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Abstract  
Vaccines are needed for the prevention of infectious diseases, however, some of 

the vaccines comprise of subunit antigens which have weaker immunogenicity due to 

lack of strong immunogenic components. Specific immune responses to subunit 

antigens with weaker immunogenicity can be enhanced by use of vaccine adjuvants.  

Alum and monophosphoryl lipid A (MPLA) are the only FDA-approved vaccine 

adjuvants for use with human vaccines. These adjuvants are used with injectable 

vaccines, and currently, we do not have an approved vaccine adjuvant for use with 

vaccines administered intranasally. Intranasal route of immunization is desired 

because it leads to induction of both mucosal and systemic immune responses and, 

therefore, it is a suitable route of immunization compared to injectable route of 

vaccination. Intranasal immunization also, provides an alternative method of vaccine 

delivery for individuals who avoid being vaccinated due to fear of needles.  

Previous studies have shown that mast cell activating molecules such as 

compound 48/80 (c48/80) exhibit vaccine adjuvant activity when delivered 

intranasally to mice. The maximum adjuvant activity of c48/80 was shown to require 

invivo mast cell activity. Compound 48/80, however, is a heterogeneous compound of 

multiple polymeric species, and the exact chemical species that provides adjuvant 

activity is not known. Other mast cell activating peptides such as the cationic peptide 

mastoparan 7 (14 amino acids in length) are short and may be synthesized and purified 

to homogeneity. Mastoparan 7, therefore, represents an ideal mast cell activating 

molecule for future evaluation and development as a vaccine adjuvant, but its nasal 

adjuvant activity is not known. Toll-like receptor (TLR) ligands, such as MPLA and 

oligodeoxynucleotides that contain high cytosine and guanine (CpG) motifs, have been 
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shown to provide immunostimulatory activity. The combination of mastoparan 7 

peptides and TLR ligands may, therefore, provide superior adjuvant activity compared 

to individual adjuvants. West Nile Virus (WNV) infection has been shown to cause 

fever and serious neurological disease in humans. The challenge is that no vaccines are 

available to prevent against WNV infections in humans. Studies using WNV envelope 

protein as a vaccine antigen have demonstrated generation of WNV-specific immunity. 

Since this antigen is a subunit protein, it is poorly immunogenic and incorporation of 

adjuvants may enhance its immunogenicity. The first goal of this dissertation was to 

determine if mast cell activating mastoparan 7 peptides exhibit nasal vaccine adjuvant 

activity. The second goal was to determine if M7 peptides, or a combination of M7 and 

CpG adjuvants could provide adjuvant activity that induce protective immune 

responses against WNV infection in mice when administered with WNV envelope 

protein. Because mastoparan 7 activates mast cells and other cell types including 

macrophages, neutrophils and epithelial cells among others, the next goal was to 

characterize its mechanism of adjuvant activity.   

The nasal adjuvant activity of mastoparan 7 peptides was tested in mice when 

co-administered with the recombinant domain III of WNV envelope protein NY99 

(EDIII) vaccine antigen. Since structural modifications of cationic peptides can 

influence their biological activities, mastoparan 7 peptides were tested in two forms, 

one with a C-terminal NH2 and another with a C-terminal OH. Both mastoparan 7-NH2 

(M7-NH2) and mastoparan 7-OH (M7-OH) provided effective adjuvant activity when 

delivered intranasally to mice. They induced serum anti-EDIII IgG titers that were 

significantly greater than those induced by nasal immunization with EDIII alone (i.e., 

no adjuvant). The peptide-induced antibody titers were, however, comparable to those 

induced by the gold-standard mucosal adjuvant cholera toxin. Between the two 



 

 

vi 

analogs, M7-NH2 provided nasal adjuvant activity in mice that was superior to the 

nasal adjuvant activity of M7-OH. M7 peptides may also be combined with other 

adjuvants such as CpG oligodeoxynucleotides to provide adjuvant activity that is 

superior to that provided by either adjuvant used individually. By combining M7-OH 

and CpG, a 3-dose vaccine regimen (15 µg EDIII + M7-OH + CpG delivered on days 0, 

7 and 21) was developed that induced protective immunity against WNV challenge at 

day 54. Optimization of the vaccine formulations allowed us to modify a 3-dose nasal 

vaccine regimen (15 µg EDIII + M7-OH + CpG delivered on days 0, 7 and 21) to a 2-

dose nasal vaccine regimen (60 µg EDIII + M7-OH + CpG delivered on days 0 and 14). 

The optimization maintained effective induction of protective immunity that persisted 

for up to 189 days in mice.   

Studies were also performed to characterize the mechanisms of action of M7-

NH2 when used as a nasal vaccine adjuvant. Since mastoparan 7 is a mast cell activator, 

and provided invivo adjuvant activity, studies were performed in mast cell deficient 

(MCD) mice to determine if mast cells were required for the invivo adjuvant activity of 

mastoparan 7 peptides. Results showed that nasal adjuvant activity of M7-NH2 did not 

require the presence of mast cells since adjuvant activity was not reduced in MCD 

mice. It is also known that the inflammasome pathway and caspase 1 are activated by 

the vaccine adjuvant alum, while the myeloid differentiation primary factor 88 

(MyD88) pathway is activated by the vaccine adjuvant, MPLA. Additional studies 

were, therefore, performed in mice deficient in Caspase 1 or MyD88 to determine if 

mastoparan 7 required caspase 1 or MyD88 to provide effective adjuvant activity 

invivo. Although M7-NH2 activated the inflammasome pathway invitro, M7-NH2 

provided effective adjuvant activity in mice deficient in caspase 1. This indicated that 

inflammasome activation was not required for the adjuvant activity of M7-NH2 
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peptide. In contrast, M7-NH2 did not activate toll-like receptors that utilize the MyD88 

pathway such as TLR4 or TLR9 invitro, but the MyD88 pathway was required for M7-

NH2 to provide nasal adjuvant activity invivo, when using a lower dose of peptide. 

However, when using a higher dose of M7-NH2, MyD88 was only partially required 

for adjuvant activity after nasal delivery in mice. In conclusion, our results 

demonstrate that mast cell activating peptides M7-NH2 and M7-OH are effective nasal 

vaccine adjuvants in mice, and the adjuvant activity of M7-NH2 is independent of mast 

cells or inflammasome activation but partially dependent on MyD88. 
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1. Introduction and Background   

1.1 Introduction 

1.1.1 Use of vaccines 

The discovery of vaccines and vaccination has played a major role in the 

prevention against human infectious diseases [1]. The main goal of vaccinating is to 

induce a pathogen-specific immune response, leading to protection against infection by 

such pathogens [2]. Vaccine antigens may exist in different forms which include live-

attenuated microorganisms, inactivated pathogenic microorganisms, purified 

components of microbial pathogens, polysaccharide-carrier protein conjugates or 

recombinant proteins of pathogenic microbes [3]. After vaccine administration, the 

vaccine rapidly activates the host innate immune system, which then activates the 

adaptive immune responses [4]. Optimal induction of antigen-specific protective 

immune responses, therefore, involves activation of both the innate and the adaptive 

immune systems.  

1.1.2 Innate immunity 

The innate immune system comprises the first line of host defense against 

insults that rapidly responds to invading pathogens such as viruses, fungi, bacteria 

and other foreign microorganisms [4, 5]. Pathogens are the source of the foreign 

antigens that usually provide danger signals to the host. The host immune system then 

responds by mounting a defensive immune response. Innate immunity rapidly 

responds to prevent establishment and spread of the disease-causing pathogens. 

Although they occur rapidly, these responses also last for a short duration [6]. Cells of 

the innate immune system include macrophages, neutrophils [7], monocytes [8], mast 

cells [9, 10], dendritic cells [11, 12], natural killer cells [13], stromal cells [14] and !" T 
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cells [15] among others. These cells can be activated when the pathogen first 

encounters the host, and is attracted to the site of infection or inoculation. Their 

functions include; to engulf, phagocytose and kill microbial pathogens [6, 16, 17] or to 

secrete mediators of cell activation, like cytokines [15, 18].  

Detection of pathogens by the cells of innate immune system involves use of 

germ-line encoded pattern recognition receptors (PRRs). Some of the most studied 

PRRs include Toll like receptors (TLRs), NOD-like receptors (NLRs) and retinoic acid 

gene (RIG-I) like receptors among others [4, 6, 19].  These receptors also play important 

roles in mediating the activity of vaccines and vaccine adjuvants because most vaccines 

are derivatives of inactivated molecules from pathogens [14, 20]. Therefore, key cell 

types that comprise the innate immune system express some of these receptors, while 

others may be up-regulated during the activation process. Cells of the innate immune 

system respond to foreign molecules distinguishing them from self-molecules. 

However, under certain circumstances that cause sterile tissue injury, self-molecules 

generated by tissue injury, termed as damage associated molecular patterns (DAMPs), 

stimulate cells of the innate immune system. These host-generated danger molecules 

include ATP, heat shock proteins (HSP), high mobility group box protein (HMGB1) 

and others [21]. These DAMPs have been shown to mainly activate cytoplasmic PRRs 

like NLRs to generate inflammatory responses through cytokine induction. Production 

of inflammatory cytokines after activation of innate immune cells leads to activation of 

adaptive immunity. Some of the key cells of innate immune responses will be 

discussed. 

1.1.2.1 Dendritic cells (DCs) 

Dendritic cells (DCs) are the primary antigen presenting cells that get activated 

by vaccine adjuvants. DCs are strategically positioned as surveillance cells in the areas 
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that easily encounter pathogens. These areas include the skin, respiratory tract, 

gastrointestinal tract and urogenital tract [22]. They function as the central cell types 

that get activated by pathogens, and their function is to bridge the signals from innate 

activation to generate adaptive immunity [11]. When activated, they process the 

antigens and present processed antigen-derived peptides to T cells [22]. DCs get 

activated either by the pathogens or their components through conserved PRRs 

expressed on the cell surface or intracellularly [11]. DCs may also be activated 

indirectly. After encounter with pathogens or pathogen associated molecular patterns 

(PAMPs), structural or accessory cells of the innate immune system like epithelial cells, 

stromal cells, muscle fibers, may secrete cytokines that stimulate DCs [23, 24]. Upon 

stimulation, DCs acquire maturation properties including up-regulation of co-

stimulatory molecules likes CD80, CD86, CD40, and MHC which enhances their 

efficiency for antigen uptake, processing and presentation [6, 11, 25]. They also secrete 

cytokines, including IL-12, that are essential in activating T cells [26]. Activated DCs 

also up-regulate the expression of chemokine receptor 7 (CCR7) which is essential in 

enhancing migration of DCs to the lymph nodes [27]. The immunostimulatory status of 

DCs is required for them to effectively function as antigen presenting cells and activate 

T-cells to generate adaptive immune responses. The mature DCs move to peripheral 

lymphoid organs where they encounter and activate T-cells. The T lymphocytes have 

rearranged antigen-specific receptors that recognize specific antigenic epitopes 

presented in self-MHC on DCs [11, 12]. Some DCs have also been shown to directly 

activate B cells through the CD40L pathway to stimulate antibody production [28, 29]. 

The activities of T and B-lymphocytes are discussed in more detail in the section on 

adaptive immune responses. 
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1.1.2.2 Mast cells  

Mast cells are a type of innate immune cells derived from hematopoietic cells. 

When immature they circulate in the blood system until they migrate to the tissues 

where they get activated by stem cell factor (SCF) and cytokines to maturity [30]. They 

are found in most tissues of the body that are in contact with the external environment 

such as the skin and mucosal surfaces, including the airways and gastrointestinal tract 

[16, 30]. The anatomical position of mast cells signifies their importance in innate 

immunity, to curb the invading pathogens [30, 31]. Mast cells can be classified as 

mucosal or tissue mast cells according to their location and function. Mouse mucosal 

mast cells express mouse mast cell protease -1 and -2, while connective tissue mast 

cells found in the skin and blood vessels express mouse mast cell protease-4, -5, -6 and 

-7 [32]. Mast cell proteases play a pathologic role in mediating anaphylaxis, but also 

play a role in protection against pathogens [33-35]. Mast cells encounter the pathogens 

after the pathogens penetrate the physical barrier provided by the skin or mucosal 

membranes. When activated, mast cells degranulate to release a variety of pre-formed 

bioactive mediators such as histamine, proteases (chymase, tryptase), prostaglandins, 

leukotrienes and tumor necrosis factor (TNF)-# [30, 36].  

Mast cells may be activated by a variety of mechanisms. Activation of mast cells 

can be initiated by the cross-linking of the high-affinity IgE receptor, Fc epsilon on the 

cell surface by an immune complex consisting of the allergen-specific IgE and the 

allergen [37]. It has also been shown that mast cells may be activated through the IgG 

receptor Fc gamma IIIA by the immune complexes consisting of the allergen-specific 

IgG antibodies [10]. Mast cells can also be activated by parasite and bacterial products, 

viral proteins and immunoglobulin binding proteins [17]. These cells also have PRRs 

including TLRs, and also complement, cytokine and growth factor receptors that when 
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stimulated induce release of different mediators of immune protection [38, 39]. Mast 

cells can also be activated by chemical or synthetic compounds such as c48/80 [40]. 

When activated, mast cells have been shown to mediate the maturation of DCs, induce 

trafficking of DCs to draining lymph nodes, stimulate hypertrophy of draining lymph 

nodes, and activate T cells by elaboration of cytokines such as TNF-# and other 

inflammatory mediators [17, 41]. These activities are important in the generation of 

adaptive immune responses. 

1.1.2.3 Macrophages  

Macrophages are innate immune cells located in the mucosal lining such as the 

respiratory tract and also in tissues, where they provide first line defense against 

invading pathogens [42]. They provide surveillance and are efficient phagocytic cells of 

the innate immune system whereby they engulf pathogens and kill by generating 

microbicidal reactive species, including reactive nitrogen species and nitric oxide [43]. 

They protect the host system from invading microbes and dying cells [38]. The activity 

of macrophages to phagocytose pathogens is enhanced by their expression of 

complement receptors (CR) that include CR3. Complement receptors recognize 

pathogens opsonized by complements, engulf them, and institute phagocytic killing 

through generation of reactive species mediators [44]. Macrophages may also respond 

to activation by pathogens by secretion of cytokines including TNF and IL-6 that 

initiate an inflammatory response to activate and recruit other cells [38]. Macrophages 

also secrete anti-inflammatory cytokines including TGF-$ to protect against excessive 

inflammatory reactions [38, 45]. Activated macrophages up-regulate co-stimulatory 

molecules and MHC-II and gain the capacity to process antigens and activate T cells to 

mediate adaptive immunity [43]. These cells, therefore, play a crucial role to protect 

against microbial pathogens.  
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1.1.2.4 Innate lymphoid cells (ILCs) 

Innate lymphoid cells (ILCs) are a recently identified heterogeneous cell type 

that originates from the common lymphoid progenitor, and are localized mainly in the 

mucosal sites [46]. All innate lymphoid cells have been shown to express the 

transcription factor, inhibitor of DNA-binding 2 (Id2) [47], and include the lineage 

marker-negative (LIN-) cells, natural killer (NK) cells and the lymphoid tissue inducer 

(LTi) cells [48]. These cells share characteristics of both innate and adaptive immunity, 

and serve as a source of Th type effector cytokines [49]. ILCs have been grouped into 

group 1 that comprises ILC1 and NK cells that mainly produce IFN-!, group 2 that 

comprises ILC2 and mainly produce Th2 type cytokines like IL-5, and group 3 that 

comprises ROR!t+ ILCs cells that mainly produce IL-22 and IL-17 [46]. 

In this section, group 2 ILCs will be discussed because they have been 

implicated in the exacerbation of allergic responses and asthma, are responsive to IL-33 

[50], and are induced by allergens with known adjuvant activity [51]. ILC2 cells are 

CD44+CD25+c-kit+Sca+ and develop after stimulation with IL-7. These can also be 

stimulated by cytokines like IL-25 and IL-33 [50, 52, 53], and thymic stromal 

lymphopoietin (TSLP) [46, 54] from other innate immune cells. Upon stimulation, these 

cells secrete Th2 type cytokines that include IL-5, IL-9, and IL-13 which promote 

allergy and Th2 type adaptive immune responses [52]. In addition, these cells may also 

secrete IL-4, IL-6, IL-10 and G-CSF [55]. 

 ILC2 are responsive to IL-33 that is constitutively expressed in the nuclei of 

different types of innate immune cells including DCs, mast cells and macrophages. IL-

33 is also expressed by structural cells such as endothelial, epithelial, smooth muscle 

cells and fibroblasts [56-59]. The production of IL-33 by these cells can be triggered by 

exposure to inflammatory signals or by cell injury [60]. Excessive activity by this 
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cytokine has been associated with induction of lung inflammatory diseases [61, 62]. 

Since IL-33 has been shown to possess adjuvant activity [51], if induced in low 

concentrations it may be beneficial to the host. The activity of IL-33 is mediated 

through its T1/ST2 receptor (IL-1RL1 and IL-1 receptor accessory protein (IL1RAcP)) 

[50, 58]. For example, studies have shown that the presence of T1/ST2 receptor is 

required for fungal induced Th2 type cytokine release after Cryptococcus neoformans 

infection in mice [53]. In the absence of T1/ST2 receptor, there was decrease in the 

induction of IL-4, IL-5 and IL-13 and subsequent decrease in lung immunopathology 

[53]. Although IL-33 has been associated with inflammatory diseases, it is likely that 

when induced in optimum levels by vaccine adjuvants it may contribute to protective 

Th2 type immune responses. This implicates group 2 ILCs as possible contributors to 

innate immunity and mediators of adaptive immune responses when activated by 

pathogens or vaccine adjuvants. 

1.1.2.5 Toll-like receptors (TLRs) 

Cells of the innate immune system become activated through cellular receptors 

that respond to the release of molecules from damaged host tissues or molecules 

associated with pathogenic organisms [4, 19]. Recognition and signaling by these 

receptors is important in the activation of innate immunity that is required to generate 

an effective adaptive immune response. Such receptors include TLRs, the most studied 

PRR that has been shown to mediate activation of innate immunity by pathogens and 

vaccine adjuvants [63, 64]. 

TLRs are transmembrane glycoproteins expressed on innate immune cells, and 

they participate in the activation and mediation of innate immunity. Toll receptors 

were first identified in Drosophila species of flies where they were shown to participate 

in mediating defense against fungal infections [65]. TLR4 was the first mammalian 
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homolog to be identified and mediates induction of inflammatory responses [66]. 

Structurally, TLRs comprise of ligand-binding extracellular leucine rich repeat regions 

(LRR) and cytoplasmic signaling domains that include the Toll/IL-1R (TIR) receptor [6, 

66]. Several TLRs have been identified and their location and roles may differ within 

cells. TLRs 1, 2, 4, 5 and 6 are expressed on the cell surfaces as transmembrane 

receptors with extracellular ligand-binding motifs, while TLRs 3, 7, 8 and 9 are 

expressed in the endosome [5, 27]. These receptors are germ line-encoded and are 

expressed on most cells of innate immunity including DCs, mast cells and 

macrophages among others [4, 11]. 

The activation of TLRs on APCs like DCs leads to induction of cytokine 

production such as IL-12 and IL-1, and expression of co-stimulatory molecules 

including CD80, CD86, and is essential in the induction of adaptive immunity [67]. 

Specificity among TLRs has been reported, and different TLRs recognize specific 

molecular patterns associated with microbial pathogens (PAMPs) [7]. The examples of 

ligands for TLRs include peptidoglycans and lipoteichoic acids which bind TLR2 to 

stimulate release of pro-inflammatory cytokines and maturation of APCs [5, 27]. 

Another example is the activation of TLR3 by synthetic poly (Inosinic:Cytidylic) acid 

which has been shown to enhance vaccine-induced anti-cancer T cell responses [5, 68]. 

Studies have also shown that TLR4 which is activated by bacterial lipopolysaccharide 

(LPS), mediates induction of protective immunity against bacterial pathogens such as 

Bordetella pertussis when stimulated with whole bacterial antigen as vaccine [69]. It was 

shown that lack of TLR4 could abrogate the induction of IL-17 production in mice 

given B. pertussis vaccine [69]. TLR signaling, therefore, plays an important role to 

activate innate immunity that is necessary to induce effective adaptive immune 
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responses. A number of other ligands have been identified that activate different TLRs 

as shown below (Table 1). 

Table 1: TLRs and their known ligands that stimulate innate immunity 

TLR name Known ligands References 

TLR1/2 Triacyl lipopeptide [70, 71] 

TLR2/6 Diacyl lipopeptide [5, 70, 71] 

TLR3 Double stranded RNA (dsRNA) [72] 

TLR4 Lipopolysaccharide (LPS) [73] 

TLR5 Flagellin  [74] 

TLR7/8 Imidazoquinoline, loxoribine, single stranded RNA 

(ssRNA)  

[75, 76] 

TLR9 CpG oligodeoxynucleotide, hemozoin [6, 7] 

TLR11 Uropathogenic bacteria, Toxoplasma gondii [77, 78] 

 

In response to specific ligands, TLRs recruit adaptor proteins that transmit the 

activation signals to induce maturation of cells of innate immunity and cytokine 

production. The adaptor proteins that mediate these activations include myeloid 

differentiation primary response factor-88 (MyD88), which mediates signaling from 

TLR1/2, 4, 5, 2/6, 7, 8 and 9 [64]. The Toll-like receptor associated activator of 

interferon (TRIF) mediates MyD88-independent signaling from TLR3 and partially 

from TLR4.  On the other hand, the Toll-like receptor associated molecule (TRAM) has 

been shown to link the signals downstream of TLR4 through interaction with TRIF in 

case of MyD88-independent activation. Finally, the Toll-interleukin (IL)-1 receptor 

(TIR) associated protein (TIRAP) has been shown to play a role in the MyD88-

dependent activation through the dimers of TLR1/2 or TLR2/6 [27, 63, 64]. The 
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recruitment and activation of MyD88 or TIRAP then leads to the activation of 

interleukin 1 receptor associated kinase (IRAK) which in turn activates TNF-# receptor 

associated kinase (TRAF6). Activation of TRAF6 then leads to activation of mitogen-

activated protein kinase (MAPK) and nuclear factor (NF)-%B pathways. These 

culminate in activation of transcription factors, activating protein (AP-1) and NF%B 

respectively by MAPK and NF%B [79]. On the other hand, activation of TRIF leads to 

activation of interferon regulatory factors (IRFs) including the IRF3. These 

transcription factors translocate to the cell nucleus to induce respective cytokine 

production [5, 7]. 

Some of the cytokines induced from cells of innate immunity through TLR 

activation include inflammatory cytokines such as TNF-#, IL-6, IL-1$ and IL-12 [64, 79, 

80]. In addition, cells of innate immunity including macrophages may respond to TLR 

stimulation by producing anti-microbial cytokines such as IFN-!, IFN-# and IFN-$ 

that enhance killing of microbial pathogens [81, 82]. TLR activation of, for example, 

DCs can also stimulate the up-regulation of MHC and co-stimulatory molecules that 

enhance the antigen processing and presentation capacity [63]. The cytokines, MHC 

complex and co-stimulatory molecules can modulate the adaptive immune responses 

by priming and activating T cells [12, 83]. Targeted activation of TLRs by their ligands 

has therefore been shown to enhance antigen processing and presentation [84], 

allowing TLR ligands to be utilized as vaccine adjuvants [5, 85]. Since activation of 

most TLRs signals through MyD88 [86], MyD88 has been identified as critical  in the 

induction of innate immunity, that bridges adaptive immunity [86]. 

1.1.2.6 Myeloid differentiation primary response factor 88 (MyD88) 

Myeloid differentiation primary response factor 88 (MyD88) is an adaptor 

protein that plays a role in signal transduction from activated cells through TLRs, IL-1, 



 

 

11 

IL-18 or IL-33 receptors [86, 87]. The death domain (DD) forms the N-terminal, while 

the Toll/Interleukin-1 receptor (TIR) forms the C-terminal of MyD88 [88, 89]. Mice 

deficient in MyD88 adaptor protein are unresponsive to activation of key TLRs [86, 90], 

identifying MyD88 as critical in the induction of innate immunity. Engagement and 

activation of TLRs by microbial or endogenous ligands signal through MyD88, except 

for TLR3 [7, 86]. The activation of TLR 1/2, 2/6, 4, 5, 7, 8, 9 recruits MyD88 through 

homotypic interaction of Toll/IL-1R (TIR) domains, and then activates IL-1R associated 

kinases (IRAK1 and IRAK2) by interaction of the death domains (DD) [86, 91]. The 

activation of IRAK by MyD88 leads to activation of transcription factors, NF%B and 

AP-1 that translocate to the nucleus and induce transcription of inflammatory cytokine 

genes [7, 64].  

Activation of MyD88 in APCs, including DCs, induces their maturation [91] 

and capacity to activate adaptive immunity. Studies have shown that MyD88-

deficiency can lead to lack of cytokine production by macrophages or prevent B cell 

proliferation upon endotoxin stimulation [91]. Additional studies have also shown 

failure to induce responses to IL-1 and IL-18 in the absence of MyD88, demonstrating 

that it is critical in innate immunity and adaptive immunity [92]. Although MyD88 is 

critical for activation of innate immunity, the dependency on its activation may vary 

with the stimulant and also the cell type. For example, LPS has been shown to induce 

maturation of DCs and macrophages in a MyD88-independent manner [91]. On the 

contrary, the activity of CpG on DCs required the expression of MyD88 to induce 

maturation [91]. 
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1.1.3 Adaptive immunity 

After activation of innate immunity by the pathogen or antigen, the host 

mounts a long-lasting and antigen-specific immune response that is referred to as 

adaptive immune response. The key cell types that participate in mediating the 

adaptive immune system are comprised of antigen-specific T and B cells. In contrast to 

innate immune responses, the main characteristics of adaptive immune responses, 

therefore, are antigen-specificity and longer duration [67]. Events that lead to the 

activation of T and B cells are initiated after recognition of a pathogen or vaccine 

antigens and adjuvants by APCs, the primary ones being DCs [11]. When activated, 

APCs differentiate into immunostimulatory cells that process and present antigens to T 

cells [11]. T and B cells express antigen-specific rearranged receptors, and co-

stimulatory molecules. T cell receptors get activated by processed self-MHC associated 

antigenic-peptides on DCs, and secrete cytokines. The activation of CD4+ T helper cells 

provides a cytokine environment that modulates the activities of other cells, including 

B cells. T and B cells have receptors that recognize molecules associated with 

pathogens that trigger their activation and development into killer T cells and antibody 

producing plasma cells respectively [93, 94]. In addition to being effector antibody 

secreting cells, B cells can also function as APCs that can present processed antigens to 

CD4+ T cells [94]. Upon re-exposure to antigens, the adaptive immune response is 

rapidly generated because of memory T cells [25] and B cells [95]  that are capable of 

responding to specific antigens. Although the effector functions of T cell and B cell-

mediated immune responses may differ, clearance of most pathogens often requires 

effective generation of both arms of adaptive immunity. Effective adaptive immunity, 

therefore, comprises of the humoral and cell-mediated immune responses [6]. The 
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adaptive immune responses provided by B (humoral immunity) and T (cell mediated 

immunity) cells will be discussed in detail. 

1.1.3.1 Humoral immune responses 

Cell-to-cell interactions for antibody production. Humoral immunity involves 

the generation of antibodies by B cells to eradicate microorganisms in the blood stream 

and mucosal fluids. When the DCs first encounter the antigen, they get activated and 

traffic into the draining lymph nodes [8]. In the lymph nodes, DCs activate T helper 

cells with the MHC-II-antigen-derived peptide complex to induce secretion of 

cytokines that activate B cells. In addition, T-follicular helper cells (Tfh) interact with 

DCs within the follicles of lymph nodes and get stimulated to produce cytokines like 

IL-21, that modulate B cell activity. Tfh cells express chemokine receptors like CXCR5 

that enhance their homing to B cell areas where they interact with B cells [96]. B cells 

recognize antigen with their B cell receptor (surface bound antibody) and by 

interacting with DCs and T cells, receiving co-stimulatory signals from the T cells and 

DCs. The interaction between B cells, Tfh cells and DCs generate a specialized network 

of cells in the B cell area of the follicles called germinal centers [97]. The Tfh cells then 

contribute to the antibody production by B cells by secreting cytokines, including IL-

21, that stimulate B cell differentiation [8, 96, 98]. Within the germinal centers, the 

follicular DCs activate B cells, enhancing their differentiation and induction of 

antibody production [93, 94]. Activated B cells differentiate into antibody producing 

plasma cells and memory B cells. Memory B cells are capable of responding rapidly to 

future re-exposure to the same antigens [99]. The activation of B cells, therefore, leads 

to the generation of antigen-specific antibodies that provide antibody-dependent 

protection. 
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Antibody affinity maturation. During germinal center reaction, there is the 

activation of B cells by antigen-loaded follicular dendritic cells (FDCs) and this 

stimulates production of antibodies by B cells. FDCs are dendritic appearing cells that 

originate from stromal cells, and bind antigen-antibody immune complexes within the 

B cell follicles [92, 100].  FDCs play a vital role in maintaining B cells by continuous 

interaction and stimulation with immune complexes that promote germinal center 

reaction [101].  Activated B cells also secrete cytokines such as lymphotoxin that help 

sustain FDCs [101]. Activated FDCs express CXCL13 chemokine that activates B and 

Tfh cells through the CXCR5 receptors and sequester them in the follicles [101, 102]. B 

cells also express the sphingosine 1 phosphate receptor 2 that attracts them to the 

germinal center area [103]. Continuous interaction of B cells and FDCs is also enhanced 

by expression of integrins #L$2 and #4$1, and adhesion molecules ICAM1 and 

VCAM1 respectively [104-106]. Activation of B cells leads to generation of antibody 

producing plasma cells and memory B cells [107, 108]. These cells secrete antibodies 

with diverse affinity for respective antigens, and this affinity is important in 

determining the protective capacity of secreted antibodies [109]. This phenomenon of 

cellular interaction leading to generation of diverse affinity antibodies is termed 

affinity maturation.  

The molecular events that lead to antibody affinity maturation are 

recombination of variable (V), diversity (D) and joining (J) gene segments of B cells and 

somatic hypermutation (SHM) [108]. These events are mediated by a DNA editing 

enzyme called activation-induced cytidine deaminase (AID), which is expressed in 

activated B cells [110]. During somatic hypermutation, new gene rearrangements are 

introduced through mutations in the previously rearranged immunoglobulin variable 

regions [111]. AID enzyme generates DNA breaks in the C:G base-pairs in these 
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regions by initiating C to U deamination, causing mispairs [112]. Consequently, the 

mismatch repair enzymes MSH2/MSH6 triggers mutagenic repairs leading to A:T base 

pairs [111]. The excision of uracil in the U:G pairs by uracil-DNA glycosylase enzyme 

also lead to additional mutations through transitions and transversions at C:G pairs. 

These events of SHMs  lead to occurrence of multiple mutations in the rearranged Ig 

variable region genes to generate antibodies with higher or lower affinity to the 

antigen [113]. After SHM, B cell clonal selection occurs based on increased affinity of 

variable regions to the antigenic epitopes [114, 115]. These cells undergo negative and 

positive selection, and B cells of low-affinity for antigen are negatively selected to 

undergo apoptosis. The high-affinity antibody mutants are positively selected to 

differentiate into antibody-secreting plasma or memory B cells [95]. This process 

defines antibody affinity maturation that occurs within the germinal centers, and 

involves interaction of B cells with FDCs and Tfh cells [95, 116]. Studies have shown 

that failure of a vaccine to induce antibody affinity maturation can lead to lack of 

protection [109]. Therefore, germinal center reaction and affinity maturation are critical 

for generation of protective humoral immunity. The affinity of generated antibodies to 

bind the specific antigens can be assessed through the measurement of antibody 

avidity. This represents the sum of individual antibody affinities and has been used as 

a correlate of generation of protective antibodies [117]. Induction of high-avidity 

antibodies by vaccines is, therefore, desired because it can be used as indicator of 

antibody maturity and the ability to protect [118, 119].  

Activation of B cells leads to generation of plasma cells that participate in 

antibody production and antigen clearance, and memory cells that may re-enter into 

the cycle of expansion, diversification and selection. Both cell types can leave the 

germinal centers to move to the peripheral system [95]. The memory B cells remain 
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available to rapidly respond in case of re-exposure to the antigen that stimulated their 

formation. They secrete high antibody titers within a shorter period after encountering 

the antigen a second time compared to the primary stimulation. When memory B cells 

encounter the antigen, they differentiate into antibody producing plasma cells.  

Antibody sub-classes. Antibody molecules are made up of two heavy chains and two 

light chains linked together through disulfide bonds [8, 120]. Both the light and heavy 

chains comprises of the constant (C) region and variable (V) region. The constant 

regions (CL, CH1, CH2, and CH3) define the biological functions of the antibody while 

the variable regions (VL, VH) are the antigen-binding sites. These molecules when 

joined through disulfide bonds form a Y shape of the antibody [120]. Different classes 

of antibodies are generated based on the type of heavy chain that associates with the 

light chain. One of the two light chains (% or &) can combine with either #, !, ", ' or ( 

heavy chains to form the IgA, IgG, IgD, IgE or IgM antibody isotype respectively [8, 

121]. The functions of the specific class of antibody are determined by the type of 

heavy chain.  

IgM antibody is mainly secreted during the primary immune responses 

because they can be expressed without isotype switching.  They are usually of low 

affinity because the B cells have not undergone somatic hypermutation. However, 

because the IgM antibody forms pentamers that bind simultaneously to the antigens, 

this can enhance their effectiveness through enhanced avidity. Because of its size, IgM 

is mainly found in the blood due to poor diffusion out of the blood vessels. They can 

activate the complement system. IgM antibody is gradually lost and the other antibody 

classes are generated, more so following secondary responses. These isotype changes 

occur under the influence of different cytokines generated by T helper cells that 

promote the process of class switch recombination (CSR). The process of CSR is 
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mediated by the AID enzyme that also mediates SHM [122]. During CSR, the AID 

enzyme deaminates deoxycytidine residues in the upstream switch regions of constant 

Mu (C() (Sµ) and switch regions upstream of any of the other constant heavy chains. 

This leads to deletion of C( and the downstream constant region comes in close 

proximity with the functional VDJ segments [111].This process leads to gene 

conversion at the immunoglobulin variable region that allows the switch from IgM to  

IgG, IgA or IgE subclass. 

 IgG antibody has more subclasses which include IgG1, IgG2 (2a and 2b in 

mice), IgG3 and IgG4 (in human) [8]. IgG are mainly monomeric and are the main 

antibodies in circulation, and are generated during secondary responses. IgG 

antibodies are the principal subtype found in the blood and extracellular fluid. The 

production of different subclasses of IgG antibodies is generated during B cell isotype 

switching. This process is stimulated by cytokines secreted by T cells. In mice IFN-! 

produced by Th1 type T cells induce B cell switch to IgG2a while IL-4 secreted by Th2 

type T cells induce switch to IgG1. The different isotypes of IgG can exhibit unique or 

shared functions. Some effector functions mediated by these antibodies include 

neutralization of pathogens. For example the ability to neutralize anthrax toxin was 

shown to be higher for IgG2a than IgG2b that was better than IgG1 [123]. Some 

antibodies like IgG1 may enhance the phagocytosis and killing of antigen by innate 

immune cells through opsonization [124], while others like IgG2a activate the 

complement system after forming the antibody-antigen complexes [125].  

The IgA antibody subclass forms the major antibody in secretions in mucosal 

compartments such as in the respiratory tract, mammary glands, salivary glands, tear 

glands, and intestinal tracts, and functions as blocking antibody to pathogens [8]. They 

provide a first line of defense against a wide variety of pathogens by preventing their 
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attachment to the epithelial surfaces, and toxins from being absorbed. IL-4 and IL-6 

cytokines from CD4+ T helper cells promote switch to IgA antibodies in mice [126, 

127]. IgA is a less potent opsonin and activator of complement system, but functions as 

an effective pathogen-neutralizing antibody. 

IgE antibody is mainly associated with allergic reactions [8], and is found at 

very low levels in the blood and extracellular fluid. The activity of IgE on target cells 

requires the activation of Fc' receptors that transmit the activating signal and this has 

been observed in mast cells [30]. Antigen binding to IgE can, therefore, trigger the 

activation of Fc' receptors and mast cells to release pro-inflammatory mediators such 

as histamine that can induce allergic reactions. These mediators induce reactions such 

as sneezing, coughing or vomiting. IL-4 cytokine secreted by Th2 type T cells induce a 

switch to IgE [128]. Although antibody responses are capable of enhancing 

neutralization of accessible antigens or extracellular pathogens, they are not good to 

access intracellular pathogens. In this case T cells are required for the clearance of 

intracellular pathogens.  

1.1.3.2 T cell responses 

Cellular immunity is involved in the clearance of intracellular pathogens and 

also in eradication of cancer cells, and is mediated by helper T cells and cytotoxic T 

cells [6]. T cell responses are mediated through antigen-specific T cell receptors that are 

equivalent to immunoglobulins on B cells. Unlike antibodies that can be secreted into 

body fluids, to neutralize soluble antigens, T cell receptors remain bound to the cells, 

and only interact with antigens on APCs. They recognize peptides from antigens that 

form complexes with MHC-II molecules (CD4+ T cells) or MHC-I molecules (CD8+ T 

cells) on APCs. Similar to B cell generated antibodies, activated T cells also undergo 

somatic hypermutations and recombination in the T cell receptors to generate high 
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affinity T cells for the antigen peptides. Antigen-specific T cells may differentiate from 

CD4+ or CD8+ T cells. CD4+ T cells can be categorized based on the type of cytokines 

secreted after activation. CD4+ and CD8+ T cell immune responses have different 

effector functions as helper T cells or cytotoxic effectors to infected cells respectively  

[129].  

1.1.3.2.1 T helper type 1 

Th1 immune responses are characterized by production of IFN-!, IL-2 and 

lymphotoxin-# cytokines that promote immune activity against intracellular pathogens 

[129]. Naïve T cells are polarized to a Th1 type phenotype by IL-12 cytokine that may 

be secreted by DCs. IL-12 induces expression of T-bet and STAT-4 transcription factors 

that promote development of Th1 phenotype [130]. The type 1 cytokines stimulate the 

activity of macrophages to kill intracellular pathogens, and also stimulate the 

production of IgG2a, IgG2b and IgG3 isotype antibodies [128] that promote 

complement fixation and virus neutralization [131]. Some vaccine adjuvants like 

monophosphoryl lipid A [131] and CpG [85] are known to induce Th1 type immune 

responses that clear intracellular pathogens and also have antiviral activities. However, 

excessive induction of Th1 type cytokines such as IFN-! can lead to excessive tissue 

and organ inflammation causing autoimmune diseases like autoimmune uveitis, 

allergic encephalomyelitis or insulin-dependent diabetes mellitus [132]. Th1 type 

cytokines can also help to control allergic reactions induced by Th2 type cytokines  

1.1.3.2.2 T helper type 2 

Type 2 helper immune responses are characterized by cytokines such as IL-4, 

IL-5, IL-9, IL-13 that are associated with clearance of infections by extracellular 

parasites [132, 133]. When excessively induced, Th2 type responses exacerbate 

immunopathology of allergic and asthmatic diseases [132]. Th2 type responses are also 
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characterized by induction of IgG1 and IgE antibody responses that contribute to 

induction of allergic conditions [132]. Naïve T cells differentiate into Type 2 helper T 

cells when polarized with IL-4, which enhances expression of GATA-3 and STAT-6 

transcription factors, that promote development of Th2 phenotype [134]. The Th2 type 

cytokines may down regulate inflammatory cytokine production by Th1 type cells, 

thereby providing anti-inflammatory effects.  

1.1.3.2.3 T helper type 17cells 

Another type of T helper cells is the IL-17 producing T cells. T helper 17 cells 

differentiate from naïve T cells when stimulated by transforming growth factor (TGF)-

$, IL-6, IL-21, IL-1$ and IL-23, and express ROR!t transcription factor [134]. The 

activity of Th17 cells can be modulated by the cytokines from Th1 and Th2 T cells. IL-

17 production has been associated with both protection against infections and 

exacerbation of autoimmunity [134], and in the immunopathology of infectious 

diseases such as Dengue virus [135].  

Vaccine studies using intranasally administered inactivated anthrax spores 

adjuvanted with cholera toxin (CT), have demonstrated the role of IL-17 in protective 

immunity [136]. It was shown that CT adjuvant can induce IL-17 release from CD4+ T 

cells that mediated protection against inhalational anthrax [136]. They showed that IL-

17 deficiency impaired the induction of antigen-specific serum IgG1 and IgA, and fecal 

IgA after intranasal immunization [136]. Similar studies with double mutant of 

Escherichia coli heat labile toxin (LT) demonstrated the induction of IL-17 secreting T 

cells in the adjuvant activity of LT against bacterial proteins [137]. These studies 

suggested that Th17 cells have a role of generating protective immunity against 

pathogens like anthrax.  
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1.1.3.2.4 T regulatory cells 

Regulatory T cells are a subtype that has been shown to induce tolerance to 

prevent autoimmunity as a result of immune responses to self-antigens, and also 

tolerance to foreign antigens [138-140]. Regulatory T cells have also been shown to 

modulate immunopathologic anti-pathogen immune responses, but could as well 

suppress host immune responses to the pathogen [140]. Development of regulatory T 

cells is promoted by IL-10 and transforming growth factor (TGF)-$ that induce 

expression of FOXP3 transcription factor. Regulatory T cells mainly produce IL-10 and 

TGF-$ cytokines that play a role in immune regulation and anti-inflammatory 

responses [140]. They can suppress the expression of MHC class II and co-stimulatory 

molecules by DCs , and also inhibit Th1 and Th2 type immune responses [140]. This 

cell type is characterized by expression of CD4+CD25+FOXP3+ and cytotoxic T-

lymphocyte associated antigen 4 (CTLA4) [138].  

1.1.3.2.5 Cytotoxic T cells 

Cytotoxic T cells comprise the CD8+ T cells that play a critical role in the 

control of viral infections [141] and in cancer control [142]. They recognize infected 

cells that express the pathogen associated peptide epitopes presented on MHC-I 

molecules [141]. Cytotoxic T cells directly kill the infected cells and also secrete 

cytokines such as IFN-! and TNF-# that have antiviral activities, and  can also activate 

other cells such as macrophages to enhance their activities [141, 143]. For example, the 

increase in the activity of cytotoxic T cells has been associated with a decrease in 

influenza viremia [144, 145]. Other studies have also shown that cytotoxic T cells play a 

role in the reduction of viremia in HIV-1 infected individuals before the appearance of 

virus neutralizing antibodies [146, 147]. These studies have demonstrated that 
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cytotoxic T cells may play a role in the clearance of intracellular viral infections early 

before induction of antibody responses.  

1.1.3.3 Mucosal immunity 

The mucosal surfaces are vast and include the respiratory tract, digestive tract 

and genitourinary tract, and are exposed to harsh environmental factors [148]. The 

epithelial cells at the mucosal surfaces provide both the physical barrier and innate 

immunity against invading pathogens. Upon infection or activation, the mucosal 

immune response comprises the inductive and effector sites [149]. Mucosal inductive 

sites are formed of mucosa-associated lymphoid tissues (MALT) that includes the gut-

associated lymphoid tissues (GALT), nasopharyngeal-associated lymphoid tissues 

(NALT) in mice and the isolated lymphoid follicles. In humans, we have the 

Waldeyer’s ring that comprises the tonsils and adenoids in the upper respiratory tract, 

and these serve as inductive sites [150]. These lymphoid tissues have DCs, T and B cell 

areas covered by follicular epithelial layers that have microfold (M) cells. M cells trap 

particulate antigens and make them accessible to underlying DCs. When activated, 

some DCs may traffic to regional lymph nodes that include cervical lymph nodes and 

mesenteric lymph nodes in the case of NALT and GALT DCs respectively. DCs 

activate T cells, that secrete cytokines such as IL-5 and IL-6 to activate B cells to 

stimulate generation of IgA antibody production [151]. Induction of immune responses 

in these sites generates migration of activated immune cells to effector tissues 

including the upper respiratory tract, the gastrointestinal tract and reproductive tracts 

through the lymphatic system [149]. The GALT is also endowed with the Payer’s 

Patches and isolated lymphoid follicles as effector sites with T and B cell areas [152]. 

Other effector sites of the mucosal immune system include the lamina propria of 

gastrointestinal tract, the respiratory tract and reproductive tracts. Effector sites also 
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include the exocrine glandular tissues with secretory capacity such as the mammary 

glands, lacrimal and salivary glands [149]. 

During infection or vaccination at the mucosal surfaces, antigens are taken up 

by specialized M cells that transport the antigen to the underlying DCs or the antigen 

may be taken up directly by epithelial DCs [148-150]. Dendritic cells may extend their 

dendrites into the epithelial surfaces to trap antigens or pathogen from the lumen. 

Activated DCs migrate to the lymphoid areas to present the antigen to prime CD4+ 

and CD8+ T cells. The activated CD4+ T cells activate B cells that differentiate into 

antibody secreting plasma cells, mainly the IgA subtype [149]. Interaction between 

retinoic acid expressing DCs with T cells induce expression of mucosal homing 

receptors such as #4$7 integrin and CCR9 on T cells [151]. Some activated T cells may 

then traffic to the blood stream and lamina propria through the lymphatic system [153, 

154]. CD4+ T helper cells provide support to IgA antibody producing cells by secreting 

cytokines. These cells include the Th1, Th2, Th17, and other regulatory cells of the 

mucosal immune system such as T regulatory cells [149, 155]. Regulatory T cell secrete 

cytokines such as IL-10 and TGF$ that regulate excessive Th1 or Th2 type responses 

[138]. The predominant antibody subtype at the mucosal surfaces is sIgA.  IgA is 

secreted by the IgA+ plasma cells in the lamina propria of connective tissues 

underlying the mucosal surfaces, and secreted into the mucosal lumen by the process 

of transcytosis [156]. During transcytosis, the IgA antibody secreted in association with 

a J-chain binds to the polymeric immunoglobulin receptor present on the basolateral 

aspect of the epithelial cells. The complex formed by the IgA and receptor is 

transported through the epithelial cells cytoplasm in a vesicle and secreted on the 

lumen side of the mucosa as secreted IgA [148, 156]. The IgA is secreted with a portion 

of the receptor that forms the secretory component and is known to provide protection 
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against proteolyitc degradation. The secreted antibodies neutralize toxins or block 

pathogens from binding to the epithelial cells and, thus prevent their establishment 

and entry into the blood stream. Some IgA diffuse into the tissue fluid and gain access 

into the blood stream, and diffuse again to the mucosal surfaces. In addition to IgA, 

mucosal surfaces are also endowed with IgG antibodies produced by local IgG 

producing plasma cells. The IgG antibodies get to the mucosal secretions by diffusion 

because they are monomeric. These antibodies neutralize pathogens that get into the 

mucosal areas and prevent them from establishing or spreading systemically [148, 149]. 

T cell responses also play a role in mucosal immunity especially against viral 

infections. Infected cells are killed by cytotoxic T lymphocytes (CTLs) and by antibody-

dependent cell-mediated cytotoxicity (ADCC) that involves opsonization by antibodies 

and killing by natural killer cells [148]. Studies have shown that HIV-1 infected 

patients generate CD8+ T cytotoxic cells that are specific to the virus and was 

associated with controlled viremia [146]. This study demonstrated that mucosal viral 

infections can induce cytotoxic T cell responses. Mucosal delivery of vaccines has been 

shown to induce systemic and mucosal immune responses of both T cell (CD4+ Th1 

and Th2, CTLs) and antibody responses [157, 158].  

1.1.4 West Nile Virus 

1.1.4.1 Overview 

West Nile Virus (WNV) is a single-stranded positive-polarity RNA virus, a 

member of the family Flaviviridae [159, 160]. The RNA genome of WNV is about 11kb 

and is comprised of three genes that encode structural proteins and seven genes that 

encode non-structural proteins. The structural proteins include the capsid (core), pre-

membrane and envelope, while non-structural (NS) proteins comprise the NS1, NS2A, 
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NS2B, NS3, NS4A, NS4B and NS5 [161]. The close flavirus family members to WNV 

include the Japanese encephalitis virus (JEV), Saint Louis (SLE) encephalitis virus, 

Tick-borne encephalitis virus (TBE), Yellow fever virus (YFV), Murray Valley 

encephalitis (MVE) and Dengue virus (DEV) [162]. West Nile Virus was first identified 

in the West Nile District of Uganda in 1937 [163]. WNV infects mainly birds, although 

humans and horses are susceptible, and cases of horse infections have been reported 

[164].  

WNV infection in humans causes disease that may range from asymptomatic to 

severe neurological complications. About 80% of infected people remain 

asymptomatic, 20% develop febrile illness while less than 1% develop severe illness 

that may include neurologic complications such as meningitis and acute flaccid 

paralysis [165]. Immunocompromised and elderly individuals are the most susceptible 

groups to infection by WNV [166]. Disease outbreaks of WNV fever and encephalitis in 

humans have been reported since mid-1990s throughout the world, including in the 

Middle East, Europe, Africa [167], Asia and Australia [168]. In 1999, the first human 

cases of WNV infections were reported in the United States [162]. The infections later 

disseminated into Mexico, South America, Canada and the Caribbean [169, 170]. By 

2004,  about 7000 neuroinvasive human cases of WNV disease had been reported in the 

United States [171]. Recent reports show that approximately 36, 000 cases and about 

1,500 deaths occurred due to WNV infections between 1999-2012 in the USA alone 

[172]. The major challenge is lack of effective prevention or treatment for WNV disease 

in humans. This warrants great efforts to develop preventive vaccines. 

1.1.4.2 Epidemiology and Transmission 

The WNV infection is mainly transmitted between mosquitoes and birds. 

Human and horse infections do not develop sufficient viral loads for transmission and 
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thus are dead end hosts [171]. Migratory birds have been implicated to transport the 

virus to distant regions [173]. Infectious mosquitoes carry WNV in their salivary 

glands, and transmit to susceptible bird species, humans or horses during a blood 

meal. When infected, birds may die within one week or develop immunity that may 

last their entire life. A sufficient level of viremia is required in birds for mosquitoes to 

transmit the virus from one bird to the next host. In humans, WNV has been reported 

to be transmitted through mosquito bites, and less commonly through blood 

transfusion [174], organ transplantation [174], intrauterine route [175] and through 

breast feeding [171]. The geographical distribution for WNV is wide and includes 

Europe, Asia, Africa, Australia (Kunjin virus) and North, Central and South America 

[168]. Use of an effective vaccine against WNV would be the most effective method of 

protection against WNV infections. 

1.1.4.3 Disease symptoms of West Nile Virus infections 

The WNV disease is more severe in the elderly and children because of immune 

senescence and immature immune system, respectively [176]. West Nile Virus 

infections predominantly cause WN fever (WNF) in infected individuals. The fever 

occurs in people across all age groups, but could be higher in younger individuals [165, 

177]. Mild disease has been shown to be associated with headaches, feeling of fatigue 

and muscle pains. In some incidences it has been found to cause nausea and vomiting 

[178, 179]. Death may also occur in individuals suffering from WNF as a result of 

cardiologic and pulmonary complications [180]. Severe disease has been shown to 

cause meningitis and encephalitis that is associated with damage to the central nervous 

system in humans [181, 182]. Meningitis due to WNV may also cause severe headache, 

fatigue and muscle pains [183]. WNV encephalitis manifests as state of confusion in 

affected individuals and may progress to neurologic disease, coma and death, 
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especially in the elderly and immunosuppressed individuals [184, 185]. Severe 

neurological syndromes such as tremor, especially of the upper extremities, 

Parkinsonism, postural instability, gait disturbance leading to falls may occur [186]. 

Other complications include WNV poliomyelitis that may lead to limb weakness or 

paralysis [187-190]. Infections with WNV can lead to long-term neurologic sequelae 

after survival from such neurological complications. 

1.1.4.4 Immune responses to West Nile Virus infections 

Studies in animal models indicate that both innate and adaptive immune 

responses play vital roles to protect against primary infection by virulent strains of 

WNV [191]. 

Innate Immunity to West Nile Virus. After viral infection, the innate immune 

system generates anti-viral type I IFN-# and IFN-$ [191], that has been shown to 

inhibit the invitro replication of WNV [192] and curb the replication and dissemination 

of the virus [193]. The cytoplasmic PRRs RIG-I and IRF3 have been shown to mediate 

the IFN inducing pathway stimulated by WNV infection in the cells [194, 195]. Thus, 

there is sufficient evidence to implicate the innate immune system as a factor in the 

fight against WNV infections. 

Adaptive T cell immune responses to West Nile Virus.  Type II IFN-! has also 

been associated with invivo anti-viral activities against WNV infections.  Studies have 

shown that IFN-! was required for prevention of the spread of WNV and associated 

death in mice, and !" T cells were important in its generation [196, 197].  CD4+ and 

CD8+ T cells that produce Type I (#/$) and type II (γ) interferons contributed to the 

clearance of WNV virus from peripheral tissues and the central nervous system in mice 

[191, 198]. The CD4+ T cells could also contribute to protection against WNV disease 

by promoting antibody production through priming of B cells. In addition, CD4+ T 
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cells provide help to sustain WNV-specific CD8+ T cells through cytokine production 

[199]. CD4+ T cells with cytotoxic function have been shown to protect mice against 

central nervous system infection with WNV [199, 200]. Studies using adoptive transfer 

of #/$ T cells reported a reduction in WNV infection in mice [196, 201-203]. Studies 

have also demonstrated that CD8+ T cells play a role in protection against WNV 

disease because genetic deficiency of CD8+ T cells was reported to reduce survival 

rates of mice challenged with WNV [198]. In addition, adoptive transfer of WNV-

specific CD8+ T cells was shown to protect against WNV challenge [201, 202].  

Antibody immune responses to West Nile Virus. In addition to T cell activity, 

WNV-specific antibody responses are also critical to control against viral replication 

and clearance of viremia through early neutralizing IgM [198]. B-cell deficient mice 

have been shown to be more susceptible to WNV infection, leading to high viral titers 

in the central nervous system. Use of passively transferred immune serum has 

demonstrated protection to mice against lethal challenge with WNV [204-206], 

implicating antibodies to be important in protection. Transfer of human gamma 

globulin from human donors previously exposed to WNV also provided protection to 

B cell deficient mice [204]. Therefore, both antibody and T cell immune responses are 

important in the provision of immunity against WNV infection. 

1.1.4.5 Status of West Nile Virus Treatment 

Currently there is no treatment for WNV infections in humans. Patients with 

severe WNV disease are mainly provided supportive care to reduce pain, maintain 

hydration and promote rest [207]. The use of interferon-# has been shown to inhibit 

WNV-induced cell death invitro but invivo studies have not been fully conducted to 

ascertain its benefits [208]. Other therapeutic studies have been tested in animal 

models using WNV specific immune globulin from human donors who had previous 
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exposure to WNV infections. Use of such antibodies provided protection in an 

advanced case of human neurological disease diagnosed with WNV infection [209]. 

Studies in mice have also demonstrated protection when administered WNV-specific 

immunoglobulins before onset of WNV disease [204, 210-213]. Studies using passive 

immunization of hamsters with immune serum from hamsters infected with WNV 

NY385-99 provided protection against challenge with WNV, indicating that antibodies 

play a vital role in protection [214]. The use of antibody therapy against WNV disease 

has been developed with caution because suboptimal anti-flavivirus antibodies may 

enhance disease [215].  

1.1.4.6 Status of West Nile Virus Vaccine development. 

In regard to anti-WNV vaccine development, several candidates have been 

developed since the disease was identified in the United States [162, 216].  

DNA vaccines. DNA vaccines have been shown to elicit protective immunity in 

animal models. Plasmid DNA, that encode pre-membrane and envelope proteins, have 

been shown to prevent horse, crows and mice from WNV viremia and mortality [217, 

218]. The DNA-based vaccines induced serum WNV neutralizing antibodies in horses 

that were protective against infected mosquito challenge [217]. Similarly, crows that 

received intramuscular DNA vaccine developed neutralizing antibodies and were 

protected against challenge with WNV [218]. Human studies using a DNA vaccine 

have also been contacted and demonstrated induction of WNV virus neutralizing 

antibodies in all vaccinated individuals [219]. This study also demonstrated induction 

of WNV-envelope specific CD4+ T cell responses secreting IFN-!, but less CD8+ T cell 

responses. 

Inactivated viral particles and subunit vaccines.  Studies in hamsters using 

Fort Dodge killed WNV vaccine given intramuscularly induced virus 
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hemmaglutination antibodies, and also protected against challenge with WNV NY385-

99 [214].  Subcutaneous immunization of mice with purified inactivated WNV NY99 

demonstrated induction of WNV virion neutralizing antibodies with significantly 

higher avidity for the virion proteins [220]. A subunit vaccine, recombinant domain III 

of West Nile Virus envelope protein (EDIII) has been tested in multiple studies with 

mouse models. Use of EDIII alone or soluble envelope proteins demonstrated 

induction of weaker antibody responses in mice [220]. However, when WNV EDIII 

was combined with CpG adjuvants it produced serum WNV neutralizing antibodies 

[221]. Adjuvanted EDIII also demonstrated induction of protective immune responses 

against challenge with WNV [221, 222].  

Live attenuated Chimerivax-WNV vaccines. Recent studies have developed 

ChimeriVax-WNV, a live attenuated vaccine produced by the insertion of the genes 

encoding the pre-membrane (prM) and envelope (E) proteins of WNV NY99 into the 

yellow fever (YF) 17D vaccine clone.  Chimerivax-WNV vaccine was administered to 

hamsters intramuscularly, and induced high invitro virus neutralizing antibody titers 

and hemmaglutination inhibition titers. In addition, hamsters were protected against 

challenge with WNV NY385-99 [214].   Human studies with Chimerivax-WNV have 

been evaluated in phase II clinical trials and showed high immunogenicity in younger 

adults and the elderly [223, 224]. The adverse events reported included erythema, 

swelling, severe headache, severe malaise and severe myalgia that were not 

significantly higher compared to placebo groups [224]. This study reported more than 

90% seroconversion in vaccinated individuals and a higher titer of virus neutralization 

antibodies. Induction of WNV neutralizing antibodies was shown by most studies as a 

better correlate of vaccine protection against WNV infection. Since no vaccine has been 
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approved for human use, additional efforts are still required to search for a safer and 

effective vaccine against WNV in humans. 

1.1.4.7 Challenges of studies with West Nile Virus  mice model 

A number of research studies on induction of protective immunity and disease 

pathogenesis have been performed in mice [191]. While the mice provide a readily 

available animal model for research on WNV disease, there are a number of important 

issues that must be considered with the use of mice in studies of WNV infectious 

challenge. Most studies have documented incomplete mortality with WNV infection in 

naïve mice. For example, Qiao M et al reported 20% mortality [225], while Liu and 

others reported 60% mortality after intraperitoneal infection of BALB/c mice with 

WNV NY99 [226]. The lack of complete or near total mortality after WNV challenge in 

non-immunized mice greatly confounds determining the protective benefit of 

candidate WNV vaccines, especially if the vaccine does not provide total protection. 

However, the incomplete mortality observed after WNV challenge in mice represents a 

mouse model with morbidity and mortality characteristics similar to WNV infection of 

humans since only a small portion of WNV-infected humans have neurological 

complications or death [207].  

1.1.5 Vaccine adjuvants 

Challenge studies are important in the evaluation of vaccines, and 

immunization with weak vaccine antigens induces weak immune responses. The 

immune responses can be boosted by enhancing the immunogenicity of the antigens. 

One strategy to improve immunogenicity of subunit vaccines is by use of effective 

vaccine adjuvants [227]. Many traditional vaccines are comprised of whole or part of 

the pathogen that causes disease, which has been inactivated [141]. While preparation 
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of whole pathogen vaccines may induce protection immunity, ineffective inactivation 

of the pathogens leaves a potential for infectivity. Such cases have been reported for 

live attenuated polio vaccine [228] and the inactivated polio vaccine [229]. To minimize 

side effects associated with whole antigen vaccines, many current vaccines have been 

produced as recombinant subunit proteins comprising the specific components of the 

pathogen [230]. For example, hepatitis B and human papilloma virus are subunit 

vaccines. While subunit vaccines are highly purified and do not require work with 

infectious pathogens, purified subunit antigens are often less immunogenic than whole 

inactivated pathogens, and they often induce weak or undetectable immune responses 

[141, 231].  Substances known as adjuvants are included in vaccine formulations to 

enhance the immunogenicity of vaccines. 

Adjuvants are components of the vaccine formulation that are not part of the 

antigen or pathogen, but are included to enhance the immunogenicity of the antigen 

[232] and the efficacy of the vaccine [227, 233].  The weak immunogenicity of vaccines 

that comprise subunit components of inactivated pathogens, purified or recombinant 

proteins can be enhanced by use of vaccine adjuvants [6]. Formulation of subunit 

vaccines with adjuvants provide danger signals (non-self) that trigger sufficient 

activation of the innate immune system [234]. This enhances the capacity of the vaccine 

formulation which includes stimulation and recruitment of innate immune cells such 

as DCs to the site of vaccine inoculation. In addition, some adjuvants act as immune 

modulators to stimulate differentiation and activation of monocytes into DCs [235]. 

The activation of DCs plays a central role in the mechanism of action of all types of 

vaccine adjuvants through diverse cellular interactions and signaling pathways [24]. 

Activated DCs produce cytokines, up regulate MHC molecules and co-stimulatory 

molecules [24]. These activities enhance capacity of DCs as APCs to traffic to draining 
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lymph nodes and activate T and B cells [4]. Effective vaccine adjuvants have other 

benefits and these include reduction of the number of vaccine administrations required 

to achieve effective immune responses. Some adjuvants also diversify the immune 

responses towards a variety of related antigens [236, 237]. Moreover, adjuvants have 

been shown to enhance immunity in specific populations such as the young and older 

populations who have weak and waning immune systems respectively [238, 239]. 

Vaccine adjuvants can also enhance the generation of memory immunity [158, 240]. 

Identifying effective and safe vaccine adjuvants is, therefore, an important aspect in the 

development of vaccines [237, 241]. 

Alum is the most widely used adjuvant with human vaccines world-wide [242]. 

It has been used in numerous vaccines including diphtheria-tetanus-pertussis, human 

papilloma virus and hepatitis vaccines [243]. Alum induces mainly Th2 type immune 

response and poor T cell immune responses [244]. Recently monophosphoryl lipid A 

(MPLA) has been approved in USA (FDA) and MF59 approved in Europe for use in 

humans. MPLA is a TLR4 ligand and has immunostimulatory effect that generates Th1 

type T cell response. It has been used in combination with alum for use in subunit 

vaccines [245]. MF59 is an oil in water emulsion that has been used to induce protective 

immunity against influenza virus in humans [246]. Although we have approved 

adjuvants for use with human vaccines, these cannot be used with all vaccines and, 

therefore, additional efforts are needed to evaluate more adjuvant candidates. In 

addition, adjuvants are required because different adjuvants and routes of 

administration can induce different types of immune responses [230, 247, 248]. 

Different infections may require induction of unique immune responses to be cleared, 

and this may require specific forms of adjuvant activity [249].  



 

 

34 

Recent developments have identified a variety of potential vaccine adjuvants. 

These include pathogen associated molecular patterns (PAMPs) derived from microbes 

and their synthetic analogs such as TLR ligands CpG oligodeoxynucleotides and 

MPLA [5, 27]. Other forms of adjuvants that have been identified and are being studied 

in animal models include compounds that activate mast cells such as compound 48/80 

(C48/80) [41, 250]. In addition, molecules that increase residence time of the antigen in 

the nasal cavity have been identified as another class of vaccine adjuvants that enhance 

antigen-specific immune responses [251]. Based on the routes of administration, 

mucosally delivered vaccines and adjuvants are highly desired due to associated 

benefits [148]. 

1.1.5.1 Adjuvants for mucosal immunization  

Mucosal routes of immunization are often desired because of the ability to 

induce antigen-specific mucosal immunity such as secretory IgA [252]. Mucosal 

immunization can also induce immunity at both mucosal and systemic compartments 

of the host [148, 150]. In the case of WNV infection, mucosal immunization is not 

needed since WNV is not transmitted via mucosal exposure [253, 254]. However, 

mucosal immunization may still be used to deliver vaccines via a needle-free method 

of immunization. Needle-free vaccine delivery may be desirable because it is less 

painful and has low risk of transmission of infections in low resource settings where 

needles may be re-used [150, 255]. Unsafe use of needles has been reported to transmit 

infections such as HIV, hepatitis B and hepatitis C [255], which can be minimized by 

use of needle-free method of immunization. Due to the benefits of mucosal 

immunization and the need for adjuvants to induce effective immune responses by 

these routes, adjuvants for mucosally-administered vaccines remain an important 

research topic. 
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Intranasal immunization. Intranasal immunization is preferred route of mucosal 

immunization because it effectively induces immune responses in both mucosal and 

systemic compartments of the host system [150, 256]. Delivery of vaccines intranasally, 

induces immune responses in the NALT. The NALT is the effector site with M cells 

that capture and DCs that capture, process and present the antigen to T cells leading to 

B cell activation and antibody production. Activation of DCs in the NALT also induces 

their migration to draining lymph nodes including the cervical lymph nodes [149, 

150].Because the mucosal system is interconnected, intranasal immunization has been 

shown to induce immune responses at distant mucosal sites like the gastro-intestinal 

mucosa and in the genital tract [149, 150]. The fact that intranasal immunization can 

induce immune responses in the genital tract, it can be used for delivery of vaccines 

against sexually transmitted diseases such as HIV for induction on antigen-specific 

antibodies [257]. In addition, since intranasal immunization can elicit immune 

responses in the GI tract, it can be used for delivery of vaccines against GI infections 

because less antigen can be used through sprays or droplets compared to oral 

immunization [150]. Intranasal immunization can induce mucosal IgA that provides 

protection against invading pathogens before they gain entry into the host system. 

Intranasal immunization has also been shown to induce cross-protective immunity as 

shown in the case of influenza vaccine [256]. Infection with influenza has been shown 

to induce early CD4+ and CD8+ T cell responses, and IgA B cell responses in NALT in 

mice [258]. Induction of cross-clade protecting immune responses has also been 

reported for intranasally delivered HIV DNA vaccine in mice [259]. 

Intranasal immunization also has advantages as a needle-free method of 

administration that reduces the risks associated with needles of spreading blood-borne 

pathogens. By not using needles may attract people with needle-phobia and, therefore, 
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improve compliance and better vaccine coverage [260]. In addition, they can be easily 

administered by personnel who do not have specific medical training which can be 

beneficial in case of mass immunization [150].  

1.1.5.1.1 Cholera toxin and heat-labile enterotoxin  

 Enterotoxins, Cholera toxin (CT) from Vibrio cholera, and heat labile (LT) from 

Escherichia coli have demonstrated potent mucosal vaccine adjuvant activities when 

used in experimental animal models, and LT in humans [261-264]. CT and LT adjuvant 

activity predominantly induce Th2 type T cell immune responses characterized by 

CD4+ T cells secreting IL-4, IL-5, IL-6 and IL-10 [265]. Intranasal administration of CT 

has also been shown to enhance induction of IL-17 producing Th17 cells that mediated 

protective immunity against inhalational anthrax [136]. This was demonstrated when 

neutralization of IL-17 inhibited vaccine-induced protection against inhalational 

anthrax in mice [136]. Th2 type cytokines were shown to provide help to B cells to 

induce secretion of mucosal antigen-specific secretory IgA [266] and serum IgG1, IgA 

and IgE [266, 267]. In another study, a fusion protein comprising of the A1 fragment of 

CT, (CTA1) and DD, the two immunoglobulin-binding D regions of staphylococcal 

protein A was shown to be effective as intranasal adjuvant for human papilloma virus 

in mice [10]. The adjuvant activity of CTA1-DD has also been demonstrated with 

intranasal Helicobacter pylori antigen that induced IFN-! producing T cell responses 

that provided protection to mice against bacterial colonization [268]. Mutants of LT 

have also been developed and utilized as adjuvants. For instance, a mutant of LT 

(R1192G/L211A) or dmLT was developed and tested in human cells invitro. This 

demonstrated induction of antigen-specific T cell activity (IL-17) from human 

peripheral blood mononuclear cells after activation with dmLT and bacterial antigens 

(tuberculosis and enteropathogenic Escherichia coli) [137]. Recent studies have also 
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shown that dmLT induces protective immunity against Helicobacter pylori after 

sublingual or intragastric immunization with H. pylori lysate antigens [269]. 

Although they have potent mucosal adjuvant activity in animal models, CT and 

LT have limitations for human application due to high toxicity [263, 264]. CT and LT 

can accumulate in olfactory nerves, epithelium and olfactory bulbs of mice [270]. 

Progress of LT for use in humans as intranasal adjuvant has been unsuccessful. For 

example, the inactivated intranasal influenza vaccine adjuvanted with LT used in 

Switzerland was associated with 46 human cases of Bell’s palsy [263]. The vaccine had 

to be withdrawn from human use. For use in humans, there have been attempts to 

develop CT and LT mutants by detoxification, but with maintained mucosal adjuvant 

activity, capable of inducing mucosal and systemic immunity [3]. This has not been 

fully successful as demonstrated by the outcome of vaccination studies using some 

mutants of LT and CT. For instance, an enzymatically inactivated mutant of LT, LTK63 

when intranasally administered with subunit vaccines against HIV and tuberculosis, 

induced transient peripheral facial nerve palsies [264]. Double mutant CT with 

mutations in the ADP-ribosyltransferase have also been developed to determine if the 

trafficking of CT to the central nervous system can be reduced [265]. The double 

mutant CT was shown not to traffic to the CNS, could not induce an increase in cAMP, 

and was a promising candidate for future evaluation.  

Animal vaccination studies using CT or LT have demonstrated that they are 

both immunogenic and could induce anti-CT-B or anti-LT-B specific IgG, IgE or IgA 

antibodies in mice [267, 271].  The induction of such antibodies has been demonstrated 

both in the systemic and mucosal compartments [271, 272]. Studies using intranasal, 

subcutaneous and intraperitoneal immunization with CT-B induced serum anti-CT-B 

IgG antibodies by all routes of administration. In addition, intranasal immunization 
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also induced fecal anti-CT-B IgA antibodies [272]. Since CT is a potent immunogen, it is 

possible that the initial exposures to CT as adjuvant could render subsequent 

immunizations less effective in its adjuvant activity due to its neutralization by pre-

existing anti-CT antibodies. Also the induction of anti-CT-B IgE antibodies can 

exacerbate anaphylactic reactions.  

1.1.5.1.2 Interleukin 1 (IL-1)  

IL-1 is a pro-inflammatory cytokine that is produced by innate immune cells 

like macrophages, DCs, and structural cells such epithelial cells and fibroblasts, and T 

cells of adaptive immunity [273, 274]. Intranasal administration of recombinant IL-1# 

and IL-1$ combined with vaccine antigen has been shown to enhance induction of 

antigen-specific antibody and T cell immune responses in mice and rabbits [20, 232, 

275]. Three intranasal immunizations with ovalbumin or tetanus toxoid antigens, when 

combined with IL-1# or IL-1$, induced antigen-specific serum IgG, and vaginal IgG 

and IgA [232]. Previous studies in our laboratory have demonstrated the induction of 

protective immune responses against anthrax and pneumonia in mice after intranasal 

immunization with respective antigens and IL-1 adjuvant [275]. Studies by Kayamuro 

and group have also shown that intranasal immunization of mice with recombinant 

influenza hemmaglutinin (HA) protein combined with IL-1# or IL-1$ cytokines can 

induce plasma anti-HA IgG and mucosal secretory IgA antibodies [51]. Recombinant 

HA protein antigen when adjuvanted with IL-1 adjuvants also induced IFN-! and IL-4 

producing T cell responses [51]. The same study also showed that IL-1# could enhance 

induction of CD8+ cytotoxic T lymphocyte responses. In addition, studies have 

demonstrated IL-1 adjuvant activity in monkeys after intranasal immunization with 

HIV-1 peptide [247]. 
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Although IL-1 adjuvant activity has been demonstrated extensively, the 

mechanism of how it induces the immune system remained unclear until recently. 

Studies in our laboratory have addressed this question and showed that stromal cells 

expressing IL-1R are required for IL-1 to induce early cytokine release, while adaptive 

immune responses required involvement of hematopoietic cells [14]. This work further 

demonstrated that direct activation of CD11c+ dendritic cells by IL-1 adjuvant was 

required for IL-1 to provide maximum adjuvant activity after intranasal administration 

[14].  

1.1.5.1.3 Monophosphoryl lipid A (MPLA)  

MPLA is a detoxified form of bacterial cell wall lipid A from Salmonella 

minnesota R595 [276]. Although it is detoxified, it still has immunostimulatory capacity 

to activate cells of innate immunity and generate cytokine production. The adjuvant 

activity of MPLA is mediated through activation of TLR4 and has been shown to 

induce Th1 type immune responses [131, 277].  MPLA as an injectable vaccine adjuvant 

in humans, has been used in combination with alum (ASO4) to enhance induction of  

protective immunity against hepatitis B virus (FENDrix) and human papilloma virus 

(Cervarix) [245, 278]. The combination of MPLA with QS21 (a water soluble triterpene 

glucoside) referred to as ASO2, has been used with malaria vaccine trials in humans 

[279, 280]. Recent studies have demonstrated intranasal adjuvant activity of MPLA 

when administered with norovirus virus-like particles [281]. This study demonstrated 

induction of antigen-specific IgG and antibody secreting cells when Norwalk norovirus 

was adjuvanted with MPLA and chitosan [281]. Monophosphoryl lipid A has, 

therefore, demonstrated the potential for development into a nasal vaccine adjuvant 

for use in humans. 
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1.1.5.1.4 Cytosine-phosphate-Guanosine (CpG) oligodeoxynucleotides  

Cytosine-phosphate-Guanosine (CpG) motifs are predominant sequences in 

bacterial DNA and less common in human DNA, and have been shown to possess 

immunostimulatory activities [282, 283]. Synthetic forms of CpG containing 

oligodeoxynucleotide (ODN) have been utilized as vaccine adjuvants. The 

immunostimulatory activity of CpG has been shown to be mediated through TLR9 

because the absence of TLR9 abrogates the activity of CpG to induce DC maturation, 

and T and B lymphocyte proliferation [80]. CpG ODN can also activate monocytes and 

macrophages, and its activity mainly induces pro-inflammatory and Th1 type 

cytokines [5]. The adjuvant activity of CpG mainly induces Th1 type immune 

responses. 

Mucosal administration of CpG with a variety of protein antigens including 

tetanus toxoid and hepatitis B antigen induced a predominant antigen-specific IgG2a 

and mucosal IgA antibody responses [283]. CpG adjuvant has also been used in 

combination with CT to enhance immune responses greater than that induced by 

either one of the adjuvants [283]. CpG has also been combined with peptide adjuvants 

that predominantly induce Th2 type antibody and T cell immune responses, to create a 

balanced Th1/Th2 immune responses [284, 285]. The mucosal adjuvant activity of CpG 

has been utilized in animal studies and CpG has promising future for use in humans. 

1.1.5.1.5 Mast cell activators 

Because mast cells have been shown to play a role as surveillance cells against 

invading pathogens at the host-pathogen interface, studies have been performed to 

target mast cell degranulation for immune enhancement [41]. Mast cells have, 

therefore, acquired a new status as players in the induction of antigen-specific adaptive 

immunity after vaccination with antigens and mast cell activating adjuvants [41, 286]. 
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Inflammatory mediators such as histamine, heparin and TNF-# are pre-stored in mast 

cell granules, and can be released immediately upon mast cell activation to initiate 

immune responses to pathogens [16, 37]. Some of the cytokines have been shown to 

initiate the recruitment of DCs and peripheral T cells into the draining lymph nodes to 

promote antigen-specific immune responses [9, 16]. The adjuvant activity induced by 

mast cell activators was linked to contents released from granules, because synthetic 

granules of mast cells have been shown to exhibit adjuvant activity when co-

administered with vaccine antigens [40, 286]. Therefore, mast cell activating molecules 

that can stimulate release and degranulation of mast cell granules have the potential to 

be effective vaccine adjuvants. Some of the key mast cell activating adjuvants studied 

for mucosal vaccines will be discussed below. 

1.1.5.1.5.1 Compound 48/80 (c48/80)  

Compound 48/80 is comprised of mixtures of dimers, trimers and tetramers 

that are generated by condensation of N-methyl-p-methoxyphenethylamine with 

formaldehyde [287], and has been shown to activate mast cells [288, 289]. Studies have 

shown that c48/80 has effective adjuvant activity when administered intranasally to 

mice [41, 290]. Mice immunized with B5R-poxvirus antigen combined with c48/80 

enhanced induction of antigen specific IgG antibodies, and induced protective 

immunity to mice against challenge with vaccinia virus [41]. In addition, when 

immunized with protective antigen of Bacillus anthracis as antigen, c48/80 induced 

anthrax neutralizing antibodies. Comparison of antibody immune responses between 

wild type and MCD (J-kitw/kitw-v) mice showed that the adjuvant activity of c48/80 

required mast cells for maximal immune responses. However, a mast cell-independent 

activity was shown by measurable adjuvant activity in the absence of mast cells [41]. 

The effect of c48/80 to induce protective immunity has also been demonstrated with 
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influenza hemmaglutinin (HA) vaccine antigen [290]. Intranasal immunization with 

HA and c48/80 induced protective immune responses in mice against lethal challenge 

with live influenza virus [290].  

1.1.5.1.5.2 Polymyxin  

Polymyxin is a cationic peptide that was isolated from Bacillus polymyxia [291], 

and has been used as an antibiotic against bacterial infections [292]. Studies using 

invitro assays have demonstrated the ability of polymyxin to activate mast cells and to 

induce histamine release [293]. Immunization studies have demonstrated potent 

adjuvant activity of polymyxin in mice. Immunizations on day 0, 7 and 14 with 

ovalbumin plus polymyxin as an adjuvant induced both systemic and mucosal 

antigen-specific antibody responses [294]. In this study polymyxin was capable of 

enhancing the induction of plasma ovalbumin specific IgG and IgA. In the mucosal 

compartments, they were able to show enhanced induction of anti-ovalbumin IgA in 

fecal, nasal, saliva and vaginal washes [294]. This study also demonstrated that 

polymyxin used as an adjuvant could induce generation of long-term and memory 

immunity that was demonstrated by existence of antigen-specific antibody forming 

cells at 31 weeks after immunization [294]. This observation demonstrated that the 

antibiotic polymyxin could be utilized as an intranasal vaccine adjuvant.  

1.1.5.1.5.3 Melittin  

Melittin is a 26-amino acid cationic peptide isolated from bee (Apis mellifera) 

venom [295]. Studies have demonstrated its capacity to enhance absorption of 

compounds across mucosal membranes and to activate mast cells invitro [296]. Melittin 

has also been shown to activate the inflammasome in mice bone marrow-derived 

macrophages (BMDM) [297]. When used as an intranasal vaccine adjuvant in mice, 

melittin enhanced the induction of tetanus-specific antibodies after intranasal 



 

 

43 

administration with tetanus toxoid [295]. Two intranasal immunizations with melittin 

combined with tetanus toxin or diphtheria toxoid on days 0 and 13 enhanced induction 

of day 18 serum IgG titers [295].  

1.1.5.2 Cationic host defense peptides as vaccine adjuvants 

1.1.5.2.1 Properties and structural features  

Cationic host defense peptides have been identified in most living organisms 

ranging from invertebrates to higher animals, including mammals [298, 299]. They play 

an important role of first line defense in the host including direct killing of pathogens, 

by disrupting cell membranes [300]. They have acquired common names such as 

antimicrobial peptides (AMP) or host defense peptides (HDP) due to their roles in 

providing protection to the hosts against infectious agents [298, 301, 302]. The majority 

of cationic peptides described are less than 100 amino acids long, they have both 

hydrophilic and hydrophobic properties, and have net positive charges [298, 300].  

The biological activities of most cationic peptides has been attributed to 

physical and chemical properties that enhance cell penetrating capacity [303]. The 

distribution of positive charges has also been attributed to influence structure and 

function. Increasing the positive charge of the peptide has been shown to raise the 

electrostatic interactions between the peptide and negatively charged cell membranes 

[303]. This indicated that increased charge may combine with other properties of the 

peptide to enhance biological activities.  Studies to understand the biological activities 

of cationic peptides have shown that the form of modifications at the N- or C- terminal 

of the peptides can influence the activity of the peptides [304]. For example, inclusion 

of an amide at the negatively charged carboxylic residue has been shown to enhance 

the peptide activity on cell membranes [305]. The most common structures of these 

peptides are $-sheets or #-helices. The #-helix structure is characteristic for enhancing 
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cell penetrating capacity and hence plays a pivotal role in determining the biological 

activities of the peptides [300, 303]. Some of the cationic peptides described in the 

literature include bombinin in toads [306], magainin in frogs [300, 307] and mastoparan 

in wasps [308] among others. )eta defensins, alpha defensins and cathelicidins have 

been described in mammals [298, 300].  

1.1.5.2.2 The adjuvant activities of cationic peptides  

Synthetic mimics of host defense peptides may be used as immunomodulators 

that activate the innate immune system as adjuvants [309]. They may also enhance the 

recruitment and activation of immune cells including APCs [298] to augment induction 

of antigen-specific immune responses against co-administered antigens [284, 310, 311]. 

This section will discuss the application of some cationic peptides as possible mucosal 

vaccine adjuvants. 

Innate defense regulators (IDR) are synthetic analogs of HDP. The IDR peptide 

HH2 (VQLRIRVAVIR-NH2) was used as an intranasal adjuvant either alone or 

combined with CpG [284]. Mice were immunized intranasally with pertussis toxoid 

antigen given in two immunizations on days 0 and 14 combined with HH2 peptide. 

HH2 significantly enhanced induction of serum antigen-specific IgG1 but not IgG2a. 

This study showed that HH2 peptide enhanced a dominant Th2 type IgG1 antibody 

response [284]. Studies using the artificial antimicrobial peptide KLKLLLLLKLK have 

also demonstrated adjuvant activity and enhanced induction of a predominant Th2 

type antibody and T cells responses characterized by IgG1 and IL-5 respectively. This 

study was, however, performed by injectable vaccination [310]. Studies using the 

synthetic mimic of human host defense peptide LL-37 demonstrated its ability to 

enhance the trafficking of monocytes invitro, which demonstrated the activation and 

maturation of innate immune cells [312]. Additional studies have shown that LL-37 can 
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induce release of IL-1$ from human monocytes, showing that it has the capacity to 

stimulate innate immune cells.  

Studies have shown that cationic peptides including beta defensins can activate 

toll-like receptors (TLRs) to induce innate immune responses [313, 314]. Beta defensins 

are host defense peptides that are secreted by epithelial cells in response to infections 

or inflammatory stimuli or wound healing [313]. Since activation of TLRs has been 

described as one of the classical pathways by which most vaccine adjuvants augment 

immune responses [315], cationic peptides have the potential of being effective vaccine 

adjuvants. 

1.1.6 The need to understand the mechanism of action for vaccine 
adjuvants. 

Previous work has determined that vaccine adjuvants should be potent and 

safe, and also that deciphering the mechanism of action should be considered as a 

priority [241]. Knowledge about the mode of action for vaccine adjuvants is useful for 

designing and developing effective and safe vaccines. Such knowledge can aid in 

skewing the outcome of an immune response towards a desired protective immunity 

that target a particular pathogen. Different infections may require different profiles of 

immune responses for their clearance, and the kind of immunity generated can be 

influenced by the activity of adjuvants based on the molecular targets of the adjuvant 

[316, 317]. For example, if a Th1 or Th2 type immune response is desired to clear a 

particular pathogen, then the vaccine adjuvant activity should promote the desired 

immune response [317]. In particular, adjuvants that can be used with mucosal 

vaccines are highly desired because the mucosal surfaces form the interface between 

the host and the environment and hence are vulnerable as major entry sites for 

pathogens. In addition, mucosal immunization can elicit both local mucosal and 
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systemic immune responses to provide protection in both compartments of the host 

system [148]. More so, mucosal vaccines are mainly delivered without needles making 

them less painful and easier to administer compared to technical requirements for 

injectable vaccines.  

The understanding of how an adjuvant works can aid in retaining the active 

component while removing any undesired portions with adverse effects.  For example, 

studies have shown that CT and LT have effective intranasal vaccine adjuvant activity 

but are toxic. In order to develop less toxic CT adjuvants, it is necessary to identify the 

subunit that is required for its adjuvant activity so that the mutants generated could 

remain potent [268, 269]. In another development, by understanding the requirement 

for CT adjuvant activity, the combination of the ADP-ribosylating component of CT 

(CTA-1) was combined with the immunoglobulin binding domain of Staphylococcus 

aureus (DD) to generate an effective but less toxic adjuvant [268]. This combination 

enabled creation of an effective adjuvant, but with fewer side effects because the mode 

of action for CT was known to require CTA-1 component. Another example is in the 

adjuvant activity of c48/80. Studies have shown that c48/80 is a potent vaccine 

adjuvant in a mast cell dependent manner [41]. Due to its heterogeneity, the 

information that mast cells are required could be useful for any future improvement to 

remove components of c48/80 that do not play a role in mast cell activation by 

identifying the mast cell activating component. Finally, mechanism studies can help to 

identify the target cells and their molecular receptors required for generation of 

immune activation. For example studies from our laboratory have shown that the 

adjuvant activity of IL-1 as an intranasal adjuvant required the activation of CD11c+ 

DCs [14] indicating that development of better future intranasal adjuvants should be 

targeted for delivery to DCs.  
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1.1.7 Rationale 

In this study, mastoparan 7 (M7) of sequence INLKALAALAKALL, a 

derivative of mastoparan of sequence INLKALAALAKKIL-NH derived from wasp 

(Vespula lewisii) venom [318, 319], was evaluated for adjuvant activity. It is a member 

of the family of cationic host defense peptides that are distributed in the animal and 

plant kingdoms in multicellular organisms [299]. This peptide has been shown to 

activate mast cells [318], and was, therefore, evaluated for adjuvant activity because 

mast cell activators such as c48/80 have been shown to exhibit adjuvant activity [41]. 

Because M7 is such a short peptide, it could be easier to synthesize with consistent 

level of purity for future development. Two forms of M7 were studied for adjuvant 

activity, mastoparan 7-NH2 (M7-NH2) and mastoparan 7-OH (M7-OH). M7-OH has a 

hydroxyl group at the carboxyl terminus while the M7-NH2 analog has an amide 

group at the carboxyl terminus. The two forms of M7 peptides were evaluated because 

modifications of peptides at the C-terminals [320] or N-terminals [321] have been 

shown to influence biological activities of peptides including antimicrobial and 

immunomodulatory activities. M7-NH2 and M7-OH were used as single intranasal 

adjuvants and when combined with CpG. The vaccine was administered intranasally 

to develop a needle-free vaccine because it is pain-free and easier to administer 

compared to injectable vaccines [150]. This route can meet public compliance more 

easily, which can improve vaccine coverage. The adjuvant activity was determined for 

the peptides as individual adjuvants or when combined with CpG ODN because CpG 

has been shown to be an effective adjuvant in mice [222]. In this study, domain III of 

the envelope protein of West Nile Virus was used as vaccine antigen, because there is 

no vaccine for WNV disease yet it causes serious morbidity and mortality [176], and 
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WNV EDIII has previously been demonstrated to be an effective immunogen for the 

induction of protective anti-WNV immunity in mice [222]. The adjuvant combination 

of M7 and CpG was used to determine if this could yield a better immune response 

than individual adjuvants, since other peptide adjuvants combined with CpG 

demonstrate superior adjuvant activity [284, 311]. Finally, the mechanism of adjuvant 

activity of M7-NH2 after intranasal administration was determined, since recent 

advances in vaccine development have identified understanding the mode of action for 

vaccine adjuvants as important for their effective design and development [317].  
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2. Evaluation of the adjuvant activity of mastoparan 7-
NH2 and mastoparan 7-OH, and when combined with 
CpG adjuvant for domain III of West Nile Virus NY99 
envelope subunit vaccine. 

2.1 Introduction 
The mast cell activating molecule c48/80 has demonstrated effective adjuvant 

activity with intranasal vaccines [41]. Use of c48/80 as intranasal adjuvant showed 

enhanced induction of protective immune responses against bacterial  and viral 

antigens when co-administered intranasally with anthrax or influenza vaccines [41, 

290]. Also, cationic peptides that have mast cell activating and anti-microbial activities 

have also been utilized as vaccine adjuvants in animal studies [294, 295, 310]. These 

studies demonstrated that cationic peptides predominantly induced Th2 type immune 

responses. Other adjuvants include natural ligands or synthetic agonists of PRRs that 

have also been shown to improve immune responses to co-administered vaccines, and 

some have been investigated in clinical trials [5, 322]. For example, CpG which binds 

TLR9 enhances antibody production of Th1 type immune responses [323]. Because 

these adjuvants exhibit distinct immune activation properties, and also induce a biased 

class of immune response (Th2 versus Th1) they can be combined to achieve a superior 

and balanced immune response [284]. In line with the benefits of adjuvant 

combination, studies have shown that the combination of CpG with alum can enhance 

affinity maturation of anti-hepatitis B vaccine antibody responses [324]. CpG has also 

been shown to facilitate delivery of antigen to APCs when co-administered with a 

cationic peptide adjuvant [311], and to induce balanced Th1/Th2 antigen-specific 

antibody responses [284].  
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In this study mastoparan 7 (M7), a derivative of mastoparan was studied for 

adjuvant activity because it has been shown to activate mast cells [318]. Two forms of 

M7 were studied for adjuvant activity, mastoparan 7-NH2 (M7-NH2) and mastoparan 

7-OH (M7-OH). M7-OH has a hydroxyl group at the carboxyl terminus while the M7-

NH2 analog has an amide group at the carboxyl terminus. The two forms of M7 

peptides were evaluated because modifications of peptides at the C-terminals [320] or 

N-terminals [321] have been shown to influence biological activities of peptides such as 

antimicrobial activities. These modifications are likely also to influence the 

immunomodulation activities of these peptides. M7-NH2 and M7-OH were used as 

single intranasal adjuvants and when combined with CpG ODN. [85]. The M7 and 

CpG adjuvants were used with recombinant WNV EDIII antigen as the vaccine 

immunogen. The subunit vaccine candidate, EDIII, has demonstrated induction of 

protective immune responses against WNV in mice [221]. We hypothesized that 

combining a mast cell activating cationic peptide with a TLR9 ligand would elicit an 

immune response superior to that induced with the use of individual adjuvants. To 

determine if the induced immune responses were protective, mice were challenged 

with WNV NY99. 

The EDIII vaccine and adjuvants were administered intranasally because 

intranasal administration does not require use of needles, and hence it is pain-free and 

minimizes risks associated with needles such as transmission of blood-borne 

pathogens [150, 255]. Intranasal vaccines are also technically easier to administer 

compared to injectable vaccines and could easily be applied for mass immunization.  
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2.2 Materials and Methods 

2.2.1 Animals, vaccine and adjuvants 

Female BALB/c mice were purchased from Frederick Cancer Research, 

Frederick, MD, USA, housed and maintained at the Duke University Division of 

Laboratory Animal Resources (DLAR). Recombinant EDIII vaccine (sequence 

298GMQLKGTTYGVCSKAFKFLGTPADTGHGTVVLELQYTGTDGPCKVPISSVASLN

DLTPVGRLVTVNPFVSVATANAKVLIELEPPFGDSYIVVGRGEQQINHHWHKSGSSI

GKAFTTTLKGALE415) was produced by GenScript, Piscataway, NJ, USA. CpG 

oligodeoxynucleotide (ODN 1826), a murine TLR9 ligand was purchased from 

InvivoGen, San Diego, CA, USA. Mastoparan 7 peptides (sequence 

INLKALAALAKALL-OH, M7-OH; INLKALAALAKALL-NH2, M7-NH2) were 

purchased from CPC scientific Inc., Sunnyvale, CA. Imject alum (Aluminum hydroxide 

and magnesium hydroxide) was purchased from Thermo Scientific, Rockford, IL, USA. 

Vero cells, and WNV NY99 strain 35262-11 (cat#NR-677) were purchased from ATTC 

(Manassas, VA, USA). Goat anti-mouse IgG (Cat#1030-04), IgG1 (Cat#1070-04) and 

IgG2a (#1080-04) were purchased from Southern Biotech (Birmingham, AL, USA). 

Ammonium thiocyanate (NH4SCN, Cat#1762-95-4) was purchased from Avantor 

Performance Materials, Inc. Center Valley, PA, USA. 

The animals were allowed to rest for a minimum of one week after arrival 

before they were used on experiments. A maximum of 4-5 mice were housed per cage 

according to the DLAR regulations and all animal procedures were approved and 

performed according to the guidelines of Duke University Institutional Animal Care 

and Use Committee (IACUC).  
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2.2.2 Immunizations  

Mice were assigned to vaccine groups and immunized intranasally with 

antigen or antigen combined with adjuvants as follows; EDIII alone, EDIII + M7-NH2, 

EDIII + M7-OH, EDIII + CpG, EDIII + M7-NH2 + CpG, EDIII + M7-OH + CpG, EDIII + 

cholera toxin (intranasal control adjuvant). Mice were immunized intranasally on days 

0, 7 and 21 [20].  Immunization with EDIII + alum was given intraperitoneally (IP) on 

days 0 and 14 to serve as a control adjuvant administered through a parenteral route. 

Before immunization, each mouse was placed in a polystyrene chamber connected to 

4% isoflurane and 2% oxygen to anesthetize the animal. Intranasal vaccines were 

administered at 15 µl (7.5 µl per nostril) per animal using a pipette. IP injections were 

administered in a total volume of 200 µl using a 27-gauge needle and 1 ml syringe. The 

EDIII vaccine was given at 15 µg per mouse for all groups. Intranasal M7 peptide and 

CpG adjuvants were given at 5 nanomoles and 10 µg respectively per mouse, while 

alum was given at 3.25 mg per mouse. 

Studies were also performed to develop an intranasal two-dose regimen that 

could be completed within a shorter time-frame compared to a three-dose regimen. In 

this study, one group of mice was immunized intranasally with 15 µg of EDIII 

combined with 5 nanomoles of M7-OH and 10 µg of CpG on days 0, 7 and 21 to mimic 

the three-dose regimen used in the initial study. Two-dose regimens included the use 

of 30 µg, 45 µg or 60 µg of EDIII antigen given with M7-OH and CpG on either days 0 

and 7 or 0 and 14 or 0 and 21. Controls that received antigen without adjuvants 

included intranasal administration of 30 µg or 60 µg of EDIII antigen alone given on 

days 0, 7 and 21. 
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2.2.3 Sample collection    

Pre-immune and day 42 post-immunization blood samples were collected from 

mice by mandibular-vein puncture using 4 mm lancets (Medipoint, Inc., Mineola, NY, -

USA) into 1.5-2.0 ml eppendorf tubes. Samples were centrifuged at 13,000 rpm in a 

micro centrifuge (Biofuge fresco, Heraes, Kendro Laboratories, Germany) for 15 

minutes. Serum was transferred into cryotubes and stored at -20OC until analyzed for 

antigen-specific antibodies by ELISA. Splenocytes were harvested from some grouped 

on day 49 and re-stimulated with antigen to determine T cell responses by evaluating 

for cytokine production. 

2.2.4 Enzyme linked immunosorbent assay (ELISA) and avidity 
assays. 

Serum EDIII-specific IgG, IgE titers and anti-EDIII IgG antibody binding 

avidity were determined using ELISA as previously described [250]. Briefly, black 384 

well plates (MaxiSorp, Non sterile, Cat#460518, Thermo Scientific, Rochester, NY, 

USA) were coated with 15 µl of 2 µg/ml EDIII antigen in sodium carbonate buffer 

(Na2CO3 15 mM/NaHCO3 35 mM) and incubated overnight at 4 oC. The antigen-

coating solution was discarded followed by blocking non-specific binding sites by 

addition of 30 µl of 3% non-fat dry milk in carbonate buffer for 2 hours at room 

temperature. Plates were washed four times using the ELISA wash buffer (1xPBS/0.1% 

Tween-20/0.05% kathon) followed by addition of samples. Alternatively, they could be 

stored at -20oC for a maximum of two weeks before washing and addition of samples. 

Samples were prepared in sample dilution blocks. Serum was diluted in sample 

dilution buffer (1x PBS/1%BSA/5% goat serum/1% non-fat dry milk/0.05% Tween-

20/0.1% kathon) at a starting dilution of 1:32.  Serial two-fold dilutions were 

performed through a total of 24 dilutions (1:268,435,456). Fifteen (l of each serially 
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diluted sample was added to a respective well on the plate and incubated overnight at 

4 oC. 

The plates were then washed four times and secondary antibody was added 

and processed similar to an antibody ELISA [250]. The detection antibody was diluted 

in secondary antibody dilution buffer (1xPBS/0.5%/BSA/5% goat 

serum/0.05%Tween-20/0.1% kathon). Plates were then washed x4 as above and 15 (l 

of alkaline phosphatase-conjugated detection antibody (goat anti-mouse IgG or IgG1 or 

IgG2a or IgE or IgA) was added per well and incubated at room temperature for two 

hours. The plates were again washed x4 as above and 15 (l of substrate solution 

(attophos, 600µg/ml, Promega Corporation, Madison, WI, USA) was added per well 

and incubated for 15 minutes in the dark at room temperature. Fluorescence was read 

at 440/30 nm excitation and 560/40 nm emission wavelengths using a Synergy 2 Multi 

Detection micro plate Reader (BioTek, Highland Park, USA). The antibody titers were 

determined as the reciprocal of the last dilution that gave a three-fold fluorescence 

light units above that of pre-immune serum of the similar dilution (negative control).  

Avidity was determined as previously described [325], with minor 

modifications. After serum incubation on the antigen-coated ELISA wells, 0 to 4 molar 

ammonium thiocyanate (NH4SCN) diluted in phosphate buffered saline was added 

and incubated for 15 minutes. The rest of the steps were performed similar to the 

standard ELISA as described above. The avidity index was determined using ELISA 

units expressed as percent of zero molar NH4SCN. 

2.2.5 Splenocyte cultures and cytokine assay 

Splenocytes were collected on day 49 as previously described [250], counted 

and suspended at 1x107/ml. 250 µl of cells suspension were plated per well in 48-well 



 

 

55 

plates (Falcon, cat#353078, BD, Franklin Lakes, NJ USA) and cultured with 250 µl 

media or media containing 5 µg/ml EDIII. After 60 hours of culture, supernatant was 

harvested and tested for IL-4, IFNγ and IL-17 using a multiplex assay (Bio-Rad 

laboratories, Cat#171-30407).  

2.2.6 Challenge of mice with WNV NY 99 virus  

2.2.6.1 Propagation of West Nile Virus NY99 

For infection studies, WNV NY99 was propagated in Vero cells as previously 

described [222]. Vero cells were cultured and stored in liquid nitrogen. For this study, 

cells were thawed from liquid nitrogen by gentle agitation in a 37oC water bath. Cells 

were propagated in complete culture media (Eagles minimum essential media [Earle’s 

balanced salt solution, 2 mM L-glutamine, 1 mM sodium pyruvate, 1500 mg/L sodium 

bicarbonate] supplemented with 10% fetal bovine serum) as described [222], with sub-

culturing after every three days 

The WNV NY99 strain 35262-11 (Cat#NR-677, BEI) was purchased from ATCC 

and propagated in Vero cells (ATCC). The cells were propagated as described above 

and elsewhere [222], and when grown to about 75% confluence, the virus was thawed 

and re-suspended in serum-free media. The old media from cells was aspirated from 

the 75 cm2 flask and virus suspension was added to the cells at a multiplicity of 

infection, 0.01 in about 2-3 ml. The virus was then propagated as previously described 

[253]. 

2.2.6.2 Mice challenge with virus, monitoring for weight loss and survival  

To determine the protective efficacy of the induced immunity, mice were 

infected with WNV NY 99 as previously described [217]. Each animal was weighed 

then inoculated intraperitoneally with 1 x 105 focus forming units (ffu) of WNV NY 99 
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each in a total volume of 200 µl serum free culture media. Mice were monitored daily 

for symptoms of disease including ruffled hair, hunched back, decreased activity and 

weight loss of 15% or more. Mice were euthanized when their activity decreased 

markedly or moribund or were paralyzed, and when they lost 15% or more of the body 

weight. 

2.2.7 Serum virus neutralization assays 

Immune sera from mice were tested for virus neutralizing capacity. Sera from 

each mice was heat-inactivated at 56° C for 30 minutes, diluted in serum free media to 

1:8, mixed with WNV NY99 at a ratio of 1:1 (100(l virus: 100(l serum), and incubated 

for 1 hour at 37°C/5% CO2. The mixture was then serially diluted and plated onto Vero 

cells in 48-well tissue culture plates as described [326]. Plates were incubated at 

37°C/5% CO2 for 72 hours and stained.  

For staining, cells were fixed with 80% methanol for 15 minutes at room 

temperature, washed twice with PBS and blocked with 1 ml of 5% dry non-fat skim 

milk diluted in PBS. The plates were incubated at room temperature for 15 minutes, 

then the blocking buffer was aspirated and 500 (l of anti-West Nile monoclonal 

antibody 7H2  (Bio Reliance Cat # 81-002) diluted in PBS/milk at 1:1000 was added. 

The plates were then incubated for 90 minutes at 37oC. The antibody was aspirated and 

the plate was washed twice with PBS. 500 µI of peroxidase-labeled anti-mouse 

antibody conjugate (KPL) diluted 1:500 in PBS/milk/ 5% normal goat serum was 

added and incubated at 37oC for 1hour. The secondary antibody was aspirated and the 

plate washed twice with PBS. 500 (l of peroxidase substrate (TrueBlue, KPL) was 

added and incubated for 15 minutes at room temperature or until blue spots appeared. 

The plate wells were then rinsed with distilled water and the blue spots were counted 
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immediately before fading. Plaque reduction was based on the number of plaques 

compared to the virus control wells. The plaques were visualized as blue spots under 

the phase-contrast microscope. 

2.2.8 Statistical methods 

Antibody titers, cytokines and body weights were analyzed using 1-way 

ANOVA with Tukey’s multiple comparison test, while survival was analyzed by Chi-

Square test. Differences were considered significant when p < 0.05 (Graph Pad Prism 

version 5). 
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2.3 Results 

2.3.1 Mastoparan 7-NH2 and mastoparan 7-OH are potent intranasal 
vaccine adjuvants in mice and provide superior adjuvant activity 
when combined with CpG. 

Previous studies have shown that mast cell activators such as c48/80 [41], and 

some cationic peptides [284, 310] are effective vaccine adjuvants. In this study BALB/c 

mice were immunized intranasally with EDIII antigen alone or combined with mast 

cell activating cationic peptides M7-NH2 or M7-OH to determine if they exhibit nasal 

adjuvant activity. In addition, because studies have shown that cationic peptides as 

adjuvants induce Th2 type antibody responses [284, 310] while TLR ligands such as 

CpG induce Th1 type responses [222], the cationic peptides M7-NH2 or M7-OH were 

each combined with CpG (a TLR9 ligand) to determine if their combinations could 

induce superior immune responses compared to individual adjuvants. Mice were 

immunized intranasally on days 0, 7 and 21 and serum samples were collected on day 

42 and analyzed for EDIII specific IgG, IgG1, IgG2a and IgE by ELISA. Animals were 

then challenged on day 54 with WNV NY99 to determine if the immunity generated 

was protective.   

2.3.1.1  Adjuvant activity as measured by vaccine-induced serum anti-WNV EDIII 
IgG. 

When M7-NH2 was co-administered with EDIII as a nasal vaccine adjuvant, it 

induced a serum anti-EDIII IgG titer of 1:684,400 while M7-OH induced a serum anti-

EDIII IgG titer of 1:7,300 (p < 0.05). These were significantly greater compared to anti-

EDIII IgG titer of < 1:100 induced by immunization with EDIII in the absence of 

adjuvants (Figure 1). Anti-EDIII IgG antibody titers induced by M7-NH2 were 

significantly greater than titers induced by M7-OH, indicating that M7-NH2 is more 
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potent than M7-OH. Compared to the control adjuvant cholera toxin and alum, the 

adjuvant activity of M7-NH2 to induce serum anti-EDIII IgG was not significantly 

different compared to that induced by cholera toxin (1:2,740,000, p < 0.05) or alum 

(1:1,480,000, p < 0.05) (Figure 1). CpG induced the lowest anti-EDIII IgG titer of 1:1,940 

but was significantly higher compared to induction by EDIII alone. Among the 

individual adjuvants, alum, cholera toxin and M7-NH2 peptide induced significantly 

greater anti-EDIII IgG than CpG adjuvant. This observation indicated that M7-NH2 

was a potent intranasal adjuvant capable of inducing similar antibody responses to the 

standard mucosal adjuvant used in animal studies, cholera toxin.  

The combination of M7-NH2 with CpG induced anti-EDIII IgG titer of 1:308,000, 

which was not higher than induced by M7-NH2 alone. On the contrary, the 

combination of CpG with M7-OH induced anti-EDIII IgG antibody titer of 1:4,190,000 

that were significantly higher than that induced by M7-OH or CpG alone (Figure 1). 

The combination of M7-OH and CpG, therefore, demonstrated that the adjuvant 

combination strategy was beneficial compared to individual adjuvants in the induction 

of serum IgG. 
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Figure 1: M7-NH2 potency is similar to cholera toxin and alum, and the combination 
of M7-OH and CpG provide superior adjuvant activity for induction of serum anti-
EDIII IgG than individual adjuvants. 

Female BALB/c mice (5-8 per group) were immunized intranasally with either 
EDIII (15 (g) alone, or combined with the following adjuvants; M7-NH2 (5 nanomoles), 
M7-OH (5 nanomoles), CpG (10 (g), M7-NH2 + CpG, M7-OH + CpG, or cholera toxin 
(1 (g, positive control). All groups that were immunized intranasally received the 
vaccine on days 0, 7 and 21. One control group was immunized intraperitoneally with 
EDIII (15 (g) + aluminum hydroxide (3.25 mg) on days 0 and 14. Serum from all mice 
was collected on day 42 and tested for EDIII-specific IgG antibodies using ELISA. a > 
15 µg EDIII, b > 15 µg EDIII + 10 µg CpG, c > 15 µg EDIII + M7-OH. Statistical analysis 
was performed by 1 Way ANOVA with Tukey’s multiple comparison test. 
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2.3.1.2  Adjuvant activity as measured by vaccine-induced serum anti-WNV EDIII 
IgG subclasses. 

We determined IgG isotypes to understand whether the vaccine adjuvants 

induced a Th1 or Th2 type immune responses. Similar to IgG induction, serum anti-

EDIII IgG1 titers induced by individual M7-NH2 or M7-OH (1:2,100,000 and 1:29,100 

respectively, p < 0.05) adjuvants were significantly greater compared to antigen alone 

(Figure 2). CT and alum adjuvants also induced significantly higher anti-EDIII IgG1 

titers (1:8,390,000 and 1:5,900,000 respectively, p < 0.05) compared to antigen alone. 

These titers were not significantly different from those induced by M7-NH2 or M7-OH. 

Only CpG adjuvant did not enhance the induction of anti-EDIII IgG1 (1:207) compared 

to antigen alone (Figure 2). The adjuvants CT, alum, CpG and M7-NH2 except M7-OH 

significantly induced serum anti-EDIII IgG2a titers (1:6,900, 1:861, 1:1,650, 1:1,940, 

1:143, respectively, p < 0.05) compared to antigen without adjuvant (Figure 2). Anti-

EDIII IgG2a titers induced by M7-OH were low and not significantly higher compared 

to those induced by mice that received EDIII alone (1:143, p < 0.05). Comparison of the 

anti-EDIII IgG isotypes showed that both M7-NH2 and M7-OH were better at inducing 

IgG1 than IgG2a, similar to CT and alum (Figure 2). This implied that these peptides as 

adjuvants promote a Th2 type antibody response, similar to alum and cholera toxin. 

The combination of M7-NH2 or M7-OH with CpG generated greater anti-EDIII 

IgG1 antibody titers (1:235,628 and 1:5,475,710 respectively, p< 0.05) than antigen 

alone. Comparison between IgG1 and IgG2a induced by combination of peptides with 

CpG showed that there were no significant differences between anti-EDIII IgG1and 

anti-EDIII IgG2a (1:446,788 and 1:2,333,150 respectively, p < 0.05) (Figure 2). This 

demonstrated induction of a balanced IgG1 (Th2) and IgG2a (Th1) type response by 

both M7-NH2 and M7-OH when combined with CpG (Figure 2). Therefore the 
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combination of M7 adjuvants with CpG was beneficial by inducing a balanced Th1 and 

Th2 type humoral responses as demonstrated by IgG2a and IgG1 respectively. This 

balance helps to contribute the roles of both antibody subtypes in protective immunity, 

and limiting the immunopathology that may be associated with dominance of a single 

subtype. 
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Figure 2: The combination of M7-NH2 or M7-OH and CpG adjuvants induce a 
balanced anti-EDIII IgG1 and IgG2a antibodies than individual adjuvants. 

Female BALB/c mice (5-8 per group) were immunized intranasally with either 
EDIII (15 (g) alone, or combined with the following adjuvants; M7-NH2 (5 nanomoles), 
M7-OH (5 nanomoles), CpG (10 (g), M7-NH2 + CpG, M7-OH + CpG, or cholera toxin 
(1 (g, positive control). All groups that were immunized intranasally received the 
vaccine on days 0, 7 and 21. A control group was immunized intraperitoneally with 
EDIII (15 (g) + aluminum hydroxide (3.25 mg) on days 0 and 14. Serum from all mice 
was collected on day 42 and tested for EDIII-specific antibodies using ELISA. # >15 µg 
EDIII, * IgG1 > IgG2a given similar vaccine. Statistical analysis was performed by 1 
Way ANOVA with Tukey’s multiple comparison test. 
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2.3.1.3  Adjuvant safety as measured by vaccine-induced serum anti-WNV EDIII IgE. 

Serum anti-EDIII IgE antibody titers were determined as a marker of potential 

anaphylactic adverse reactions induced by the vaccine adjuvants. Results showed that 

M7 (M7-NH2 and M7-OH) peptide adjuvants alone or in combination with CpG 

induced low titers of serum anti-EDIII IgE titers (<1:50) that were not significantly 

greater than EDIII alone. However, alum induced the greatest anti-EDIII IgE titer 

(>1:400, p < 0.05) (Figure 3) that was significantly greater than induced by EDIII 

without adjuvant. This observation demonstrated that the peptide adjuvants are 

unlikely to induce anaphylaxis at the doses used in this study.  
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Figure 3: The cationic mast cell activating adjuvants M7-NH2 and M7-OH, and CpG 
adjuvant do not induce anaphylaxis in mice after intranasal administration. 

Female BALB/c mice (5-8 per group) were immunized intranasally with either 
EDIII (15 (g) alone, or combined with the following adjuvants; M7-NH2 (5 nanomoles), 
M7-OH (5 nanomoles), CpG (10 (g), M7-NH2 + CpG, M7-OH + CpG, or cholera toxin 
(1 (g, positive control). All groups that were immunized intranasally received the 
vaccine on days 0, 7 and 21. A control group was immunized intraperitoneally with 
EDIII (15 (g) + aluminum hydroxide (3.25 mg) on days 0 and 14. Serum from all mice 
was collected on day 42 and tested for EDIII-specific antibodies using ELISA. a > 15 µg 
EDIII, b > 15 µg EDIII + 10 µg CpG, c > 15 µg EDIII + M7-OH, d > 15 µg EDIII + M7-
NH2, e > 15 µg EDIII + M7-NH2 + CpG, f > 15 µg EDIII + CT, g > 15 µg EDIII + M7-OH 
+ CpG given similar vaccine. Statistical analysis was performed by 1 Way ANOVA 
with Tukey’s multiple comparison test. 
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2.3.1.4  Adjuvant efficacy as measured by protection against a lethal WNV challenge.  

The efficacy of the immunity generated by EDIII when combined with different 

adjuvant formulations was tested. Mice were challenged intraperitoneally on day 54 

with 1 x 105 focus forming units of WNV NY 99, and monitored for weight loss and for 

clinical signs of morbidity [253]. The minimum body weights were observed over two 

weeks and expressed as percentages of the initial pre-challenge weights. Results 

demonstrated a significant preservation of body-weights in mice that were immunized 

with antigen and a combination of M7-OH and CpG adjuvants (98.3%, p < 0.05) as 

compared to naïve (90%, p < 0.05) mice, or mice immunized with EDIII without 

adjuvant (88%, p < 0.05) (Figure 4A). Intranasal immunization with EDIII combined 

with M7-OH and CpG also provided 100% survival to mice, similar to cholera toxin or 

alum (Figure 4B). This study has demonstrated that 15 (g EDIII antigen when 

combined with M7-OH and CpG adjuvants, and administered intranasally on days 0, 7 

and 21 is a promising vaccination strategy to induce protective immune responses in 

mice.  
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Figure 4: The combination of M7-OH and CpG adjuvants administered with EDIII 
induces protective immunity against West Nile Virus in mice.  

Female BALB/c mice (5-8 per group) were immunized intranasally with either 
EDIII (15 (g) vaccine alone, or combined with the following adjuvants; M7-NH2 (5 
nanomoles), M7-OH (5 nanomoles), CpG (10 (g), M7-NH2 + CpG, M7-OH + CpG, or 
cholera toxin (1 (g, positive control). All groups that were immunized intranasally 
received the vaccine on days 0, 7 and 21. An additional control group was immunized 
intraperitoneally with EDIII (15 (g) + aluminum hydroxide (3.25 mg) on days 0 and 14. 
Mice body-weights were measured and challenged with 1 x 105 focus forming units of 
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WNV NY 99 on day 54. Mice were monitored for changes in body weights and for 
clinical symptoms of disease over approximately two weeks. A) Minimum body 
weight expressed as percent of initial weight, B) Survival after two weeks. # > Naïve , * 
> 15 µg EDIII. Statistical analysis for weights was performed by 1 Way ANOVA with 
Tukey’s multiple comparison test while survival proportions were analyzed by Log-
rank (Mantel-Cox) Test and Chi-Square Test for comparison (The difference was 
significant when p< 0.05). 
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2.3.2 Mastoparan 7-OH + CpG and EDIII vaccine formulations can be 
modified to produce a 2 dose vaccine regimen that induces 
protective immunity. 

2.3.2.1 Comparison of the immunogenicity of a three dose 15 µg EDIII + M7-OH + 
CpG vaccine formulation to a two dose 30 µg EDIII + M7-OH + CpG vaccine 
formulation. 

The goal of this work was to develop a 2-dose intranasal regimen that would 

induce protective immunity against WNV infection. Using a regimen of days 0, 7 and 

21 as guide [20]. Two-dose immunization schedules included days 0 and 7; 0 and 14; 

and 0 and 21. Since fewer immunizations were utilized, it was expected that a higher 

antigen dose would be needed for a 2-dose regimen to induce protective immunity. 

Studies have shown that a higher dose of antigen may be required for a decreased 

number of immunizations to generate desired immune responses [327, 328]. Therefore 

we used two doses of 30 µg EDIII for comparison with 15 µg used with 3 

immunizations. 

Evaluation of day 42 serum demonstrated significantly elevated anti-WNV 

EDIII geometric mean titers (GMT) from animals immunized with three doses of 15 (g 

EDIII + M7-OH + CpG on days 0, 7 and 21 (1:19,000,000; p < 0.05). Similarly, the two-

dose regimen induced significantly elevated anti-WNV EDIII IgG GMT after 

immunization with 30 (g EDIII + M7-OH + CpG on days 0 and 7, 0 and 14, or 0 and 21 

(1:14,000, 1:199000, 1: 956 respectively; p < 0.05) compared to 30 µg EDIII alone (1:32) 

(Figure 5A). The three-dose regimen also induced significantly increased day 42 serum 

anti-EDIII IgG1 and IgG2a GMT (1:795,000, 1:41,000,000 respectively; p < 0.05) when 

compared to mice immunized with antigen alone. Mice immunized with 30 µg EDIII 

without adjuvant had titers of 1:32 (IgG1) and 1:34 (IgG (2a) GMT (Figure 5B). At this 

time-point, significantly elevated IgG1 titers were also observed among two-dose 
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regimens with days 0 and 7, and 0 and 14 schedules (1:19,000, 1:49,700 respectively; p < 

0.05). IgG2a titers significantly increased for days 0 and 7, day 0 and 14, and 0 and 21 

(1:20,000, 1: 229,000, 1:1,200 respectively; p < 0.05) (Figure 5B). The three-dose regimen 

induced lower IgG1 compared to IgG2a while IgG1 and IgG2a titers induced by two-

dose schedules were not significantly different (Figure 5B). IgG titers induced by all 

two-dose schedules were significantly lower than three-dose immunizations using 15 

µg EDIII. Based on the evaluation of titers of anti-EDIII IgG and IgG subclasses, the 

three-dose regimen was superior because the titers induced by the two-dose regimens 

were significantly lower compared to those induced by three dose regimen. 
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Figure 5: Comparison between three immunizations with 15 µg EDIII + M7-OH + 
CpG and two immunizations with 30 µg of EDIII + M7-OH + CpG. 

Female BALB/c mice were immunized intranasally with either 30 µg of EDIII 
as no adjuvant control (n=10) or with 30 µg of EDIII + 10 µg CpG + 5 nanomoles M7-
OH. Immunizations were performed on days 0 and 7 (n = 10,) or 0 and 14 (n = 5) or 0 
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and 21 (n = 10) to evaluate 2 dose immune responses. 15 µg EDIII + 10 µg CpG + 5 
nanomoles M7-OH given on days 0, 7 and 21 served as the three dose regimen (n =10). 
Serum was obtained on day 42 and analyzed for anti-EDIII antibodies using ELISA. (A) 
Serum anti-EDIII IgG, (B) Serum anti-EDIII-IgG1 and anti-EDIII IgG2a. (a > 30 µg EDIII 
alone given on days 0, 7 and 21, b <  15 µg + CpG + M7-OH given on days 0, 7 and 21, 
c > 30 µg + CpG + M7-OH given on days 0 and 21, d > 30 µg + CpG + M7-OH given on 
days 0 and 7. The data was analyzed by 1 way ANOVA, with Tukey’s Multiple 
Comparison Test using PRISM software. 
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2.3.2.2  Comparison of the immunogenicity of a three dose 15 µg EDIII + M7-OH + 
CpG vaccine formulation to a two dose 45 or 60 µg EDIII + M7-OH + CpG vaccine 
formulation. 

 Serum anti-EDIII IgG titers induced by two immunizations with 30 µg EDIII 

adjuvanted with M7-OH + CpG were significantly lower compared to anti-EDIII titers 

induced by three immunizations with 15 µg EDIII + M7-OH + CpG. The goal was to 

determine if we could increase the antigen dose from that used with three 

immunizations and use with a two-dose nasal immunization regimen to induce similar 

anti-EDIII IgG antibody responses. The EDIII dose used in two-dose immunizations 

was therefore increased to 45 or 60 (g. Nasal immunizations were performed on days 

0, 7 and 21 or for two-dose regimens on day 0 and 7, 0 and 14 or 0 and 21. Results of 

day 42 serum antibody titers showed that three-dose regimen induced significantly 

higher anti-EDIII IgG (1:4,194,300) antibody titers compared to antigen alone. 

However, the titers were not significantly higher compared to anti-EDIII IgG induced 

by two-dose regimens of 45 or 60 (g EDIII. Immunization with 45 (g EDIII + M7-OH + 

CpG on days 0 and 7, or days 0 and 21 induced day 42 serum anti-EDIII IgG titers that 

were significantly higher (1:173,000, 1:199,000 respectively; p < 0.05) than those 

induced by 60 (g EDIII as no adjuvant control. Immunization with 60 (g EDIII + M7-

OH + CpG only significantly induced production of anti-EDIII IgG when given on 

days 0 and 14 (1:173,000 p < 0.05) (Figure 6A). 

Regarding the IgG isotypes, the anti-EDIII IgG1 GMT induced by the three-

dose regimen (1:262,144) was not significantly different compared to that induced by 

the two-dose regimens (Figure 6B). Immunization with two-doses of 45 (g EDIII + M7-

OH + CpG induced day 42 serum anti-EDIII IgG1 titers that were significantly higher 

than 60 (g EDIII without adjuvant when immunizations were performed on days 0 

and 21 (1:173,000, p < 0.05). The dose of 60 (g EDIII combined with M7-OH + CpG 
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induced significantly higher anti-WNV EDIII IgG1 than WNV EDIII alone after 

administration on days 0 and 7 or 0 and 14 (1:131,000, 1:86,000 respectively; p < 0.05) 

(Figure 6B). 

In the case of IgG2a, the anti-EDIII titers induced by three immunizations were 

significantly higher compared with some two-dose regimens. Three-dose regimen 

induced anti-EDIII IgG2a titer of 1:6,357,380. This was significantly higher compared to 

that induced by 45 µg EDIII + M7-OH + CpG given on days 0 and 14, and 60 (g EDIII 

+ M7-OH + CpG given on days 0 and 14 or 0 and 21 (Figure 6B). The combination of 45 

(g of EDIII + M7-OH + CpG when administered on days 0 and 7 or 0 and 14 or 0 and 

21 induced anti-EDIII IgG2a titers that were significantly higher (1:99,000, 1:50,000 or 

1:346,000 respectively, p < 0.05) than 60 µg WNV EDIII alone (Figure 6B). Use of 60 (g 

EDIII combined with M7-OH + CpG induced significantly higher IgG2a titer when 

administered on days 0 and 7 or 0 and 14 (1:173,000, 1:57,000 respectively, p < 0.05) 

than 60 µg EDIII alone (Figure 6B). Comparison between three-dose and two-dose 

regimens showed that anti-EDIII IgG and IgG1 titers were not significantly different 

(Figure 6A,B). Also comparison of IgG1 and IgG2a titers in each vaccine group showed 

that there were no significant differences. However, we observed higher IgG2a 

induced by three doses compared to two-dose regimens of 45 (g EDIII (days 0 and 14) 

and 60 µg EDIII on days 0 and 14, and days 0 and 21 (Figure 6B). 
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Figure 6: Two immunizations with 45 µg or 60 µg EDIII combined with M7-OH + 
CpG induce antibody responses that were not significantly different from three 
immunizations with 15 µg EDIII + M7-OH + CpG. 

Female BALB/c mice were immunized intranasally with either 60 µg of EDIII 
antigen as no adjuvant control on days 0, 7 and 21 (n = 5) or with 45 µg (n = 5) or 60 µg 
(n = 5) of EDIII antigen combined with 10 µg CpG + 5 nanomoles M7-OH. 
Immunizations were performed on days 0 and 7 or 0 and 14 or 0 and 21 to evaluate 
immune responses induced by two immunizations. 15 µg EDIII + 10 µg CpG + 5 
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nanomoles M7-OH were given on days 0, 7 and 21 as the three-dose regimen (n= 5). 
Serum samples were obtained on day 42 and analyzed for anti-EDIII antibodies using 
ELISA, (A) Serum anti-EDIII IgG, (B) Serum anti-EDIII IgG1 and IgG2a. a, A > 60 µg 
EDIII on days 0, 7 and 21, b < 15 µg EDIII + M7-OH + CpG on days 0, 7 and 21”A”. The 
data was analyzed by 1 way ANOVA, with Tukey’s Multiple Comparison Test using 
Prism software 5. 
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2.3.2.3 Two immunizations with 45 or 60 µg EDIII + M7-OH + CpG induced 
protective immunity against WNV infection that protected mice at day 60 and lasted 
for 6 months. 

Since there were no significant differences between the different schedules of 

two-dose regimens with 45 (g or 60 µg, one schedule was used for subsequent studies. 

Immunization with 30 (g EDIII on days 0 and 14 induced anti-EDIII IgG titers that 

were not significantly different than the three-dose regimen (Figure 5A). Therefore, to 

determine the ability of a two-dose nasal immunization regimen to induce protective 

immunity, mice were immunized on days 0 and 14 with 45 (g or 60 (g EDIII + M7-OH 

+ CpG, and challenged with WNV on day 60. In addition, some immunized mice were 

challenged on day 189 to determine if the induced immunity was longer-lasting.  

Results of day 42 serum demonstrated significant induction of anti-EDIII IgG, 

IgG1 and IgG2a (1:2,326,940, 1:2,451,100, and 1:82,095 respectively; p < 0.05) titers by 45 

(g EDIII + M7-OH + CpG. Similarly, 60 µg EDIII + M7-OH + CpG induced significant 

increase in serum anti-EDIII IgG, IgG1 and IgG2a (1:1,562,040, 1:2,286,960 and 1:128,820 

respectively; p < 0.05) GMT titers compared to 60 µg EDIII alone (Figures 7A, B). 

Three-dose regimen with 15 µg EDIII + M7-OH + CpG given on day 0, 7 and 21 

induced significantly higher IgG, IgG1 and IgG2a GMT (1:35,344,900, 1:36,591,400 and 

1:56,537,000 respectively; p < 0.05) compared to two-dose regimens (Figure 7A, B). 

Comparison between IgG1 and IgG2a showed that two immunizations of 45 or 60 µg 

EDIII adjuvanted with M7-OH and CpG induced significantly higher anti-EDIII IgG1 

than IgG2a while three immunizations of 15 µg combined with M7-OH and CpG 

induced a balanced anti-EDIII IgG1 and IgG2a titers (Figure 7B).  

After challenge with WNV NY99 on day 60, all mice that had received 60 µg 

EDIII + M7-OH + CpG survived (100%, p=0.02), and were also significantly protected 

from weight loss (98%; p = 0.02) compared to naïve mice (Figure 8A, B). Mice that had 
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received three-doses of 15 µg EDIII + M7-OH + CpG on days 0, 7 and 21 had 93% 

survival rate, and 96% retention of initial body weight. The protection generated by 

three-dose regimen was not significant when compared to naïve mice that had 60% 

survival and 92% of initial body weight (p = 0.02). Similarly, mice that received two 

immunizations of 45 µg EDIII + M7-OH + CpG retained 95% of body weight and 86% 

survival that were not significantly different from naïve mice (p < 0.05) (Figure 8A, B). 
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Figure 7: Two immunizations with 45 or 60 µg EDIII + M7-OH + CpG induce 
significantly enhanced serum anti-EDIII antibody responses in mice at day 42.  

Female BALB/c mice were immunized IN with either 60 µg of EDIII as no 
adjuvant control on days 0, 7 and 21 (n = 15) or with 45 µg (n= 15) or 60 µg (n= 15) of 
EDIII combined with 10 µg CpG/5 nanomoles M7-OH on days 0 and 14. The 
combination of 15 µg EDIII + 10 µg CpG + 5 nanomoles M7-OH was given on days 0, 7 
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and 21 as the three-dose regimen (n= 15). Serum was obtained on day 42 and analyzed 
for anti-EDIII antibodies using ELISA. (A) Serum anti-EDIII IgG, (B) Serum anti-EDIII 
IgG1 and IgG2a. a > 60 µg EDIII on days 0, 7 and 21, b > 45 µg EDIII + 10 µg CpG + 5 
nanomoles M7-OH, c > 60 µg EDIII + 10 µg CpG + nanomoles M7-OH. Antibody data 
were analyzed by 1 way ANOVA, with Tukey’s Multiple Comparison Test, using 
Prism software 5 (The difference is significant when p < 0.05). 
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Figure 8: Two immunizations with 60 µg EDIII + M7-OH + CpG induce protective 
immune responses in mice against WNV challenge at day 60. 

Female BALB/c mice were immunized IN with either 60 µg of EDIII as no 
adjuvant control on days 0, 7 and 21 (n = 15) or with 45 µg (n= 15) or 60 µg (n= 15) of 
EDIII combined with 10 µg CpG + 5 nanomoles M7-OH on days 0 and 14. The 
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combination of 15 µg EDIII + 10 µg CpG + 5 nanomoles M7-OH was given on days 0, 7 
and 21 as the three-dose regimen (n= 15). Mice were challenged on day 60 with 1.0 x 
105 ffu WNV NY 99 and monitored for morbidity and/or lethality over a period of 
about two weeks. (A) Minimum body weight after challenge, expressed as percent of 
pre-challenge body weight, (B) Percent survival after challenge. a > 60 µg EDIII on 
days 0, 7 and 21, d > Naive. Data for body weights was analyzed by 1 way ANOVA, 
with Tukey’s Multiple Comparison Test. Survival proportions were analyzed using 
Log-Rank (Mantel-Cox) Test and Chi-square Test for comparison, using Prism 
software 5 (The difference is significant when p < 0.05). 
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To determine the ability of a 2 dose nasal immunization with 45 µg or 60 µg 

EDIII + M7-OH + CpG to induce long-term immunity, mice were immunized on days 

0 and 14. Serum anti-EDIII-antibody responses were determined on day 182, and then 

mice were challenged on day 189. At day 182, both two-dose regimens and the three-

dose regimen induced significantly higher serum antigen-specific antibody titers. We 

observed that, two doses of 45 µg EDIII + M7-OH + CpG induced significantly 

increased anti-EDIII IgG, IgG1 and IgG2a (1:8,000,000, 1:12,000,000, 1:416,000 

respectively; p < 0.05) compared to 60 µg EDIII alone. Similarly, two doses of 60 µg 

EDIII + M7-OH + CpG induced significantly higher anti-EDIII IgG, IgG1 and IgG2a 

(1:416,000, 1:436,000 and 1:34,318 respectively, p<0.05) compared to anti-EDIII IgG, 

IgG1 and IgG2a (1:44, 1:37 and 1:23 respectively, p<0.05) in mice immunized with 

EDIII alone (Figures 9A and B).  Also, the three-dose regimen of 15 µg EDIII + M7-OH 

+ CpG induced significantly higher serum anti- EDIII IgG, IgG1 and IgG2a 

(1:61,200,000, 1:22,000,000 and 1:9,600,000 respectively, p<0.05) compared to mice 

immunized with antigen alone (Figures 9A and B). However, the day 182 anti- EDIII 

IgG, IgG1 and IgG2a titers induced by three-dose regimen of 15 µg EDIII + M7-OH + 

CpG were significantly greater compared to two-dose 60 µg EDIII + M7-OH + CpG (p 

<0.05).  

After challenge on day 189, mice immunized with two doses of 45 (g EDIII + 

M7-OH + CpG were significantly protected from weight loss by preserving 94% of 

initial body weight compared to those that received 60 µg EDIII alone (87%), p = 0.003 

(Figure 10A). The three-dose regimen also provided significant protection from weight 

loss (94.5%) compared to those that received the antigen alone. Survival proportions 

showed that both two-dose regimens of 45 µg or 60 µg EDIII + M7-OH + CpG and 

three doses of 15 µg EDIII + M7-OH + CpG provided significant survival (87%, 87% 
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and 93% respectively) compared to non-adjuvanted 60 µg EDIII (33%) and naïve (40%) 

mice, p = 0.011 (Figure 10B). Our results demonstrate that 2 doses of 45 µg- 60 µg EDIII 

+ M7-OH + CpG given on days 0 and 14 provide durable protective immunity to mice 

that lasted up to day 189. 
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Figure 9: Two-dose immunizations with 45 or 60 µg EDIII + M7-OH + CpG induce 
durable anti-WNV antibody responses in mice that lasted up to 6 months. 
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Female BALB/c mice were immunized intranasally with either 60 µg of EDIII 
antigen as no-adjuvant control (n= 15) or with 15 µg EDIII + 10 µg CpG + 5 nanomoles 
M7-OH on days 0, 7 and 21 as three-dose regimen (n= 15). Additional mice were given 
two immunizations of 45 µg EDIII + 10 µg CpG + 5 nanomoles M7-OH (n= 15) or 60 µg 
EDIII + 10 µg CpG + 5 nanomoles M7-OH (n= 15) on days 0 and 14. Mice were bled on 
day 182 and serum tested for anti-EDIII-specific antibodies by ELISA. (A) Serum anti-
EDIII IgG, (B) Serum anti-EDIII IgG1 and IgG2a.a > 60 µg EDIII on days 0, 7 and 21, c > 
60 µg EDIII + 10 µg CpG + 5 nanomoles M7-OH,   e > IgG2a. Data from antibody titers 
were analyzed by 1 way ANOVA with Tukey’s Multiple Comparison Test, using Prism 
software 5 (The difference was significant when p < 0.05). 
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Figure 10: Two-dose immunizations with 45 or 60 µg EDIII + M7-OH + CpG induce 
durable protective anti-WNV immunity in mice that lasted up to 6 months. 

Female BALB/c mice were immunized intranasally with either 60 µg of EDIII 
antigen as no-adjuvant control (n= 15) or with 15 µg EDIII + 10 µg CpG + 5 nanomoles 
M7-OH on days 0, 7 and 21 as three-dose regimen (n= 15). Additional mice were given 
two immunizations of 45 µg EDIII + 10 µg CpG + 5 nanomoles M7-OH (n= 15) or 60 µg 
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EDIII + 10 µg CpG + 5 nanomoles M7-OH (n= 15) on days 0 and 14. Mice were 
challenged on day 189 with 1.0 x 105 ffu of WNV NY 99. Mice were monitored for 
morbidity and/or lethality for about two weeks. (A) Minimum body weight after 
challenge, expressed as percent of pre-challenge body weight, (B) Percent survival 
after challenge. a > 60 µg EDIII on days 0, 7 and 21, d > naïve. Data for body weight 
were analyzed by 1 way ANOVA with Tukey’s Multiple Comparison Test, while 
survival was analyzed using Log-Rank (Mantel-Cox) and Chi-square Test for 
comparison, using Prism software 5 (The difference was significant when p < 0.05). 
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2.3.2.4. Serum IgG avidity for two immunizations with 45 or 60 µg EDIII + M7-OH + 
CpG or three immunizations with 15 µg EDIII + M7-OH + CpG was not predictive 
of protection to mice. 

The avidity of antibody binding to specific antigen may be used as a surrogate 

marker of the protective activity of the antibody [117, 329]. We therefore measured the 

avidity of antibody binding to WNV EDIII to determine if the use of different vaccine 

regimens influenced the avidity of anti-WNV EDIII serum IgG. Avidity index was 

defined as ELISA units of eluted test samples expressed as percent of ELISA units from 

samples treated with 0 molar NH4SCN. Treatment with NH4SCN is expected to elude 

antibodies that are weakly bound while retaining only those that are strongly bound to 

the antigen.  

Results showed that after treatment with 1 molar NH4SCN, avidity of day 42 

serum IgG from two-immunizations with 60 µg EDIII + M7-OH + CpG and three 

immunizations with 15 µg EDIII + M7-OH + CpG were significantly greater than 45 µg 

EDIII + M7-OH + CpG (76%, 77% versus 58% respectively, p=0.0097) (Figure 11A). 

Day182 serum showed different avidity with higher avidity for three immunizations 

using 15 µg EDIII + M7-OH + CpG compared to two-dose immunizations with 60 µg 

EDIII + M7-OH + CpG (80% versus 63% respectively, p=0.032) at 1 molar NH4SCN 

(Figure 11B). When treated with 2 or 4 molar NH4SCN, avidity of serum samples from 

both days 42 and 182 IgG were not significantly different between three- and two-dose 

immunizations (Figure 11A, B). When compared between day 42 and 182, serum IgG 

avidity at 2 molar NH4SCN was not significantly different (Figure 11C). The avidity 

data therefore did not match the survival data, and thus it was not a better predictor of 

antibody-protective capacity. 
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Figure 11: The avidity of anti-WNV EDIII specific IgG induced by 45 or 60 µg EDIII 
combined with CpG + M7-OH were not predictive of protective capacity of 
generated anti-WNV EDIII IgG responses. 

Female BALB/c mice were immunized intranasally as described in Figure 5. 
Days 42 and 182 sera were tested for strength of IgG binding to EDIII using elution 
assay. The ELISA relative light units were expressed as a percent of zero molar 
ammonium thiocyanate treatment. (A) Day 42 serum IgG binding avidity, (B) Day 182 
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serum IgG binding avidity, (C) Comparison of day 42 and day 182 avidity (n = 10-15 
mice per group). a) Significantly greater than 45 µg EDIII combined with CpG + M7-
OH; b) Significantly greater than 60 µg EDIII combined with CpG + M7-OH. 
Differences in percent avidity were analyzed using ANOVA and Tukey’s multiple 
comparison test (Prism Software 5). 
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2.3.2.5 Two immunizations with EDIII + M7-OH + CpG induce anti-EDIII specific 
IFN-! and IL-17 cytokines after intranasal immunization. 

Our next question was to understand if two-dose schedule could induce T cell 

responses that were not significantly different from that induced by the three-dose 

regimen. Splenocytes were obtained from mice on day 49 and re-stimulated with the 

vaccine antigen or incubated with media alone. When stimulated on day 49, the IL-4 

produced by antigen-re-stimulated splenocytes from mice in two-dose regimens was 

not significantly higher compared to naïve mice. The cells from mice in three-dose 

regimen of 15 µg EDIII + M7-OH + CpG however, produced significantly higher IL-4 

(73.75 + 53.1 pg/ml, p < 0.0037) compared to naive cells (Figure 12A).  

The EDIII-re-stimulated splenocytes from two-dose immunizations of 45µg or 

60 µg EDIII + M7-OH + CpG produced significantly higher IFN-γ (145.72 + 193.35 

pg/ml, 265.31 + 276.07 pg/ml respectively; p < 0.05) than naïve cells, but significantly 

lower than those produced in cells from mice that received three-doses of 15 µg EDIII + 

M7-OH + CpG regimen (1389+1053 pg/ml) (Figure 12B).  

Both two-dose regimens of 45 µg or 60 µg EDIII + M7-OH + CpG, and three 

doses of 15 µg EDIII + M7-OH + CpG induced significantly elevated IL-17 (1166.13 + 

1007.40 pg/ml, 2332.38 + 1782.63 pg/ml, 3905.44 + 3134.63 pg/ml respectively, p < 

0.05) than in naïve mice (18+16 pg/ml) or those that received the antigen alone (71+78 

pg/ml) (Figure 12C). Comparison between three-dose and two-dose regimens 

indicated that IL-17 levels were not significantly different.  
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Figure 12: Two doses of 45 or 60 µg EDIII combined with CpG + M7-OH induce anti-
WNV specific IFN-! and IL-17 cytokines after intranasal immunization in mice. 

Female BALB/c mice were immunized intranasally as described in Figure 5. 
Splenocytes were harvested on day 49 and cultured alone or re-stimulated with EDIII 
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(5 µg/ml) for 60 hours. Supernatants were collected and cytokine concentrations of (A) 
IL-4, (B) IFN-γ and (C) IL-17 were determined using a multiplex assay (BioPlex). a > 
Naïve, b > 60 µg EDIII, c > 45 µg EDIII + 10 µg CpG + 5 nanomoles M7-OH. This data 
is from one experiment (n=9-10 mice per group, p < 0.05). Cytokine concentrations 
were log10 transformed before analysis using ANOVA and Tukey’s multiple 
comparison test (Prism Software 5).  
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2.4 Discussion 
This study has demonstrated that M7 peptides are potent intranasal vaccine 

adjuvants in mice when given with EDIII antigen. These peptides also demonstrated 

absence of vaccine-induced serum anti-EDIII IgE antibodies that could be associated 

with allergic reactions. When used in combination with CpG adjuvant, intranasal 

immunization with M7-OH formed a superior adjuvant combination to induce 

protective immunity in mice challenged on day 54 after three immunizations. The 

increase of the antigen dose enabled generation of protective immunity at day 60 and 

days 189 with only two doses of 60 µg EDIII antigen when combined with M7-OH and 

CpG adjuvants.  

2.4.1 The combination of 60 µg EDIII + M7-OH + CpG enabled induction of 
long-term protective anti-WNV immunity with only two immunizations given on 
days 0 and 14. 

 
This work has demonstrated that two intranasal, needle-free vaccine 

immunizations completed in two weeks can induce protective immunity to WNV. 

Intranasal immunization with 60 µg EDIII + M7-OH + CpG on days 0 and 14 provided 

100% survival to mice against a WNV challenge on day 60. This observation 

demonstrated the ability of the adjuvanted two-dose immunization regimens, 

completed in two weeks to induce protective immunity. Such short immunization 

schedules are advantageous because they minimize cases of missed immunizations 

[249], and can lead to improved compliance and a higher rate of vaccine coverage. A 

two-dose schedule completed within two weeks could be suitable for combating re-

emerging infections such as WNV that may require rapid interventions. 

This study has also demonstrated that with two intranasal immunizations 

using 45 or 60 µg EDIII + M7-OH + CpG, protective immunity could be induced and 
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sustained through day 189. Durable immunity is desirable because it eliminates the 

need for booster immunizations. Use of vaccine adjuvants has been shown to enhance 

induction of long-term immunity [330], hence M7-OH and CpG adjuvants may also 

have contributed to induction of durable immunity observed in our study. This could 

have been generated through induction of germinal center formation that led to the 

generation of long-lasting plasma cells. 

Other studies have been performed to develop regimens that use fewer (i.e. < 3) 

immunizations. For example, subcutaneously delivered 25 µg EDIII adjuvanted with 

CpG and given on day 0, and boosted with oil-emulsion on day 14 demonstrated 

significant protection to C57BL/6 mice by 80% survival compared to mock vaccinated 

mice after challenge with WNV NY99 on day 42 [221]. Another subcutaneously 

administered vaccine also demonstrated significant protection against WNV infection 

after C3H/HeN mice were given a single immunization with 2.5 µg WNV envelope 

protein encapsulated with CpG nanoparticle [331]. Using a live attenuated chimeric 

WNV vaccine, Chimerivax-WN02, virus neutralizing antibodies were observed in > 

90% of human vaccinees after a single subcutaneous injection [224].  

Compared to our study, the fact that we used a pain-free and needle-free 

intranasal delivery, it is more advantageous and may have more benefit to the public 

than injectable vaccines. Although Chimerivax-WN02 live attenuated vaccine only 

required one vaccine delivery, the fact that it is live attenuated provides the potential 

for reverting to virulence as a result of genetic modifications during replication.  

2.4.2 The dose of vaccine antigen and interval between vaccinations influence 
immune responses. 

 
Increasing antigen dose is one strategy that can be used to reduce the number 

of immunizations as demonstrated by this study. Increasing the antigen dose of EDIII 
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from 15 (g used in three immunizations to 45 or 60 (g, a two-dose regimen that 

induced effective immune responses was developed. Studies have shown that a higher 

antigen dose can induce greater immune responses at an early time-point than lower 

antigens. For example, a study with inactivated hepatitis A antigen showed that 

individuals immunized with 100 U of antigen had a significantly higher 

seroconversion rate at two weeks after the first injection compared to those that 

received 50 or 25 U of the vaccine [327]. In our study, an increase of EDIII from 15 µg 

used with three immunizations to 60 µg led to generation of protective anti-WNV 

immunity at day 60 after only two immunizations.  

Our study has also shown that a lower dose of 45 µg EDIII could induce greater 

EDIII-specific IgG and IgG1 compared to 60 µg EDIII. This observation was not 

expected, however, a study using cytomegalovirus glycoprotein B combined with 

MF59 adjuvant also demonstrated induction of higher antibody titers with a lower 

antigen compared to a higher antigen dose [332]. Studies in guinea pigs using 

dinitrophenyl-bovine serum albumin conjugate showed that immunization with 50 µg 

could induce a significant increase in affinity of serum anti-hapten antibodies and 

antibody concentrations [333]. On the other hand, a higher dose of 1 mg generated low 

affinity serum antibodies and a decrease in antibody concentrations [333].  

The interval between the primary and booster immunizations may influence 

the magnitude of immune responses especially if less than optimum dose is used [334]. 

An adequate time interval is required between the administration of primary antigen 

and secondary immunization, and also the optimum antigen dose for induction of high 

secondary antibody responses [335]. The effect of the booster immunization on 

antibody responses can be influenced by the frequency of antigen-specific memory 

cells that are capable of responding faster to antigen [336, 337]. Our study has shown 
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that two immunizations with 30 µg EDIII + M7-OH + CpG on days 0 and 14 induced 

high IgG titers compared to days 0 and 21. Studies using intranasally-delivered 

meningococcal subtype B vaccine given on days 0, 7, 28 and 56 demonstrated induction 

of immune responses with bactericidal activity that was greater than in a day 0, 28 and 

56 schedule [338]. This observation indicated that the inclusion of day 7 in the schedule 

that shortened the period between the primary and first booster enhanced induction of 

bactericidal antibodies. The observation in the meningococcal vaccine study may imply 

that a secondary immunization at day 7 generated more memory cells that were 

available during the tertiary immunization at day 28 to boost antibody responses. Our 

study showed maximum induction when boosted at day 14 which could indicate 

presence of circulating memory B cells that encounter the antigen and hence a higher 

antibody response. In addition, after the booster on day 21, day 42 serum samples 

represented three weeks from the booster and four weeks when boosted at day 14. The 

time for generation of antibody secreting cells was longer with a day 14 booster 

immunization, and may explain high antibody titers. In a study using bovine serum 

albumin (BSA) antigen combined with capsular polysaccharide of Klebsiella pneumonia 

as adjuvant, a lower antigen of 0.5 mg BSA was required for secondary booster at 30 

days while 10 mg was required after 10 days for effective antibody responses [335]. 

This observation indicated that when adequate time was given for memory immunity 

to develop, lower antigen dose could effectively stimulate the immune responses while 

earlier boosters could require higher antigen doses. It is also possible that these factors 

may vary with different antigens or if adjuvants are incorporated. 

2.4.3 The adjuvant combination of M7-OH and CpG elicits both Th1 and Th2 
type antibody responses. 
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The adjuvant combination of M7-OH + CpG induced both Th1 and Th2 humoral 

immune responses characterized by IgG2a and IgG1 respectively. In this adjuvant 

combination, CpG and M7-OH could be responsible for inducing Th1 and Th2 type 

responses respectively, because previous studies have shown CpG to generate Th1 

[222], while cationic peptides induce Th2 type responses [284, 310]. Studies with 

cationic peptide HH2 or polymer (PLGA) combined with CpG adjuvants induced IgG1 

and IgG2a antibodies [284], demonstrating that combination of cationic and CpG 

adjuvants can generate both Th2 and Th1 type antibodies. In our study, predominantly 

Th1 and Th17 T cell responses characterized by IFN-! and IL-17 were observed with two 

immunizations using 45 or 60 µg EDIII and three immunizations with 15 µg EDIII. 

Other studies using a combination adjuvant IC31 that comprises oligodeoxynucleotide 

(ODNa1) and cationic KLKL5KLK peptide have demonstrated induction of T and B cell 

responses with Th1 dominance [339], and also a Th1 cellular and, Th1 and Th2 humoral 

responses [340], indicating diversification of the immune responses by combined 

adjuvants. The induction of T cell responses that includes IFN-γ induction have been 

shown to protect against WNV [197] in mice. The role of IL-17 in protection against 

WNV is not clear [134, 135]. Our adjuvant combination strategy has shown that 

combination of a mast cell activating cationic peptide and TLR9 ligand can form a 

potent adjuvant platform for vaccines to induce Th1, Th2 and Th17 type responses.  

2.4.4 This study demonstrated maintenance of high avidity IgG antibodies 
between day 42 and day 182. 

 
Studies have shown that failure to induce sufficiently mature antibodies by a 

vaccine can lead to lack of protection [109]. Induction of high-avidity antibodies by 

vaccines is therefore desired because it can be used as indicator of antibody maturity 

[118, 119]. Our study demonstrated presence of similar serum anti-EDIII IgG avidity 
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between three-dose and two-dose immunizations when tested at 2 or 4 molar NH4SCN 

concentrations. There were no significant differences between IgG avidity between 

days 42 and 182 serum, implying preservation of antibody quality and protective 

capacity up to 189 days. The significant differences observed at 1 molar NH4SCN 

relates to weakly binding antibodies that may have low functional value to protect 

against infection [329]. 

2.4.5 Lack of invitro WNV neutralizing antibodies but presence of invivo 
protection in mice immunized with EDIII + M7-OH + CpG. 

 
Generation of measurable WNV neutralizing antibodies has been shown to 

correlate with protection in some vaccine studies [204]. In our study however, we did 

not detect the presence of virus neutralizing antibodies in serum from mice immunized 

with the three-dose or two-dose immunization regimens (data not shown). Despite 

lack of invitro virus neutralization, we observed significant protection against WNV 

challenge indicating that more factors may play a role in determining antibody-

mediated virus neutralization and invivo protection. Studies have demonstrated that 

in some cases viral antigenic epitopes available invivo may not be available in 

sufficient amounts on mature virions invitro to allow neutralization [341]. This may 

explain lack of invitro virus neutralization observed in our study. Invivo protection on 

the other hand may also be enhanced by antibody opsonization and T cell immune 

responses [342]. As shown by Vogt et al, poorly neutralizing antibodies invitro could 

confer protection invivo through enhanced phagocytic activity that required opsonin 

C1q complement and Fc!R [125]. 

2.4.6 Intraperitoneal challenge of BALB/c mice with West Nile Virus NY 99 
(35262-11) does not cause complete mortality. 

 
Infectious or toxin challenge studies are often performed to evaluate the ability 

of candidate vaccines to induce protective immunity. For example, our laboratory has 
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utilized Streptococcus pneumoniae, tetanus toxin and botulinum neurotoxin challenges to 

evaluate the ability of nasal vaccine regimens to induce protective immunity against 

their specific pathogens [252, 275]. The use of Streptococcus pneumoniae, tetanus toxin 

and botulinum neurotoxin challenges provided 100%, 90% and 100% mortality 

respectively in naïve mice or mice immunized with antigen alone. This provided very 

sensitive challenge models to determine if the candidate nasal vaccines with adjuvants 

were able to provide protection against a specific challenge.  

In our current study, intraperitoneal infection of naïve BALB/c mice with WNV 

strain NY99 35262-11 led to only 40% and 60% mortality at days 60 and 189 

respectively. Not surprising, others have also observed incomplete mortality with 

WNV infection in naïve mice. For example, Qiao M et al reported 20% mortality [225], 

while Liu and others reported 60% mortality after intraperitoneal infection of BALB/c 

mice with WNV NY99 [226]. The lack of complete mortality after WNV NY99 

challenge in non-immunized BALB/c mice is a problem when determining the 

protective benefit of candidate WNV vaccines, especially if the vaccine is not 100% 

protective. However, the incomplete mortality observed after WNV NY99 challenge of 

BALB/c mice represents a mouse model with morbidity and mortality characteristics 

similar to WNV infection of humans since only a small portion of WNV-infected 

humans have neurological complications or death [207].  

In conclusion, this study has demonstrated development of a protective two-

dose WNV vaccine regimen using 45 µg or 60 (g EDIII antigen adjuvanted with M7-

OH + CpG that can be given on days 0 and 14. In addition, the two-dose vaccines 

induced durable anti-WNV immunity that was sustained through day 189 indicating 

that M7-OH + CpG is a suitable match of intranasal vaccine adjuvant combination for 

use with vaccines against infectious diseases. 



 

 

102 

3. The cationic mast cell activating peptide mastoparan 
7 provides effective nasal adjuvant activity via a 
MyD88-dependent pathway but does not require 
Caspase 1 or Mast cells. 

3.1 Introduction 
To effectively design an adjuvant, there is need to understand the mechanism 

of action [241]. Understanding how vaccine adjuvants work has been stated as an 

important step for development of safe vaccines [317]. This can enable to modulate the 

immune responses to target specific diseases [317]. Therefore mechanism studies for 

vaccine adjuvants have gained popularity and importance in vaccine studies. For 

example, although alum has been used for decades as an approved adjuvant for use 

with human vaccines, its mechanism of action had not been elucidated. The earlier 

understanding was that alum forms a depot that traps the antigen to provide slow 

release of antigen that stimulates the innate immunity. However, recent findings show 

that depot formation is not required for alum’s adjuvant activity [316, 343, 344].  

Studies have been conducted to elucidate the mechanisms of adjuvant activity of alum, 

and recent work has shown that alum can activate the inflammasome [345]. However, 

It is not yet clear, if the inflammasome pathway is required for alum’s adjuvant activity 

[242]. Toll-like receptors (TLRs) have been identified as important targets for mediating 

the activity of some effective vaccine adjuvants to activate the innate immune system 

[5]. Immunization of vaccine antigens with TLR agonists such as monophosphoryl 

lipid A (MPLA), has been shown to generate protective immune responses against 

respiratory syncytial virus in mice [346]. MPLA activates TLR4 to stimulate innate 

immunity and has been used in combination with alum (AS04) with human papilloma 

virus vaccine [245]. This adjuvant system has been approved for use in humans in 
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Europe and USA. Mechanism studies show that the activation signals generated 

through TLRs involve recruitment and activation of adaptor molecules including 

MyD88. MyD88 has been found downstream of TLRs, except TLR3 as critical in 

transmitting the activation signals of innate immunity [86, 347, 348].  Studies to 

understand the mechanism of adjuvant activity are therefore important to deciphering 

the contributions of the adjuvants on induction of immune responses. 

Cationic host defense peptides have been shown to possess anti-microbial 

activity [299, 349, 350], and adjuvant activity [310, 311]. MP and its analogs have been 

shown to activate mast cells [351, 352] and non-specifically penetrate cells [319, 351]. 

Studies have also shown that MP activity on cell membranes could be non-specific 

[353], but  can activate some molecules including G-proteins after crossing the cell 

membranes to mimic receptor activation [354]. In addition MP has been shown to 

activate neutrophils and epithelial cells [355-357], and therefore there could be other 

targets for MP activity invivo. 

Because of its ability to activate multiple cells, M7 has the potential to exhibit 

adjuvant activity through diverse possible mechanisms. One possible mechanism is 

through the activation of mast cells. Mc Lachlan et al have recently shown that mast 

cells activation can enhance induction of immune responses [41]. Therefore this 

observation has identified mast cell activators as potential vaccine adjuvants [41, 286]. 

Our study has shown that mast cell activating cationic M7 peptide is an effective 

intranasal vaccine adjuvant with domain III of West Nile Virus envelope protein 

vaccine (EDIII) (Chapter 2). This identifies mast cell activation as a possible mechanism 

for M7 adjuvant activity.  

Inflammasomes are multiprotein complexes activated by microbial pathogens 

or endogenous danger signals induced by host cell injury that lead to the recruitment 



 

 

104 

and activation of caspase 1 [358]. Caspase 1 activation then leads to activation of pro-

inflammatory cytokines such as IL-1$ and IL-18 that participate in immune responses 

against insulting pathogens. Aluminum hydroxide, and some pore forming toxins 

have been shown to activate the inflammasome in macrophages and dendritic cells to 

induce IL-1$ production [242, 359]. Activation of the inflammasome molecules has 

been identified as a mediator of adjuvant activity by aluminum hydroxide, although 

other studies have yielded contradicting results showing that inflammasome activation 

by alum is not required for antigen specific immunity [242]. 

Mastoparan 7 can non-specifically penetrate cells to form pores similar to 

bacterial toxins that activate the inflammasomes [319, 351]. Peptide-induced membrane 

pores have been described for other cationic antimicrobial peptides similar to 

mastoparan [360]. Since M7 is a cell penetrating peptide [319], this means that it has the 

potential to activate the inflammasome in dendritic cells and macrophages to induce 

IL-1 type cytokines that could then function as adjuvants. Thus inflammasome 

activation could be another possible mechanism for mastoparan adjuvant activity. 

This study therefore, characterized the mechanism of adjuvant activity for M7 

when given intranasally because understanding the mechanism of action for M7 

adjuvant would be important for its development as a nasal vaccine adjuvant. Studies 

were conducted to determine if mast cells, inflammasome activation or the adaptor 

protein MyD88 contribute to M7 adjuvant activity.  

3.2 Materials and Methods 

3.2.1 Invitro mast cell degranulation and viability 

Mastoparan peptides (M7-NH2 and M17) were evaluated for the capacity to 

activate mast cells using the invitro assay system that measures the release of a granule 
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enzyme $-hexosaminidase as described in previous work [361]. M7 is the active form 

while M17 is the inactive analog of mastoparan peptide [308, 362]. $-hexosaminidase is 

an enzyme contained in the mast cell granules and is released upon degranulation and 

can be detected in the supernatant in which mast cells have been cultured [361]. A 

mouse mucosal mast cell, MC-9 (ATCC, Cat# CRL-8306) was stimulated with cationic 

mastoparan peptides to evaluate their mast cell degranulation capacity. After mast 

cells were treated with M7-NH2, cell viability was determined using a Cell Titer 96 

Aqueous one solution, cell proliferation assay following the manufacturer’s 

instructions (Promega, Cat# G3581, Madison, USA).  

3.2.2 Mice 

Six to eight weeks old mice were used in this study. Wild type mice 

(C57BL/6NJ, Cat# 5304) on whose back ground the knock-out strains were generated, 

Caspase 1 knock-out mice on C57BL/6 background (Cat# 16621, J-B6N.129S2-

Casp1tm1Flv/J), MyD88 knock-out mice on C57BL/6 background (Cat# 9088, B6.129P2 

(SJL)-Myd88tm1.1Defr/J) and mast cell deficient mice on C57BL/6 back ground (Cat# 

100410, WBB6F1/J-KitW/KitW-V) (MCD) were purchased from Jackson Laboratories, 

MD, USA. Additional caspase 1 knock-out mice (Casp1–/–Casp11129mt/129mt referred to 

as Casp1–/– Casp11–/–) [363] were a donation from Dr Edward Miao, UNC, Chapel Hill. 

All mice were housed at the Duke University Division of Laboratory Animal Resources 

(DLAR) and were fed on regular rodent diet and water ad libitum. Mice that were a 

source of bone marrow-derived macrophages were bred and housed in a specific 

pathogen–free facility at the University of North Carolina at Chapel Hill.  
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3.2.3 Reagents 

Recombinant Domain III envelope protein of West Nile Virus, New York 99 

(EDIII) was purchased from GenScript (Cat# 131638, Piscataway, NJ, USA. Mastoparan 

peptides were purchased from CPC scientific (M7-NH2 Cat# 810770, M17 Cat# 810205), 

Sunnyvale, CA, USA; while CT was obtained from List biological laboratories (Cat# 

100B), Campbell, CA, USA; and IL-1# (Cat# 400-ML/CF) was from R and D Systems, 

MN, USA. Multiplex assay kits were obtained from Bio-Rad, Richmond, CA, USA. 

Goat anti-mouse IgG (Cat#1030-04), IgG1 (Cat#1070-04) and IgG2a (Cat#1080-04) were 

purchased from Southern Biotech, Birmingham, AL, USA. 

3.2.4 Immunizations and sampling 

After arrival, mice were allowed at least seven days of rest and acclimatization 

before they were used on the studies. All mice were bled by the submandibular vein 

using 4 mm lancets to obtain pre-immune serum, and allowed one week of rest before 

receiving primary immunizations. In the study to compare WT and MCD, 30 (g of 

EDIII antigen was used per mouse or combined with respective adjuvants on day 0 

and 7. To compare WT (C57BL/6) and MyD88-/- and caspase 1-/- mice, mice were 

divided into groups that received 15 (g EDIII antigen per mouse or combined with 

adjuvants on days 0, 7 and 21. Adjuvants included 1 (g cholera toxin as a positive 

mucosal adjuvant control or with 1-5 nanomoles of M7-NH2 (Only -NH2 form of M7 

was first studied for mechanism activity at this point because it is the original/native 

form as found in the literature) or 4 (g IL-1#. Each mouse was immunized intranasally 

with a total of 15 µl (7.5 µl per nostril) of vaccine using a micropipette and pipette tip. 

After the first immunization, mice were bled at 6 hours to obtain blood samples. Serum 

was aspirated and stored at -80OC until tested for cytokines using multiplex assay. 



 

 

107 

Bleeding was performed on days 14 (WT versus MCD) and day 42 (WT versus MyD88-

/-, caspase 1-/-). Serum antigen-specific antibodies were determined using ELISA.  

3.2.5 Cytokine Multiplex Assay 

Serum samples collected at 6 hours following primary immunization were 

tested for G-CSF, IL-13 and IL-5 (C57BL/6 versus MCD) or IL-1#, IL-1$, IL-2, IL-3, IL-

4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN-

!, KC, MCP-1, MIP-1#, MIP-1$, RANTES, TNF-# (C57BL/6 versus MyD88-/-, caspase 

1-/-) using a multiplex assay following the manufacturer’s instructions (BioPlex Pro 

Assays, Bio-Rad) and samples were read on a BioPlex Luminex (Bio-Rad Laboratories, 

Inc.). The data was log10 transformed before analysis using 1 Way ANOVA with 

Tukey’s multiple comparison test. 

3.2.6 Antibody ELISA 

Serum antibody titers were determined using ELISA as previously described 

[250]. Briefly, black 384 well plates (MaxiSorp, Non sterile, Cat#460518, Thermo 

Scientific, Rochester, NY, USA) were coated with 15 µl of 2 µg/ml EDIII antigen in 

sodium carbonate buffer (Na2CO3 15 mM/NaHCO3 35 mM) and incubated overnight 

at 4 oC. The antigen-coating solution was discarded followed by blocking non-specific 

binding sites by addition of 30 µl of 3% non-fat dry milk in carbonate buffer for 2 hours 

at room temperature. Plates were either wrapped in aluminum foil and frozen 

containing blocking buffer or washed four times using 85 µl of ELISA wash buffer 

(1xPBS/0.1% Tween-20/0.05% kathon) followed by addition of samples.  

During ELISA, samples were prepared in sample dilution blocks. Serum was 

diluted in sample dilution buffer (1x PBS/1%BSA/5% goat serum/1% non-fat dry 

milk/0.05% Tween-20/0.1% kathon) at a starting dilution of 1:32 while mucosal 
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samples were prepared with a starting dilution of 1:4 or 1:8. A serial dilution was 

performed at two-fold through a total of 24 dilutions (1:268,435,456). Plates were 

washed four times using 85 (l of the ELISA wash buffer (1xPBS/0.1% Tween-20/0.05% 

kathon). 15 (l of each serially diluted sample was added to a respective well on the 

plate and incubated overnight at 4 oC. The detection antibody was diluted in secondary 

antibody dilution buffer (1xPBS/0.5%/BSA/5% goat serum/0.05%Tween-20/0.1% 

kathon). Plates were then washed x4 as above and 15 (l of alkaline phosphatase-

conjugated detection antibody (goat anti-mouse IgG or IgG1 or IgG2a) was added per 

well and incubated at room temperature for two hours. The plates were again washed 

x4 as above and 15 (l of substrate solution (600µg/ml attophos, cat# S1011 in buffer, 

cat# S1021, Promega Corporation, Madison, WI, USA) was added per well and 

incubated for 15 minutes in the dark at room temperature. Fluorescence was read at 

440/30 nm excitation and 560/40 nm emission wavelengths using a Synergy 2 Multi 

Detection micro plate Reader (BioTek, Highland Park, USA). The antibody titers were 

determined as the reciprocal of the last dilution that gave a three-fold fluorescence 

light units above that of pre-immune serum of the similar dilution (negative control). 

Statistical analysis was done using data of log2 end-point titers using 1-way 

ANOVA and Tukey’s multiple comparison test. When p value = or < 0.05 the 

differences were considered significant. 

3.2.7 Culture of macrophages, stimulation, and inflammasome 
activation. 

Bone marrow macrophages (BMM) were prepared as previously described 

[364]. To test the direct effects of different adjuvants on macrophages invitro, 

macrophages were seeded into 96-well tissue culture treated plates at a density of 5 x 

104 cells/well. Macrophages were primed with lipopolysaccharide (50 ng/ml) for 6 hrs. 
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BMM were stimulated with M7-NH2 adjuvant at concentrations of 25 µg/ml or 50 

µg/ml while alum was used at 130µg/ml. Plates were centrifuged for 5 minutes at 200 

x g and then incubated at 37°C/5% CO2. Supernatant samples were collected after 24 

hours of incubation. IL-1$ secretion was determined by ELISA following the 

manufacturer’s instructions (DuoSet ELISA Development System R&D Systems, USA). 

3.2.8 Mouse TLR/NLR ligand screening for mastoparan 7-NH2 activity 

 To determine if M7-NH2 could directly activate receptors of the innate immune 

system such as TLR/NLR in order to stimulate induction of innate and adaptive 

immune responses, HEK 293 reporter cells expressing various innate immune system 

receptors were used. This assay was contracted and performed by InvivoGen. In this 

assay TLR and NLR stimulation was tested by determining if M7-NH2 could activate 

NF-%B in HEK293 cells expressing a TLR2, 3, 4, 5, 7, 8 and 9, and mouse NOD1 and 

NOD2 at 50 (g/ml. The following controls were used for respective TLR/NLR; TLR2: 

HKLM (heat-killed Listeria monocytogenes) at 108 cells/ml, TLR3: Poly(I:C) at 1 (g/mL, 

TLR4: E. coli K12 LPS (lipopolysaccharide) at 100 ng/ml, TLR5: S. typhimurium flagellin 

at 100 ng/ml, TLR7: CL097 (imidazoquinoline) at 1 (g/ml, TLR8: CL075 

(thiazoquinoline) at 10 (g/ml + Poly(dT) 10 (M, TLR9: CpG ODN 1826 at 100 ng/ml, 

NOD1: C12-iE-Diacyl peptide at 1 (g/ml, NOD2: L18-Muramyl dipeptide at 100 

ng/ml. 

Twenty (l of M7-NH2 sample or media or the positive control ligands were 

added to the respective wells in a 96-well plate (200 (l total volume) containing the 

appropriate cells (50,000-75,000 cells/well). The media added to the wells was 

designed for the detection of NF-%B induced SEAP expression. Upon activation the 

Secreted Embryonic Alkaline Phosphatase (SEAP) reporter which is under the control 
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of a promoter inducible by the transcription factor NF-%B allows to monitor activation 

that signals through the TLR/NLR, based on the activation of NF-%B. After incubation 

for 16-20 hours the optical density was read at 650 nm on a Molecular Devices 

SpectraMax 340PC Absorbance Detector. 

3.2.9 Culture of Mode-k and CMT 293 cells  

Mouse rectal epithelial cell line, CMT-93 (ATCC, Cat#CCL-223) were cultured 

in DMEM media supplemented with 4mM L-glutamine, 1.5 g/l sodium bicarbonate, 

4.5 g/l glucose, 1 mM sodium pyruvate, 10% FBS, 2 mM HEPES. Cells were cultured at 

37°C in a humidified, 5% CO2 incubator.  CMT cells were cultured with media alone or 

stimulated with M7-NH2 (6.25 µM, 25 µM, 100 µM) for 1 hour, and supernatant was 

tested for IL-33 concentration using ELISA method following the following the 

manufacturers’ instructions (DuoSet ELISA Development System, Cat#DY3626, R & D 

Systems, MN, USA). Triton-x 100 was used as positive control to provide lysis of the 

cell and release of intracellular IL-33.  

Mode-K intestinal epithelial cell line [365] were grown in media consisting of 

DMEM 4.5 g/l glucose supplemented with 2 mM sodium pyruvate, 10% heat-

inactivated FBS,1.5 g/l sodium bicarbonate, penicillin/streptomycin, 2mM HEPES. 

Mouse intestinal epithelial cell line (Mode-k) were cultured alone or stimulated with 

different concentrations of M7-NH2 (12.5 µg/ml, 25 µg/ml, 50 µg/ml, 100 µg/ml) for 

24 hours and supernatant was tested for presence of double stranded DNA using a 

fluorescence detection method (Accuclear Ultra High Sensitivity dsDNA Quantitation 

Kit, Cat#31028, CA, USA) following manufacturer’s instructions. 

Protocols were approved by the Institutional Animal Care and Use Committee 

of Duke University (IACUC). Protocols for studies that involved use of mice 
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macrophage done at UNC were approved by the Institutional Animal Care and Use 

Committee of the University of North Carolina, at Chapel Hill. 

3.2.10 Statistical analysis 

Antibody titers, cytokines and fluorescence flux were analyzed using 1-way 

ANOVA with Tukey’s multiple comparison test. Cytokine data was log10 transformed 

before statistical comparisons. Differences were considered significant when p < 0.05 

(GraphPad Prism version 5). 
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3.3 Results 

3.3.1 Mastoparan 7-NH2 peptide is a potent mast cell activating 
peptide invitro. 

Previous studies have identified MP as a mast cell activating peptide [351]. To 

confirm previous observations, the mast cell degranulation activity of M7 was tested 

on MC-9 mouse mucosal mast cells using an invitro system as previously described 

[361]. MC-9 mast cells were treated with different doses of M7-NH2 ranging from 4.4 

µg/ml to142 µg/ml, or with M17 peptide as a negative control. We observed a dose-

dependent mast cell activation activity by M7-NH2 that induced release of $-

hexosaminidase enzyme, a marker for degranulation. There was no degranulation 

observed with the use of a lower dose of 4.4 µg/ml of M7-NH2, however, when the 

peptide concentration was increased to 8.9 µg/ml, the degranulation of MC-9 mast 

cells by M7-NH2 was 1.5 + 0.6%. By increasing further the dose of M7-NH2 to 17.8 

µg/ml, induced mast cell degranulation also increased to 30.5 + 4.7%. When the 

highest dose of 142 µg/ml peptide was used, degranulation activity increased to 85 + 

5% (Figure 13A). The inactive M17 peptide did not have any mast cell degranulation 

capacity at the peptide concentrations less than or equal to 568 µg/ml (data not 

shown). When M7-NH2 was evaluated for its effect on cell viability, we observed that 

low or lack of degranulation of mast cells was associated with higher cell viability 

while greater degranulation was associated with more cell death (Figure 13B). When 

mast cell viability and degranulation were compared, a negative correlation was 

observed between mast cell degranulation and cell viability (r = -0.97, p < 0.0001), 

which indicated that induction of degranulation activity by M7-NH2, could be 

associated with some degree of cell death (Figure 13C). 
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Figure 13: Mastoparan 7-NH2 is a potent mast cell activating cationic peptide. 

MC-9 mouse mast cells were stimulated with different doses of M7-NH2 (4.4, 
8.9, 17.8, 35.5, 71 and 142 µg/ml), to determine the capacity to activate mast cells. 
Activation was determined by quantifying the $-hexosaminidase enzyme released 
after degranulation. In addition, the viability of the cells was determined after 
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stimulation with the peptides using the Cell Titer 96 Aqueous One solution Cell 
Proliferation Assay. Degranulation was expressed as percent of total degranulation 
induced by Triton x-100, while viability was expressed as percent of viability of 
unstimulated cells. A) Percent degranulation based on $-hexosaminidase released by 
MC-9 mast cells after stimulation with M7-NH2 peptide, B) Percent viability of MC-9 
mast cells after stimulation with M7-NH2 peptide, C) Correlation between percent 
degranulation and percent viability of MC-9 mast cells after stimulation with M7-NH2 
peptide (p < 0.0001).  
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3.3.2 Mastoparan 7-NH2 peptide activates caspase 1 inflammasome 
pathway invitro in mice bone marrow-derived macrophages. 

Since M7-NH2 peptide has been shown to be a cell membrane active, and to 

form pores in cells, this was indicative that it may activate the inflammasome. Pore-

formation by bacterial toxins has been linked to activation of inflammasome [366], 

which can be mimicked by the pore forming MP [319]. We therefore hypothesized that 

being the derivative of MP; M7-NH2 may activate the inflammasome as a possible 

mechanism of adjuvant activity. We therefore determined if M7-NH2 could activate the 

inflammasome as a possible pathway for its adjuvant activity using an invitro system. 

This was based on the fact that studies have indicated that the activation of 

inflammasome has a possible role in inducing innate immunity that lead to activation 

of caspase 1 and release of IL-1 family of cytokines including IL-1$ [345, 359] that 

activate innate immunity.  

Bone marrow-derived macrophages from WT and caspase 1-/- mice were 

evaluated for production of IL-1$ after stimulation with LPS and activation with 

adjuvants. Results show that alum adjuvant (130 µg) and M7-NH2 (25 µg/ml and 50 

µg/ml) stimulated significant production of IL-1$ in WT macrophages (2025 + 441 

pg/ml, 2577 + 147 pg/ml and 2318 + 141 pg/ml respectively, p < 0.05) when compared 

to un-stimulated cells (197 + 27 pg/ml) (Figure 14A). This observation was suggestive 

that M7-NH2 could mediate its adjuvant activity through inflammasome activation. To 

determine if the IL-1$ production was a result of activation of caspase 1, caspase 1 

knockout macrophages were stimulated in a similar manner to WT macrophages. 

There was a reduction in IL-1$ production in cells from mice lacking caspase 1 when 

stimulated with 25 µg or 50 µg M7-NH2 (298 + 124 pg/ml and 228 + 65 pg/ml 

respectively, ) or alum (481 + 106 pg/ml, p <0.05) adjuvants (Figure 14B). On the 
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contrary, M17 peptide did not show the caspase 1-dependent induction of IL-1$ 

production. This observation suggested that intranasal M7-NH2 peptide could mediate 

invivo adjuvant activity through the activation of the inflammasome.  
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Figure 14: The mast cell activating peptide mastoparan 7-NH2 activates caspase 1 
inflammasome. 

Bone marrow-derived macrophages from WT or caspase 1-/- were primed with 
10 ng/ml lipopolysaccharide for 6 hours. The cells were then stimulated for 24 hours 
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with the following adjuvants; alum (130 µg/ml), M7-NH2 (25 µg/ml or 50 µg/ml), 
M17-OH (25 µg/ml or 50 µg/ml). Un-stimulated cells in media served as negative 
controls. Supernatant were analyzed for expression of IL-1$ concentration using 
ELISA. A) IL-1$ released by WT macrophages, B) IL-1$ released by caspase 1-/- 
macrophages. a > IL-1$ production in un-stimulated macrophages (media) (p < 0.05). 
IL-1$ concentration was analyzed by 1 Way ANOVA and Tukey's Multiple 
Comparison Test, GraphPad Prism). These results are from one experiment as a 
representative of two experiments that showed similar responses.  
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3.3.3 Mastoparan 7-NH2 does not directly activate mouse TLR/NLRs 
invitro. 

Studies have shown that vaccine adjuvant activity can be mediated through 

activation of PRRs such as TLRs or NLRs to stimulate innate immunity [5, 7]. 

Stimulation of TLR signaling has been identified to play a role in the activity of most 

vaccine antigens [27]. TLR signaling is mediated through MyD88 except for TLR3, and 

MyD88 has thus been identified as pivotal in mediating the adjuvant activity of TLR 

ligands [86]. MyD88 adaptor protein has been shown to be positioned down-stream of 

many TLRs and could play a role in transmitting the activation signals when these 

receptors get stimulated [7]. We therefore determined if M7-NH2 could activate TLRs 

or NLRs using an invitro system. TLR and NLR stimulation by M7-NH2 was tested by 

assessing NF-%B activation in HEK 293 cells expressing different mouse TLRs (TLR2, 3, 

4, 5, 7, 8 and 9) and mouse NOD1 or NOD2. The screening results showed that M7-

NH2 could not directly activate any of the TLR or NLR tested above (Figure 15). These 

results demonstrated that the adjuvant activity of M7-NH2 did not involve direct 

activation of TLR or NLR on innate immune cells. 
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Figure 15: Mastoparan 7-NH2 does not directly activate HEK293 expressed TLR/NLR. 

The activity of M7-NH2 was tested on mouse TLR2, 3, 4, 5, 7, 8 and 9, and 
mouse NOD1 and NOD2. M7-NH2 was tested at 50 (g/ml while the following controls  
were used for respective TLR/NLR; TLR2: HKLM (heat-killed Listeria monocytogenes) at 
108 cells/ml, TLR3: Poly(Inosinic:Cytidylic) acid at 1 (g/ml, TLR4: E. coli K12 LPS at 
100 ng/ml, TLR5: S. typhimurium flagellin at 100 ng/ml, TLR7: CL097 
(imidazoquinoline) at 1 (g/ml, TLR8: CL075 (Thiazoquinoline) at 10 (g/ml + Poly(dT) 
10 (M, TLR9: CpG ODN 1826 at 100 ng/ml, NOD1: C12-iE-DAP (Diacyl peptide of !-
D-Glu-mDAP) at 1 (g/ml, NOD2: L18-MDP (Muramyl dipeptide joined to stearoyl 
fatty acid chain) at 100 ng/ml. Secreted Embryonic Alkaline Phosphatase (SEAP) 
reporter optical density was read at 650 nm on a Molecular Devices SpectraMax 340PC 
Absorbance Detector (This assay was performed by InvivoGen). 
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3.3.4 Mastoparan 7-NH2 induces release of IL-33 and double-
stranded DNA (dsDNA) as damage associated molecules from 
epithelial cells invitro. 

 Part of our invitro screening studies demonstrated that M7-NH2 could not 

directly activate TLRs/NLRs. We found that M7-NH2 could not directly activate TLR2, 

3, 4, 5, 7, 8, 9 or NOD1/2 receptors expressed by HEK293 reporter cells (Figure 15). 

Based on the published work, it has been shown that IL-33 can be induced by epithelial 

cells as a result of cell damage to induce Th2 type cellular responses by activation of 

innate immunity through MyD88 [52]. Our data has shown that M7-NH2 can induce 

damage to cell membranes and this may induce release of IL-33 from epithelial cells 

which may then be a source of adjuvant activity. We therefore determined if M7-NH2 

could induce release of IL-33 from mouse epithelial cells invitro, as an indication that 

intranasal M7-NH2 could induce a similar activity invivo. Mouse CMT 293 epithelial 

cells were stimulated with different concentrations of M7-NH2 (6.25, 25 or 100 µM) and 

supernatant was tested for IL-33 concentration. Results demonstrated induction of 65.6 

+ 31.1 pg/ml IL-33 by 25 µM of M7-NH2 while 100 µM induced 376.4 + 171.9 pg/ml of 

IL-33 that was significantly higher compared to media alone (39.9 + 12.2 pg/ml), p > 

0.05 (Figure 16). This data implied that it could be possible for MP7-NH2 to induce the 

activation of MyD88 by stimulating release of IL-33 from epithelial cells to activate 

innate immunity through MyD88 -dependent pathway. 
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Figure 16: Mastoparan 7-NH2 peptide induces release of IL-33 from epithelial cells. 

To determine if M7-NH2 could induce release of endogenous danger signals 
that may activate innate immunity to drive adaptive immune responses through 
MyD88 pathway. Mouse rectal epithelial cell line (CMT 293) cells were cultured with 
media lone or stimulated with M7-NH2 at different concentrations (6.25 µM, 25 µM, 100 
µM), and the supernatant was tested for IL-33 concentration using ELISA. Triton-x 100 
was used as positive control, a > media (p < 0.05). The IL-33 data was analyzed by 1 
Way ANOVA followed by Tukey’s multiple comparison test (Graph Pad Prism). 
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In addition to IL-33, studies have also shown that endogenous DNA can be 

released by dying cells due to cell injury or infection, and this may function as 

endogenous adjuvants to activate host innate immune system. The mechanism of how 

the host DNA activates innate immunity is still not clear but several pathways have 

been implicated including the TLR9/MyD88-dependent and IRF3-dependent/TLR9-

independent pathway [82, 367]. Results from mast cell degranulation studies showed 

that M7-NH2 could induce cell death in a dose dependent manner, which implied that 

M7-NH2 may cause cell death, which could be a source of host DNA that may then 

activate innate immune cells. Since M7-NH2 is active on cell membranes, we reasoned 

that it could be possible to induce localized cell death in the epithelial cells of the nasal 

cavity to cause release of host DNA. This may then function as endogenous adjuvant. 

Results from invitro studies showed that M7-NH2 could induce release of DNA 

from mouse intestinal epithelial cells. Stimulation of Mode-K cells with 50 µg/ml or 

100 µg/ml of M7-NH2  induced release of significantly higher levels of DNA (3.1 + 0.57 

and 4.2 + 0.05 ng/µl respectively, p < 0.05) compared to media alone (1.6 + 0.12 ng/µl) 

(Figure 17). These data have provided preliminary results to demonstrate that M7-NH2 

is capable of inducing release of IL-33 and host DNA by causing damage to cells. These 

molecules have the potential to be sources of endogenous adjuvant activity. These 

provide options that could be investigated to understand the adjuvant activity of M7-

NH2. 
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Figure 17: Mastoparan 7-NH2 stimulates release of dsDNA from epithelial cells. 

Mouse intestinal epithelial (Mode-k) cells were cultured alone or stimulated 
with different concentrations of M7-NH2 (25 µg/ml, 50 µg/ml, 100 µg/ml) for 24 hours 
and supernatant was tested for presence of double stranded DNA. M17 peptide that 
has no adjuvant activity was used as a negative control. Supernatant dsDNA 
concentration was determined using the calorimetric dsDNA kit as described in the 
methods, # > Media (p < 0.05). The dsDNA was compared using 1 Way ANOVA and 
Tukey’s multiple comparison test (GraphPad Prism). 
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3.3.5 Mastoparan 7-NH2 peptide does not require mast cells or 
inflammasome activation for invivo activation of innate immunity in 
mice, but requires MyD88 pathway. 

Studies have shown that mast cell activating molecules can be effective 

intranasal vaccine adjuvants [41]. Our studies have also shown that M7 is an effective 

intranasal vaccine adjuvant as shown in chapter 2. We have also confirmed that M7-

NH2 is an effective mast cell activator of MC-9 mast cells using an invitro assay. Since 

M7-NH2 demonstrated adjuvant activity as an intranasal vaccine adjuvant and also 

activated mast cells invitro, we determined if invivo adjuvant activity of M7-NH2 

adjuvant required mast cells. Our invitro studies also demonstrated that M7-NH2 could 

activate the inflammasome, and this encouraged us to determine whether this pathway 

was also required for invivo adjuvant activity. Thirdly, studies have shown that 

MyD88, an adaptor molecule to most TLRs plays a central role in signaling of innate 

immune activation by vaccine adjuvants and pathogens [5, 368-370]. Although our 

invitro studies indicated that M7-NH2 could not directly activate TLRs/NLRs, there 

was release of dsDNA and IL-33 from epithelial cells invitro, and these could be 

possible molecules that may activate the MyD88 pathway. We therefore also evaluated 

whether M7-NH2 adjuvant activity could be dependent on MyD88 pathway.  

The adjuvant activity of M7-NH2 was compared between WT mice and mast 

cell deficient (MCD) (J-kitw/kitw-v) mice, and also between caspase 1-/- , MyD88-/- and 

WT mice. Mice were immunized intranasally with either 15 (g or 30 (g EDIII antigen 

alone or combined with 1 or 5 nanomoles M7-NH2 adjuvant. CT adjuvant (1 (g) was 

administered as a positive mucosal adjuvant control. Previous studies from our 

laboratory have shown that vaccine adjuvants can activate innate immunity within 

hours to induce release of serum cytokines such as IL-5, G-CSF, IL-6 and KC [20]. 
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These cytokines were therefore used as biomarkers of effective activation of the innate 

immunity by M7-NH2. The effect of M7-NH2 on activation of innate immunity was 

determined at 6 hours after intranasal immunization.  

In the study to compare WT and MCD mice, results show that when 1 

nanomole or 5 nanomoles of M7-NH2 peptide was administered with the antigen, 

significant production of IL-5 was observed in both WT and MCD mice compared to 

animals immunized with antigen alone (Table 2). The IL-5 induced in MCD mice was 

391 + 213 pg/ml and 255 + 94 pg/ml for 1 nanomole and 5 nanomoles M7-NH2 

respectively while in WT mice it was 517 + 257 pg/ml and 477.9 + 111 pg/ml by 1 

nanomole and 5 nanomoles of M7-NH2 respectively (Table 1). G-CSF cytokine was also 

significantly increased with the use of 5 nanomoles M7-NH2 when combined with the 

vaccine antigen in both WT and MCD mice. CT adjuvant also induced significantly 

higher IL-5 compared to EDIII antigen alone in both WT and MCD mice (Table 2). 

These data indicated that mast cells are not required for the innate activity of M7-NH2. 
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Table 2: Intranasal mastoparan 7-NH2 does not require mast cells to activate innate 
immune system in mice. 

Cytokine Mouse 
strain 

EDIII EDIII + 
Cholera Toxin 

(1 µg) 

EDIII + M7-
NH2 (1 

nanomole) 

EDIII + M7-
NH2 (5 

nanomoles) 
C57BL/6 25 (7, 44) 83a (47, 118) 517.3a (260.0, 

774.7) 
478a (367, 

589) 
 

IL-5 
(pg/ml) 

J-kitw/kitw-v 15 (7, 24) 48a (17, 78) 391.1a (178.2, 
604.1) 

255a (161, 
349) 

C57BL/6 86 (25, 
147) 

156 (112, 199) 171(106, 235) 389a (287, 
490) 

G-CSF 
(pg/ml) 

J-kitw/kitw-v 181 (55, 
306) 

285(144, 425) 282 (105, 459) 712a (429, 
995) 

 

Wild type (C57BL/6) and MCD (J-kitw/kitw-v) mice were immunized 
intranasally with either 30 µg of EDIII alone (n=5) or combined with M7-NH2 (1 
nanomole, n=5) or M7-NH2 (5 nanomoles, n=8) or cholera toxin (1 µg, n=5). Serum 
samples were obtained 6 hours after immunization and tested for expression of IL-5 
and G-CSF using a Multiplex Bead Assay. a > cytokine induced by EDIII alone in the 
same strain of mice (p < 0.05). Parenthesis represents the lower and upper 95% 
confidence interval of the means respectively. 
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To evaluate if the inflammasome pathway was required for the invivo innate 

immune responses by M7-NH2, we compared cytokine responses induced in WT to 

those induced in caspase 1-/- mice. Our data showed a significant increase in IL-5 

induced by 1 nanomole and 5 nanomoles of M7-NH2 (381 + 140 pg/ml and 507 + 173 

pg/ml respectively, p < 0.05) compared to EDIII alone in serum from WT mice (Table 

3). Similarly, there was significantly induced IL-5 production by 1 nanomole and 5 

nanomoles of M7-NH2 (425 + 282 pg/ml and 649 + 215 pg/ml respectively, p < 0.05) 

compared to EDIII alone in caspase 1-/- mice (Table 3).  Among the vaccine adjuvants, 

only the 5 nanomoles of M7-NH2 significantly induced IL-6, G-CSF and KC cytokines 

in WT (36 + 10 pg/ml, 636 + 243 pg/ml and 250 + 81 pg/ml respectively, p < 0.05) and 

caspase 1-/- (66 + 54 pg/ml, 998 + 327 pg/ml and 353 + 202 pg/ml respectively, p > 

0.05) mice (Table 3). No significant differences were observed in the levels of cytokines 

tested between WT and caspase 1-/- mice. IL-1# that has previously shown effective 

intranasal adjuvant activity [51, 232], induced production of significantly higher IL-6, 

G-CSF and KC compared to EDIII alone in both WT (373 + 174 pg/ml, 79,106 + 35,042 

pg/ml and 1,369 + 561 pg/ml respectively, p < 0.05) and caspase 1-/- (9,107 + 27,606 

pg/ml, 97,007 + 76, 967 pg/ml and 21,229 + 62, 908 pg/ml respectively, p < 0.05) mice 

than antigen without adjuvant (Table 3). The cytokine data has demonstrated that 

caspase 1 was not critical for activation of innate immunity by M7-NH2, implying that 

the inflammasome activation is not required for induction of innate immunity by M7-

NH2. 

The adjuvant activity of M7-NH2 in MyD88-/- mice was also evaluated similar to 

caspase 1-/- alongside WT mice. Since MyD88 has been shown as required for IL-1 

activity, and IL-1 # has been shown to have intranasal adjuvant activity [51, 232], we 
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used IL-1# as a negative control for MyD88-/- mice. In contrary to observations with 

MCD and caspase 1-/- mice, results showed that with the use of 1 or 5 nanomoles of 

M7-NH2 with the vaccine antigen in MyD88-/- mice, there was no significant increase in 

serum IL-5 (60 + 16 pg/ml and 68 + 12 pg/ml respectively, p < 0.05), IL-6 (8 + 6 pg/ml 

and 19 + 5 pg/ml respectively, p < 0.05), G-CSF (125 + 46 pg/ml and 116 + 24 pg/ml 

respectively, p < 0.05) or KC (57 + 10 pg/ml and 138 + 34 pg/ml respectively, p < 0.05) 

compared to antigen without adjuvants (Table 3). Direct comparison to WT mice 

showed a significant reduction in IL-5 induced by 1 nanomole M7-NH2 and 5 

nanomole M7-NH2 in MyD88-/- mice (Table 3). G-CSF production was only 

significantly decreased in MyD88-/- mice that received 5 nanomoles M7-NH2. IL-6, G-

CSF and KC cytokines induced by IL-1# were also significantly decreased in MyD88-/- 

mice (14 + 8 pg/ml, 119 + 42 pg/ml and 70 + 27 pg/ml respectively, p < 0.05) 

compared to WT mice, which indicated that IL-1# activity to induce IL-6, G-CSF and 

KC required MyD88 signaling (Table 3). Cytokines induced by CT adjuvant were not 

statistically different between WT and MyD88-/- mice. This observation indicated that 

CT did not require MyD88 activity for induction of innate immune cells to produce 

cytokines (Table 3). These results show that MyD88 is required for the M7-NH2 

adjuvant to maximally activate the innate immune system because induction of some 

cytokines including IL-5 was significantly lost in the absence of MyD88. 
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Table 3: Intranasal mastoparan 7-NH2 adjuvant requires MyD88 but not caspase 1 
activity for maximum activation of innate immunity. 

Cytokine Strain EDIII EDIII + 
MP7-NH2 

(1 
nanomole) 

EDIII + 
MP7-NH2 

(5 
nanomoles) 

EDIII + 
IL-1" (4 

µg) 

EDIII + 
Cholera 
Toxin 
(1 µg) 

C57BL/6 29 (16, 
42) 

381b (241, 
520) 

507b (334, 
680) 

51 (40, 
62) 

72 (48, 
96) 

MyD88-/- 27 (13, 
40) 

60a (44, 76) 68a (56, 80) 90 (12, 
167) 

168 (-
247, 
583) 

IL-5 
(pg/ml) 

Caspase 
1-/- 

18 (14, 
22) 

425b (143, 
707) 

649b (434, 
864) 

57 (31, 
85) 

52 (24, 
79) 

C57BL/6 8 (4, 
12) 

7 (3, 11) 36b (26, 47) 373b 

(199, 
547) 

77b (-9, 
163) 

MyD88-/- 6 (4, 8) 8 (2, 14) 19 (14, 24) 14a (6, 
23) 

87b (-22, 
195) 

IL-6 
(pg/ml) 

Caspase 
1-/- 

5 (4, 6) 15 (-0.8, 
31) 

66b (12, 120) 9107b (-
18500, 
36713) 

40 (12, 
68) 

C57BL/6 182 
(131, 
233) 

144.8 (81, 
208.3) 

636b (393, 
879) 

79106b 
(44064, 
114148) 

332.5 
(283.4, 
381.6) 

MyD88-/- 74a (60, 
89) 

125 (79, 
172) 

116a (92, 
139) 

119a (77, 
160) 

116a (34, 
199) 

G-CSF 
(pg/ml) 

Caspase 
1-/- 

145.4 
(97.58, 
193.2) 

227 (61, 
394) 

998b (671, 
1324) 

97007b 

(20040, 
173975) 

197 
(119, 
275) 

C57BL/6 74 (56, 
92) 

68 (53, 84) 250b (169, 
332) 

1369b 

(808, 
193) 

284b (75, 
494) 

MyD88-/- 57 (46, 
68) 

57 (47, 67) 138 (104, 
172) 

70a (43, 
96) 

687b (-
182, 

1556) 

KC 
(pg/ml) 

Caspase 
1-/- 

66 (49, 
82) 

86 (17, 
155) 

353b (151, 
556) 

21229b (-
41679, 
84137) 

351b (79, 
623) 

 
 
The induction of innate immunity by M7-NH2 was compared between WT 

(C57BL/6), Caspase 1-/- and MyD88-/- mice. Mice were grouped according to vaccine 
adjuvant and each was immunized intranasally with 15 µg of EDIII alone (n=9, 4 & 8 
respectively) or combined with M7-NH2 (1 nanomole; n=5, 4 & 4 respectively) or M7-
NH2 (5 nanomoles; n=8, 4 & 9 respectively) or IL-1# (4 µg; n=9 4, & 8 respectively) or 
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cholera toxin (1 µg; n=5, 4 & 4 respectively). Serum cytokine levels were determined 
after 6 hours by Multiplex Bead Assay. Significant increases in the levels of IL-5, IL-6, 
G-CSF and KC cytokines were observed with addition of some adjuvants compared to 
EDIII alone. a < cytokine concentration in WT (C57BL/6) mice given similar vaccine 
adjuvant (p < 0.05); b > cytokine concentration in same strain of mice given EDIII 
alone, (p < 0.05). Parenthesis represents the lower and upper 95% confidence intervals 
of the mean respectively. Cytokine data was log10 transformed before analysis using 
GraphPad Prism. 
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3.3.6 Mastoparan 7-NH2 peptide does not require mast cells or 
inflammasome activation for invivo induction of adaptive immunity 
in mice, but requires MyD88 pathway. 

After we evaluated the role of mast cells, the inflammasome and MyD88 in the 

acute induction of innate immune responses by M7-NH2, we also evaluated the role of 

these pathways in the adjuvant activity of M7-NH2 peptide to induce adaptive immune 

responses.  Animals were bled after two intranasal immunizations on (day 14 serum) 

or after three intranasal immunizations (day 42 serum). Serum anti-WNV EDIII IgG 

antibody titers were determined.  

To evaluate if mast cells are required for the invivo adjuvant activity of M7-

NH2, the serum antigen specific antibody titers were compared between MCD and WT 

mice. Antibody titers showed that EDIII antigen without adjuvant induced serum anti-

EDIII IgG titers of 1:540 and 1:97 (about 5.6-fold difference) in MCD and WT mice 

respectively. The titers indicated that MCD mice could be more sensitive to EDIII 

antigen compared to WT mice. Since MCD mice were hypersensitive, and also 30 µg of 

EDIII without adjuvant induced higher antigen-specific serum IgG antibody responses 

after two immunizations, the adjuvanticity of M7-NH2 was evaluated based on day 14 

antibody responses. Three immunizations were therefore not required to induce 

significantly elevated antigen-specific antibody responses. CT adjuvant that was used 

as a positive mucosal adjuvant control provided significant increase in anti-EDIII IgG 

antibody titers compared to the antigen alone in both WT and MCD mice (1:228,000 

and 1:1,369,000 respectively, p < 0.05) (Figures 18A and B). Both 1 nanomole and 5 

nanomoles of M7-NH2 when combined with EDIII antigen provided significant 

adjuvant activity in both WT (1:14,300 and 1:456,000 respectively, p < 0.05) and MCD 

(1:602,000 and 1:943,000 respectively, p < 0.05) mice compared to mice that received 
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antigen without adjuvants. These results demonstrated that M7-NH2 peptide did not 

require mast cells for its adjuvant activity due to induction of robust antigen-specific 

antibody responses in both MCD and WT mice. 

 

Figure 18: Mastoparan 7-NH2 augments adaptive immune responses in the absence 
of mast cells. 
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Wild-type (C57BL/6) and MCD (J-kitw/kitw-v) mice were given two intranasal 
immunizations of 30 µg EDIII vaccine alone (n=10 & 13 respectively) or combined with 
cholera toxin (1 µg; n=10 & 13 respectively), or M7-NH2 (1 nanomole; n=5 & 5 
respectively) or M7-NH2 (5 nanomoles; n=10 & 13 respectively) on days 0 and 7. Serum 
anti-EDIII IgG antibody titers were determined on day 14 using ELISA. A) Day 14 
serum IgG geometric mean titer (GMT) in WT (C57BL/6) mice. B) Day 14 serum IgG 
GMT in MCD (J-kitw/kitw-v) mice. a > antibody titer in EDIII alone (p<0.05), b > 
antibody titer in EDIII + M7-NH2 (1 nanomole), (p < 0.05). 
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We also evaluated the induction of antibody responses in caspase 1-/- mice in 

comparison to WT mice to determine if the inflammasome activation was required for 

the invivo adjuvant activity of M7-NH2 peptide to induce adaptive immunity. After 

administering three intranasal immunizations on days 0, 7 and 21, serum antibody 

titers were determined on day 42. Day 42 serum was analyzed for anti-EDIII IgG titers. 

Results showed that M7-NH2 adjuvant was active in caspase 1-/- mice similar to WT 

mice. We observed significantly enhanced antigen-specific IgG antibody titers at both 1 

nanomole or 5 nanomoles doses in both WT (1:1,250,000 and 1:3,300,000 respectively, p 

< 0.05, Figure 19) and caspase 1-/- (1:6,700,000 and 1:5,300,000 respectively, p < 0.05) 

mice (Figure 19). The anti-EDIII IgG induced by M7-NH2 in WT and caspase 1-/-mice 

was not significantly different from that induced by IL-1# (1:41,000,000 and 13,000,000 

respectively, p < 0.05) or cholera toxin (1:59,000,000 and 1:99,000,000 respectively, p < 

0.05). 

In contrary to caspase 1-/- mice, day 42 data from Myd88-/- mice indicated a 

dose dependent decline in the induction of serum anti-EDIII IgG titers induced by M7-

NH2 peptide. Only the high dose at 5 nanomoles of M7-NH2 induced a significant 

increase in serum anti-EDIII IgG titers compared to antigen alone (Figure 19). The 

lower dose of 1 nanomole of M7-NH2 induced a significant increase in serum anti-

EDIII IgG titers in WT mice but not in MyD88-/- mice (1:304) compared to mice given 

antigen alone (1:81) (Figure 19). In comparison to WT mice, the anti-EDIII IgG titer 

induced by 1 nanomole of M7-NH2 was significantly lower in MyD88-/- mice compared 

to WT mice (1:304 and 1:1,250,000 respectively, p < 0.05). The antigen-specific IgG 

antibody titers induced by 5 nanomoles were however, not significantly decreased in 

MyD88-/- mice compared to WT. The adjuvant activity of IL-1# was lost completely in 
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MyD88-/- mice as demonstrated by lack of IgG, while the adjuvant activity of CT to 

induce anti-EDIII IgG was not dependent on MyD88. The invivo adjuvant activity of 

Mastoparan 7-NH2 to augment induction of adaptive immune responses therefore, 

requires MyD88 signaling pathway with a lower dose. 
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Figure 19: Mastoparan 7-NH2 adjuvant requires MyD88 but not inflammasome 
activation for maximum induction of IgG antibody responses.  

Serum antibody responses induced by M7-NH2 were compared between WT 
(C57BL/6), Caspase 1-/- and MyD88-/- mice. Mice were grouped according to vaccine 
adjuvants and each was immunized with 15 µg of EDIII alone (n=16, 8 & 9 
respectively) or combined with M7-NH2 (1 nanomole; n=4, 3 & 4 respectively) or M7-
NH2 (5 nanomoles; n=14, 9 & 9 respectively) or IL-1# (4 µg; n=10, 3 & 9 respectively) or 
CT (1 µg; n=11, 9 & 4 respectively). Mice were immunized on days 0, 7 and 21, and 
blood samples obtained on day 42. Serum anti-EDIII antibody titers were determined 
using ELISA. a > antibody titers in EDIII alone in the same strain of mice (p < 0.05); b > 
antibody titers in MyD88-/- mice, p < 0.05; Antibody titers were analyzed by 1 Way 
ANOVA followed by Tukey’s multiple comparison test. 
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We also evaluated the levels of IgG isotypes induced by peptide adjuvants to 

determine if there was a biased induction of either a Th1 or a Th2 type immune 

response. Evaluation for serum anti-EDIII IgG1 and IgG2c antibodies in all vaccine 

groups demonstrated a similar profile for anti-EDIII IgG1 titers to that of anti-EDIII 

IgG in WT and also in caspase 1-/- mice. There were no significant differences in IgG1 

titers induced by all adjuvants between WT and caspase 1-/- mice (Figure 20A). 

Similarly, IgG2c titers were not significantly different between WT and caspase 1-/- 

mice (Figure 20B).  

Evaluation of IgG isotypes in MyD88-/- mice also demonstrated a similar profile 

to IgG of decreased serum IgG1 induced by 1 nanomole M7-NH2 in MyD88-/- mice 

compared to WT mice (1:1,220 and 1:9,980,000 respectively, p < 0.05) (Figure 20A). 

Similar to IgG, the antigen-specific IgG1 induced by M7-NH2 in MyD88-/- mice were 

not significantly decreased when 5 nanomoles of the peptide was used. However, the 

IgG2c titers induced by 5 nanomoles M7-NH2 in MyD88-/- mice were significantly 

lower compared to IgG2c induced in WT mice (1:138 and 1:2,500 respectively, p < 0.05) 

(Figure 20B). The adjuvant activity of IL-1# was lost completely in MyD88-/- mice as 

demonstrated by lack ofIgG1 or IgG2c, while the adjuvant activity of CT to induce anti-

EDIII IgG1 and IgG2c was not lost in MyD88-/- mice. Therefore MyD88 was required 

for induction of IgG2c with low and high dose of M7-NH2. 
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Figure 20: Mastoparan 7-NH2 adjuvant requires MyD88 but not caspase 1 
inflammasome for maximum induction of IgG1 and IgG2c antibody responses.  

Serum antibody responses induced by M7-NH2 were compared between WT 
(C57BL/6), Caspase 1-/- and MyD88-/- mice. Mice were grouped according to vaccine 
adjuvants and each was immunized with 15 µg of EDIII alone (n=16, 8 & 9 
respectively) or combined with M7-NH2 (1 nanomole; n=4, 3 & 4 respectively) or M7-
NH2 (5 nanomoles; n=14, 9 & 9 respectively) or IL-1# (4 µg; n=10, 3 & 9 respectively) or 
CT (1 µg; n=11, 9 & 4 respectively). Mice were immunized on days 0, 7 and 21, and 
blood samples obtained on day 42. Serum anti-EDIII antibody titers were determined 
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using ELISA. A) Day 42 serum IgG1 GMT; B) Day 42 serum IgG2c GMT. a > antibody 
titers in EDIII alone in the same strain of mice (p < 0.05); b > antibody titers in MyD88-

/- mice, p < 0.05. Antibody titers were analyzed by 1 Way ANOVA followed by Tukey’s 
multiple comparison test. 
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Antigen-specific IgG1 and IgG2c were compared to determine the influence of 

caspase 1 and adjuvants on Th1 or Th2 antibody responses. The comparison of anti-

EDIII IgG1 and IgG2c titer demonstrated significantly higher IgG1 compared to IgG2c 

induced by both 1 nanomole M7-NH2 (1:9,980,000 and 1:304 respectively, p < 0.05) and 

5 nanomoles of M7-NH2 (1:76,000,000 and 1:2,500 respectively, p < 0.05) in WT mice 

(Table 4). The IgG1 and IgG2c titers have indicated that M7-NH2 induces more Th2 

type antibody response than Th1 type antibodies (Table 3), and this profile was not 

affected by lack of caspase 1 activity (Table 4).  

To determine if MyD88 could influence the adjuvant activity of M7-NH2 

differentially for the induction of a Th1 or Th2 type antibody response, we compared 

the levels of anti-EDIII IgG1 and IgG2c in MyD88-/- mice. Results demonstrated a 

significant difference between the anti-EDIII IgG1 and IgG2c induced by both 1 and 5 

nanomoles of M7-NH2 adjuvant in MyD88-/- mice. There was induction of more IgG1 

than IgG2c by 1 nanomole M7-NH2 (1:1,200 and 1:32 respectively, p < 0.05) and 5 

nanomoles M7-NH2 (1:524,000 and 1:138 respectively, p < 0.05) in MyD88-/- mice (Table 

4). The comparison of antibody data at day 42 indicated that MyD88 plays an 

important role in mediation of adaptive immune responses stimulated by M7-NH2 as 

an intranasal vaccine adjuvant in mice. 

 



 

142 

 

Table 4: Direct comparison of IgG1 and IgG2c antibody titers induced by 
Mastoparan 7-NH2 adjuvant after intranasal immunization. 

Strain Vaccine formulation IgG1 GMT IgG2c GMT 

15µ g EDIII 267 (57-1247) 67 (38-117) 
15 µg EDIII+M7-NH2 
(1 nanomole) 

1.0 x 107 (82392-1.2 x 
109)e 

304 (58-1592) 

15 µg EDIII+M7-NH2 
(5 nanomoles) 

7.6 x 106 (2.0 x 106-
3.0x107)e 

2497 (580-10740) 

15 µg EDIII+IL-1# (4 
µg) 

7.7 x 107 (2.2 x 107-2.7 
x 108)e 

3.2 x 106 (1.0 x 106-
9.8 x 106) 

C57BL/6 

15 µg EDIII+CT (1 µg) 1.0 x 108 (5.4 x 107-2.0 
x 108)e 

765188 (5.4 x 107-2.5 
x 106) 

15 µg EDIII 939 (18.8-46939) 108 (55-211) 
15 µg EDIII+M7-NH2 
(1 nanomole) 

6.7 x 106 (2.5 x 106-1.8 
x 107)e 

3251 (22.6-468709) 

15 µg EDIII+M7-NH2 
(5 nanomoles) 

1.8 x 107 (3.8 x 106-8.7 
x 107)e 

6020 (1466-24718) 

15 µg EDIII+IL-1#(4 
µg) 

4.2 x 107 (219453-8.1 x 
109) 

1.0 x 106 (392-2.8 x 
109) 

Caspase 1-/- 

15 µg EDIII+CT (1 µg) 8.5 x 107 (4.0 x 107-1.8 
x 108)e 

1.5 x 106 (297577-8.0 
x 106) 

15 µg EDIII 32 (32-32) 47 (35.5-62.3) 
15 µg EDIII+M7-NH2 
(1 nanomole) 

1218 (2.8-524470)e 32 (32-32) 

15 µg EDIII+M7-NH2 
(5 nanomoles) 

524288 (84411-3.3 x 
106)e 

138 (28.9 x 660.2) 

15 µg EDIII+IL-1# (4 
µg) 

59.3 (43.0-81.6) 59.3 (39.1-89.9) 

MyD88-/- 

15 µg EDIII+CT (1 µg) 1.3 x 108 (2.8 x 107-6.4 
x 108)e 

370728 (12022-1.1 x 
107) 

 
The induction of serum IgG1 and IgG2c was compared between WT (C57BL/6), 

caspase 1-/- and MyD88-/- mice. Mice were grouped according respective vaccine 
formulation and each immunized with 15 µg of EDIII alone (n=16, 8 & 9 respectively) 
or combined with M7-NH2 (1 nanomole; n=4, 3 & 4 respectively) or M7-NH2 (5 
nanomoles; n=14, 9 & 9 respectively) or IL-1# (4 µg; n=10, 3 & 9 respectively) or cholera 
toxin (1 µg; n=11, 9 & 4 respectively). Mice were immunized on days 0, 7 and 21, and 
blood samples obtained on day 42. Serum antibody geometric mean titers were 
determined using ELISA. Day 42 serum IgG1 and IgG2c GMT in wild type, caspase 1-/- 
and MyD88-/- mice were compared; e > IgG2c in the same strain of mice (p < 0.05). In 
parenthesis is 95% CI (Lower-Upper). 
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3.4 Discussion 
This study has demonstrated that the mast cell activating M7-NH2 peptide is an 

effective intranasal vaccine adjuvant in mice. Besides being a potent intranasal 

adjuvant, mechanism studies have shown that M7-NH2 peptide uses the MyD88 

signaling pathway for its adjuvant activity. The requirement for MyD88 was partial 

because the higher dose of the peptide induced significant induction of antigen-specific 

IgG and IgG1 antibody responses in MyD88-/- mice. This study has therefore identified 

a signaling pathway that is important for current and future understanding of how 

M7-NH2 adjuvant contributes to enhanced immune responses. In addition to having 

identified that MyD88 is required for the lower dose of M7-NH2 as vaccine adjuvant, 

M7-NH2 stimulated release of IL-33 and dsDNA from mice epithelial cells when 

activated invitro. These results have generated some important information that could 

help to understand what molecules are released as a result of M7-NH2 adjuvant 

activity invivo, to trigger the MyD88 pathway. Since IL-33 can activate a MyD88 

pathway, it is a possible candidate for stimulating the induction of adaptive immune 

responses that required MyD88. On the other hand, the dsDNA may be a better 

candidate to investigate the adjuvant activity of M7-NH2 when used at a higher dose 

that did not require MyD88. Studies have shown that dsDNA can activate some 

cytosolic DNA sensors such as stimulator of interferon genes (STING) [371]. STING has 

been shown to drive the IRF3 activation, and subsequent generation of IFN cytokines.  

Such molecules could be the candidate molecules that possibly interact with the 

dsDNA if it is released invivo after administration of M7-NH2.  

Compared to other vaccine studies, it has been shown that stimulation of 

MyD88 adaptor protein commonly originates from engagement of TLRs by vaccine 
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adjuvants or microbes or their components. Then activation of MyD88 signals the 

induction of pro-inflammatory cytokines that modulate immune responses [372]. Our 

study has demonstrated that MyD88 is required for acute induction of IL-5 and G-CSF. 

This observation mimics previous studies where MF59 adjuvant was shown to require 

MyD88 for invivo adjuvant activity [368]. The MF59 study showed that production of 

IL-5 and G-CSF was significantly decreased in MyD88-/- mice within 24 hours after 

immunization with antigen and MF59. They also reported a significant reduction in 

serum antigen-specific IgG antibody titers, similar to our observation with the lower 

dose of M7-NH2 in MyD88-/- mice.  

Since MyD88 is an adaptor molecule that is involved in signaling through most 

TLRs except TLR3. We screened for M7-NH2 activity on HEK293 cells that expressed 

individual TLRs including TLR2, TLR3, TLR4, TLR5, TLR7, TLR8, TLR9 and NOD1, 

NOD2. It was surprising that, although M7-NH2 required MyD88 for the lower dose of 

M7-NH2, it could not activate TLRs or NODs tested. This observation compares with 

MF59 adjuvant study, where they found that MyD88 was required for adjuvant 

activity but MF59 could not activate TLRs in an invitro assay [368]. Our results have 

indicated that the adjuvant activity of M7-NH2 through MyD88 was either TLR-

independent or indirect if any TLR was involved. Since M7-NH2 could induce release 

of IL-33 from epithelial cells invitro, we hypothesize that this could be the source of 

activation of the innate immune system through MyD88 if released invivo. IL-33 as a 

member of IL-1 family cytokines has been shown to signal through MyD88 and to 

induce Th2 type cytokines including IL-5 [373]. It is likely that when released, IL-33 

could activate its target cells, CD25+CD44+ intraepithelial innate lymphoid cells (ILCs) 

that also express the IL-33 receptor ST2/T1 [373]. Other targets for IL-33 includes 
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macrophages and have been shown to produce IL-5 when activated by IL-25 or IL-33 

[52]. Although in our study, the source of IL-5 released in mice at 6 hours after 

administration of M7-NH2 is not clear, ILCs cell types could be the likely source.  

Studies using a bee venom protein, phospholipase A2 (PLA2) have 

demonstrated induction of Th2 type antibody responses that required ST2 receptor 

expression. They also demonstrated that PLA2 could induce IL-33 release from mice 

after peritoneal injection [374]. This work also showed that IL-5 was secreted in the 

peritoneal fluid by ILCs and was dependent on ST2 receptor expression [374]. This is 

suggestive that IL-5 observed in our study may also emanate from ILCs. Although we 

did not investigate the adaptive T cell responses in our study, the study by Palm and 

colleagues also show that Th2 type antigen-specific T cell immune responses were 

dependent on the expression of MyD88 and ST2 receptors [374]. This is suggestive that 

the activity of M7-NH2 to induce a Th2 type immune response in a MyD88 dependent 

pathway may be dependent on the ST2 activity, and this could go along with IL-33 

production.  

Our demonstration that dsDNA could be released by epithelial cells treated by 

M7-NH2 invitro, is an indication that DNA release may be induced in the nasal 

epithelial cells. Studies have shown that DNA can be released from damaged cells to 

activate dendritic cells in TLR9-dependent or TLR9-independent pathways [367, 375]. 

This information identifies another possible pathway through which M7-NH2 may 

activate antigen-presenting cells. Although we know that M7-NH2 induces release of 

dsDNA invitro, this has not been demonstrated invivo. However, this is a potential 

mechanism through which M7-NH2 could activate MyD88-dependent activity besides 

the IL-33 pathway. The TLR9-independent activity by host DNA may account for the 
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MyD88-independent activity by M7-NH2, observed with the higher dose of peptide, 

and this may involve the cytosolic sensors of DNA. The actual mediator that binds 

DNA to signal IRF3 is not very clear but mitochondrial antiviral signaling protein 

(MAVS) [81, 82] and stimulator of interferon genes (STING) have been proposed by 

some studies [371]. IRF3 has been shown to induce interferon response genes that 

induce transcription and release of type I interferons [82]. This hypothesis shows that 

there are two possible pathways by which M7-NH2 could activate MyD88; one is by 

induction of IL-33 and subsequent activation of ST2 receptors, and second is by 

induction of DNA release that when bound by M7-NH2 translocate into the endosome 

to activate TLR9 and MyD88. Although this study demonstrated invitro activation of 

MC-9 mast cells by M7-NH2, its adjuvant activity remained normal in MCD mice (J-

kitw/kitw-v) as demonstrated by induction of innate (IL-5) and antigen-specific IgG 

antibody responses. This observation indicated that mast cells were not critical in the 

adjuvant activity of M7-NH2. Similarly, although M7-NH2 adjuvant could activate the 

inflammasome in mice macrophages invitro, M7-NH2 adjuvant activity to induce 

innate and adaptive immune responses in caspase 1-/- mice was normal. This implied 

that M7-NH2 adjuvant did not require inflammasome activation for invivo adjuvant 

activity.  

Compared to previous studies, our vaccine studies have demonstrated that M7-

NH2 is an effective intranasal vaccine adjuvant similar to mast cell activating 

compound 48/80 [41]. Although the adjuvant activity of M7-NH2 has strengthened the 

idea that some mast cell activators have effective adjuvant activity, M7-NH2 adjuvant 

activity did not require mast cells because the immune responses induced in MCD 

mice were as high as in WT mice.  c48/80 on the other hand was shown to require mast 
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cells for maximum adjuvant activity, because there was reduction of adjuvant activity 

in MCD mice. This disparity could indicate that M7-NH2 is more membrane active and 

could have additional cellular targets and pathways that provided adjuvant activity in 

the absence of mast cells.  

Besides being a mast cell activator, M7-NH2 peptide has other properties similar 

to other synthetic cationic peptides including KLKL5KLK and innate defense regulator 

(HH2) peptides, and these have demonstrated effective adjuvant activities in mice [310, 

311]. The adjuvant activity by these other peptides suggests that M7-NH2 could exhibit 

adjuvant activity based on cationic nature independent of mast cell activities. In 

addition to its cationic nature, MP peptides possess non-specific cell penetrating 

properties [319, 376], that may contribute to cell lysis and anti-microbial effects [377]. 

Mastoparan peptide is active on many cells types and therefore may have diverse 

mechanisms for its adjuvant activity.  

This study also showed that M7-NH2 peptide activates the inflammasome 

invitro, but this pathway was not important for the invivo adjuvant activity by M7-

NH2. Recent work has shown that inflammasome activation has a possibility to link 

innate and adaptive immunity induced by adjuvants through activation of 

intracytoplasmic PRRs. The specific events that lead to inflammasome activation are 

not yet clear, but events that lead to pore formation and potassium efflux [378], 

generation of ROS [379], and lysosomal damage that leads to release of cathepsin B 

[372] in cells may activate  the inflammasome. Because MP is cell penetrating [319, 376, 

380] and can induce generation of ROS [381], this may explain why its analog, M7-NH2 

was capable of  activating the inflammasome.  Inflammasome activation has also been 

linked to the adjuvant activity of alum by some studies [345, 359], while other 
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observations had contradicting results indicating that inflammasome pathway was not 

required for alum to induce adaptive immune responses [242]. So, it was not surprising 

that M7-NH2 could activate the inflammasome but it was not required for adjuvant 

activity. Similarly, studies using MF59, oil in water emulsion also showed that this 

adjuvant could activate the inflammasome invitro but this activity was not required for 

adjuvant activity invivo [368]. In addition, studies using a cationic peptide melittin 

have also demonstrated activation of inflammasome in mice bone marrow-derived 

macrophages (BMDM) [297]. Invivo adjuvant activity however, demonstrated similar 

antigen-specific antibodies in WT and caspase 1-/- mice [382]. The striking differences 

between WT and caspase 1-/- mice was the significantly lower neutrophil infiltration at 

the site of inoculation in the absence of caspase 1 [382]. As an intranasal vaccine 

adjuvant, melittin has demonstrated enhanced induction of tetanus-specific antibodies 

after administration of tetanus toxoid with melittin in mice [295]. Two intranasal 

immunizations with melittin when combined with tetanus toxin on days 0 and 13 

enhanced induction of day 18 serum IgG titers [295]. Other studies that used bee 

venom PLA2 demonstrated induction of serum antigen-specific antibody responses in 

mice [374].  Similar to our study, although melittin was capable of activating the 

inflammasome invitro, its adjuvant activity was independent of inflammasome 

activity. 

In conclusion, our studies have demonstrated that M7-NH2 is a potent 

intranasal adjuvant, and its activity is partially dependent on MyD88 pathway but 

does not require mast cells or inflammasome activation.  
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4. Mastoparan 7-NH2 enhances nasal retention of 
vaccine antigens: A possible mechanism of action 
independent of activation of the innate immune system. 

4.1 Introduction 
Cationic compounds that prolong vaccine antigen residence in the nasal cavity 

can enhance absorption and uptake [383-385]. Cationic poly-L-arginine has been 

shown to increase absorption of dextran from FITC-dextran through the nasal 

epithelium in rats [386]. This activity has demonstrated that cationic compounds may 

function as absorption enhancers for nasal delivery of drugs or vaccines [387]. This 

idea may apply to cationic adjuvants as enhancing vaccine delivery through the nasal 

epithelium. Studies using cationic nanogels, chitosan and other nanoconjugate 

molecules have also shown that prolonged antigen residence in the nasal cavity can 

lead to enhanced immune responses in mice [251, 385]. These observations imply that 

cationic molecules such as cationic mastoparan 7 peptides may enhance antigen 

retention in the nasal cavity to boost antigen uptake and activation of immune system. 

Mechanistic studies have shown that prolonged antigen residence in the nasal cavity 

by nanogels [251] and nanoemulsions [388] led to enhanced induction of antigen-

specific immune responses. 

4.2 Material and Methods 

4.2.1 Animals and Immunization 

SKH1-E euthymic hairless mice were purchased from Charles River Laboratories, Cat# 

RN598551, North Franklin, CT, USA. Ovalbumin conjugated to Alexa-Fluor 647 (Cat# 

0-34784) was purchased from InvivoGen, San Diego, CA, USA. SKHE-1 mice were 

immunized with 5 µg of ovalbumin-AlexaFluor 647 alone or combined with 1-5 
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nanomoles of M7-NH2 or M-17 on days 0 and 7. Mice were bled on day 14 and serum 

antigen-specific IgG titers were determined by ELISA as described in section 2.2.4. 

4.2.2 Invivo Fluorescence Imaging  

Mice were inoculated with either 5 (g of Ovalbumin-AlexaFluor-647 alone or 

combined with 1 or 5 nanomoles of M7 NH2 peptide or the inactive M17 peptide. One 

mouse from each vaccine group was identified, inoculated and then caged together 

based on the time of inoculation. After initial inoculation mice were wiped with a 

paper towel over the nasal region to exclude any residual antigen that could give false 

signal, and mice imaged immediately. Subsequent mice were taken, one from each 

group, immunized, wiped and imaged respectively. Mice were again imaged after 30 

minutes, 60 minutes, 120 minutes, and 180 minutes. Antigen fluorescent signals were 

detected using Xenogen invivo imaging system (IVIS) (Xenogen IVIS-200 Optical 

Invivo Imaging System, Perkin Elmer, CA, USA) and quantified using the living image 

software by conversion from relative light units (camera counts) to total flux 

(photons/sec) (Perkin Elmer, CA, USA) [389]. The change in total fluorescence flux was 

compared between mice that were given antigen alone and those that received antigen 

combined with adjuvants at each post inoculation (HPI) time point. The average 

clearance time for 50% of the antigen was determined for each vaccine group by 

plotting the antigen clearance percent of time zero against time after inoculation [385], 

then the standard curve was used to extrapolate for 50% antigen clearance.  
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4.3 Results  

4.3.1 Mastoparan 7-NH2 peptide prolongs antigen residence time in 
the mouse nasal cavity. 

Studies have shown that cationic compounds and molecules can provide 

adjuvant activity by increasing the residence time of the antigen in the nasal cavity 

[251, 385, 390]. Our vaccine studies have shown that M7-NH2 is a potent intranasal 

vaccine adjuvant. However, the mechanism of its adjuvant activity was not clear. We 

therefore evaluated cationic M7-NH2 peptide for its ability to enhance retention of co-

administered antigen in the nasal cavity of mice. Hairless SKH1-E mice were 

immunized intranasally with ovalbumin-Alexa Fluor 647 alone or combined with M7-

NH2 or M17 peptides. Mice were imaged immediately after inoculation, and after 30, 

60, 120 and 180 minutes using an invivo imaging system to determine the rate of 

ovalbumin clearance from the nasal region (Figure 21A). The fluorescence signal of 

Ovalbumin-Alexa Fluor 647 was quantified using the living image system, and the 

time required to clear 50% of the antigen was determined using a standard curve of 

percent antigen retention versus post inoculation time.  

Results showed that the combination of M7-NH2 peptides with ovalbumin 

antigen slowed the rate of ovalbumin clearance from the nasal cavity. When ovalbumin 

was co-administered with the inactive M17, the clearance time of ovalbumin was not 

significantly different from that of antigen without adjuvant (Figure 21B). The higher 

dose of M7-NH2 peptide significantly delayed antigen clearance from the nasal cavity 

when compared to ovalbumin-Alexa Fluor 647 alone or when combined with M17 

peptide (Figure 21B). While it took 47 minutes to clear 50% of non-adjuvanted 

ovalbumin, it took 121 minutes or 184 minutes when ovalbumin was co-administered 
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with 1 or 5 nanomoles respectively of M7-NH2 peptide. When given with the inactive 

analog of mastoparan, M17, it only took 61 minutes to clear 50% of the antigen (Figure 

21B). These results therefore, demonstrated that the active adjuvant M7-NH2 prolongs 

the residence time of the vaccine antigen in the nasal cavity compared to the antigen 

given alone. 
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Figure 21: Mastoparan 7-NH2 prolongs antigen retention in the mouse nasal cavity.  

Hairless SKH1-E mice (n= 8 per group) were immunized intranasally with 5 µg 
of Ovalbumin-AlexaFluor 647, either alone or combined with one of the following 
peptides; M7-NH2 (1 nanomole) or M-7-NH2 (5 nanomole) or M17-OH (5 nanomole). 
Mice were imaged in the nasal region immediately after vaccine administration and 
after 30 minutes, 60 minutes, 120 minutes and 180 minutes using an invivo imaging 
system. A) Representative images of nasal ovalbumin-Alexa Fluor 647 retained in the 
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nasal cavity (total flux (photons/second); B) Intranasal ovalbumin-Alexa Fluor 647 
residence time measured by invivo fluorescence (Total flux (photons/sec), and 
expressed as clearance time for 50% of the antigen. a > 50% antigen clearance time in a 
group that received Ovalbumin-Alexa Fluor 647 alone (p < 0.05); c > 50% antigen 
clearance time in group that received Ovalbumin-Alexa Fluor 647 + M17 (p < 0.05).     
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 4.3.2 Nasal antigen residence time correlates with adjuvant activity. 

Studies have shown that when the vaccine antigen is retained for a longer time 

at the inoculation site, there is an increase in the induction of antigen-specific immune 

responses [251]. In this study we also observed that the co-administration of 

ovalbumin with M7-NH2 prolonged the residence time of ovalbumin in the nasal 

cavity. We therefore determined if the nasal antigen retention time influenced the 

outcome of immunization. Mice from respective groups that received ovalbumin alone 

or combined with peptides were bled on day 14, and serum samples were tested for 

ova-specific IgG antibodies. Results showed that M7-NH2 peptide that significantly 

prolonged antigen retention in the nasal cavity, also induced significantly higher 

serum IgG antibody titers compared to the mice that received ovalbumin alone or 

ovalbumin combined with the inactive peptide, M17 (Figure 22A). This observation 

suggested that M7-NH2 peptide as an adjuvant may delay antigen clearance from the 

inoculation site to boost its immune activation that lead to increased immune 

responses. To determine if there was a relationship between delayed antigen clearance 

and enhanced adjuvant activity, a correlation was performed between the 50% antigen 

clearance time and the day 14 serum antigen-specific IgG titers. Correlation data 

demonstrated a positive correlation between clearance time for 50% antigen and serum 

IgG titers induced by the peptide adjuvants (r = 0.8, p < 0.0001) (Figure 22B). 
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Figure 22: The antigen retention time positively correlates with serum antibody 
responses. 

Hairless SKH1-E mice (n= 8 per group) were immunized as in Figure 22. Mice 
were imaged in the nasal region immediately after vaccine administration and after 30 
minutes, 60 minutes, 120 minutes and 180 minutes using an invivo imaging system. 
Intranasal ovalbumin-Alexa Fluor 647 residence time was measured by invivo 
fluorescence (Total flux (photons/sec), and expressed as clearance time for 50% of the 
antigen. A) Day 14 serum anti-ovalbumin IgG titer; B) The correlation between day 14 
serum antibody geometric mean titers and 50% antigen clearance time. a > antibody 
titers in a group that received Ovalbumin-Alexa Fluor 647 alone (p < 0.05); b > 
antibody titers in group that received Ovalbumin-Alexa Fluor 647 + M17 (p < 0.05); c > 
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antibody titers in group that received Ovalbumin-Alexa Fluor 647 + M7-NH2 (1 
nanomole).    
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4.4 Discussion 
In addition to identifying MyD88 pathway as molecular pathway required for 

the maximum adjuvant activity of M7-NH2, our study has also shown that M7-NH2 

peptide prolongs retention of antigen in the nasal cavity. Further evaluation 

demonstrated a positive correlation between antigen clearance time and serum 

antigen-specific IgG titers. This observation suggested that M7-NH2 could sustain the 

antigen for a longer duration at the side of inoculation that may lead to persistent 

stimulation of innate immune cells resulting to higher immune responses. Previous 

studies by other groups using mucoadhesive cationic chitosan showed that chitosan 

could enhance antigen residence time in the nasal cavity that boosted immune 

responses [385, 387]. Studies using chitosan as mucoadhesive have demonstrated 

enhanced absorption of intranasally co-administered molecules [387]. Data from these 

studies suggested that enhanced retention of molecules in the nasal cavity may also 

play a role in increasing their absorption or uptake. Similar studies by Nochi and his 

colleagues using a cationic nanogel demonstrated that the cationic nanogel increased 

retention of Botulinum neurotoxin A antigen in the nasal cavity. They further showed 

that enhanced retention led to enhanced induction of antigen-specific antibody 

responses [251]. Since our studies have shown that M7-NH2 requires MyD88 for 

maximum induction of adaptive immune responses, enhanced antigen retention may 

be investigated in relation with MyD88 signaling. 
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5. Future perspective 
This work has identified M7 as a potential adjuvant for future development 

with intranasal vaccines as exemplified by EDIII antigen in chapter 2. In addition, we 

have also shown using M7-NH2 that MyD88 adaptor molecule is required for 

maximum stimulation of the immune system for antibody production as shown in 

chapter 3. Mechanism studies identified a MyD88-dependent pathway with the lower 

dose of M7-NH2 (1 nanomole) and a MyD88-independent pathway with the higher 

dose (5 nanomoles) of M7-NH2. The MyD88-independent pathway that is stimulated 

by M7-NH2 is not clear at the moment. In addition, although we now know that 

MyD88 pathway is required when the lower dose of the M7-NH2 adjuvant is used. We 

do not know the receptors and the active molecules that drive this pathway.  

Although activation of most  TLRs signals through MyD88, we showed that 

M7-NH2 could not directly activate TLRs 2,3,4,5,6,7,8,9 or NOD1,2. Therefore future 

studies may determine the MyD88-pathway stimulated by M7-NH2. Preliminary data 

has shown that M7-NH2 can induce release of IL-33 from epithelial cells, and studies 

have shown that IL-33 can activate MyD88 by binding ST2 receptors [50, 52]. In 

addition, IL-33 has been shown to induce production of Th2 type cytokines [391, 392]. 

This is in agreement with M7 peptides that also induce Th2 type responses as observed 

through predominant production of IgG1 antibodies (Chapter 2). Although the 

biological activity of IL-33 has been associated with induction of allergy and airway 

inflammatory reactions, optimum doses can be beneficial in inducing protective 

immune responses, as shown with influenza vaccine [51]. Therefore future studies can 

determine if IL-33 is released invivo to mediate the MyD88-dependent adjuvant 

activity by M7-NH2. 
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In addition to induction of IL-33 release, our data has also shown that M7-NH2 

can induce DNA release from epithelial cells. Because studies have shown that host 

DNA can induce innate immune system as endogenous adjuvants, host DNA could be 

a possible source for M7-NH2-induced activation of innate immune system. 

Cytoplasmic DNA has been shown to activate the cytoplasmic sensor of DNA, 

stimulator of interferon genes (STING) [393].  Activation of STING by pathogenic or 

host DNA has been shown to induce production of interferon (IFNs) [371, 393]. The 

activation of STING then signals IFN production by activating the interferon-inducing 

transcription factor called interferon regulatory factor 3 (IRF3) [82, 371]. IRF3 

translocate to the nucleus where it induces the IFN genes to drive transcription and 

production of interferon cytokines [371]. Since our work has shown that M7-NH2 can 

induce release of DNA from epithelial cells invitro, future studies can identify the 

MyD88-independent pathway of M7-NH2 adjuvant that may occur through released 

DNA. This could involve evaluating if STING or IRF3 are required for the adjuvant 

activity of M7-NH2 when given at a higher dose.   

The role of antigen retention in the adjuvant activity of M7-NH2 is not yet clear 

in our current model. Although we have demonstrated a relationship between antigen 

retention with enhanced antibody responses, this is not enough prove if retention is 

required for adjuvant activity of M7-NH2. Nochi and others have shown similar 

relationships between enhanced antigen retention and high adjuvant activity with 

different cationic compounds [251]. Since we have identified a signaling pathway that 

plays a role for adjuvant activity, future studies can also determine if MyD88 can 

influence the activity of M7-NH2 on antigen retention. 
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Figure 23: Hypothesis on the model of M7-NH2 adjuvant signaling after intranasal 
immunization 

The contact of M7-NH2 on structural or immune cells in the nasal cavity can 
induce local cell injury. This activity can stimulate the release of damage-associated 
molecules IL-33 and dsDNA that have the potential to activate the innate immune 
system. Since M7-NH2 when given at a lower dose had a total dependency on MyD88, 
this pathway could result from the activity of released IL-33. Because the higher dose 
of M7-NH2 induced a MyD88-independent adjuvant activity, the postulate is that this 
could originate from the stimulatory signals generated by double stranded DNA 
(dsDNA) released by injured cells. To initiate the MyD88-dependent pathway it 
involves activation by IL-33 of IL-33 receptors (IL-1RL1/ST2) on innate lymphoid cells 
(ILCs) and other IL-33R expressing cells of innate immunity. The IL-33R then recruits 
MyD88 adaptor molecule that activates interleukin 1 receptor associated kinase (IRAK) 
and tumor necrosis factor receptor associated factor 6 (TRAF 6). Activation of these 
signaling molecules culminates in the activation of transcription factors NF%B and AP-
1 that translocate to the nucleus to stimulate Th2 type cytokines. The secreted cytokines 
could then enhance trafficking, recruitment and activation of innate and APCs 
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including DCs. MyD88-independent pathway on the other hand, could be generated 
from the endogenous DNA that may also bind M7-NH2 and be translocated to the 
cytosol compartment of APCs. The cytosolic DNA may interact with the DNA 
sensor/binding domain of stimulator of interferon genes (STING) or other DNA sensor 
molecules that then interact with TBK1. This interaction could then induce 
phosphorylation of IRF3. Phosphorylated IRF3 translocate into the nucleus where it 
induces the transcription of interferon genes. We know that M7 also enhances antigen 
retention in the nasal cavity, but whether this activity contributes to the MyD88-
independent adjuvanticity is not yet clear. 
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