of 177.2 Eu/mg 

of bedding (Figure 14). While there were significant differences in LPS in the paper and 

corncob beddings before animal exposure, mice that lived in corncob and paper bedding 

were exposed to similar endotoxin levels at the time of cage changing. Since endotoxin 

levels were similar in both environments after mouse exposure, additional studies are 

required to decrease the endotoxin levels in the paper environment in comparison to the 

corncob environment. Endotoxin exposure is one environmental condition that may 

impact the development of allergic disease; however, other factors such as vaccination 

and vaccine adjuvants may also influence allergy development. 

 

Figure 14: Endotoxin Levels in Mouse Bedding After Animal Exposure 

Paper and corncob bedding samples were collected from mouse cages after animal 

exposure on the day of cage changing and analyzed for endotoxin by LAL analysis. Data is 
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reported as endotoxin units (EU)/mg of bedding. Mann Whitney test was used to determine 

statistical significance between bedding samples. No differences were observed between groups 

 

3.3.2 Subcutaneous Immunization with OVA + Adjuvants Induced 
Potent OVA-Specific Immune Responses in the Serum  

 Routine childhood vaccines, such as the hepatitis B vaccine are adjuvanted with 

alum [386] and mice received subcutaneous vaccines that contained OVA + alum as a 

mimic of childhood vaccines. Additional groups of mice were vaccinated with OVA + 

alum combined with CpG or MPL to determine if the addition of TLR ligands to a 

parenteral vaccine formulation could influence host Th1:Th2 immunity and indirectly 

reduce the development of peanut hypersensitivity. The purpose of this immunization 

regimen was to evaluate adjuvant combination systems as an alternative vaccine 

formulation that may be implemented as a method to reduce allergic disease 

development. If adjuvant combinations are to be used clinically, they must be as 

effective as current vaccine formulations that contain alum as the sole adjuvant. OVA-

specific IgG responses were measured in the serum of immunized mice.  

Mice immunized with OVA + adjuvants developed increased OVA-specific 

serum IgG responses compared to mice that were not immunized against OVA and only 

sensitized to peanut (Figure 15). Adjuvant systems that contained alum + TLR ligands 

induced immune responses comparable to immunization with alum + OVA, which 

suggests that adjuvant systems are equally as immunogenic as alum-adjuvanted 
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vaccines. Therefore, adjuvant systems may be an alternative vaccination strategy that 

may be suitable for human use.  

 

Figure 15: OVA-specific Serum IgG Responses  

Female C3H/HeOuJ mice were naïve to OVA (PN alone) or immunized with OVA and 

alum alone or OVA combined with alum and CpG or MPL on Days 0, 14 and 28. Mice were also 

sensitized to PN by gastric administration of PN + CT on Days 1, 8, 15 and 22. Serum samples 

were collected on Day 35 and measured for OVA-specific IgG responses by ELISA. Geometric 

mean titers are reported on a log10 scale and the error bars represent the 95% CI. One-way 

ANOVA with Tukey’s multiple comparisons was used to determine differences between each 

group. Statistical differences between groups are notated by the numbers above each bar 

representing the immunization and bedding condition of each group (1-8). Each mouse group 

contained 9-15 mice.  

 

The induction of similar OVA-specific IgG responses in mice immunized with 

alum + TLR ligands as mice immunized with alum alone suggests that alum + TLR 

ligands is just as effective as alum alone. However, the addition of TLR ligands to the 

alum-adjuvanted vaccine may have the additional benefit of directing antigen-specific 



 

109 

immune responses towards a balance Th1:Th2 response. CpG and MPL have been 

associated with Th1 responses; therefore, the influence of combining CpG or MPL to 

alum-adjuvanted vaccines on T helper cell-associated responses were determined by 

measuring OVA-specific IgG1 (Th2) and IgG2a (Th1) (Figure 16).  

 

Figure 16: OVA-specific Serum IgG1 and IgG2a Responses 

Female C3H/HeOuJ mice were naïve to OVA (PN alone) or immunized with OVA and 

sensitized to PN as described in Figure 15. Serum samples were collected on Day 35 and 

measured for OVA-specific IgG1 and IgG2a responses by ELISA. Geometric mean titers are 

reported on a log10 scale and the error bars represent the 95% CI. One-way ANOVA with Tukey’s 

multiple comparisons was used to determine differences between each group. Statistical 

differences between groups are notated by the numbers above each bar representing the 

immunization and bedding condition of each group (1-8). Each mouse group contained 9-15 

mice. 

All mice immunized against OVA developed elevated OVA-specific IgG1 and IgG2a 

responses compared to mice that were not immunized against OVA (Groups 1 and 2). 
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Mice that were immunized with OVA + alum + CpG developed increased OVA-specific 

IgG2a responses compared to all other immunization groups regardless of their living 

environment. The data suggests that CpG is the most effective adjuvant that induces 

antigen-specific Th1-associated immune responses. (A complete list of OVA-specific 

antibody titers is listed in Appendix A.) The ability of CpG combined with alum as a 

vaccine adjuvant system induced antigen-specific Th1-associated immune responses but 

it may also be possible that immunization with alum + CpG may create a Th1-associated 

environment within the host that impacts immune responses to other antigens. 
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3.3.3 Peanut Sensitization Induced Similar PN-Specific Immune 
Responses 

The time in which an individual becomes sensitized to an allergen is unknown; 

however, it is possible that allergen sensitization may occur during a child’s routine 

immunization schedule. Therefore, mice were sensitized to develop peanut 

hypersensitivities by gastric gavage during the course of the subcutaneous OVA 

immunization regimen. It may be possible that immunization with OVA + adjuvants 

may impact the immune responses induced by peanut-sensitization; therefore, peanut 

(PN)-specific serum and fecal antibody responses were characterized. All mice that were 

sensitized to peanut developed PN-specific antibody responses in the serum and fecal 

material (Figures 17-21). PN-specific IgG and IgA responses in the feces were 

comparable between all groups (Figure 17) and therefore, immunization with OVA + 

adjuvants did not have an impact on the PN-specific fecal antibody responses 
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Figure 17: PN-specific Fecal IgG and IgA Responses 

Female C3H/HeOuJ mice were naïve to OVA (PN alone) or immunized with OVA and 

alum alone or OVA combined with alum and CpG or MPL on Days 0 and 14 and sensitized to PN 

by gastric gavage with PN + CT on Days 1, 8 and 15. After three sensitization doses fecal samples 

were collected on Day 21 and measured for PN-specific IgG and IgA responses by ELISA. 

Geometric mean titers are reported on a log10 scale and the error bars represent the 95% CI. One-

way ANOVA with Tukey’s multiple comparison was used to analyze PN-specific responses. No 

statistical differences were observed. Each group contained 9-15 mice. 
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Next PN-specific IgG antibodies in the serum of sensitized mice were measured. PN-

specific IgG responses were increased in mice that lived in the corncob environment and 

immunized with OVA + alum compared to mice that lived in the corncob environment 

and immunized with OVA + alum + CpG (Figure 18).  

 

Figure 18: PN-specific Serum IgG Responses 

Female C3H/HeOuJ mice were naïve to OVA (PN alone) or immunized with OVA and 

alum alone or OVA combined with alum and CpG or MPL on Days 0, 14 and 28. They were 

sensitized to PN by gastric gavage with PN + CT on Days 1, 8, 15 and 22. Serum samples were 

collected on Day 35 and measured for PN-specific IgG responses by ELISA. Geometric mean 

titers are reported on a log10 scale and the error bars represent the 95% CI. One-way ANOVA 

with Tukey’s multiple comparisons was used to determine differences between each group. 

Statistical differences between groups are notated by the numbers above each bar representing 

the immunization and bedding condition of each group (1-8). 

 

To confirm the efficacy of sensitization by gastric gavage with PN + CT, CT-specific 

antibodies were also measured in the serum. CT-specific antibodies were present in all 
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immunization groups and significantly increased in mice that lived in corncob bedding 

and received immunizations with OVA + alum compared to mice that received OVA + 

alum + CpG immunizations and lived in the paper environment (Figure 19).  

 

Figure 19: CT-specific Serum IgG Responses 

Female C3H/HeOuJ mice were treated as described in Figure 18. CT-specific IgG 

responses were measured by ELISA. Geometric mean titers are reported on a log10 scale and the 

error bars represent the 95% CI. One-way ANOVA with Tukey’s multiple comparison was used 

to determine differences between each group. Statistical differences between groups are notated 

by the numbers above each bar representing the immunization and bedding condition of each 

group (1-8). Each group contained 9-15 mice. 

 

 Since allergic disease is mediated by IgE antibodies, PN-specific IgE antibodies 

were analyzed in the serum of sensitized mice. PN-specific serum IgE responses were 

similar amongst all immunization groups (Figure 20). 
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Figure 20: PN-specific Serum IgE Responses 

Female C3H/HeOuJ mice were treated as described in Figure 18. PN-specific IgE 

responses were measured by ELISA. Geometric mean titers are reported on a log10 scale and the 

error bars represent the 95% CI. One-way ANOVA with Tukey’s multiple comparison was used 

to determine differences between each group. No statistical differences were observed. Each 

group contained 9-15 mice. 

 

In order to monitor PN-specific T helper cell-associated responses PN-specific 

IgG1 (Th2) and IgG2a (Th1) antibodies were determined in PN-sensitized mice. Only 

mice that lived in corncob bedding and were immunized with OVA + alum displayed 

increased PN-specific serum IgG1 responses compared to mice that received OVA + 

alum + CpG subcutaneous immunizations (Figure 21). (A full list of PN-specific 

antibody titers is located in Appendix B.) Although all mice were sensitized in the same 

manner there was a degree of variability within each experimental group. There were 9-
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10 mice in Groups 1, 2, 5-8 and 15 mice in groups 3 and 4. The number of animals in each 

group may account for the statistical variability in immune responses within each 

treatment groups. The addition of more mice per treatment group may reduce the 

variability and yield more consistent results. Taken together the PN-specific antibody 

results did not seem to be consistently influenced by the OVA immunization status 

suggesting that OVA immunization did not impact PN-specific antibody responses. 

 

Figure 21: PN-specific Serum IgG1 and IgG2a Responses 

Female C3H/HeOuJ mice were treated as described in Figure 18. PN-specific IgG1 and 

IgG2a responses were measured by ELISA. Geometric mean titers are reported on a log10 scale 

and the error bars represent the 95% CI. One-way ANOVA with Tukey’s multiple comparisons 

was used to determine differences between each group. Statistical differences between groups are 

notated by the numbers above each bar representing the immunization and bedding condition of 

each group (1-8). Each group contained 9-15 mice. 
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3.3.4 Subcutaneous Immunization with OVA + Alum + CpG Influences 
the Severity of Peanut Hypersensitivity in Mice 

The goal of this study was to determine the influence of environmental risk 

factors on the development of allergic disease; thus mice were challenged to develop 

anaphylactic reactions after the completion of PN sensitization and OVA vaccination 

regimens. Two weeks after the last PN-sensitization dose was administered, all mice 

were challenged with PN and monitored for hypersensitivity reactions. PN-induced 

hypothermia was measured in challenged mice for one hour after challenge (Figure 22). 

Mice that were sensitized to PN and did not receive any OVA subcutaneous 

immunizations developed a significant decrease in core body temperature compared to 

mice that were neither sensitized to PN nor received subcutaneous immunizations with 

OVA (naïve). 
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Figure 22: PN-Induced Changes in Body Temperature 

Female C3H/HeOuJ mice (9-15 mice per group) were separated into corncob or paper 

bedding and sensitized to PN by gastric gavage with PN + CT on Days 1, 8, 15 and 22. Mice in 

groups 5-10 were immunized with OVA + alum alone or OVA + alum + CpG or MPL on Days 0, 

14 and 28. Naïve mice were not sensitized to PN and did not receive OVA immunizations. All 

mice were challenged with PN by an intraperitoneal injection on Day 36 and monitored by 

hypothermia 60 minutes post-challenge. One-way ANOVA with Tukey’s multiple comparison 

was used to determine statistical differences between treatment groups. A p-value < 0.05 

determined statistical differences as notated by the numbers above each bar, which corresponds 

to the treatment groups listed. 

 

Mice that were only sensitized to PN and lived in paper bedding experienced a core 

body temperature decrease of -3.5°C ± 2.7°C and those that lived in corncob bedding 

displayed a decrease in body temperature of -4.8°C ± 2.7°C after challenge compared to 

naïve mice that lived in the paper (0.58°C ± 0.71°C) and corncob (0.78°C ± 0.39°C) 

environments. Similarly, mice that received OVA + alum immunizations and lived in 

corncob (-4.8°C ± 1.4°C) or paper (-2.6°C ± 2.7°C) bedding and mice that lived in both the 

corncob (-3.4°C ± 3.3°C) and paper (-3.4°C ± 2.9°C) environments and received OVA + 

alum + MPL immunizations developed significant hypothermia compared to both 

groups of naïve mice. Interestingly, neither groups of mice that were immunized with 

OVA + alum + CpG developed hypothermia that was significantly different from naïve 

mice (paper;-1.8°C ± 2.3°C and corncob; -2.4°C ± 3.2°C). In addition to hypothermia, 

mice were also monitored for the development of allergic clinical symptoms using a 

scoring scale that ranged for 0-5 with 0 being no symptoms and 5 equaling death (Figure 

23). 
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Figure 23: PN-Induced Allergy Clinical Symptom Score 

Female C3H/HeOuJ mice (9-15 mice per group) were treated as described in Figure 22. 

Allergy clinical symptoms were measured 60 minutes post-challenge. One-way ANOVA with 

Tukey’s multiple comparison was used to determine statistical differences between treatment 

groups. A p-value < 0.05 determined statistical differences as notated by the numbers above each 

bar, which corresponds to the treatment groups listed. 

 

All mice developed allergy clinical symptoms greater than naïve mice expect for 

mice that received OVA + alum + CpG immunizations. In fact, mice that lived in the 

paper environment and received OVA + alum + CpG (1.4 ± 1.1) immunizations 

developed clinical symptoms significantly lower than mice that lived in corncob 

bedding and were not immunized (PN alone; 4.1 ± 1.7) or mice that received OVA + 

alum immunizations (3.8 ± 1.1). Collectively, the data from this study suggests that the 



 

120 

addition of CpG to an alum-adjuvanted vaccine can create an immune environment 

within the host that leads to a reduction in the development allergic disease. 

3.4 Discussion 

Results show that vaccines that contained alum as a sole adjuvant did not 

influence the severity of allergic disease in a mouse model of peanut allergy. No 

conclusions could be drawn regarding the contribution of endotoxin in the mouse 

bedding on the development of allergic disease since both the paper and corncob 

environments displayed similar levels of endotoxin post animal exposure. The addition 

of CpG but not MPL to the OVA + alum subcutaneous vaccines reduced the 

development of peanut-induced anaphylaxis in a bystander fashion, since mice were 

sensitized to peanut by gastric gavage on a separate day from OVA immunization. 

The study aimed to determine the influence of environmental risk factors 

including LPS exposure and alum-adjuvanted vaccines on the development of allergic 

disease in mice. Low and standard endotoxin environments were designed for mice to 

live in during their immunization and sensitization regimens. Paper bedding showed a 

significant difference in endotoxin levels before animal exposure compared to corncob 

bedding, which is in agreement with prior work [387]. The results of this study 

determined that paper bedding (.042 EU/mg) had similar levels of endotoxin as those 

published by others in which paper bedding had 5-105 EU/g; however, the corncob 

endotoxin content in this study was slightly lower than those previous reported by 
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Whiteside et al. (corncob bedding; 1913- 4504 Eu/g) [387]. Although it was hypothesized 

that mice that lived in corncob environments should be exposed to more endotoxin than 

mice that lived in paper environments, this study did not display any differences in 

bedding endotoxin levels. Therefore, the impact on allergic disease development by 

specific living environments could not be determined. This is most likely due to the 

similar endotoxin content in the 2 types of bedding at the time of cage changing, due to 

the much larger amount of endotoxin contributed by fecal contamination compared to 

that initially present in the bedding material itself. Although it is impossible to 

categorize the levels of endotoxin present in this study according to Caballero et al. 

because the information to normalize the amount of bedding samples collected was not 

available [388], it is likely that this study failed to demonstrate differences in allergic 

disease severity in mice that lived in paper or corncob environments because the levels 

of endotoxin in both environments were above an endotoxin threshold that would 

display differences in disease severity. Additional studies are required to develop 

housing conditions that can reliably maintain endotoxin exposure at a low level for 

comparison.  

These studies also evaluated the influence of vaccine adjuvants on allergic 

disease severity. Alum is the most widely used adjuvant in the United States and until 

recently it was the only adjuvant approved for use by the FDA. Alum is frequently used 

in animal studies to induce allergen sensitization [389] and has been shown to increase 
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IgE responses in people [382], which may lead to allergic disease. In this model, mice 

were immunized subcutaneously with OVA + alum one day before gastric sensitization 

with PN and CT. It is possible that alum can induce Th2 responses to OVA (the co-

administered antigen) but also create an immune environment that increases Th2 

responses to the PN administered the next day, thus providing bystander help to the PN 

antigens. Alum has been shown to enhance immune responses to antigens that are not 

co-administered with alum by a bystander mechanism [390]. Wang et al. demonstrated 

increased Th2 responses to OVA in mice immunized with BSA + alum prior to 

epicutaneous sensitization with OVA and BSA compared to mice that did not receive 

BSA + alum immunizations [390]. Although subcutaneous immunization with OVA+ 

adjuvants induced OVA-specific immune response, an increase in peanut allergic 

disease severity in mice immunized OVA + alum was not observed. It is possible that the 

number of alum-adjuvanted vaccine doses that were administered to the mice in this 

study is insufficient to induce immune responses that enhance allergic disease severity. 

In this study, mice received 3 alum-adjuvanted vaccines in comparison to the 

recommended childhood vaccine schedule that contains more than 12 doses of vaccines 

that contain alum [391]. Additionally, mice do not spontaneously develop allergic 

disease to peanut; therefore, peanut allergies must be experimentally induced by 

immunization with peanut proteins and a strong Th2-biased adjuvant. Peanut 

sensitization was achieved by gavage with four doses of PN and cholera toxin (CT). CT 
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is a potent adjuvant that induces Th2 responses [250] and is an effective adjuvant for 

gastric immunization at doses below 500 ng [392]. Since CT was administered in a 10 µg 

dose, it is possible that the peanut sensitization-induced immune responses are too 

strong to allow for additional influences by alum as an adjuvant in a vaccine 

formulation. Therefore, future studies are required to determine if alum can influence 

allergic disease severity in a model of peanut allergy that utilizes a less potent peanut-

sensitization protocol that contains lower doses of CT or fewer sensitization doses. 

Although alum alone did not impact allergic disease severity, the combination of alum 

and the TLR9 ligand CpG reduced allergic disease severity. 

 AS04 is the other FDA-approved adjuvant and it contains alum combined with 

the TLR4 ligand, MPL. Since combination adjuvants are currently in use in the USA, the 

ability of combining alum with a Th1-skewing TLR ligand adjuvant, MPL or CpG, to 

reduce the severity of peanut hypersensitivity in mice was tested. The results of this 

study suggest that inclusion of MPL in an alum-adjuvanted vaccine does not reduce 

allergic disease severity. Although MPL can also induce Th1-associated responses, it did 

not influence the OVA-specific IgG1:IgG2a responses and was not protective under the 

conditions tested in this study. MPL, which is a derivative of LPS is thought to be a Th1-

associated adjuvant [341], but other studies have demonstrated the ability of LPS to 

induce Th1 and Th2 responses in a dose dependent manner [370]. Eisenbarth et al. 

observed an increase in Th2-associated responses with low levels of inhaled LPS and 
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high levels of LPS induced Th1-associated responses using a model of airway hyper-

reactivity [370]. A low dose of LPS was considered to be 0.1 µg and a high dose was 100 

µg. This study used 25 µg of MPL, which may induce either Th1 or Th2 responses. 

However, MPL has been described to induce immune responses different from LPS 

[237]. For example, LPS was a more potent inducer of IL-12 and IFN-γ than MPL and 

MPL induced IL-10 responses greater than LPS [237]. An additional difference between 

this study and the work published by Eisenbarth et al. is in this study MPL was 

administered by an injection with another antigen and Eisenbarth et al. applied the LPS 

directly with the test antigen by nasal administration. 

The results of this study demonstrate that CpG is a potent inducer of Th1-

associated responses as indicated by an increase in OVA-specific IgG2a responses and 

decreased peanut-induced anaphylaxis severity. Published reports have observed Th1-

associated immune responses induced by CpG [47, 362]. CpG can reduce Th2-associated 

allergic responses without the inclusion of the allergen [389, 393]. Fonseca et al. 

described a model of allergic airway disease in which disease severity was reduced by 

subcutaneous administration of CpG [393]. Similarly, Hessel et al. demonstrated the 

ability of a single administration of a CpG sequence before an allergic ragweed 

challenge decreased allergen-induced airway hyper-reactivity, eosinophilia and Th2 

cytokines [389]. This study’s results are in agreement with others that suggest that CpG 

can influence allergic disease severity without co-administration with the allergen. 
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While Fonseca et al. suggests that IFN-γ may be important in the CpG-induced effects of 

allergic airway disease, T cell cytokines were not measured in this study; however, an 

increase in OVA-specific IgG2a responses in mice immunized with OVA+ alum + CpG 

was observed, suggesting increased in Th1 responses. Additional studies are required to 

investigate the mechanism by which CpG provides a bystander impact on host 

immunity that modulates allergic disease severity.  

In summary, the addition of CpG to an alum-adjuvanted subcutaneous vaccine 

reduced the development of peanut-hypersensitivity in mice. Additional studies are 

required to develop methods to maintain a low endotoxin environment to test the role of 

endotoxin in allergic disease severity and to investigate the mechanisms by which CpG 

provides bystander help to reduce allergic disease. 
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4. CpG-Adjuvanted Peanut-Specific Nasal 
Immunotherapy Reduces the Severity of Peanut-Induced 
Anaphylaxis in Mice.  

4.1 Introduction 

Allergic diseases are a growing problem in developed countries like the United 

States and the increase in disease prevalence is often coupled by increased allergic 

reaction severity. Allergen-specific Th2-associated responses, including IgE antibodies 

and T helper cells that secrete IL-5 and IL-13 upon stimulation with allergens are 

characteristics of allergic disease [11]. Peanut allergies are one of most dangerous forms 

of allergic disease since majority of the fatal and near-fatal reactions are due to peanuts 

and tree nuts [9]. Additionally, there is a fear of accidental ingestion of peanuts by 

allergic individuals since trace amounts of peanuts can be found in other foods. 

Currently there are no approved therapies to cure peanut induced-allergic disease and 

the standard of care is strict avoidance of the allergen. However, several clinical trials 

are currently investigating the use of allergen immunotherapy to induce clinical 

desensitization in allergic individuals [9-11, 394].  

A variety of immunotherapy approaches are being tested to reduce the severity 

of allergic diseases. Injection therapy is currently being used to treat seasonal allergic 

rhinitis and has demonstrated a reduction in allergy clinical symptoms [341, 395]. Early 

studies tested the ability of injection immunotherapy to treat peanut allergy [342]. 

However, the high incidence of adverse effects prevents the use of subcutaneous 
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administration of peanut extract and alternative methods of immunotherapy are 

required [342]. Clinical trials are investigating mucosal forms of immunotherapy as a 

safer alternative to injection therapy. Desensitization is defined as an increase in the 

dose of allergen that is required to induce an allergic response. Sublingual and oral 

peanut immunotherapies have been shown to induce clinical desensitization in allergic 

individuals who receive active immunotherapy with peanut compared to placebo 

treatments [9-11].  

Immunotherapy approaches that have provided successful peanut 

desensitization have also demonstrated a change in peanut-specific immune responses. 

For example, successful peanut immunotherapy decreases peanut-induced Th2 cytokine 

responses and increases peanut-specific IgG antibody responses and T regulatory cells 

[9, 11]. Sublingual immunotherapy with peanut increases peanut-specific IgA in 

mucosal secretions [126]. Although current clinical immunotherapy studies successfully 

desensitize allergic individuals, they are limited by decreased patient compliance [348] 

due to lengthy immunotherapy regimens and the incidence of adverse events.  

Inclusion of mucosal adjuvants in a peanut-specific immunotherapy formulation 

may improve the limitations of current clinical trials. The dose of allergen is the 

determining factor that triggers an allergic reaction in hypersensitive individuals. 

Adjuvants can enhance adaptive immune responses to low antigen doses and direct 

antigen-specific immunity towards Th1 or Th2 responses as demonstrated in published 
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reports [396] and Chapter 2 of this dissertation. Similarly, adjuvants can accelerate the 

rate in which a specific immune response is induced [396]. Therefore, inclusion of 

adjuvants to immunotherapy formulations may decrease the time required for allergen 

desensitization and reduce adverse events observed during allergen immunotherapy. 

This study evaluated the ability of CpG added to a peanut immunotherapy 

formulation to reduce the severity of peanut-induced anaphylaxis in hypersensitive 

mice. C57BL/6 mice were sensitized to peanut and treated with saline as a placebo, PN 

alone, CpG alone or PN + CpG by nasal administration. After immunotherapy, mice 

were challenged with PN for the induction of anaphylaxis. PN-specific antibody 

responses were measured to determine the ability of immunotherapy to modify 

sensitization-induced immune responses. Protective immunity against PN-induced 

anaphylaxis correlated with increased PN-specific Th1 and Treg responses.  

4.2 Methods and Materials 

4.2.1 Mice 

C57BL/6J female mice (stock number 000664) were purchased from Jackson Labs 

(Bar Harbor, ME). Mice were allowed to rest for one week before any experimental 

procedures were performed. All animal procedures were performed in accordance with 

the Duke Institutional Animal Care and Use Committee (IACUC) approval. 
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4.2.2 Allergen Preparation 

Crude peanut extract (PN) was kindly provided by the laboratory of Dr. Wesley 

Burks. Peanut extract was prepared from peanut flour as previously described [9]. 

Briefly, defatted peanut flour was mixed with PBS and centrifuged for 30 minutes. The 

supernatants were filtered to sterilize, measured for protein concentration and stored at 

-80°C until use. 

4.2.3 Adjuvants 

Cholera toxin (CT) was purchased from List Biologicals (Campbell, CA) and CpG 

was obtained from Invivogen (San Diego, CA). 

4.2.4 Peanut Sensitization and Immunotherapy 

Mice were sensitized to PN by gastric gavage of 5 mg of PN combined with 15 

µg of CT on experimental Days 0, 7, 14 and 21. After peanut sensitization, all mice were 

allowed to rest for 4 weeks before beginning nasal immunotherapy. Peanut-sensitized 

mice were separated into 4 groups including: placebo, PN Alone, CpG Alone and PN + 

CpG treatment groups. Placebo mice were the allergy positive control mice that are 

expected to develop hypothermia and allergy clinical symptoms. The immunotherapy 

formulation control for placebo-treated mice contained saline only. The PN and CpG 

alone groups received 40 µg of PN or 20 µg of CpG as their immunotherapy 

formulation, respectively. Mice in the PN + CpG treatment group received a 

combination therapy with 40 µg of PN + 20 µg of CpG. All immunotherapy formulations 
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were administered in a 15 µl volume (7.5 µl per nostril) three times a week for 4 weeks. 

One week after the last immunotherapy dose, mice were challenged with PN or 

euthanized and their spleens were harvested for PN-induced cytokine analysis. Mice 

that were not sensitized to PN and did not receive any immunotherapy doses (naïve) 

were included in each study as an allergy negative control and were not expected to 

develop any PN-induced responses including hypothermia, allergy clinical symptoms or 

cytokine and antibody responses. 

4.2.5 Peanut Provocation Protocol 

All mice that participated in the peanut provocation challenges were injected 

with temperature transponders (BioMedic Data Systems; Seaford, DE) subcutaneously 

in the back one week before the peanut challenge. Temperature transponders allowed 

for rapid temperature readings within the mice and decreased the amount of animal 

handling as a method to reduce additional stress on the animals. Mice were challenged 

by an intraperitoneal injection of 1.25-2.5 mg of PN. An initial dose of 1.25 mg of PN was 

given to all mice and if placebo-treated mice did not develop a 1°C change in body 

temperature 30 minutes after challenge compared to the initial temperature, a booster 

dose of 1.25 mg of PN was administered. All mice in the same experiment received the 

same dose of PN during challenge studies. Mice were monitored for hypothermia and 

allergy clinical symptoms every 20 minutes for one hour after challenge. Clinical 
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symptoms were scored using a scale of 0-5 as previously described by Sun et al. [331] 

with minor modifications (Table 4). 

Table 4: Allergy Clinical Symptom Scoring System 

Symptom Score Symptom Description 

0 No symptoms, normal activity 

1 Repetitive scratching 

2 Decreased activity, self-isolation, swelling around the 

eyes and snout 

3 Motionless for greater than 1 minute, lying prone on the 

stomach 

4 No response to whisker stimulation or prodding 

5 Convulsion, death or temperature decrease > 5°C 

4.2.6 Sample Collection 

Serum and fecal samples were collected from each mouse at the conclusion of 

peanut sensitization and again at the end of the immunotherapy regimen as previously 

described with minor modifications [26]. Whole blood was collected by cheek bleed with 

a 4-5 mm Goldenrod lancet (Braintree Scientific; Braintree, MA). Approximately three 

drops of blood was collected in a microcentrifuge tube and allowed to clot for 1 hour 

before centrifuging. The blood was centrifuged at 13,000 rpm using a Labnet Spectrafuge 

16M microcentrifuge (Labnet International; Woodbridge, NJ) for 20 minutes. 

Supernatants were collected and stored in a fresh tube at -20°C until ELISA analysis. 

Fresh fecal pellets were collected from each mouse by placing it in an empty paper 

bucket and allowing it to naturally release the fecal matter. Fecal pellets were placed in 

microcentrifuge tubes with extraction buffer (PBS/10% goat serum/0.1%Kathon) at a 
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ratio of 100 mg pellet: 1 mL of buffer and vortexed for 30 minutes. Disrupted fecal 

samples were centrifuged for 10 minutes at 13,000 rpm. Supernatants were collected and 

stored at -20°C until analysis by ELISA. 

4.2.7 ELISA 

384-well black plates were coated with 2 µg/ml of PN in CBC buffer and 

incubated overnight before blocking with nonfat dry milk in CBC buffer. Serum and 

fecal samples were diluted 2-fold beginning at 1:32 (serum) and 1:8 (fecal) and incubated 

overnight at 4°C. Secondary goat anti-mouse IgG, IgG1, IgG2c and IgA, each labeled 

with an alkaline phosphatase enzyme (Southern Biotech; Birmingham, AL), were diluted 

1:8000 and incubated at room temperature for 2 hours before the addition of the 

Attophos substrate system (Promega; Madison, WI). For PN-specific IgE antibody 

responses, an unlabeled goat anti-mouse IgE antibody was used to coat 384-well black 

plates at a concentration of 5 µg/ml in CBC buffer. After blocking, serum samples were 

added to the plate in 2-fold dilutions beginning at 1:32 and allowed to incubate 

overnight at 4°C. Biotinylated PN was then added to the plate at a concentration of 2 

µg/ml and incubated at room temperature for 2 hours. Streptavidin-AP was added to 

the plate for 30 minutes before color development with the Attophos Substrate system. 

A naïve reference sample was included on each plate and endpoint titers were 

calculated by the last dilution with a relative light unit (RLU) value three times greater 

than the naïve sample at that same dilution. 
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4.2.8 Splenocyte Re-stimulation and Secreted Cytokine Analysis 

One week after administration of the last dose of immunotherapy, mice that did 

not participate in the peanut provocation challenge were euthanized and their spleens 

were harvested for peanut-induced cytokine analysis. 1 x 107cells/ml were plated in 48-

well plates (Becton Dickinson; Franklin Lakes, NJ) in 250 µl volumes. Cells from each 

mouse were plated in duplicate with one well containing 200 µg/ml of PN and the other 

well media alone. Cells were incubated for 96 hours at 37°C. Supernatants were 

collected and stored at -80°C until Bioplex analysis. Cytokines were measured using the 

Bioplex Multiplex (Bio-Rad; Hercules, CA) kit that contained probes for IL-5, IL-10, IL-13 

and IFN-γ. Peanut-induced cytokine responses were calculated by subtracting cytokine 

concentrations from cells incubated with media alone from those measured in cells 

stimulated with peanut. 

4.2.9 Statistical Analysis 

GraphPad Prism 6 (La Jolla, CA) was used for all statistical analyses. One-way 

analysis of variance (ANOVA) with Tukey’s multiple comparison was used to 

determine statistical differences between antibody and cytokine responses. Two-way 

ANOVA was used to determine differences between allergy clinical symptom scores 

and hypothermia over time. 
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4.3 Results 

4.3.1 Peanut Sensitization Induces Comparable PN-Specific Antibody 
Responses in All Sensitized mice 

The goal of this study was to determine if CpG-adjuvanted peanut 

immunotherapy could reduce the severity of peanut hypersensitivities in previously 

sensitized mice. In this study C57BL/6 mice were sensitized to develop peanut 

hypersensitivity by gastric immunization with PN and CT. In order to determine if 

peanut sensitization induced antigen-specific immune responses, PN-specific antibodies 

were measured in the serum and fecal samples. All mice that were sensitized with PN 

developed PN-specific serum and fecal antibody responses at comparable levels after 

peanut sensitization. PN-sensitized mice developed an average PN-specific serum IgG 

geometric mean titer of 5.54 x 106 (Figure 24).  

 



 

135 

Figure 24: Sensitization-Induced PN-Specific Serum IgG Responses 

C57BL/6 mice were sensitized to PN by gastric gavage of 5 mg PN + 15 µg CT once a 

week for 4 weeks. Serum was collected from each mouse and measured for PN-specific IgG 

responses by ELISA. Geometric mean titers with 95% CI are presented for each group on a log10 

scale. One-way ANOVA with Tukey’s multiple comparison was used to determine statistical 

differences between each group (n= 14-37 mice per group). 

 

PN-specific serum IgG1, IgG2c and IgE were also measured after sensitization to 

monitor the T helper cell-associated immune responses. All mice developed detectable 

PN-specific serum IgE (1: 498 GMT) responses that were similar amongst all groups of 

mice (Figure 25).  

 

Figure 25: Sensitization-Induced PN-Specific Serum IgE Responses 

C57BL/6 mice were sensitized to PN as described in Figure 24. PN-specific IgE was 

measured by ELISA. Geometric mean titers with 95% CI are presented for each group on a log10 

scale. One-way ANOVA with Tukey’s multiple comparison was used to determine statistical 

differences between each group (n= 14-37 mice per group). 
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Similarly, all PN-sensitized mice developed similar levels of PN-specific IgG1 and IgG2c 

antibody responses. However, the IgG1 antibody responses were quantitatively greater 

than the IgG2c responses, suggesting an increased Th2-associated response (Figure 26), 

consistent with prior observations in allergen sensitized mice [397].  

 

Figure 26: Sensitization-Induced PN-Specific Serum IgG1 and IgG2c 

Responses. 

C57BL/6 mice were sensitized to PN as described in Figure 24. PN-specific IgG1 and 

IgG2c was measured by ELISA. Geometric mean titers with 95% CI are presented for each group 

on a log10 scale. One-way ANOVA with Tukey’s multiple comparison was used to determine 

statistical differences between each group. *: denotes statistical differences between IgG1 and 

IgG2c responses within the same group p-value < 0.05 (n= 14-37 mice per group). 

 

Since mice were sensitized to peanut by gastric gavage, PN-specific immune responses 

in the feces were also measured. PN-hypersensitive mice displayed similar PN-specific 
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fecal antibody responses (Figure 27). Collectively, these results demonstrate that PN-

sensitization induced comparable levels of PN-specific antibodies in the serum and fecal 

material in all mice that were separated into various immunotherapy groups before the 

onset of PN-specific immunotherapy. 

 

Figure 27: Sensitization-Induced PN-Specific Fecal Antibody Responses 

C57BL/6 mice were sensitized to PN as described in Figure 24. Fecal samples were 

collected from each mouse and measured for PN-specific IgG and IgA responses by ELISA. 

Geometric mean titers with 95% CI are presented for each group on a log10 scale. One-way 

ANOVA with Tukey’s multiple comparison was used to determine statistical differences between 

each group (n= 14-32 mice per group). 

 

4.3.2 Nasal Immunotherapy with PN Enhances Sensitization-Induced 
PN-Specific Antibody Responses in the Serum 

Peanut-specific antibody responses were similar in all hypersensitive mice before 

immunotherapy and the next experiment investigated the influence of immunotherapy 
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with PN, CpG or the combination of PN + CpG on sensitization-induced antibody 

responses. Mice that were sensitized to develop peanut hypersensitivities were rested 

for four weeks and given one of four immunotherapy regimens as described in Methods: 

placebo, PN alone, CpG alone, or PN + CpG. The PN-specific IgG geometric mean titers 

(GMT) of mice in the group receiving PN alone therapy (1:3.29 x 107) and PN + CpG 

(1:1.08 x108) therapy were significantly increased compared to mice that received 

placebo (1:3.02 x 106) or CpG alone (1:1.22 x 106) therapy (Figure 28). PN-specific IgG 

responses were also increased in mice that were treated with PN + CpG compared to 

mice that were treated with PN alone. 

 

Figure 28: PN-Specific Serum IgG Responses Modified by Immunotherapy 

C57BL/6 mice were sensitized to PN by gastric gavage of 5 mg PN + 15 µg CT once a 

week for 4 weeks. Mice were allowed to rest for 4 weeks before beginning nasal immunotherapy. 

Peanut-hypersensitive mice were treated with saline (Placebo), 40 µg PN (PN alone), 20 µg CpG 
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(CpG alone) or the combination of 40 µg PN + 20 µg CpG (PN + CpG). Serum was collected from 

each mouse and measured for PN-specific IgG responses by ELISA. Geometric mean titers with 

95% CI are presented for each group on a log10 scale. One-way ANOVA Tukey’s multiple 

comparisons were used to determine statistical differences between each group. The numbers 

above each bar represents difference between the corresponding immunotherapy treatment 

group as determined by a p-value <0.05 (n= 14-41 mice per group). 

 

Next, PN-specific serum IgE responses were compared to determine if the presence of 

PN in the immunotherapy formulation influenced IgE (Figure 29). Peanut-

hypersensitive mice that were treated with PN alone (1:8.03 x 103) and PN + CpG (1:1.81 

x 104) displayed an increase in PN-specific IgE GMT compared to the Placebo (1:658) and 

CpG alone (1:244) groups. Collectively, the data suggests that the presence of PN in the 

immunotherapy formulation is able to increase PN-specific IgG and IgE responses; 

however, the addition of CpG to PN can also increase PN-specific IgG. 

 

Figure 29: PN-Specific Serum IgE Responses Modified by Immunotherapy 
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Peanut-hypersensitive C57BL/6 mice received nasal immunotherapy as described in 

Figure 28. Serum was collected from each mouse and measured for PN-specific IgE responses by 

ELISA. Geometric mean titers with 95% CI are presented for each group on a log10 scale. One-way 

ANOVA with Tukey’s multiple comparison was used to determine statistical differences between 

each group. The numbers above each bar represents difference between the corresponding 

immunotherapy treatment group as determined by a p-value <0.05 (n= 14-41 mice per group). 

 

4.3.3 The Addition of CpG to the Nasal PN-Immunotherapy 
Formulation Modifies PN-Specific Serum IgG Isotype Responses 

The increase in PN-specific IgG responses observed by immunotherapy led to 

characterization of PN-specific IgG1 and IgG2c as indicators of T helper cell-associated 

responses. PN-specific  IgG subtypes modified by the various immunotherapy 

formulations were measured as an indication of Th1 (IgG2c) and Th2 (IgG1) cell-

associated responses. PN alone (IgG1: 1:8.40 x 107, IgG2c: 1:2.10 x 106) boosted both the 

PN-specific serum IgG1 and IgG2c antibody responses compared to Placebo (IgG1: 

1:4.11 x 106, IgG2c: 1:6.31 x 104) and CpG alone (IgG1: 1:2.20 x 106, IgG2c: 1:2.82 x 104). 

The combination of PN + CpG increased PN-specific IgG1 antibody responses (IgG1: 

1.59x 108, IgG2c: 1:1.30 x 107) compared to Placebo and CpG alone treatments and 

increased IgG2c antibody responses compared to all other immunotherapy groups 

(Figure 30). This data further demonstrates the ability of PN to enhance sensitization-

induced immune responses since PN alone increased PN-specific IgG1 and IgG2c 

responses. The addition of CpG to the PN immunotherapy formulation increases Th1-

associated responses as indicated by increased levels of PN-IgG2c compared to all 

immunotherapy groups.  
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Figure 30: PN-Specific Immunotherapy Modifies Sensitization-Induced Serum 

IgG1 and IgG2c Responses 

Peanut-hypersensitive C57BL/6 mice (n= 14-41 mice per group) were received nasal 

immunotherapy as described in Figure 28. Serum was collected from each mouse and measured 

for PN-specific IgG1 and IgG2c responses by ELISA. Geometric mean titers with 95% CI are 

presented for each group on a log10 scale. One-way ANOVA with Tukey’s multiple comparisons 

were used to determine statistical differences between all groups. The numbers above each bar 

represents difference between the corresponding immunotherapy treatment group as determined 

by a p-value <0.05. 

 

4.3.4 Cholera Toxin-Specific Serum IgG Responses are NOT Altered 
by Nasal Immunotherapy with PN 

Mice were sensitized to develop peanut-hypersensitivities by immunization with 

PN and cholera toxin, which is also immunogenic and can lead to the induction of CT-

specific antibodies [398]. CT-specific serum antibody responses were monitored to 

determine if peanut-specific nasal immunotherapy modified antigen-specific antibody 
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responses to antigens that were not included in the immunotherapy formulation. Figure 

31 demonstrates comparable CT-specific antibody responses amongst all 

immunotherapy groups (1:1.30 x 106) at the completion of the immunotherapy regimens 

suggesting that the PN immunotherapy formulations modified immune responses in an 

antigen-specific manner. 

 

Figure 31: CT-Specific Serum IgG Responses are not modified by 

Immunotherapy 

Peanut-hypersensitive C57BL/6 mice (n=14-34 mice per group) received nasal 

immunotherapy as described in Figure 28. Serum was collected from each mouse and measured 

for CT-specific IgG responses by ELISA. Geometric mean titers with 95% CI are presented for 

each group on a log10 scale. One-way ANOVA with Tukey’s multiple comparison was used to 

determine statistical differences between each group. Statistical differences were not observed 
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4.3.5 Nasal Immunotherapy with PN Enhances PN-Specific Fecal 
Antibody Responses 

One potential benefit of mucosal administration of immunotherapy formulations 

or vaccines is the ability to induce or modify immune responses at local and distal 

mucosal sites [213]. To determine if nasal immunotherapy could impact the fecal 

allergen-specific antibody responses induced by gastric sensitization (Figure 32), fecal 

PN-specific antibody responses were measured by ELISA at the completion of the 

immunotherapy regimen. Immunotherapy with PN alone increased PN-specific fecal 

IgG responses (1:2.05 x 103) compared to both the Placebo (1:100) and CpG alone (1:210) 

immunotherapy groups. Fecal IgA responses induced by immunotherapy with PN alone 

(1:3.05 x 104) were also elevated compared to both the Placebo (1:1.60 x 103) and CpG 

alone groups (1:1.19 x 103). Similarly, PN + CpG increased fecal PN-specific IgG (1:5.51 x 

103) responses compared to Placebo and CpG alone and PN-specific IgA (1:8.48 x 104) 

responses compared to all immunotherapy groups. Nasal immunotherapy with PN 

alone boosted PN-specific fecal antibody responses and the addition of CpG to the PN 

immunotherapy formulation further enhanced fecal PN-specific IgA antibody responses. 
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Figure 32: PN Immunotherapy Modifies PN-Specific Fecal Antibody 

Responses Induced by Sensitization 

Peanut-hypersensitive C57BL/6 mice (n= 14-35 mice per group) received nasal 

immunotherapy as described in Figure 28. Fecal samples were collected from each mouse and 

measured for PN-specific IgG and IgA responses by ELISA. Geometric mean titers with 95% CI 

are presented for each group on a log10 scale. One-way ANOVA with Tukey’s multiple 

comparison was used to determine statistical differences between each group. The numbers 

above each bar represents difference between the corresponding immunotherapy treatment 

group as determined by a p-value <0.05. 

 

4.3.6 PN + CpG Nasal Immunotherapy Reduces PN-Induced 
Hypothermia Compared to Placebo Treatment 

The observation that nasal immunotherapy with PN induced changes in both 

serum and fecal PN-specific antibody responses in PN-hypersensitive mice led to the 

investigation of the influence of nasal immunotherapy formulations on PN-induced 

anaphylaxis disease severity (Figure 33).  
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Figure 33: PN + CpG Immunotherapy Reduces PN-Induced Hypothermia 

Compared to Placebo Therapy 

C57BL/6 mice (n= 5-25 mice per group) were as described in Figure 28. One week after 

the last immunotherapy dose mice were challenged with 1.25-2.5 mg of PN injected into the 

peritoneal cavity. Hypothermia was assessed every 20 minutes for 1 hour. Two-way ANOVA 

with repeated measures was used to determine statistical differences with a p-value <0.05. *: 

denotes body temperatures that are different from Placebo treated mice at the same time point.  

 

All mice were challenged with PN by a systemic intraperitoneal challenge and 

monitored for hypothermia as an indicator of systemic shock. Mice that were not 

sensitized to peanut and did not receive any immunotherapy treatments (Naïve) did not 

experience hypothermia and developed a change in body temperatures significantly 

different than sensitized mice that received placebo-therapy (20 min 0.54°C ± 0.58°C; 40 

min 0.59°C ± 0.58°C and 60 min 0.44°C ± 0.64°C). All PN-hypersensitive mice developed 

a decrease in body temperature after the PN-induced anaphylaxis challenge; however, at 

60 minutes, mice in the PN + CpG (-2.26°C ± 2.82°C) immunotherapy group recovered 
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from the onset of hypothermia and displayed an increase in core body temperature 

compared to the Placebo (-3.52°C ± 1.87°C) treated mice. Although all mice that were 

sensitized to PN lost temperature after the PN challenge, the mice in the PN + CpG 

immunotherapy group were able to combat the hypothermia by 60 minutes while mice 

in the other immunotherapy groups were not. The data suggests that immunotherapy 

with PN + CpG can reduce the severity of PN-induced anaphylaxis at doses were PN 

alone or CpG alone are ineffective. 

4.3.7 PN-Induced Allergy Clinical Symptoms are reduced in 
Hypersensitive Mice Treated with PN + CpG Compared to Placebo 
Treatment 

In addition to hypothermia, hypersensitive mice will also develop allergy clinical 

symptoms after an allergen challenge. Allergy clinical symptoms were recorded for each 

mouse every 20 minutes for 1 hour after PN challenge (Table 5). Naïve mice did not 

develop any allergy clinical symptoms after the PN challenge and received a clinical 

symptom score of 0 for all time points. Mice in the PN + CpG immunotherapy group 

displayed a lower degree of allergy clinical symptoms compared to Placebo-treated 

mice. However, hypersensitive mice that were treated with PN alone or CpG alone did 

not develop allergy clinical symptoms significantly different than hypersensitive mice 

that received placebo therapy. Collectively, these results show that immunotherapy with 

PN + CpG can reduced the severity of PN-induced allergic disease compared to placebo 

treatment. 
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Table 5: Allergy Clinical Symptoms in Peanut-Hypersensitive Immunotherapy 

Treated Mice 

Immunotherapy 

Group 

Allergy Score 20 

minutes 

Allergy Score 40 

minutes 

Allergy Score 60 

minutes 

Naïve (1) 0.0 ± 0* 0.0 ± 0* 0.0 ± 0* 

Placebo (2) 1.96 ± 1.40 2.65 ± 1.91 2.89 ± 1.23 

PN Alone (3) 1.59 ± 1.50 2.64 ± 1.09 2.24 ± 1.75 

CpG Alone (4) 2.4 ± 1.67 2.40 ± 1.52 2.40 ± 1.67 

PN + CpG (5) 0.40 ± 0.646* 1.60 ± 1.58* 1.52 ± 1.83* 

C57BL/6 mice were sensitized to PN and treated with nasal 

immunotherapy as described in Figure 28. Allergy clinical symptoms were 

assessed every 20 minutes for 1 hour. Two-way ANOVA with repeated measures 

was used to determine statistical differences with a p-value <0.05. *: denotes 

clinical symptom scores that are different from Placebo treated mice at the same 

timepoint. Data is represented as mean ± standard deviation. 

 

4.3.8 PN + CpG Immunotherapy Modulates T helper Cell Cytokine 
Responses in the Spleen. 

Since PN + CpG immunotherapy modulated PN-specific IgG subclasses and 

reduced the severity of PN-induced hypersensitivity reactions, PN-specific cytokine 

responses in the spleen were monitored to determine if effective PN immunotherapy 

altered PN-specific T cell cytokine secretion profiles (Table 6). IL-5 and IL-13 were 

monitored as an indicator of Th2 responses and IL-10 and IFN-γ were monitored to 

indicate Treg and Th1 responses, respectively. One week after the last immunotherapy 

dose, mice were sacrificed and splenocytes were collected for PN re-stimulation. Cells 

were incubated with PN for 4 days and their supernatants were analyzed for cytokine 

production.  
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Table 6: PN-Induced Splenic Cytokine Responses 

Immunotherapy 

Group 

IL-5 (pg/ml) IL-13 (pg/ml) IL-10 (pg/ml) IFN-γ (pg/ml) 

Naïve (1) -0.962 ± 15.82 41.13 ± 54.04 69.37 ± 86.79  -89.35 ± 257.3 

Placebo (2) 1337 ± 833.3* 1696 ± 1361* 274.3 ± 160.6*  733.5 ± 700.1*  

PN Alone (3) 737.6 ± 450.2* 697.1 ± 413.2* 479.3 ± 336.1*  262 ± 252.8* 

CpG Alone (4) 961.4 ± 912.9* 1217 ± 1290* 212.6 ± 178.4*  421.1 ± 504.2* 

PN + CpG (5) 647.5 ± 484.0* 262.1 ± 218.7# 1550 ± 1133#  3177 ± 3476#   

C57BL/6 mice were sensitized to PN and treated with nasal immunotherapy as described in 

Figure 28. One week after the last immunotherapy dose splenocytes were harvested and 

stimulated with PN (200 µg/ml) or left in media alone for 96 hours. Supernatants were analyzed 

for cytokine production by Multiplex analysis. ANOVA with Tukey’s multiple comparisons was 

used to determine statistical significances between each immunotherapy group. Data is presented 

as the mean ± standard deviation after the values from cells in media were subtracted from the 

corresponding cells stimulated with PN. *: significantly different from Naïve #: significantly 

different from Naïve, Placebo, PN Alone and CpG alone.  

  

All mice sensitized to PN developed a significant increase in IL-5 production 

compared to mice naïve to PN (Figure 34).  
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Figure 34: PN-Induced IL-5 Responses in the Spleens of Immunotherapy-

Treated Mice 

C57BL/6 mice were sensitized to PN and treated with nasal immunotherapy as described 

in Figure 28. One week after the last immunotherapy dose splenocytes were harvested and 

stimulated with PN (200 µg/ml) for 96 hours. Supernatants were analyzed for IL-5 production by 

Multiplex analysis. One-way ANOVA with Tukey’s multiple comparisons was used to determine 

statistical differences between each group. Data is presented as the mean ± standard deviation 

after the values from cells in media were subtracted from the corresponding cells stimulated with 

PN. The numbers above each bar represents difference between the corresponding 

immunotherapy treatment group as determined by a p-value <0.05. 

 

 Similarly, all hypersensitive mice developed an increase in PN-induced IL-13 compared 

to Naïve (41.13 ± 54.04) (Figure 35). However, mice in the PN + CpG (262.1 ± 218.7) 

therapy group displayed reduced levels of IL-13 compared to Placebo (1696 ± 1361), PN 

alone (697.1 ± 413.2) and CpG alone (1217 ± 1290) groups. Animals that received PN + 

CpG immunotherapy developed a significant reduction in PN-induced IL-13 responses 

compared to the other immunotherapy treatment groups. 
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Figure 35: PN + CpG Immunotherapy Reduces PN-Induced IL-13 Responses in 

the Spleen 

C57BL/6 mice were sensitized to PN and treated with nasal immunotherapy as described 

in Figure 34. Supernatants were analyzed for IL-13 production by Multiplex analysis. One-way 

ANOVA with Tukey’s multiple comparisons was used to determine statistical differences 

between each group. Data is presented as the mean ± standard deviation after the values from 

cells in media were subtracted from the corresponding cells stimulated with PN. The numbers 

above each bar represents difference between the corresponding immunotherapy treatment 

group as determined by a p-value <0.05. 

 

 

PN-induced IL-10 and IFN-γ responses were also measured as indicators of Treg and 

Th1-associated responses, respectively. All mice developed an increase in PN-induced 

IL-10 responses compared to Naïve mice (69.37 ± 86.79) (Figure 36).  
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Figure 36: IL-10 Responses Induced by PN in the Spleens of Immunotherapy-

Treated Mice 

C57BL/6 mice were sensitized to PN and treated with nasal immunotherapy as described 

in Figure 34. Supernatants were analyzed for IL-10 production by Multiplex analysis. One-way 

ANOVA with Tukey’s multiple comparisons was used to determine statistical differences 

between each group. Data is presented as the mean ± standard deviation after the values from 

cells in media were subtracted from the corresponding cells stimulated with PN. The numbers 

above each bar represents difference between the corresponding immunotherapy treatment 

group as determined by a p-value <0.05. 

 

 

Mice that were treated with PN + CpG (1550 ± 1133) displayed an increase in PN-

induced IL-10 responses compared to all immunotherapy groups (Placebo, 274.3 ± 160.6; 

PN alone, 479.3 ± 336.1 and CpG alone, 212.6 ± 178.4). A similar profile was observed 

with PN-induced IFN-γ responses (Figure 37). PN sensitization induced elevated IFN-γ 

levels compared to Naïve mice (-89.35 ± 257.3) and immunotherapy with PN + CpG 

(3177 ± 3476) enhanced IFN-γ compared to placebo (733.5 ± 700.1), PN alone (262.0 ± 



 

152 

252.8) and CpG alone (421.1 ± 504.2) treated mice. Collectively, nasal immunotherapy 

with PN + CpG reduced Th2 cytokine responses and increased Th1 and Treg cytokine 

responses in the spleen. 

 

Figure 37: PN + CpG Immunotherapy Increases PN-Induced IFN-γ Responses 

in the Spleen 

C57BL/6 mice were sensitized to PN and treated with nasal immunotherapy as described 

in Figure 34. Supernatants were analyzed for IFN-γ production by Multiplex analysis. One-way 

ANOVA with Tukey’s multiple comparisons was used to determine statistical differences 

between each group. Data is presented as the mean ± standard deviation after the values from 

cells in media were subtracted from the corresponding cells stimulated with PN. The numbers 

above each bar represents difference between the corresponding immunotherapy treatment 

group as determined by a p-value <0.05. 
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4.4 Discussion 

This chapter describes a mouse model of CpG-adjuvanted nasal immunotherapy 

that reduces the severity of PN-induced anaphylaxis in PN- hypersensitive C57BL/6 

mice. Immunotherapy with PN or CpG alone did not reduce anaphylaxis severity in PN-

hypersensitive and challenged mice. Allergic disease severity reduced by PN + CpG 

treated was accompanied with an increase in PN-specific serum and fecal antibody 

responses, IL-10 and IFN-γ production and a decrease in IL-13 responses.  

Clinical trials that investigate peanut-specific immunotherapy as a potential 

curative therapy for peanut allergies have increased the dose of allergen required to 

trigger allergic responses, which results in in desensitization [9-11, 114, 352, 399]. 

Lengthy immunotherapy regimens and the high incidence of mild or moderate adverse 

events are factors that can cause decreased patient compliance and delay in the use of 

immunotherapy as standard care for peanut allergy [400]. A reduction in time to achieve 

allergen desensitization and elimination of adverse events are potential factors that may 

improve current efforts of immunotherapy to treat peanut allergy.  

Nasal immunotherapy with PN + the TLR ligand CpG displayed protective 

effects on peanut-induced anaphylaxis at doses of allergen that are ineffective 

therapeutically when used alone. While immunotherapy with allergen also can 

successfully induce desensitization in people [9, 10] it is possible that the addition of  

CpG to PN accelerated the immune response required for desensitization since 
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adjuvants can increase the rate in which immune responses are induced [396]. In this 

model, the combination of PN + CpG does not completely abolish allergic responses in 

mice. It is possible that due to the stringent peanut-sensitization protocol used in this 

study, mice have developed a strong degree of peanut-sensitization and that more 

potent PN + CpG immunotherapy regimens are required to prevent the onset of 

anaphylactic reactions after challenge. Different from previous reports by others, this 

study utilized mice that were sensitized to peanut with four doses of 5 mg of PN and 15 

µg by gastric gavage. Zhu et al. sensitized mice to peanut with two doses of 1 mg of PN 

and 10 µg of CT delivered gastrically [401] and Kulis et al. reported a model of peanut 

immunotherapy that sensitized mice by three intraperitoneal injections of 0.5 mg of PN 

and 2 mg of alum [384]. It is possible that the increased PN dose used to sensitize mice in 

this study may drive a strong Th2 response that requires additional doses of PN + CpG 

immunotherapy formulations to completely prevent the onset of anaphylactic reactions. 

Although hypersensitive mice treated with PN + CpG still displayed some anaphylactic 

symptoms after a PN challenge, this model demonstrates the ability of CpG-adjuvanted 

PN-specific immunotherapy to significantly reduce allergic symptoms compared to 

placebo treatment.  

The data obtained from this study describes the ability of PN + CpG to reduce 

allergic disease in peanut-hypersensitive mice confirms recent findings by others [104]. 

Kulis et al. developed a mouse model of CpG-adjuvanted peanut immunotherapy that 
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injects the immunotherapy formulation in the peritoneal cavity of peanut-hypersensitive 

mice. In this study, Kulis reports a decrease in hypothermia and allergy clinical scores in 

mice treated with PN + CpG compared to mice that receive therapy with PN alone or the 

placebo control [104]. Although, the model proposed by Kulis et al. successfully 

desensitizes peanut-hypersensitive mice, their use of an injection method to deliver the 

immunotherapy formulation is not practical since prior clinical trials for injection of 

peanut immunotherapy observed severe adverse events [342].  

One method to overcome the adverse events of injection immunotherapy is to 

utilize a mucosal route to administer the immunotherapy formulation. Zhu et al. has 

described a mouse model of immunotherapy that administers peanut and IMO, a TLR9 

ligand similar to CpG, to peanut-hypersensitive mice by an oral gavage [401]. Peanut-

hypersensitive mice that received 1 mg peanut and 150 µg IMO had a decrease in allergy 

clinical symptom scores compared to mice that were treated with peanut alone [401] . 

This dose of allergen was 25-fold greater than the dose of allergen used in nasal 

immunotherapy protocols described in this dissertation (1 mg PN vs 40 µg PN). The 

dose of allergen used in the immunotherapy formulations is critical because 

anaphylactic reactions are triggered by doses of allergen above an allergic individual’s 

activation threshold [9]. Taken together, delivery of immunotherapy by a mucosal route 

instead of injection may reduce the severity of adverse reactions and use the lowest dose 

of allergen that effectively modifies pathologic PN-specific Th2 responses towards 



 

156 

protective immune responses. While the dose of allergen and route of administration 

should be considered when creating a mouse model of immunotherapy for allergic 

diseases the mouse strain used in the model is also important. 

Wild-type mouse strains are important models to use to investigate diseases that 

occur in populations that do not have genetic defects. Both Zhu et al. and Kulis et al. 

conducted their studies in C3H/HeJ mice, a strain deficient in TLR4 and more 

susceptible to developing allergic disease compared to wild-type mice [325]. The model 

reported in this dissertation used wild-type C57BL/6 mice to represent the peanut-

allergic humans who have an intact TLR4 signaling system. The use of PN + CpG by 

nasal administration in peanut-hypersensitive C57BL/6 mice modifies peanut-specific 

immune responses in a similar manner to peanut-allergic individuals who have 

achieved clinical desensitization in clinical trials [9, 10, 126]. 

All mice that are sensitized to peanut develop comparable levels of PN-specific 

antibody responses after sensitization and before immunotherapy (Figure 24). 

Immunotherapy formulations that contain PN (PN alone and PN + CpG) enhance PN-

specific immune responses compared to Placebo immunotherapy. The addition of CpG 

to the PN immunotherapy formulation further boosts PN-specific antibody responses 

compared to PN alone. Specifically, an increase in PN-specific serum IgG2c responses in 

mice that receive immunotherapy with PN + CpG compared to all other immunotherapy 

groups was observed (Figure 30). The increase in PN-specific IgG2c antibodies suggests 
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an increase in Th1-associated responses. PN-specific serum IgG2c responses also 

increase in PN + CpG immunotherapy treated mice. Similarly, Zhu et al. demonstrated 

an increase in PN-specific IgG2a responses in peanut-hypersensitive mice that were 

treated by oral administration of a TLR9 agonist combined with peanut [401]. Peanut-

hypersensitive people who achieve clinical desensitization also demonstrate an increase 

in PN-specific IgE, IgG and IgG4 responses in the serum [9]. The increase in IgE is often 

transient and decreases by the end of immunotherapy whereas the IgG and IgG4 

responses remain elevated [9]. In this model, an increase in elevated PN-specific IgE 

responses was observed by the end of nasal immunotherapy. One difference between 

this model of adjuvanted immunotherapy and clinical trials is the length of time the 

hypersensitive individuals are on active immunotherapy. Mice were treated for 4 weeks 

while clinical trials can proceed for multiple years [9, 394]. Jones et al. observed an initial 

increase in PN-specific IgE responses that did not decrease until 12 months into the daily 

immunotherapy regimen [9]. It is possible that if mice were treated with PN + CpG nasal 

immunotherapy for a longer period of time, then a decrease in PN-specific serum IgE 

responses would be observed.  

PN is a T-dependent antigen and changes in PN-specific IgG subclasses led to the 

evaluation of PN + CpG on T cell responses. PN-specific IgG2c responses were increased 

in mice treated with PN + CpG. The increase in IgG2c posed the question of whether PN 

+ CpG modify PN-induced T cell cytokine responses from Th2 towards Th1 and/or Treg, 
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since IgG2c is associated with Th1 cells. A decrease in IL-13 and an increase in IL-10 and 

IFN-γ responses in mice that were treated with PN + CpG compared to placebo-treated 

mice were observed. In fact, mice in the PN + CpG immunotherapy group developed IL-

10 and IFN-γ responses greater than all other treatment groups. These results suggest 

that adjuvanted PN immunotherapy has the potential to decrease Th2 cytokines and 

increase Th1 and T regulatory cytokine responses. The data obtained from this study 

supports clinical trials that also demonstrate a decrease in Th2 cytokines, IL-5 and IL-13, 

and an increase in T regulatory cells in people who receive oral immunotherapy and 

achieve clinical desensitization [9, 11]. Similarly, Jones et al. demonstrated an increase in 

mitogen-stimulated IL-10 and IFN-γ in individuals who have completed oral 

immunotherapy [9]. Pre-clinical models of PN immunotherapy have demonstrated 

changes in PN-induced cytokine responses [401]. Zhu et al. observed a decrease in PN-

induced IL-5 and IL-13 and an increase in IFN-γ in peanut hypersensitive mice that 

received oral immunotherapy with PN and IMO [401]. Similarly, a mouse model of egg 

white allergy and immunotherapy demonstrated an increase in allergen-induced IL-10 

production in hypersensitive mice that were protected from anaphylaxis due to 

treatment with mannosylated egg white by oral administration [402].  

Collectively, the data obtained from this study and reports published in the 

literature suggest that protection against an anaphylactic challenge is associated with a 

decrease in allergen-specific Th2 cytokines and an increase in allergen-specific Th1 and T 
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regulatory cytokines [345, 403]. Since an increase in IL-10 and IFN-γ and a decrease in 

IL-13 was observed in mice with reduced anaphylaxis following PN + CpG therapy, 

future studies should assess the requirement for IL-10 and IFN-γ and potential 

mechanisms by which IL-10 and IFN-γ are induced in T cells. 
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5. Summary and Future Directions 

This dissertation aimed to identify approaches that can reduce the development 

allergic disease and treat pre-existing allergic disease through the use of the Th1-

enhancing adjuvant, CpG. Initial studies identified CpG as a potent vaccine adjuvant 

that induces antigen-specific Th1-associated immune responses using and established 

anthrax vaccine model. CpG-induced immune responses included significantly 

increased antigen-specific IgG2c antibodies and IFN-γ, which are associated with a Th1-

type response. Based on this work, the hypothesis that CpG could be used to modify 

adaptive immune responses in allergic disease models was subsequently tested.  

First, the impact of environmental conditions including endotoxin exposure and 

vaccine adjuvants on the development of allergic disease was tested in a mouse model of 

peanut allergy. Neither initial levels of endotoxin in the bedding nor administration of 

alum-adjuvanted vaccines impacted development of peanut allergy in mice. However, 

the addition of CpG to the alum-adjuvanted vaccine reduced the severity of allergic 

responses. CpG was formulated with the alum-adjuvanted vaccine and not co-

administered with the sensitizing allergen (PN). Thus these studies showed that 

protective effects observed by CpG must occur by an indirect mechanism. Additional 

studies that investigate the mechanism by which CpG induces bystander immune 

responses that reduces the severity of allergic disease may be performed. It is possible 

that subcutaneous immunization with CpG + alum may modulate T cell cytokine 
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responses induced by the peanut allergen. Therefore, future studies may evaluate the 

influence of OVA + alum + CpG in the midst of PN-sensitization on both OVA- and PN-

specific T cell responses. The observation that CpG reduced the development of allergic 

disease in hypersensitive mice steered the final study to evaluate the influence of CpG 

on allergic disease when co-administered with the allergen in a nasal immunotherapy 

protocol used to treat peanut-hypersensitive mice. Nasal immunotherapy with PN + 

CpG reduced allergic disease compared to placebo treatment with saline, but the mice 

treated with PN + CpG still exhibited some signs of allergic disease including 

hypothermia and allergy clinical symptoms. Therefore, future studies may also evaluate 

other immunotherapy vectors that can decrease allergic disease severity in 

hypersensitive mice, such as attenuated bacterial vectors or liposome formulations that 

contain PN + CpG in a manner that is superior to nasal immunotherapy with PN + CpG 

in an aqueous solution. 

The induction of PN-specific IgG2c, IL-10 and IFN-γ and reduction in IL-13 by 

nasal immunotherapy with PN + CpG was associated with reduced allergic disease 

severity. Although this treatment induced a shift from Th2 immune responses towards 

Th1 and/or Treg responses, the mechanism utilized to change the peanut-specific T 

helper cell responses remain unclear. It may be possible that CpG-adjuvanted 

immunotherapy induces plasticity in peanut-specific Th2 cells and increase their 

production of IL-10 and IFN-γ or adjuvanted immunotherapy may increase IL-10 or 
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IFN-γ producing cells from naïve precursor T helper cells. Additional studies are 

required to investigate potential mechanisms by which PN + CpG immunotherapy 

modifies PN-specific T helper cell responses.  
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Appendix A 

Table 7: OVA-Specific Serum Antibody Responses Endpoint Titer 

 Paper-

PN 

alone 

(1) 

Corncob-

PN alone 

(2) 

Paper-

Alum 

(3) 

Corncob-

Alum (4) 

Paper-

Alum + 

CpG (5) 

Corncob-

Alum + 

CpG (6) 

Paper-

Alum + 

MPL (7) 

Corncob-

Alum + 

MPL (8) 

OVA-

IgG 

3.68E+01 3.94E+01 3.12E+06 4.19E+06 1.93E+07 1.11E+07 3.18E+06 1.27E+07 

4.53E+01 5.01E+01 5.69E+06 8.41E+06 3.04E+07 1.68E+07 5.13E+06 2.05E+07 

OVA-

IgG1 

3.43E+01 3.68E+01 1.45E+07 1.11E+07 5.84E+07 9.64E+06 4.82E+06 1.80E+07 

4.01E+01 4.53E+01 3.86E+07 2.44E+07 1.57E+08 1.43E+07 8.86E+06 2.78E+07 

OVA-

IgG2a 

3.20E+01 3.20E+01 3.20E+03 1.48E+03 4.82E+06 1.83E+06 6.65E+03 4.10E+03 

3.20E+01 3.20E+01 7.73E+03 3.45E+03 8.86E+06 4.76E+06 1.99E+04 8.58E+03 

Data in bold represents the anti-log geometric mean endpoint for each experimental group. 

Numbers in italics indicate the upper 95% confidence interval.  
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Appendix B 

Table 8: PN-Sensitization Induced Endpoint Titers 

 Paper-

PN 

alone 

(1) 

Corncob-

PN alone 

(2) 

Paper-

Alum 

(3) 

Corncob-

Alum (4) 

Paper-

Alum + 

CpG (5) 

Corncob-

Alum + 

CpG (6) 

Paper-

Alum + 

MPL (7) 

Corncob-

Alum + 

MPL (8) 

PN-

IgG 

1.48E+06 1.29E+06 2.75E+05 5.53E+06 7.53E+04 2.48E+04 2.62E+05 1.38E+06 

7.11E+07 6.42E+06 3.87E+06 1.37E+07 4.28E+06 1.15E+06 2.32E+06 7.01E+06 

PN-

IgG1 

1.12E+06 1.12E+06 7.41E+05 1.93E+07 8.65E+04 5.71E+04 4.26E+05 2.10E+06 

3.20E+07 6.61E+06 1.36E+07 5.17E+07 6.12E+06 2.87E+06 3.68E+06 1.46E+07 

PN-

IgG2a 

4.63E+04 2.48E+04 1.28E+04 8.65E+04 8.19E+03 4.39E+03 9.41E+03 2.66E+04 

8.53E+05 1.76E+05 9.23E+04 1.96E+05 2.75E+05 1.18E+05 8.30E+04 2.04E+05 

PN-

IgE 

2.56E+02 2.08E+02 3.62E+02 5.36E+02 1.37E+02 1.19E+02 2.23E+02 2.08E+02 

6.33E+02 7.17E+02 1.28E+03 1.46E+03 5.74E+02 4.34E+02 1.07E+03 7.17E+02 

CT-

IgG 

3.71E+05 2.81E+05 3.36E+05 3.18E+06 3.76E+04 4.63E+04 1.85E+05 4.26E+05 

5.29E+06 1.53E+06 2.74E+06 9.58E+06 1.03E+06 9.61E+05 9.72E+05 4.01E+06 

Fecal 

PN-

IgA 

5.08E+01 1.49E+01 2.63E+01 2.92E+01 1.84E+01 1.84E+01 1.84E+01 2.60E+01 

1.92E+02 2.83E+01 5.97E+01 7.38E+01 4.79E+01 4.38E+01 3.23E+01 6.82E+01 

Fecal 

PN-

IgG 

2.54E+01 9.19E+00 1.25E+01 1.01E+01 1.13E+01 9.85E+00 1.13E+01 1.39E+01 

6.88E+01 1.13E+01 1.93E+01 1.38E+01 1.61E+01 1.25E+01 1.83E+01 2.68E+01 

Data in bold represents the anti-log geometric mean endpoint for each experimental group. 

Numbers in italics indicate the upper 95% confidence interval. 
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