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D-PBS: Dulbecco’s-phosphate buffered saline 
EC: Ethyl cellulose 
EDTA: Ethylenediaminetetraacetic acid  
FBs: Fibroblasts 
FBS: Fetal bovine serum 
FCA: Freund’s complete adjuvant 
FCS: Fetal calf serum  
FDA: Food and Drug Administration 
FITC: Fluorescein isothiocyanate  
GM-CSF: Granulocyte-macrophage colony-stimulating factor  
H2SO4: Sulfuric acid 
HA: Hemagglutinin 
HBSS: Hanks balanced salt solution  
HEK 293 TT: Human embryonic kidney cells 
HPMC: Hydroxypropyl methylcellulose  
HPMCAS: hypromellose acetate succinate  
HPV: Human papillomavirus 
HPV 16 VLP: Human papillomavirus 16 virus-like particle 
HRP: Horseradish peroxidase  
HS-PBS: Horse serum in phosphate buffered saline 
i.d: Intradermal 
Ig: Immunoglobulin  
IL: Interleukin  
I.M/i.m: Intramuscular  
in: Intranasal 
i.p.: Intraperiontoneal  
i.v.: Intravenous  
KC: keratinocytes 
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mAb: Monoclonal antibody 
M2: Matrix- 2 protein  
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MHC: Major histocompatibility complex  
MHC I: MHC class I  
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PEG: Polyethylene glycol  
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WHO: World Health Organization  

 
 



 
	

xviii	
	

ABSTRACT 
 
 

VIRUS-LIKE PARTICLE VACCINES: A NANOTECHNOLOGY APPROACH TO 
DESIGN PARTICULATE VACCINES FOR INFLUENZA AND HUMAN 
PAPILLOMAVIRUS  
Under the direction of Dr. Martin J. D’Souza 
 

Current licensed vaccines against Influenza and the human papillomavirus  

(HPV) suffer from several limitations. In the case of influenza, the virus has a high rate 

of mutation and thus inactivated virus vaccines are modified each year in a process that 

requires 6-8 months. The vaccines are also administered using needle that reduces 

patient compliance due to pain associated with injections. Most vaccines have cold-chain 

requirements, which creates a major barrier for transport and storage. In an attempt to 

overcome these limitations, we investigated a) an alternate route of administration, b) a 

recombinant conserved antigenic protein from the influenza virus and c) a spray-drying 

method for producing a micro particulate dry powder influenza vaccine. Our first study 

conducted in rats used a hollow microneedle injector to deliver a spray-dried inactivated 

virus vaccine painlessly through the skin. We found an increase in both humoral 

(elevated IgG) and cellular immunity (Th2 response) in transdermally vaccinated rats 

that was equal to that of rat’s vaccinated using conventional intramuscular injection. 

Taking into account the results of this study, our second aim evaluated an alternative 

recombinant antigen, the matrix-2 protein virus-like particle (M2e VLP), a highly 

conserved peptide found in the influenza virus. The M2e VLP with immunopotentiating 

compounds (Alhydrogel® and MPL-A® respectively) showed high expression of 

important cellular proteins involved in the interaction between DCs and T cells, 

eventually leading to robust immune responses. The confirmation of antigen 

presentation (MHC I/MHC II, B7-1 – CD28, CD40 – CD154, LFA-1 – ICAM-1) and IL-12 
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release indicated that the M2e VLP was highly immunogenic that led us to our final aim, 

which was to evaluate if the M2e VLP vaccine was protective against a variant strain of 

influenza [A/Phillipines/2/82 (H3N2)]. With the addition of adjuvants, mice vaccinated 

with the M2e VLP + MPL-A®  and Alhydrogel® showed significantly lower levels of 

virus load in the lung, suggesting that the vaccine was highly effective and protective. 

The results from our influenza studies show that the M2e VLP, when spray-dried and 

delivered through the skin is a great candidate for a potential universal vaccine against 

influenza. 

In the case of HPV vaccines, it shares some of the same limitations as influenza, 

which include need for cold-chain storage, and administration using injections. One of 

the major limitations of HPV vaccines is cost, which makes it unaffordable for use in 

developing countries, which have the highest rate of cervical cancer. Our goal was to use 

the spray drying method to develop a stable, effective and inexpensive vaccine against 

HPV. Current HPV vaccines utilize VLPs against subtypes of the L1 major capsid 

protein in the virus. We employed the use of the HPV 16 L1 VLP and encapsulated it 

into a polymer matrix, yielding microparticles in a dry powdered form. The vaccine was 

found to be highly immunogenic, seen by the presence of IgG antibodies over a 40 week 

period, indicating long-term immunity. 

The spray-drying method for vaccine production yields a dry powder of the 

vaccine that makes it easy for transportation and packing, eliminating the need for cold-

chain storage. Current vaccines are administered as liquid dosage forms which require 

cold-chain to maintain stability during storage. This makes transport and packaging a 

significant challenge that often leads to substantial vaccine loss. To reduce the use of 

painful injections for vaccine administration, the skin is an excellent route that uses the 
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dermal immune system to stimulate robust immune responses. The use of microneedles 

offers an alternative method for self-administration of vaccines onto the skin, which is 

particularly significant for vaccination programs in developing countries. These 

important considerations led us to successfully develop, a) a potential subunit universal 

vaccine against influenza and b) a highly stable, inexpensive and effective vaccine 

against HPV. 
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CHAPTER 1 
 

INTRODUCTION 
 

According to the Center for Disease Control and Prevention (CDC), infectious  

diseases account for the highest number of illnesses and deaths in the world (Health, 

2006). Infectious diseases are caused by microorganisms, which include bacteria, fungi, 

parasites and viruses (Health, 2006). The ability of these microbes to evolve and adapt 

has been overwhelming which has posed a major problem in developing effective 

methods to prevent infection against these agents (Health, 2006). The immense diversity 

of these microorganisms has led to mortality, which is of utmost concern and poses a 

significant threat to health and control of these diseases (Health, 2006). 

 Among these microorganisms, viruses are the smallest biological agents that 

have the ability to infect cells, use them as hosts to produce multiple copies of their 

infectious genome (Alcami, Ghazal, & Yewdell, 2002). Their multiplicity is dependent on 

the host cell, without which they are unable to cause harm or disease (Alcami et al., 

2002). It is widely known that the golden standard for preventing viral infection is 

equipping the host with defense mechanisms to prevent viral takeover (Alcami et al., 

2002). One such defense mechanism includes introducing the infectious agent to the host 

allowing it to gain strength against the organism following re-exposure. This method of 

priming is called vaccination (Alcami et al., 2002). Vaccines are formulations that 

activate the host’s immune system, inducing immunity and protection from a particular 

disease (Hilleman, 2000). They are considered the most successful invention against 

infectious diseases (Hilleman, 2000). Vaccines are designed to possess three key 

components: 1) The antigen incorporated in the vaccine must be capable of inducing an 
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immune response, 2) the antigen must be presented effectively to the immune system 

and 3) the antigen must be presented in its native form (Hilleman, 2000).   

 Immunity is channeled through the coordination of two major systems, the 

innate and adaptive immune systems (Health, 2006). Induction of innate immunity is 

critical in order to subsequently stimulate adaptive immunity (Hoebe, Janssen, & 

Beutler, 2004). Viruses that infiltrate the host are met by the innate immune system, 

which is the body’s first line of defense (Janeway, Travers, Walport, & Shlomchik, 1997). 

Vital classes of immune cells that arrive to the site of infiltration primarily include 

phagocytic cells and antigen presenting cells (APCs) (Mogensen, 2009). APCs as shown 

in Figure 1, such as macrophages, granulocytes and dendritic cells (DCs) help by 

engulfing viruses and only have the ability to discriminate between self and foreign 

antigens (Akira, Uematsu, & Takeuchi, 2006). This system is highly dependent on the 

ability of pattern recognition receptors (PRRs) to recognize components present on 

pathogens known as pathogen associated molecular patterns (PAMPs) which regulates 

the transcription of genes encoding for pro-inflammatory molecules which include 

cytokines and chemokines (Akira et al., 2006). One type of PRR that play an extensive 

role in antiviral responses are toll-like receptors (TLRs) (Jensen & Thomsen, 2012). TLRs 

are transmembrane glycoproteins wit10934393h an extracellular N-terminal which is the 

binding region for most PAMPs (Jensen & Thomsen, 2012). The C-terminal region is 

responsible for downstream signaling once the receptor is activated (Jensen & Thomsen, 

2012). There are 10 subfamilies of TLRs which include TLRs 1, 2, 4, 5, 6 and 11 expressed 

on the cell surface, while TLRs 3, 7, 8 and 9 are present in the intracellular space as 
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illustrated in 

Figure 2 (Jensen 

& Thomsen, 

2012). TLRs 2, 3, 

4, 7 and 8 play 

an important 

role in 

recognizing structural components on RNA viruses and activation of TLRs provides a 

crucial link between the innate and adaptive immune system (Jensen & Thomsen, 2012). 

The specificity of an immune response is seen mainly through activation of the adaptive 

immune system, which is triggered by clonal gene rearrangement characterized through 

a diversification of receptors that are specific to various antigens (Mogensen, 2009).   

Following encounter with a virus, DCs enter a developmental program known as 

maturation (Charles A 

Janeway, Travers, Walport, 

& Shlomchik, 2001). The 

function of mature DC’s is 

not to destroy viruses, but 

to become highly effective 

antigen-presenting cells 

(APCs) and carry antigens 

(foreign protein or 

	
Figure 2. Cell surface and intracellular localization of 
toll-like receptors (TLRs). (Adapted from Mifsud et al., 
2014). 

								 						 	
       A. Dendritic Cell (DC)         B) Macrophage       C) Monocyte 
 
Figure 1. Antigen presenting cells (APCs) of the immune system 
include: A) Dendritic Cells, B) Macrophages and C) Monocytes.  
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molecules) to lymphoid organs and present them to other immune cells (Charles A 

Janeway et al., 2001). Antigens themselves can be classified as exogenous or 

endogenous; exogenous implies that the antigen enters the host from the external 

environment (i.e. injected vaccine), endogenous antigens are generated within cells of 

the host (i.e. proteins encoded by viruses) (Charles A Janeway et al., 2001). As the name 

suggests antigen presentation is done by none other than antigen-presenting cells 

(APCs) and is unique and dependent on the nature of the antigen (exogenous or 

endogenous) (Charles A Janeway et al., 2001). Exogenous antigens are dissected and 

fragments are displayed on molecules known as class II major histocompatibility 

complexes (MHC II) on the surface of APCs (Charles A Janeway et al., 2001). 

Endogenous antigens are dissected similarly to exogenous antigens and fragments are 

presented on class I major histocompatibility complexes (MHC I) (Charles A Janeway et 

al., 2001).  

 Administration of vaccines targets the adaptive immune system, which is 

classified into antibody-mediated and cell-mediated machineries (Janeway et al., 1997).  

One machinery known as antibody-mediated is produced by a group of immune cells 

known as B-lymphocytes (Janeway et al., 1997). Upon encounter with an antigen, B-

lymphocytes descend into plasma cells that are responsible for secreting proteins known 

as antibodies that aid in destruction of the antigen (Janeway et al., 1997). The other 

machinery known as cell-mediated is regulated by T lymphocytes (Janeway et al., 1997). 

There are three major subsets of T lymphocytes: cytotoxic, suppression and helper 

(Janeway et al., 1997). Cytotoxic T lymphocytes help in the destruction of cells that may 
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be infected and recruit other cells to destroy the pathogen that causes infection in these 

cells (Janeway et al., 1997). Suppressor T lymphocytes coordinate the immune response 

by regulating the level of the response (Janeway et al., 1997). Helper T lymphocytes 

activate other immune cells which aid in destruction of the pathogen, i.e. plasma cells to 

release antibodies (Janeway et al., 1997). Once antigen processing and presentation 

occurs, there is requirement of cell to cell contact, known as an immunological synapse 

between antigen presenting cells and T lymphocytes (Charles A Janeway et al., 2001). 

Antigens presented on MHC class II initiates binding to the T cell receptor (TCR) on 

helper T lymphocytes categorized as CD4+ T cells and antigen presentation on MHC 

class I binds to the T cell receptor (TCR) on cytotoxic T cells categorized as CD8+ T cells 

(Charles A Janeway et al., 2001). Binding of these molecules to T cells does not 

necessarily result in activation, the binding of B7, CD40 on APCs to CD28 and CD154 on 

T cells is important for T cell proliferation and differentiation (Charles A Janeway et al., 

2001). There is a phenomenon known as cross-presentation predominantly done by 

mature DC’s where there is a transfer of endogenous antigens to the MHC class II 

pathway, a mechanism is which both class I and class II pathways of antigen 

presentation can be used (Charles A Janeway et al., 2001). The main goal of vaccination 

is to utilize this phenomenon of cross-presentation to induce an enhanced and more 

effective immune response against viral antigens. Vaccines are also known to activate 

these machineries by first exposure of the antigen to immune cells, leading to 

recognition of the antigen following secondary exposure and thus allowing for a more 
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rapid immune response (Janeway et al., 1997). This phenomenon is known as 

immunological memory (Janeway et al., 1997).   

 Vaccines can be classified into five main types: Live attenuated, inactivated, 

subunit, DNA and cell-based (Kallerup & Foged, 2015). Traditional vaccines have used 

live pathogens to induce immunity, however a major limitation to these vaccines is 

safety due to adverse effects associated with using live biological systems as vaccines 

(Kallerup & Foged, 2015). A method to reduce the pathogenicity of these traditional 

vaccines is to weaken the live viruses to achieve safety, commonly referred to as 

attenuation (Kallerup & Foged, 2015). Live attenuated vaccines do have the ability to 

revert back to their natural form; in that case, whole viruses are often inactivated by 

chemical means to avoid reversion (Kallerup & Foged, 2015). Subunit vaccines 

incorporate components from the live pathogen thus lacking the ability to replicate 

yielding a good safety profile (Kallerup & Foged, 2015). These types of vaccines can 

incorporate recombinant proteins or peptides, which are well defined and do not trigger 

needless responses (Kallerup & Foged, 2015). Innovations in vaccine development have 

led to the discovery of DNA vaccines. These vaccines are prepared using plasmid DNA 

(pDNA) that encrypt the proteins/peptides which then stimulate the immune response 

(Kallerup & Foged, 2015). One major advantage of DNA vaccines is that manufacturing 

costs are relatively low and these vaccines have been found to be very stable which 

makes transportation of these vaccines to developing countries relatively simple 

(Kallerup & Foged, 2015). The final category of vaccines is cell-based vaccines, 

particularly dendritic cell vaccines (Kallerup & Foged, 2015). This technique has been 
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applied as a strategy towards cancer where the function of these cells is less than 

optimal, thus infusing these cells has led to deterrence of tumor progression illustrated 

in several preclinical studies, however has yet to be translated into human trials 

(Kallerup & Foged, 2015).  

 Virus-like particles (VLPs) come under the category of subunit vaccines and are 

made using recombinant methods (Roldão et al., 2010). VLPs have played an important 

role in vaccine development and the first VLP vaccine was marketed for Hepatitis B in 

1986, followed by a VLP vaccine against the human papilloma virus (HPV) in 2006 

(Roldão et al., 2010). Virus-like particles are multiple repeats of a protein or antigen that 

resembles the native form and organization of the virus, minus its genome; therefore is a 

safer candidate for use in a vaccine (Roldão et al., 2010). The nature of VLP’s allow for 

presentation of antigenic proteins that have the ability to enhance antibody production 

leading to improved immune response (6). Up to date, VLPs have been constructed for 

approximately 30 viruses (Roldão et al., 2010).    

 The implementation of vaccines has dramatically reduced the encumbrance of 

diseases, some of which have been completely eradicated (Shae, Postma, & Wilson, 

2016). However traditional immunization has not been successful for several diseases 

(Shae et al., 2016). One major problem lies in the root of historical vaccines that fail to 

produce the magnitude or correct form of immunity, which results in lack of protective 

immunity (Shae et al., 2016). Modern vaccines have utilized recombinant methods to 

modify the construction of vaccines which allows for evaluation of immune responses to 

specific antigens (Shae et al., 2016).  The development of synthetic vaccines has 
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revolutionized the delivery of antigens and resolves many of the issues traditional 

vaccines suffer from (Shae et al., 2016). Advances in polymer chemistry has allowed for 

the advancement of vaccine construction with the ability to transport numerous signals 

to the immune system. Formulations that can deliver multiple well-defined 

immunological payloads is of major importance to vaccine development (Shae et al., 

2016). There have been various polymers (natural and synthetic) employed to 

encapsulate antigens and immunostimulatory molecules (Figure 3) (Shae et al., 2016). 

These include natural chitosan and sugar derivatives and synthetic biodegradable 

cellulose ethers and non-biodegradable polymers.    

 Natural 

polymers 

include 

carbohydrates 

such as chitosan 

which is 

considered to 

not only be 

biodegradable and biocompatible, but less toxic as well and is commonly used as a 

matrix for protein delivery (Kadajji & Betageri, 2011). Proteins are categorized as natural 

polymers, one of which includes albumin, which is the most abundant protein in the 

plasma and has a high level of solubility (Kadajji & Betageri, 2011). It is stable amongst a 

range of pH and highly biodegradable and can be used as a protein carrier for protein 

           Polymers 
 
 
                       Natural                        Synthetic   
        
Carbohydrates                        Protein         Biodegradable                Non- Biodegradable 
 
 
        Chitosan                    Albumin             HPMC 
        Trehalose                  EC 
                 CPD 

Figure 3. Classification of polymers. Polymers can be classifies as 
natural and synthetic. Natural polymers include carbohydrates and 
proteins, while synthetic polymers can be categorized as 
biodegradable and non-biodegradable.  
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delivery (Kadajji & Betageri, 2011). Its high level of solubility and stability also makes it 

a good contender for easy administration and storage (Kadajji & Betageri, 2011).  

Synthetic polymers such as cellulose ethers like HPMC, CPD and EC that are water 

soluble are used as polymers to achieve controlled release of a substance from the 

matrix, highly depending on viscosity due to its ability to form a gel (Kadajji & Betageri, 

2011).  

 In order to generate a dynamic immune response, vaccines should meet two 

main criteria; it should produce long-term protection and should be specific to the 

antigen. To meet these criteria, compounds known as adjuvants are used to enhance 

activation of the immune system (Muzumdar & Cline, 2009). Adjuvants have several 

uses: a) they can be utilized to boost the immune response of an antigen, b) they can be 

used to reduce dosing regimens, providing long term protection with a single dose and 

c) they can be used for boosting immune response in specific populations (immune 

compromised or under developed immune systems of infants) (Aguilar & Rodriguez, 

2007). In the 1920’s aluminum based compounds demonstrated excellent adjuvant 

activity and have been licensed and are widely used in human vaccines today 

(Muzumdar & Cline, 2009). Research has shown that aluminum based adjuvants 

enhance immunogenicity by producing a depository at the site of administration 

allowing for sustained release of the antigen (Petrovsky & Aguilar, 2004). This sustained 

release mechanism allows for increased interface between the antigen and cells of the 

immune system(Petrovsky & Aguilar, 2004). One of the most common entry sites for 

infectious disease is through mucosal membranes, therefore researchers have sought out 
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the use of adjuvants that target mucosal membranes to improve vaccines (Moldoveanu, 

Clements, Prince, Murphy, & Mestecky, 1995). TLR’s help in the elimination of 

pathogens, therefore, using agonists that target these receptors, can enhance the 

immunogenicity of vaccines (Moldoveanu et al., 1995).  

 Entering into delivery options for vaccines, there are several important 

considerations and challenges for vaccine delivery. In order to prepare a good vaccine, 

there are several parameters that must be considered that allow for minimal change to 

the antigen incorporated into the vaccine, especially in regards to its integrity and 

activity (Prausnitz & Langer, 2008). In the past decade, particulate antigens have an 

advantage over soluble antigens in that they mimic the nature of the pathogen and are 

taken up better by antigen presenting cells leading to activation of multiple immune 

pathways and thus a more effective immune response (De Temmerman et al., 2011). 

Internalization of particulate antigens has also illustrated the ability to cross-present 

antigens, suggesting another reason why the immune response may be enhanced (De 

Temmerman et al., 2011). Particulate antigens have a prolonged release period and can 

be delivered in higher doses in comparison to soluble antigens (De Temmerman et al., 

2011). There are several methods of delivering antigens as particulates, one of which is 

incorporating them into some of the polymers mentioned above, which can be tailored 

with specific chemical and physical characteristics capable of activating pathways in the 

immune system (Baras et al., 2000). Polymers made up of a biodegradable matrix are an 

attractive approach because they release the encapsulated entity in a controlled manner 

and are safe for use in the development of vaccines (De Temmerman et al., 2011).  
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 The most widely used route of administration of vaccines has been parenteral 

delivery, however a lot of focus has been placed on non-injectable methods, one of 

which utilizes the skin, which is the first line of defense against pathogens (Prausnitz & 

Langer, 2008). The skin is rich in antigen presenting cells (APCs), known as Langerhans 

cells (LCs) in the epidermis and dermal dendritic cells in the dermis, which can activate 

T and B lymphocytes and therefore is an excellent route of delivery for vaccines 

(Prausnitz & Langer, 2008). There are a multitude of methods that have been utilized for 

delivery of proteins as well as drugs across the skin (Prausnitz & Langer, 2008). A 

straightforward way to deliver molecules into the skin is the use of microneedles 

(Prausnitz, Mikszta, Cormier, & Andrianov, 2009). This method is painless and  

permeabilizes the skin, allowing for simple delivery of biologics (Prausnitz et al., 2009).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



12 
	

	
	

CHAPTER 2 
 

LITERATURE REVIEW 
 

A. Influenza Vaccines 
 
1. Background  

Each year the United States 

alone spends approximately $8 

billion on cases relating to 

Influenza, primarily on 

hospitalization led by people 

infected with the virus (“Vaccines 

and Immunizations | Home | 

CDC,” n.d.) (Sridhar, Brokstad, & 

Cox, 2015). Annually there are 

over 500,000 deaths worldwide 

caused by the influenza virus and 

approximately 18,000 fatalities in the United States alone (“Influenza vaccines — United 

States, 2016–17 influenza season* | Seasonal Influenza (Flu) | CDC,” n.d.).  

The influenza virus is also one of the most contagious types of infectious disease 

(“Vaccines and Immunizations | Home | CDC,” n.d.). It is an RNA virus from the 

Orthomyxoviridae family and there are four main subtypes of influenza: A, B, C and D 

(Clancy, 2008). Subtypes A and D infect nonhuman hosts, however transmission from 

these hosts to humans can occur, which can lead to a pandemic crisis (Clancy, 2008). 

Neuraminidase (NA) 
Hemagglutinin (HA) 

Matrix protein (M1) 

Matrix protein (M2) 
Figure 4. Influenza virus structure. An RNA virus 
from the Orthomyxoviridae family. The two 
major glycoproteins used to define the strains of 
influenza are Hemagglutinin (HA) and 
Neuraminidase (NA) (Adapted from Clancy, 
2008).   
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Subtypes B and C only infect humans (Clancy, 2008). Influenza is enclosed in a lipid 

bilayer that houses the RNA that codes for all the virus’ proteins (Figure 4) (Clancy, 

2008).  There are two major glycoproteins, hemagglutinin (HA) and neuraminidase (NA) 

which are commonly used to define the strains of all the various subtypes of influenza 

viruses (Clancy, 2008).  

Globally, the major cost-effective strategy for battling influenza has been 

vaccination (Sridhar et al., 2015). There are a total of 12 influenza vaccines currently 

available to the general population (“Influenza vaccines — United States, 2016–17 

influenza season* | Seasonal Influenza (Flu) | CDC,” n.d.). Inactivated vaccines have 

been the vaccine of choice dating as far as the 1940s (Sridhar et al., 2015). Alternatively, 

live attenuated vaccines have also been used, showing good efficacy, however with an 

element of concern surrounding safety, using live viruses for vaccine formulations 

(Sridhar et al., 2015).  

Influenza vaccines work by producing antibodies against one of the two major 

glycoproteins, hemagglutinin, present on the surface of the virus (J.-M. Song et al., 2011). 

These primary antibodies are responsible for neutralization of the virus that prevents 

infection and in addition protects against future exposure (J.-M. Song et al., 2011).  

Influenza vaccines are considered seasonal, because they incorporate the strains present 

in circulation for a given year (Sridhar et al., 2015). Influenza vaccines have been 

effective, however are designed to target and neutralize specific sequences of 

hemagglutinin (J.-M. Song et al., 2011). Therefore, mutations in this glycoprotein result 

in a weakened response due to lack of specific antibodies against the mutated HA (J.-M. 
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Song et al., 2011). The process for development of seasonal influenza vaccines is 

extensive (Sridhar et al., 2015). The World Health Organization (WHO), consisting of an 

expert panel deliberates and predicts the strains to be included in the vaccine for the 

upcoming year (Sridhar et al., 2015). The production of these vaccines is mainly 

conducted in embryonic chicken eggs and takes 6 months; therefore following 

deliberation in February of a given year, manufacturing is usually set to begin in March 

(Sridhar et al., 2015). This strategy is effective based on the assumption that there is no 

antigenic drift or shift in the influenza virus (Sridhar et al., 2015). Unfortunately, the 

influenza virus has a significantly high capacity for mutation, which results in antigenic 

change giving rise to new strains (Sridhar et al., 2015). New strains arise due to re-

assortment that occurs with the strains already in circulation (J.-M. Song et al., 2011). 

New strains can cause significant harm as we have seen in pandemics caused in 1958 

and 2009 leading to a death toll of over 2 million people (“Influenza vaccines — United 

States, 2016–17 influenza season* | Seasonal Influenza (Flu) | CDC,” n.d.). Pandemics 

are generally attributed to the inability of the vaccine to produce a protective immune 

response resulting in a 50% decrease in overall vaccine efficacy (Sridhar et al., 2015). 

Once the pandemic strain has been determined, the 6 month timeline for production is 

too slow to provide any protection against the virus (Sridhar et al., 2015).  

The production of influenza vaccines in itself has several limitations, particularly 

with vaccination programs in developing countries (Soema, Kompier, Amorij, & 

Kersten, 2015). Almost all vaccines require cold-chain storage, which is extremely 

challenging for maintenance of these vaccines in developing countries (Soema et al., 
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2015). Therefore improving stability is an important consideration when transporting 

vaccines to avoid vaccine loss (Soema et al., 2015). The method of production of 

influenza vaccines is fully based on the availability of quality eggs for virus propagation 

(Soema et al., 2015). This limits the amount of vaccines that can be produced in a given 

time frame (Soema et al., 2015). This is particularly important during pandemics, where 

there is a need for large amounts of vaccine that are not available resulting in 

detrimental consequences (Soema et al., 2015). Alternative methods of producing 

influenza vaccines have been investigated but have yet to be licensed, particularly cell-

culture models which would decrease the timeline of production and allow for large 

amounts of vaccines to be produced (Soema et al., 2015).  

Mortality caused by influenza has been significantly higher in specific groups, 

primarily young infants, the immunocompromised and the elderly (Soema et al., 2015). 

Influenza vaccines administered to these population groups has provided limited 

protection due to underdeveloped, lack of or decreased immune system functions 

(Soema et al., 2015). Recent research has focused on developing vaccines with the 

addition of adjuvants to provide cross-protection against different variants among all 

population groups, that can serve as a foundation for development of a universal 

vaccine against influenza (J.-M. Song et al., 2011). An extensive list of adjuvanted 

influenza vaccines is shown in Table 1.   

2. Immunological responses against influenza 

In order to construct effective vaccines against influenza, the immune system’s  

response to the virus must be well characterized. Current vaccines produce  
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hemagglutinin (HA) specific antibodies mainly towards the head domain of HA groups 

one and two, which is also the region highly susceptible to antigenic drift (Soema et al., 

2015). Researchers have found that the stalk region of the glycoprotein is more 

conserved than the head region and is a potential source for use as a vaccine target or for 

effective treatment following viral infection (Friesen et al., 2014). Several of these HA 

stalk group two targeted vaccines in development are showing signs of adverse effects 

and more clinical studies are necessary to determine if they will be appropriate for use 

as vaccines (Khurana et al., 2013).  

It is well established that the humoral immune system is vital for defense against  

influenza, however, cellular immunity is also important particularly with regards to 

cross-protection. A study conducted in the UK showed that individuals previously 

exposed to seasonal influenza had pre-existing cytotoxic T cells (CD8+) capable of 

protecting against the pandemic (pH1N1) strain in 2009, specifically in the absence of 

HA neutralizing antibodies (Sridhar et al., 2013). The state of current influenza vaccines 

provides homosubtypic humoral immunity, however may in turn prevent cellular 

immunity against heterosubtypic strains of influenza (Sridhar et al., 2013). Ideally there 

should be a high level of protection produced by humoral, cellular or both against homo 

and hetero subtypes of the virus and against conserved regions of the target epitopes 

(Sridhar et al., 2013) (Z. Wang et al., 2015) (Lillie et al., 2012).  

One of the major focal points of developing better influenza vaccines is the 

construction of a subunit vaccine using specific peptides from the virus to induce 

superior immune responses (Soema et al., 2015). The matrix 2 protein (M2) is a 
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transmembrane ion channel that is important for release of viral genetic material into the 

host and has a highly conserved amino acid sequence that has made it a great candidate 

for a potential cross-protective vaccine against influenza (Soema et al., 2015). M2 

vaccines have been shown to produce antibodies that are unable to prevent viral 

infection, however, they can prevent viral replication in the host and in turn identify 

these cells as phagocytic to be destroyed by NK cells and macrophages (Schotsaert, De 

Filette, Fiers, & Saelens, 2009).  
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   Table 1.  Adjuvanted influenza vaccines licensed and in pre-clinical or clinical 
development (Adapted from Doherty et al., 2006).  
 

Category  Name  Antigen  Development Stage 
Oil-in-water 
emulsions 

MF59  
AS03  
 
 
CoVaccine HT 

Subunit 
Split, Whole-
inactivated 
virus 
 
Split 

Licensed 
Licensed 

 
 

Animal Model 

Salts Aluminum Split, Whole-
inactivated 
virus 

Licensed 

Saponins  Iscomatrix 
 
 
Matrix-M 

Whole-
inactivated 
virus 
Virosomes 

Clinical Development 
 

Clinical Development 

Glycolipids Alpha-GalCer Live attenuated 
influenza virus 
(LAIV) 
DNA 

Animal Model 
Animal Model 

Liposomes CCS/c 
CAF01 

Subunit 
Split 

Animal Model 

Bacterial 
Components  

CTA1-DD 
LT patch 
 
Salmonella and 
Escherichia coli 
flagellins 

Peptide  
Split 
 
rHA 

Animal Model 
Clinical Development 
Clinical Development 

Cytokines IL-12, IL-23 
 
 
GMCSF 
Type 1 IFN 

Whole 
inactivated 
virus 
DNA 
Subunit 

Animal model 
 
 

Animal model 
Animal model 

TLR 
agonists/immuno
modulators  

GLA (TLR4) 
Bacterial Flagellins 
(TLR5) 
CpG 
oligodeoxynucleotide 
(TLR9) 
Poly I:C (TLR3) 
 
sLAG-3 (MHC Class 
II) 

rHA 
rHA 
Split 
Split 
 
 
Live attenuated 
influenza virus  
Split  

Clinical Development 
Clinical Development 
Clinical Development 

Animal model 
 
 

Animal model 
 

Clinical Development 

Polymers Chitosan 
PCPP 
Advax 

Subunit 
Split 
rHA 

Animal model 
Animal model 

Clinical Development 
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B. Human papillomavirus (HPV) Vaccines 

Human papillomaviruses (HPVs) belong to the class of non-enveloped double- 

stranded DNA viruses that infect keratinocytes on the mucosal surfaces of the genital 

and respiratory tracts (Stanley, 2014). There are over 100 types of HPV, all of which are 

classified by the sequence of the viral L1 major capsid protein present on the virus 

(Bernard et al., 2010). HPV causes genital warts that can lead to cancer of the neck, 

cervix, throat, etc (Lacey, Lowndes, & Shah, 2006). HPV can be characterized as 

oncogenic (cancer causing) or non-oncogenic (non-cancer causing) (Lacey et al., 2006). 

The types of HPV 

that are classified as 

oncogenic or “high-

risk” include HPV 

16, 18, 31, 33, 35, 39, 

45, 51, 52, 56, 58, 59, 

68, 82 and non-

oncogenic or “low-

risk” include HPV 

6, 11, 40, 42, 43, 44, 

54, 61, 72, 73 and 81 

that cause genital 

warts as shown in 

Figure 5 (Schiffman, 

	
Figure 5. Types of human papillomaviruses (HPV). HPVs can 
be classified into two types, non-oncogenic and oncogenic. The 
non-oncogenic types are considered “low risk” and can cause 
benign cervical changes and genital warts. The oncogenic “high 
risk” types can cause cervical cancer (Adapted from Cutts et 
al., 2007).   
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Clifford, & Buonaguro, 2009). Worldwide, 55% of all cases of HPV are attributed to HPV 

16, 15% to HPV 18 and 18 % and 12% contributing to the other high-risk types of HPV 

(Figure 6). Currently HPV infection that leads to cervical cancer  

is responsible for 5.2% of all cancers (De Martel et al., 2012).  

There are currently 3 licensed vaccines on the market for HPV that utilize 

recombinant technology, constructing VLPs of the L1 major capsid protein for a given 

type of HPV (Stanley, 2014). Briefly, the major capsid protein, L1 gene is recombined 

into Saccharomyces cerevisiae yeast, 

which acts as a vector and 

expresses the L1 protein (Stanley, 

2014). Multiple repeats of this 

protein have a tendency to self-

assemble into a particle that is 

similar in morphology to the live 

virus termed as virus like particles 

(VLPs) that lacks the genetic 

material for replication (Stanley, 

2014). The first prophylactic vaccine licensed, was Cervarix™, from GlaxoSmithKline 

containing L1 VLPs from HPV 16 and 18 and adjuvant AS04 which is a combination of 

aluminum hydroxide and monophosphoryl lipid A (MPL-A®) (Madrid-Marina, Torres-

Poveda, López-Toledo, & García-Carrancá, 2009). The second and third prophylactic 

vaccines are Gardasil® and Gardasil 9® from Merck, containing L1 VLPs from HPV 16, 

	
Figure 6. Worldwide prevalence of HPV types. 
Approximately, 55% of all cases of HPV are 
attributed to HPV 16, 15% to HPV 18 and 18 % and 
12% contributing to the other types of HPV 
(Adapted from Cutts et al., 2007).  
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18, 6, 11 and HPV 16, 18, 6, 11, 31, 33, 45, 52, 58 respectively along with aluminum 

sulfate as the adjuvant (Stanley, 2014). All vaccines have shown high efficacy and long 

duration of immune responses, however their high cost remains to be the biggest 

limitation for acceptance of these vaccines (Stanley, 2014). The three licensed vaccines 

are the most expensive vaccines produced this far which makes it nearly impossible for 

their translatability to developing countries (Madrid-Marina et al., 2009). In addition to 

cost, there is also a stigma surrounding these vaccines and the perception it gives young 

adults (Madrid-Marina et al., 2009). Some populations, are under the impression that 

since it prevents against cervical cancer, it can prevent all types of cancer (Madrid-

Marina et al., 2009). There is also a need to educate on the point that these vaccines are 

only capable of preventing cervical cancer caused by HPV, therefore there is still a risk 

of developing other types of cervical cancer (Madrid-Marina et al., 2009). There is also 

concern that cross-protection against HPV types not included in the vaccine will be 

minimal and the duration of protection is not known (Stanley, 2014). This is particularly 

concerning, should new types of HPV surface in the upcoming years (Stanley, 2014).  

Next generation HPV Vaccines 

Significant efforts in reducing costs would be a great advancement for 

vaccination against HPV. Pentamers of L1 produced in Escherichia col (E.coli) are being 

investigated as vaccine candidates, mainly to reduce cost (Chen, Casini, Harrison, & 

Garcea, 2001). At this time they are still in pre-clinical testing and are showing high 

immunogenicity and protection, however, overall there is no available data on safety of 

pentameric vaccines (Yuan et al., 2001).  There has been research on the minor coat 
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protein L2 as a vaccine, which has shown neutralizing antibodies and cross-protection, 

however is nowhere close to clinical testing (Stanley, 2014) There is also a regulatory 

issue with all HPV vaccine candidates, since they are considered new vaccines and their 

main end-point is incidence of cervical cancer, their clinical testing must proceed 

through all phases which will cost millions (Stanley, 2014).  

Vaccine Formulation Strategies  

Advancements in technology have led to the assembly of new antigens that can 

be incorporated into vaccines, some of which include recombinant proteins, peptides, 

viral vectors and DNA (Soema et al., 2015). 

i) Recombinant proteins and viral vectors  

Recombinant methods allow for construction of unique proteins capable of 

producing cross-protective antibodies (Soema et al., 2015). For example, multiple repeats 

of the stalk domain of group two HA was constructed and produced antibodies against 

heterosubtypic strains of influenza (J. Steel et al., 2010). 

Viral vectors have shown great efficacy in early clinical testing. These vaccines 

consist of specific protein sequences that are translated after entering the host (Soema et 

al., 2015). Viral vectors have the ability to display multiple influenza antigens that can 

stimulate T cell responses as shown in a phase I trial in the elderly and healthy 

volunteers using a modified poxvirus vector (Lillie et al., 2012). A phase I study was 

conducted using HA from the H5N1 strain of influenza expressed in an adenovirus type 

4 vector which illustrated good neutralizing antibody response, however did not induce 

a robust cellular response (Gurwith et al., 2013) (Antrobus et al., 2014).  
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ii) Peptides  

Peptides, which include intracellular or extracellular influenza proteins, have 

been investigated as potential vaccine antigens (Soema et al., 2015). Peptides are unique 

in that they can be short, long, conjugated or encapsulated to induce specific immune 

responses (Soema et al., 2015). Short peptides usually consist of few epitopes, compared 

to longer peptides that can incorporate multiple epitopes to increase immunogenicity 

(Rosendahl Huber, van Beek, de Jonge, Luytjes, & van Baarle, 2014). Short peptides can 

be encapsulated or delivered using liposomes to increase T cell responses in the form of 

CD8+ memory T cells (Matsui et al., 2010). Long peptide vaccines have consistently 

shown high immunogenicity, which has allowed them to reach phase I clinical trials a 

lot sooner than investigative short peptide vaccines. A long peptide vaccine currently 

being tested clinically consists of a chain of intracellular influenza A peptides, showing 

promising cross-reactive antibodies with a good safety profile (Francis et al., 2015). The 

formulation of peptide antigens has certain advantages over protein antigens 

particularly relating to stability (Soema et al., 2015). However, protein antigens pose 

several issues, due to post-translational modifications and folding (Soema et al., 2015).     

iii) DNA 

Recent advances in DNA technology have sparked interest in investigational 

DNA vaccines (Soema et al., 2015). The process for DNA vaccination involves inserting a 

DNA sequence into an expression system that is then administered, following which the 

cells of the host express the antigen and an immune response is observed (Soema et al., 

2015). Clinical studies have shown that a prime of the DNA vaccine, followed by a boost 
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with an influenza monovalent H5N1 vaccine showed excellent humoral and cellular 

immunity, illustrating that the sequence is being expressed in host cells (Ledgerwood et 

al., 2011). As with all novel vaccines, there is concern surrounding DNA vaccines. Some 

of these concerns include safety with introducing DNA into a host cell and genetic 

changes that can lead to dangerous consequences, notably cancer (Soema et al., 2015). 

DNA vaccines also have the ability to continuously incorporate their genetic material 

into host cells, causing incessant production of influenza antigens that can induce 

tolerance (Soema et al., 2015).     

iv) Particulate delivery systems    

 In addition to antigens, using a delivery system as well as immunostimulatory 

compounds can play a critical role in improving the immunogenicity and acceptability 

of vaccines (Figure 7) (Saroja, Lakshmi, Bhaskaran, & others, 2011) (Dierendonck et al., 

2014). A lot of the vaccines on the market require prime and boost dose regimens to 

achieve high efficacy, 

however this has been 

known to reduce 

patient compliance, 

because patients often 

forget about booster 

doses without the 

realization that these 

are needed in 

	
Figure 7. Encapsulation of proteins in microparticles. 
Cellulose polymers, sugars and adjuvants can be 
incorporated into the particle matrix (Adapted from 
Dierendonck et al., 2014).   
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addition to the prime sustain immunity (Saroja et al., 2011). The main focus of new 

vaccines has centered on delivery in a controlled particulate form rather than solution to 

negate the need for booster doses (Saroja et al., 2011). Controlled release also increases 

the accessibility of the antigen to APCs and this extended release can help to ensure 

quality immune responses (Oyewumi, Kumar, & Cui, 2010). Particulate vaccines allow 

for higher dose incorporation and can be targeted directly to cells of the immune system 

(Saroja et al., 2011). Particulate vaccines help to protect the antigen till it reaches its site 

of action, particularly important for oral delivery, where there is high risk of 

degradation in the harsh conditions of the gastrointestinal (GI) tract (Oyewumi et al., 

2010). From an immunological standpoint, one of the most important characteristics of 

particulate vaccines is their ability to cross-present the antigen which aids in production 

of cellular responses (Oyewumi et al., 2010). Preparation of particulate delivery systems 

requires specific components, which may constitute certain polymers (natural or 

synthetic), lipids, etc. (Oyewumi et al., 2010). The type of component that is used, has a 

direct impact on several characteristics the vaccine will exhibit (Oyewumi et al., 2010). 

There are several parameters that must be considered during formulation, as shown in 

Table 2.  

a) Polymer selection  

Particulate vaccines utilize various polymers to deliver antigens (Saroja et al.,  

2011). Poly lactic-co-glycolic acid commonly known as PLGA has been used to construct 

microspheres containing tuberculosis (TB) antigen, administered to treat infection by 

tuberculosis (Shi & Hickey, 2010). These microspheres were approximately in the range  
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of 3.3µm, and sustained release of antigen from the particles was up to 10 days (Shi & 

Hickey, 2010). In terms of stability and storage, PLGA does undergo acid hydrolytic 

degradation, which can destroy the antigen, and thus the vaccine will no longer produce 

immune responses (Saroja et al., 2011). PLGA microspheres also utilize organic solvents 

which can cause degradation of the antigen prior to entrapment (Saroja et al., 2011). 

Multiple different synthetic polymers have been investigated to overcome these 

limitations, which include polyethylene glycol (PEG), poly (lactic acid) (PLA), 

polycaprolactone (PCL), polyphosphazene, hypromellose acetate succinate (HPMCAS) 

etc (Saroja et al., 2011). Natural polymers, which may include carbohydrates or proteins, 

have also been investigated as polymers for use in vaccine formulation. Natural 

polymers include, chitosan, bovine serum albumin cross-linked, gelatin, collagen, 

alginate, etc (Oyewumi et al., 2010).  

b) Particle preparation  

Particulate vaccines require careful formulation and processing. The best vaccine  

formulation will have the following characteristics: a) it will be easy to administer, b) it 

will be safe, c) it will induce a quality and desired immune response in the least number 

Table	2.	Parameters	to	consider	during	the	formulation	process	
	

Factors affecting particle 
formulation 

Factors affecting immune 
response 

Size Antigen stability 
Stability Antigen release  
Charge Particle-APC interaction 

Antigen loading Antigen presentation 
Antigen release Antigen processing 
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of doses (i.e., 1 prime), d) it will be easy to manufacture and scale up, e) the vaccine 

formulation and antigen will be stable for long-term storage and administration and f) 

the vaccine will be stable during secondary processing which may include drying and 

sterilization (Oyewumi et al., 2010). 

Preparation of particulate vaccines can utilize several techniques, some of which  

include spray drying, emulsification, solvent evaporation, lyophilization, coacervation,  

etc. (Oyewumi et al., 2010). These techniques are used mostly to entrap or encapsulate 

antigens (Oyewumi et al., 2010). Spray drying is a simple one step encapsulation 

technique that aerosolizes the polymer and antigen to create droplets (micro/nano) that 

are then subjected to heat briefly, in which they form solid particulates (Figure 8) (Baras 

et al., 2000). The various phases of spray drying are shown in Figure 9. The first phase, 

which is the feed preparation step, is usually a homogenous suspension that is fed 

through a tube that leads to the second phase (“The Spray Drying Process,” n.d.). The 

second phase is atomization, the most important step of the process (“The Spray Drying 

Process,” n.d.). There are 

three types of atomization: 1) 

Pressure nozzle atomization, 

2) Two-fluid nozzle 

atomization and 3) 

Centrifugal atomization (“The 

Spray Drying Process,” n.d.). 

Atomization through 

	
Figure 8. The spray-drying method. A one-step 
encapsulation technique that aerosolizes the 
suspension of polymer and antigen, creating droplets 
(Adapted from “The Spray Drying Process,” n.d.).  
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pressure, forces the fluid through 

an outlet creating a spray that 

generally allows for least 

variation in size (“The Spray 

Drying Process,” n.d.). Two-fluid 

nozzle atomization combines the liquid with a compressed gas used to make a spray 

that results in fine particles (“The Spray Drying Process,” n.d.). Centrifugal atomization 

is a spray created by forcing the liquid across a rotating device (“The Spray Drying 

Process,” n.d.). Following atomization, moisture is rapidly removed through the drying 

phase (“The Spray Drying Process,” n.d.). The separation phase is usually done through 

a cyclone, which separates the powder and collects it through a chamber, which then 

cools the product (“The Spray Drying Process,” n.d.). To ensure reproducibility, 

temperature set points, aspirator and compressed air settings must be optimized and 

controlled through each subsequent cycle (“The Spray Drying Process,” n.d.). 

c) Particle size  

Particle size has been extensively investigated and there has been conflicting data 

on large particles over small particles and vice versa (Oyewumi et al., 2010). For 

targeting APCs, micron-sized particles have been shown to have excellent uptake 

properties leading to robust immune responses (Wendorf et al., 2006) (Vila et al., 2004) 

(Wendorf et al., 2008). In theory, targeted delivery systems with small particle size ( < 

100nm) are known to pass through biological membranes more easily allowing for faster 

release into the circulation (Monfardini & Veronese, 1998). However from an 

Spray	Drying		
	
	
	

	
	
 
Figure 9. The phases of spray drying (Adapted from 
Baras et al., 2000).   

Feed 
Preparation 

Atomization  
Drying  

Separation   
Cooling   
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immunological perspective, the data suggests that there is a difference in immune 

responses observed, that is highly dependent on particle size. A study using bovine 

serum albumin (BSA) as the antigen of interest encapsulated in particles of 1000nm 

produced a strong humoral response (Gutierro, Hernandez, Igartua, Gascon, & Pedraz, 

2002). Another study using a hepatitis B antigen (HBsAg) showed that particles higher 

than 2000nm induced robust humoral responses as well (Kanchan & Panda, 2007). 

Recent data suggests that micron-sized particles induce more humoral immunity 

compared to nano-sized particles that stimulate cellular immunity (Kanchan & Panda, 

2007) (Caputo et al., 2008). The specialized Th1 response was favored with nanoparticles 

and Th2 response seen with microparticles (Kanchan & Panda, 2007).  

 d) Antigen loading  

Antigens can be loaded in one of three ways: 1) Encapsulation, 2) Adsorption  

and 3) Conjugation (Oyewumi et al., 2010). Each method has its own advantages and 

limitations (Oyewumi et al., 2010). Encapsulation of antigens prevents it from being 

easily degraded and the release of antigen is highly dependent on the matrix used to 

encapsulate it. However preparation of entrapped particulates can cause degradation 

(Oyewumi et al., 2010). Conjugation may provide an alternative method for loading 

antigens, however depending on the epitopes required for induction of immune 

responses, conjugation might conceal fundamental epitopes required for interaction 

with APCs (Oyewumi et al., 2010). Ideally, adsorption would be the best method for 

loading antigen, as there is the simplicity in just mixing the antigen with the particulates 

before administration (Oyewumi et al., 2010). Choosing the method for loading antigen 
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is highly dependent on the antigen and the matrix used to make the particulates 

(Oyewumi et al., 2010). Comparing these different methods with a specific antigen and 

polymer may be the most effective strategy in selecting the best approach for loading an 

antigen (Oyewumi et al., 2010).. Research on a DNA vaccine found that adsorption was 

more effective than encapsulation (Briones et al., 2001) (D. O’Hagan et al., 2001). 

Humoral immune responses have been shown to be higher when antigens are 

conjugated to the surface of particulates than when simply adsorbed, as there is data to 

show that conjugated particles deliver the particle with the antigen at the same time to 

APCs (Slütter et al., 2010).  

e) Adjuvant selection  

Vaccines are often supplemented with immunostimulatory molecules known as 

adjuvants, to potentiate the immune response (Mifsud et al., 2014). Adjuvants are 

particularly effective when added to vaccines that contain antigens, which on their own 

are known to have low immunogenicity profiles (Mifsud et al., 2014). Adjuvants can also 

be geared in a way to promote a desired immune response (Mifsud et al., 2014). 

Adjuvants can include agonists or antagonists that help modulate the innate immune 

response (Mifsud et al., 2014). Uniquely, adjuvants target the host’s immune responses 

rather than the antigen itself, therefore, eliminating the risk of resistance (Mifsud et al., 

2014). 

The most widely used adjuvant to date is aluminum (Doherty et al., 2006). The 

adjuvant effect of aluminum compounds were first illustrated in 1926 against diphtheria 

toxin (Glenny, Buttle, & Stevens, 1931). Aluminum adjuvanted vaccines have 
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consistently shown early production of antibodies, that is not only long lasting but also 

protective (Doherty et al., 2006). Aluminum adjuvants used in vaccines are either 

aluminum hydroxide or aluminum phosphate, commonly referred to as alum (Doherty 

et al., 2006). Alum is highly effective when incorporated into vaccines because it forms a 

depot at the site of administration (Doherty et al., 2006). This allows for gradual release 

of the antigen from the site (Doherty et al., 2006). Though alum salts are considered the 

safest adjuvant approved for human use, there are several limitations (Doherty et al., 

2006). Most vaccines using alum are constructed with the antigen being physio-

chemically adsorbed onto the adjuvant, which may not be possible for all antigens, 

specifically antigens that are small peptides (Doherty et al., 2006). There are also 

documented reports of local inflammation following administration of vaccines 

containing alum which can further cause allergic reactions (Doherty et al., 2006). 

Therefore, there is continuous investigation on other compounds that have adjuvant 

properties similar to alum that can be used in developing vaccines (Doherty et al., 2006).  

Oil emulsions are another class of compounds that have excellent adjuvant type 

properties (Le Moignic & others, 1916). First illustrated in 1916, mineral oil induced 

immune responses against Salmonella typhimurium (Le Moignic & others, 1916). 

Following this discovery, a water in oil (w/o) emulsion known as Freund’s complete 

adjuvant (FCA) was used against Mycobacterium Tuberculosis (Freund & Thomson, 1948). 

It was later found that the emulsion induced a poor immune response and was highly 

toxic (Freund & Thomson, 1948). Recently a squalene oil adjuvant known as MF59® 

possessing similar qualities to alum was developed and used in an influenza vaccine 
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(FluadTM), that is now licensed and became the only other adjuvant to be approved for 

use in humans (Tagliabue & Rappuoli, 2008).  

The respiratory system is a main target for multiple viruses and bacteria;  

therefore there are multiple defensive mechanisms in place in the airways and lungs 

(Anders, Hartley, & Jackson, 1990) (Benne et al., 1995) (Reading, Morey, Crouch, & 

Anders, 1997). At the onset of infection, epithelial cells in the lungs, express pattern 

recognition receptors (PRR) that are capable of sensing PAMPS (Iwasaki & Medzhitov, 

2004). Toll-like receptors (TLRs) are a family of PRRs that include 10 members as shown 

in Figure 10 (Iwasaki & Medzhitov, 2004).  

 

 

 

 

 

Ligands against the cell surface TLRs include components from bacteria, viruses,  

lipids, lipoproteins and flagella (Kawai & Akira, 2010). Cell surface TLRs bind molecules 

that activate two major signaling pathways MyD88 and NFκB (Tan et al., 2012). These 

								 	
Figure 10. Toll-like receptor agonists. Agonists against various TLRs can 
activate downstream processes, which activate transcription factors 
leading to the expression of pro-inflammatory cytokines, TNFα and IFNγ 
(Adapted from Mifsud et al., 2014).   
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lead to an increase in transcription of inflammatory molecules such as cytokines and 

chemokines that help to activate adaptive immune responses leading to long-term 

protection against invading pathogens (Tan et al., 2012). Cell surface TLRs include 1, 2, 

4, 5, 6 and 11 (Kawai & Akira, 2010). The most common cell surface TLR ligands 

currently under investigation are agonists or antagonists against TLRs 2, 4, and 5 (Kawai 

& Akira, 2010). An agonist of TLR-2 known as S-[2,3-bis(palmitoyl oxy)propyl] cysteine 

(Pam2Cys) has been utilized in potential vaccines (Tan et al., 2012). Pam2Cys has been 

shown to induce a pro-inflammatory response in influenza infection, resulting in the 

increased levels of cytokines in the lung and activation of the innate immune response 

(Tan et al., 2012). There are several ligands that target TLR-4, some of which include 

lipopolysaccharide (LPS), monophosphoryl lipid A (MPL-A®), Fimbriae H protein 

(FimH), aminoalkyl glucosaminide phosphates (AGPs), etc (Lu, Yeh, & Ohashi, 2008) 

(Persing et al., 2002) (Abdul-Careem et al., 2011) (Johnson et al., 1999) (Stöver et al., 

2004). LPS is known to be a modulating agent with the ability to control immune 

responses, however has suffered great scrutiny because of its toxic effects (Persing et al., 

2002). MPL-A®, originally sequestered from Salmonella minnesota R595 generates 

resistance towards viral infections by modulation of cytokine release (Persing et al., 

2002). MPL-A® was quickly furthered through clinical investigation due to its ability to 

induce mucosal immune responses and specifically initiate Th-1 responses following 

viral infections (Baldridge, Yorgensen, Ward, & Ulrich, 2000). MPL-A® also induced 

macrophage differentiation, enhancing phagocytosis of viruses and bacteria (Classen, 

Lloberas, & Celada, 2009). MPL-A® is approved for human use and is incorporated in 
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combination with aluminum hydroxide collectively referred to as AS04. FimH and 

AGPs act as ligands stimulating the release of cytokines TNF-α and IFNγ. Additionally 

protection against future exposure was dependent on these cytokines as well (Abdul-

Careem et al., 2011) (Lembo et al., 2008). TLR-5 agonists include flagella proteins 

expressed in bacteria that induce inflammatory cytokines and that provide protection 

solely through activation of this receptor thereby illustrating that TLR ligands can be 

used for both prophylactic and therapeutic vaccines (Hayashi et al., 2001) (Munoz et al., 

2010).  

Intracellular TLRs, present on the endosome recognize the genetic material from 

bacteria and viruses and when activated produce several downstream signals leading to 

release of Type 1 interferons (IFNs) (Kawai & Akira, 2010). Endosomal TLRs include 

TLRs 3, 7, 8 and 9 (Kawai & Akira, 2010). A TLR-3 agonist being investigated is Poly I:C, 

which is similar in structure to double stranded RNA (Stephen et al., 1977). Poly I:C has 

been investigated in a vaccine against influenza and has shown the ability to recruit 

immune cells as well as stimulate TNF-α and IFNγ release, subsequently inducing 

humoral and cellular immunity (Lau, Tang, Ooi, & Subbarao, 2010). The Food and Drug 

Administration (FDA) approved intracellular TLR-7 ligand known as 1- (2-

methylpropyl) -1H-imidazo (4,5-c) quinolone-4-amine (Imiquimod) in 1997, which was 

found to clear genital warts caused by viruses, which have the ability to cause cancer 

(Schiller, Metze, Luger, Grabbe, & Gunzer, 2006). Approval of imiquimod not only 

allowed for its use in vaccines, but more importantly showed that it had anti-cancer 

effects as well (Geisse et al., 2002). Compounds known as imidazoquinolines, similar to 
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imiquimods are TLR-7/TLR-8 agonists that induce antiviral responses (Ganapathi et al., 

2015). An imidazoquinoline compound known as Resiquimod (R-848) initiates 

inflammatory responses through the MyD88 pathway (Ganapathi et al., 2015). TLR-9 

binds 2’-deoxyribo(cytidine-phosphate-guanosine) (CpG) which serves as a sensor that 

recruits immune cells and recognizes when viruses infect DNA of the host cells (Kawai 

& Akira, 2010). Multiple licensed vaccines on the market are using different types of 

adjuvants each of which are listed in Table 3. 
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f) Route of administration  

 The immune system’s response to a vaccine is also highly dependent on the route 

of administration (Balasse, Odot, Gatouillat, Andry, & Madoulet, 2008). Some of the 

examined routes for vaccine delivery include intraperitoneal (ip.), intravenous (i.v.), 

Table 3. Adjuvanted licensed vaccines on the market (Adapted from Doherty et al., 
2006)  
 

Adjuvant  Type  Vaccine Effect 
Aluminum  Aluminum 

Salts  
Diphtheria,  
Tetanus 
Pertussis   
Inactivated poliomyelitis 
(IPV) 
Hepatitis A & B  
Human papillomavirus 
(HPV) Meningococcal 
Pneumococcal  

- Produces depot and 
inflammation at site 

- Enhanced antigen 
uptake 

Virosomes  Antigens 
encapsulated 
in vesicles  

Hepatitis 
Influenza 

- Increased activation of 
T cells 

- Enhanced uptake 
AS03 Vitamin E 

Polysorbate 80 
Squalene 

Influenza  - Local release of 
cytokines 

- Recruitment of NK 
cells, macrophages and 
dendritic cells 

AS04 MPL A 
(derived from 
LPS from 
Salmonella) 
Aluminum 
salts 

Hepatitis B 
Human papillomavirus 
(HPV) 

- Activates TLR4 
- Enhanced APC 

maturation 
- Promotes Th1 response 

MF59® Squalene Influenza - Recruitment of APCs 
- Enhanced antigen 

uptake and migration 
of cells to lymph node 

ISA51 Mineral oil 
Surfactant 
mannide-
mono-oleate 

Non-small cell lung cancer 
(NSCLC) – therapeutic 
vaccine 

- Highly immunogenic 

MPL-A® = monophosphoryl lipid A, LPS = lipopolysaccharide, APC = antigen presenting 
cells, TLR = toll-like receptor, NK = natural killer. 
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intramuscular (i.m.), subcutaneous (sc.), intranasal (in.), intradermal (i.d.), oral (p.o.), etc 

(Balasse et al., 2008).  

 Vaccinologists believe that parenteral delivery of vaccines is highly effective as 

shown in the history of vaccines administered in humans (Belyakov & Ahlers, 2009). The 

intramuscular (i.m.) route has been the conventional route for delivery of vaccines due 

to the minimal adverse effects and high immunogenicity profile of vaccines delivered 

through this route (Zuckerman, 2000). Intramuscular injection causes inflammation at 

the site, which rapidly recruits immune cells, following which the antigen slowly 

disperses from the site which allows for development of immunity (Zuckerman, 2000). 

 Subcutaneous administration of vaccines has shown contradictory results. It is 

known to induce slow processing of the antigen and has been found to result in vaccine 

failure due to decay in the level of antibodies over time (Zuckerman, 2000). However, 

administration through the subcutaneous tissue varies with the type of antigen given 

subcutaneously (Cook, 2008). For example alum-adjuvanted vaccines are to be given 

intramuscularly with the exception of anthrax (Cook, 2008). Studies demonstrated that 

reaction at the site of injection was greater for subcutaneous injection vs. intramuscular 

injection (Cook, 2008). Live attenuated vaccines are delivered via subcutaneous injection 

mainly because there was significant pain reported with intramuscular injection and the 

immune responses seen were higher for subcutaneous injection (Cook, 2008). The mixed 

data reported suggests that the acceptable route of administration for vaccines can vary 

depending on the nature of the antigen in the vaccine (Cook, 2008).       

 Most pathogens enter the body through the mucosa, which renders the idea that 
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delivering vaccines through the mucosal membranes can offers several advantages 

(Saroja et al., 2011). Some of which include induction of mucosal immunity, increase in 

patient compliance and ease in administration (Saroja et al., 2011). Utilizing delivery 

systems for antigens can also increase transport of antigens through mucosal 

membranes (Saroja et al., 2011). 

 The nasal route is a potential route of delivery for vaccines that aim to target the  

respiratory tract (Pires, Fortuna, Alves, & Falcão, 2009). Inhalation of vaccines can 

stimulate activation of immune cells locally and systemically, leading to production of 

antibodies which is controlled by the nasal associated lymphoid tissue (NALT) present 

under the nasal epithelium (Pires et al., 2009). Intranasal vaccines have been clinically 

investigated against influenza and a licensed vaccine known as FluMist® is currently on 

the market (Pires et al., 2009).   

 The least favorable method to deliver vaccines is intravenously (Zuckerman, 

2000). Intravenous administration of vaccines can be dangerous, as several vaccines on 

the market utilize adjuvants containing components from bacteria and viruses, for 

example LPS used in conjugate vaccines can causes septic shock and is therefore under 

no condition to be delivered intravenously (Zuckerman, 2000). In addition, the liver and 

spleen act as filter systems, therefore vaccines delivered to the blood will be quickly 

depleted and thus unable to produce an immune response (Zuckerman, 2000). 

Needle-free vaccines offer several advantages, some of which include: 1) 

reduction of pain associated with vaccines administered via injection 2) reduction of  

blood-borne transmission of diseases through needles, 3) alternative method for delivery 
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of antigens, that cannot be delivered through conventional routes and 4) self-

administration, negating the need for trained professionals (Bennett & Potter, 2006). 

Some new needle-free strategies include jet injectors and microneedles (Bennett & 

Potter, 2006).  

Jet injector’s (solid or liquid) use pressurized gas or a spring that converts the 

vaccine into an aerosolized suspension that can be delivered into the skin, through the 

muscle, subcutaneous layer or intradermal layer (Walther et al., 2008). A study reported 

the use of a jet injector for nonviral gene transfer using a plasmid DNA and green 

fluorescence reporter gene in a pre-clinical tumor model (Walther et al., 2008).  

Microneedles have received increased attention for the delivery of vaccines 

through the skin (Prausnitz et al., 2009). Microneedles consist of an array of projections 

that contain a vaccine or drug, which is then placed onto the skin, causing short-term 

mechanical disruption, allowing the drug to reach the epidermis or dermis layers of the 

skin (Saroja et al., 2011). The lengths of the needles are short enough to not hit nerve 

endings, and long enough to penetrate the epidermis or dermis layers (Prausnitz et al., 

2009). These skin layers are rich in antigen presenting cells (APCs), known as 

Langerhans cells (LCs) in the epidermis and dermal dendritic cells in the dermis which 

can activate the T and B lymphocytes inducing an immune response and therefore is an 

excellent route for delivery of vaccines (Figure 11) (Prausnitz et al., 2009). Microneedles 

can be fabricated to be solid, solid coated, dissolving and hollow (Prausnitz et al., 2009). 

Solid microneedles can be inserted into the skin to create pores following which the 

vaccine can be applied to the treated area (Prausnitz et al., 2009). Solid microneedles can 
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also be coated with vaccine thereby allowing the vaccine coating to be slowly released 

once inserted in the skin (Prausnitz et al., 2009). Microneedles can be fabricated with a 

polymer that contains the encapsulated vaccine, which is then inserted into the skin and 

dissolves delivering the vaccine payload into the skin and leaving the backing layer to 

be removed (Prausnitz et al., 2009). Hollow microneedles involve attaching an array to a 

syringe which then releases the formulation through the pores (Prausnitz et al., 2009). 

Studies have shown the effective delivery of an influenza vaccine using the intradermal 

route, which was capable of producing antibody titers similar to that produced by 

intramuscular injection (Belshe et al., 2004).  

Delivery of antigen via different routes results in a diverse state of immune 

responses. Intraperitoneal vaccination illustrated uptake of antigen by macrophages 

compared to intradermal, which showed uptake of antigen by DCs (Balasse et al., 2008). 

In a study investigating the effect of particle size on antibody responses delivered via 

multiple routes, there was a difference observed between the routes (Jung et al., 2001). 

The antibody response produced for 450nm particles encapsulating tetanus toxoid was 

significantly higher in the intranasal route compared to the oral route (Jung et al., 2001). 

As particles size increased there was no difference in antibody responses observed 

between the routes (Jung et al., 2001). Another study investigating microparticles 

containing ovalbumin (OVA) delivered intraperitonially and subcutaneously illustrated 

that smaller particles showed higher antibody response when given ip., while particles 

of different sizes all showed the same response given subcutaneously (Nakaoka, Inoue, 

Tabata, & Ikada, 1996). Despite the vast amount of evidence, the intramuscular route is 
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still the most widely used route of administration for vaccines, therefore our research 

focused on the potential of using the largest organ, the skin, to deliver vaccines.  

 

 

The main purpose of our study was to develop two distinctive transdermal 

vaccines, one against Influenza and the other against the human papillomavirus (HPV).  

Influenza  

Our first aim was to investigate the transdermal route of vaccination against 

Influenza utilizing the licensed monovalent inactivated A/PR/8/34 (H1N1) strain and 

incorporating it into a particulate matrix consisting of biodegradable polymers. To 

determine the efficacy of the inactivated virus vaccine, we administered the vaccine in a 

pre-clinical rat model and assessed serum IgG antibody levels and antigen specific T cell 

populations by re-stimulation of splenocytes and analyzed intracellular cytokine levels. 

	
Figure 11. Transdermal delivery of vaccines using microneedles. Adapted 
from (Bangert, Brunner, & Stingl, 2011)   
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Additionally we examined memory T and B cell phenotypes in cell populations with a 

cytokine release profile.  

Our second aim was to investigate a novel ion channel, part of the influenza 

virus, known as the matrix 2 protein (M2). Since the M2 on it own is a not immunogenic, 

multiple repeats of the extracellular domain of the M2 protein together formed a virus-

like particle (VLP), which was very immunopotent. The extracellular domain of the M2 

protein has been conserved amongst the various strains of influenza and can serve as a 

foundation for the development of a universal vaccine. For developing a stable and 

effective vaccine, we incorporated the M2e VLP into a particulate matrix with the 

addition of adjuvants and conducted immunogenicity studies in immune cells, such as 

dendritic cells (DCs), macrophages and T cells. We assessed antigen presentation and 

interaction between DCs and T cells by using fluorescently tagged antibodies for 

expression of cell surface proteins. For evaluation of proliferation of T cells following 

antigen stimulation, we stained T cells with a CFSE proliferation tracker and measured 

the fluorescence intensity emitted by T cells.  

 Our final aim evaluated the efficacy of the M2e VLP subunit vaccine in a pre-

clinical mouse model. We administered the subunit vaccine and assessed antibody levels 

(IgG, IgG1 and IgG2a). To determine if the immune responses produced were 

protective, we challenged the mice with live influenza virus and conducted several post-

challenge studies to measure protection. We also investigated viral load in the lung 

following challenge.  
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Human papillomavirus (HPV)  
 
 The HPV 16 VLP has been used in vaccines against HPV, however their high cost 

has provided a significant limitation in the acceptance of this vaccine in developing 

countries. Our main goal was to investigate the transdermal route for simple 

administration of the monovalent HPV 16 VLP micro particulate vaccine.  We first 

incorporated the HPV 16 VLP into a particulate matrix, with the addition of adjuvants 

(MPL-A® and Alhydrogel®). To determine long-term immunity, the study was 

conducted for 40 weeks and antibody titers were measured till the end of the study. At 

week 40, T and B cell phenotypes were assessed, specifically memory cells that would 

serve as a protective marker should there be re-exposure to the virus.  
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CHAPTER 3 

INFLUENZA VIRUS 
 

I. INVESTIGATION OF HUMORAL AND CELLULAR MECHANISMS IN IMMUNE 

SYSTEM ACTIVATION FOLLOWING TRANSDERMAL VACCINATION AGAINST 

INFLUENZA USING A/PR/8/34 (H1N1) INACTIVATED VIRUS 

Abstract 

Inactivated virus vaccines induce local, as well as systemic immune responses 

just 2 days following vaccination. The purpose of the following study was to investigate 

a novel Influenza A/PR/8/34 (H1N1) inactivated virus particulate vaccine and its 

ability to produce a robust antibody and antigen specific T cell response following 

transdermal vaccination using hollow microneedles. The inactivated (H1N1) virus was 

first encapsulated in a polymer matrix using the spray drying method and characterized 

for morphology, size, charge and amount encapsulated.  The vaccine was administered 

to 6-8 week old Wistar rats intramuscularly (I.M.) or transdermally (T.D.) using the 

hollow microneedle injector.  Each dose contained 30µg of antigen (inactivated influenza 

virus + Alhydrogel®), which was added to 200µL of phosphate buffered saline (PBS) 

upon administration. Rats administered with particulate inactivated influenza virus 

showed considerable levels of IgG titers at week 4. The boost vaccination at week 3 

significantly increased antibody titers in week 6. However, no difference was found 

between the two routes suggesting that microneedle delivery to the skin and 

immunization using the intramuscular route produced similar antibody titers. 

Transdermally vaccinated rats showed high CD4+ T cell phenotypes and 
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intramuscularly vaccinated rats showed high CD8a+ T cell phenotypes in the spleen. 

Interestingly, the influenza vaccine induced Th2 differentiation in transdermally 

vaccinated animals as illustrated by high levels of IL-17 and IL-4 released from CD4+ T 

cells and Th1 differentiation in intramuscularly vaccinated animals demonstrated by 

elevated levels of IFNγ released from CD8a+ T cells. Particulate vaccines demonstrated a 

high number of memory cell populations; memory B cells localized in the lymph node 

and memory T cells localized in the spleen. One of the most effective ways for 

prevention of infection is vaccination. Our results show that vaccination in the skin is an 

effective approach for delivery of the inactivated (H1N1) influenza vaccine. 

Furthermore, the enhanced production of antibodies, cytokines and stimulation of 

various T and B cell types, illustrate the efficacy of the particulate form of the vaccine 

compared to free antigen in suspension. 

Introduction 

Influenza is one of the most devastating infectious diseases due to the ease of 

spread (Moran, Park, Fernandez-Sesma, & Schulman, 1999). Natural immunity against 

influenza begins with simple exposure to the virus that leads to specialized immune 

responses that help to fight infection (Sridhar et al., 2015). These immune mechanisms 

are critical for the development of protection and vaccines should be constructed to 

induce such responses (Sridhar et al., 2015).  In the early stages of influenza infection, 

innate immune responses are able to control replication of the virus, however adaptive 

immune responses are vital for the expansion of specialized memory responses that lead 

to a more rapid response following re-exposure (Durbin et al., 2000).  The facilitator of 
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protection primarily includes neutralizing antibodies targeting hemagglutinin (HA), 

however due to the high rate of mutation of the virus; the antibodies produced in 

primary infection are not enough for prevention against secondary infection (Moran et 

al., 1999). The fight against influenza includes both humoral and cell-mediated immune 

responses (Moran et al., 1999). In addition to humoral mediated antibody production, 

activation of T lymphocytes, both CD4+ and CD8+ T cells are important for recovery 

against influenza infection (Avetisyan, Ragnavölgyi, Toth, Hassan, & Ljungman, 2005). 

There are two types of responses seen in influenza, Th1 and Th2. T helper type 1 (Th1) 

cells induce production of antibodies and CTLs (Doherty et al., 1997). T helper type 2 

(Th2) cells only stimulate the production of antibodies (Doherty et al., 1997). Priming of 

the host defense using vaccines is key for prevention of Influenza infection (Avetisyan et 

al., 2005). Due to the high rate of mutation, vaccines against influenza incorporate 

multiple strains that produce a broad range of neutralizing antibodies, capable of 

protecting against infection (Molinari et al., 2007). Inactivated virus vaccines are the 

most common vaccines used against influenza due to their high rate of efficacy in 

children (60%), adults and the elderly (40%) (Demicheli, Di Pietrantonj, Jefferson, Rivetti, 

& Rivetti, 2007) (Rivetti, Demicheli, Di Pietrantonj, Jefferson, & Thomas, 2005). These 

vaccines induce local, as well as systemic immune responses just 2 days following 

vaccination and the highest level of protection after 2 weeks (Cox et al., 1994).   

To enhance the immunogenicity of inactivated influenza viruses, particulate 

carriers such as microparticles, liposomes, virus-like particles, etc., offer several 

advantages, one of which is that they resemble the size of many pathogens that are 
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recognized by the immune system and taken up by APCs (D. T. O’Hagan, Singh, & 

Ulmer, 2006). Microparticles can also present multiple antigens, which allows for 

targeting of B cells (D. T. O’Hagan et al., 2006). Microparticles can also be equipped with 

immunostimulatory compounds such as adjuvants that help induce activation of 

intrinsic mechanisms that provide immunity against influenza (D. T. O’Hagan et al., 

2006). Alhydrogel® is one of the most widely used compounds licensed for use in 

vaccines, specifically against influenza, that creates a depository following 

administration leading to the recruitment of immune cells at the site (Rümke et al., 

2013). With the increased activation of innate immunity along with the increased 

duration of antigen presentation, microparticulate carriers with adjuvants have the 

ability of triggering protective immune responses when administered through most 

routes of administration (D. T. O’Hagan et al., 2006).  

One of the major sites for entry of pathogens is the skin, which is equipped with 

sensors for detection of foreign invaders (Bramson et al., 2003). The skin is armed with 

antigen-presenting cells known as Langerhans cells (LCs) present in the epidermis 

(Kupper, 1990) (Toews, Bergstresser, & Streilein, 1980). Following encounter with an 

antigen, LCs move to the draining lymph node and activate other immune cells (Toews 

et al., 1980). Therefore, the skin can be utilized as an alternative route for vaccination.  

The limiting barrier of the skin is the stratum corneum (SC) that does not permit entry of 

large molecules, and microbial organisms (Bramson et al., 2003). Therefore disruption of 

the SC is important for delivery of vaccines (Bramson et al., 2003). Several techniques 

have been investigated for the disruption of the stratum corneum, some of which 
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include, intradermal injection, ultrasound, tape stripping, iontophoresis, electroporation, 

gene gun, microneedles, etc. (Bramson et al., 2003). One of the most direct methods for 

permeabilization of the skin is penetration using short needles.  Microneedles allow for 

permeabilization of the skin in a way that is marginally intrusive (Prausnitz & Langer, 

2008). Microneedles create micron sized pores, which can dynamically allow transport of 

a payload to a desired location in the skin (Prausnitz & Langer, 2008). There are various 

fabrication methods that can be used to construct various types of microneedles, some of 

which include, solid microneedles, dissolving microneedles and hollow microneedles 

(Prausnitz & Langer, 2008).  

In recent years, there has been a lot of interest in vaccine delivery using 

microneedles due to its simplicity and low costs (Prausnitz & Langer, 2008).. 

Particularly, microneedle delivery of influenza vaccines can serve as a major lead in 

times of pandemics where mass immunization is required (Prausnitz & Langer, 2008). 

Therefore, the purpose of the following study was to investigate a novel Influenza 

A/PR/8/34 (H1N1) inactivated virus particulate vaccine and its ability to produce a 

robust antibody and antigen specific T cell response following transdermal vaccination 

using hollow microneedles.  

Materials and Methods 

Materials  

Inactivated Influenza virus A/PR/8/34 (H1N1) and Wistar rats were purchased 

from Charles River Laboratories (Wilmington, MA). Adjuvant Alhydrogel® was 

purchased from InVivogen (San Diego, CA). The polymers cellulose acetate phthalate 
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dispersion (Aquacoat® CPD) and ethyl cellulose dispersion (Aquacoat® ECD) were 

provided by FMC Biopolymers (Philadelphia, PA) and hypromellose acetate succinate 

(HPMCAS) polymer purchased from Dow Pharmaceutical Solutions (Chicago, IL). 

Trehalose and glycol chitosan were purchased from Sigma-Aldrich (St. Louis, MO). 

Influenza ELISA kit purchased from Sino Biologicals (Beijing, China). Fluorescently 

tagged cell markers were purchased from Ebiosciences (San Diego, CA) and Biolegend 

(San Diego, CA). Transdermal vaccination was done using a hollow microneedle 

injector. 

Methods  

Images in this document are presented in color. 

a) Preparation of influenza vaccine 

 The particulate vaccine consisted of a polymer matrix with the following 

components (w/w): 35% cellulose acetate phthalate dispersion (Aquacoat® CPD), 22% 

hypromellose acetate succinate (HPMCAS), 30% ethyl cellulose dispersion (Aquacoat® 

ECD), 4% trehalose, 4% chitosan and 5% antigen (A/PR/8/34 (H1N1) + Alhydrogel®).  

First, CPD stock suspension was diluted to 3% by adding 1.5g of stock to 50mL of 

deionized (DI) water in a beaker under stirring (50rpm) to dissolve and adjusted to a 

final pH of 6.0 using 1N sodium hydroxide (NaOH). Similarly, in a separate 50mL 

beaker, 0.3g of HPMCAS was added to 50mL of DI water adjusted to a final pH of 8.0 

also using 1N sodium hydroxide (NaOH). To prepare 0.1% solid content (0.1g in 100mL, 

w/v), in a 100mL beaker, 50mL was DI water was first added followed by the addition 

of 17mL of CPD, 3.67mL of HPMCAS and 111uL of EC and adjusted to a pH of 7.0 
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under continuous stirring. 4mg of chitosan was then added. The antigen:adjuvant ratio 

consisted of H1N1: Alhydrogel®  at a ratio of 1:5. Separately, 833µg of inactivated 

influenza virus was adsorbed onto 4.16mg of Alhydrogel® for hr (5mg total w/w). This 

antigen:adjuvant mixture was then added to the polymer mixture followed by 4mg of 

trehalose. Finally 0.01% of Tween 20 was added to the formulation. The total volume of 

the mixture was q.s. to 100mL and the formulation was spray dried into particulates 

using the Buchi B290 spray dryer.  

b) Characterization of influenza vaccine 

i. Product yield 

 The dry powder was collected in a glass vial and the product yield (%) was 

determined. The formula used was as follows:  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑦𝑖𝑒𝑙𝑑	(%) = 123415	6177	89	:;8<423	
3=>8;>3?215	6177	89	:;8<423		

	𝑥	100. The theoretical mass of the product 

is what is expected and the actual mass of the product is what is obtained following 

spray drying.  

ii. Particle size and charge 

The Malvern Zetasizer® Nano ZS operates on the basis of dynamic light  

scattering to determine the hydrodynamic radius of the particulates which provides the 

size distribution. To establish surface charge, the surface zeta potential was measured. 

The particulates (5mg/mL) were suspended in citric acid buffer (100mM at pH 4.0) for 

30 minutes. The suspension was then centrifuged and re-dispersed in 1mL of deionized 

water and used for size and charge distribution.  

iii. Morphology 
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The FEI Tecnai Biotwin transmission electron microscope (TEM) was used to  

visualize the morphology of the particulates.  

iv. Encapsulation efficiency  

Inactivated (H1N1) virus encapsulation was determined by conducting an  

extraction of the virus from the particulate matrix and quantifying using enzyme-linked 

immunosorbent assay (ELISA). Approximately 5mg of the inactivated (H1N1) virus MPs 

were added to 1mL of Dulbecco’s phosphate buffered saline (DPBS). The suspension 

was incubated for hr at 37ºC and then centrifuged at 1500 rpm for 15 minutes. The 

supernatant was diluted 10-fold beginning at 1:10 dilution and quantified using ELISA. 

The encapsulation efficiency is calculated using the subsequent formula:  

Encapsulation efficiency = CDEFGH	EI	JKLK	MGNOHMPNHQR	PMSFT	QGONUTFVNHQR	MG	DMOSEUNSHMOVQT	
WEHNV	NDEFGH	EI	JKLK	MGNOHMPNHQR	PMSFT	USEHQMG	MG	IESDFVNHMEG

 X 100  

c) Immunization  

For animal experiments, 6-8 week old Wistar rats (Charles River Laboratories,  

Wilmington, MA) were used. The details of the study are listed in Table 4. One prime 

(Week 0) and one booster (Week 3) dose were administered to rats intramuscularly 

(I.M.) or transdermally (T.D.) using the hollow microneedle injector.  Each dose 

contained 30µg of antigen (inactivated influenza virus + Alhydrogel®), which was added 

to 200µL of phosphate buffered saline (PBS) upon administration. Four weeks and six 

weeks after the prime dose, blood was collected for evaluation of immune responses. All 

animal experiments were approved by Mercer University IACUC review board and 

conducted under the guidelines of Mercer University IACUC. (Animal protocol  

#A1504008).  
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d) Antibody responses 

Serum from the blood was collected and tested for influenza virus specific IgG  

antibody titers. Samples were stored in -20°C until analysis. Coating antigen consisted of 

purified inactivated influenza virus. Briefly, 200ng of antigen was coated in a 96 well 

high binding plate and incubated at 4°C overnight. The plate was then blocked with 3% 

BSA and incubated at 37°C for 2.5 hours. The primary antibody consisted of serum, 

collected form the blood, which was then serially diluted, added onto the plate and 

incubated at 37°C for 1.5 hours. The secondary antibody was horseradish peroxidase-

conjugated goat anti-mouse IgG which was added at a dilution of 1:2000 and incubated 

at 37°C for 1.5 hours. 3,3',5,5'-Tetramethylbenzidine (TMB) substrate was added and 

incubated at room temperature for 3 minutes, followed by addition of 0.3mol H2SO4 to 

stop the reaction. The plate was then read at an optical density of 450nm using the 

Biotek Synergy plate reader.  

e) Memory T and B cell responses 

 Animals were sacrificed at week 6 and the secondary lymphoid organs (spleen 

and lymph node) were collected from all 6 groups (N=4 rats/group) in incomplete 

medium (RPMI 1640). Single cell suspensions of both organs were made using a 40µm 

cell strainer (purchased from Fischer Scientific). Lymph node cell suspensions were 

centrifuged for 10 minutes at 3500rpm and then added to a T-25 flask in complete RPMI 

1640 medium + IL-2 overnight. For removal of red blood cells from the spleen, ACK 

lysis buffer was added to the splenocytes and centrifuged for 10 minutes at 3500rpm 5 

times. Splenocytes were then cultured in complete RPMI 1640 medium + IL-2 overnight. 
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Single cell suspensions of the lymph node and spleen were stained with fluorescently 

labeled antibodies for detecting memory B cell populations, CD45R B cell (FITC anti-rat) 

and CD27 memory B cell (APC anti-rat), quantified using flow cytometry (BD AccuriTM 

C6 flow cytometer).    

f) Cytokine release from T-cells following re-stimulation   

 Single cell suspensions of the spleen were added to a 48 well plate  

(3x105cells/well). Re-stimulation of cells was done by the addition of antigen 

(inactivated influenza virus + Alhydrogel®) and protein inhibitor Brefeldin A to the 48 

well plate and incubated at 37°C for 24 hours for detection of cytokines. Brefeldin A 

prevents cytokines from exiting the cell after they are secreted. The cells were then 

permeabilized (Intracellular fixation and permeabilization buffer set purchased from 

ebiosciences) and tagged with fluorescently labeled antibodies to specific cytokines 

released by CD4+ and CD8a+ T cell subsets. Intracellular cytokine staining was evaluated 

for IFNγ (FITC anti-rat) secreted by CD8a+ (APC anti-rat) T cell phenotypes (Th1 

differentiation) and IL-4 (PE anti-rat) and IL-17a (FITC anti-rat) secreted by CD4+(APC 

anti-rat) T cell phenotypes (Th2 differentiation), quantified using flow cytometry (BD 

AccuriTM C6 flow cytometer).  

g) Analytical Tests 

All statistical analyses were conducted using the Graphpad Prism 7 software. For  

group comparisons,  a one-way ANOVA was applied. The following P values were 

used, P > 0.05 (non-significant), P < 0.05 (*), P < 0.01 (**) and P < 0.005 (***). Error bars are 

indicative of standard deviation of uncertainty.   
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Results 

Influenza (H1N1) particulate vaccine characterization 
 
 The particulate vaccine was visualized using transmission electron microscopy 

(Figure 12). Size and charge are listed in Table 5. The average size of the particulate 

vaccine was 900nm with a zeta potential of -12.23mV. The encapsulation yield was 

86.41% and the percentage yield was 95.64%.  

 
Inactivated H1N1 vaccine induced antigen specific antibody responses  
 
 Following a prime dose at week 0, sera from rats administered with particulate 

inactivated influenza virus showed considerably high levels of IgG titers at week 4 

(Figure 13). The boost vaccination at week 3 significantly increased antibody titers at  

Table 4. Rats (N=6) were immunized with inactivated (H1N1) influenza virus 
encapsulated in micro particulates or free in suspension. Naïve served as the negative 
control for all groups, while blank micro particulates served as control for all 
particulate groups. 
 

Group (N=6) Dose (µg) Route (I.M. - 
intramuscular),  

(T.D. - transdermal) 
Naïve - - 

Blank micro particulates  - T.D.  

Free Antigen in Suspension 30 I.M. 

Microparticulate Loaded Antigen (MP) 30 I.M. 

Free Antigen in Suspension 30 T.D. 

Microparticulate Loaded Antigen (MP) 30 T.D. 
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week 6. However, no difference was found between the two routes suggesting that 

microneedle delivery to the skin and immunization using the intramuscular route 

produced similar antibody titers (Figure 13).  

Transdermal vaccination stimulated Th2 response through CD4+ T cells 

The nature of the antigen largely affects the differentiation of T lymphocytes,  

seen as part of the cell-mediated response, the other division of the adaptive immune 

system. Spleen cells were re-stimulated for 24 hours at 37°C. The mechanism of the cell-

mediated response induced two distinct pathways and was route dependent. 

Transdermally vaccinated rats showed high CD4+ T cell phenotypes and 

intramuscularly vaccinated rats showed high CD8a+ T cell phenotypes in the spleen 

(Figure 14). Interestingly, the influenza vaccine induced Th2 differentiation in 

transdermally vaccinated animals as illustrated by high levels IL-17 and IL-4 released 

from CD4+ T cells and Th1 differentiation in intramuscularly vaccinated animals 

demonstrated by elevated levels of IFNγ released from CD8a+ T cells (Figures 15 and 16).  

Transdermal inactivated H1N1 particulate vaccine induced memory responses  

For long-term protection against influenza infection, it is critical that the vaccine  

generate memory T and B cells. There is a strong memory response that arises only 6 

weeks after the first immunization (Figure 17). Particulate vaccines demonstrated high 

number of memory cell populations; memory B cells localized in the lymph node and 

memory T cells localized in the spleen (Figure 18).  
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Table 5. Physicochemical characteristics of particulates encapsulating the inactivated 
(H1N1) influenza virus.   
 

Average Size (nm) 900nm + 7.53 

Zeta Potential (mV) -12.23 

Encapsulation Yield (%) 86.41 + 2.38% 

Percentage Yield (%) 95.64%  

	

	
Figure 12. Transmission electron microscopy (TEM) image of the Inactivated H1N1 
influenza loaded into microparticles. TEM images were captured under 120kV and 18 
500X magnification.   	
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Figure 14. T cell phenotypic analysis. Assessment of CD4+ and CD8+ T cell 
populations in the spleen using fluorescently tagged antibodies, measured by flow 
cytometry. **, P < 0.01. 
	

 

           
Figure 13. Antibody response. Serum IgG recognizing H1N1 in immunized rats. I.M. 
(Intramuscular), T.D. (Transdermal), MP (Microparticulate) *, P < 0.05; **, P < 0.01. 
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Figure 15. Th2 Response. Intracellular 
staining of IL-17 and IL-4 secreted by 
CD4+ T cells. **, P < 0.01; ***, P < 0.005. 	
	

 

Figure 16.  Th1 Response. Intracellular 
staining of IFNγ by CD8+ T cells. **, P < 
0.01.  
	

     

 

Figure 18. CD4+ T cells activate memory 
B cells through CD27 receptor for 
future protection against the virus. 
CD45R is present on CD4+ and CD8a+ T 
cells that also play a role in the memory 
response. These ligands were assessed 
using fluorescently tagged antibodies, 
measured using flow cytometry in the 
spleen *, P < 0.05; **, P < 0.01.  

  
 
Figure 17. CD4+ T cells activate memory B 
cells through CD27 receptor for future 
protection against the virus. CD45R is 
present on CD4+ and CD8+ T cells that 
also play a role in the memory response. 
These ligands were assessed using 
fluorescently tagged antibodies, measured 
using flow cytometry in the lymph node 
**, P < 0.01.  
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Discussion 
 

The humoral mediated antibody production and activation of T lymphocytes; 

both CD4+ and CD8+ T cells are important pathways for fight and recovery against 

influenza infection (Avetisyan et al., 2005). Our study evaluated vaccine efficacy for 

virus specific IgG at weeks 4 and 6 (Figure 13). The control groups showed significantly 

lower IgG titers compared to the groups that were vaccinated. Particulate vaccines 

appeared to enhance the immunogenicity based on the mechanism of uptake by 

immune cells boosting overall IgG compared to antigens given freely in suspension. The 

titer was 10-fold greater for MP loaded antigen groups vaccinated intramuscularly and 

transdermally compared to the titer elicited by groups receiving antigen in suspension.  

There was no significance seen between transdermal and intramuscular 

administration for either weeks 4 or 6, suggesting that micro needle delivery to the skin 

and immunization using the I.M. route produced similar antibody titers (Sullivan et al., 

2010). Inactivated virus vaccines show high level of antibody titers capable of protecting 

against future infection against the same subtype of live virus (Sullivan et al., 2010).  

However the use of transdermal vaccination offers an alternative pain-free method of 

immunization that is able to produce the same level on antibody than that of 

conventional intramuscularly administered vaccines against influenza.  

For optimal immune response against influenza, vaccination should elicit antigen 

specific T cells (Moldoveanu et al., 1995, Hendriks et al., 2000). Following re-stimulation, 

virus-primed CD4+ and CD8a+ T cells were observed in the spleen. Inactivated virus 

vaccines have reported contradictory results surrounding the activation of antigen 
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specific CD8+ T cells. Some studies have shown no increase in CD8+ T cells following 

vaccination (He et al., 2008) (He et al., 2006). Others have shown increase in CD8+ T cells 

with vaccination specific to HA (Long et al., 2008) (Subbramanian, Basha, Shata, Brady, 

& Bernstein, 2010).  Our data showed that intramuscular administration did induce 

CD8+ T cells, however, interestingly inactivated virus vaccines administered through the 

skin induced CD4+ T cells. CD4+ T cells induce mechanisms that help to get rid of virus-

infected cells in influenza as well as stimulation of cells that are part of the adaptive 

immune response like plasma cells that release antibodies (Subbramanian, Basha, Shata, 

Brady, & Bernstein, 2010). The increase in different T cell subsets, following 

intramuscular and transdermal administration (Figure 14) of the inactivated virus 

vaccine, suggests that there are route dependent immune mechanisms in place against 

influenza. Additionally the nature in which the antigen is delivered (particle vs. free 

antigen) through either route also results in better activation of both T cell subsets due to 

priming that leads to by continuous release of H1N1 from the polymer matrix in-vivo.  

It is well established that following activation of the immune system by an 

antigen, CD4+ T cells differentiate into one of two subtypes, Th1 or Th2 (Avetisyan et al., 

2005, p. 2).  Studies have shown that early cytokine release during influenza infection, 

may contribute to the conversion of CD4+ into Th1 or Th2 cells (Avetisyan et al., 2005, p. 

2). The Th1 pathway is characterized by the release of γ-interferon and Th2 cells release 

interleukin (IL)-4 (Moran et al., 1999).  The low production of one may result in high 

secretion of the other, illustrating which pathway is activated (Avetisyan et al., 2005). 

Influenza infection induces a Th1 response and vaccination using the inactivated virus 
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induces Th2 cellular responses, which along with neutralizing antibodies are still 

protective against the homosubtypic live virus. Our results show that transdermal 

vaccination appeared to have produced a Th2 response, which is in accordance with the 

literature, following administration of inactivated influenza virus vaccines. This was 

further confirmed by the evaluation of Th2 specific cytokines IL-4 and IL-17 (pro-

inflammatory cytokine that plays a crucial role in defense against pulmonary pathogens) 

following re-stimulation with live virus (X. Wang et al., 2011). Th2 induction following 

transdermal vaccination and live viral infection may offer more insight into the 

generation of heterosubtypic immunity against influenza or an alternative to current 

influenza vaccines that can be modified to produce a Th2 response.  

Long-term protection against influenza is dependent on the production of 

memory T and B cells. CD27+ is a ligand present on NK, T and B cell populations 

(Hendriks et al., 2000). CD27+ B cells exhibit functional characteristics of memory cells 

(Hendriks et al., 2000). CD27+ ligand on T cells enhance differentiation of CD8+ T cells to 

effector cytotoxic T cells upon secondary exposure to the virus (Hendriks et al., 2000). 

The elevated levels of CD27+ on B cells promote plasma cell differentiation that 

contributes to immunoglobulin production (Hendriks et al., 2000). The particulate 

vaccines against influenza induce a strong memory response that arises only 4 weeks 

after the first immunization also suggesting that Th2 immunity may lead to a better 

memory response.  

When an antigen is no longer present, the B cells releasing antibodies, the CD4+ T 

cells and the CD8+ T cells express ligands CD27+ and CD45R differentiating them into 
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memory cells (Hendriks et al., 2000). The remainder of the circulating T and B cells then 

undergo apoptosis, except for those differentiated into CD27+ and CD45R. These 

subtypes of memory cells are localized in the secondary lymphoid organs (spleen and 

lymph node) and are important for future protection against the virus (Hendriks et al., 

2000). The inactivated H1N1 vaccine showed that CD45R differentiated cells following 

transdermal vaccination were localized in the lymph node compared to CD27+ cells 

localized in the spleen in groups vaccinated intramuscularly.  

Current inactivated influenza virus vaccines are administered mainly via 

intramuscular injection and induce immunity against the homosubtypic strain of the live 

virus. A lot of research is currently being done to investigate the role of cell-mediated 

immunity in the clearance of heterosubtypic strains (Moran et al., 1999). One of the 

major contributing factors is the lack of virus-specific CD8+ memory T cells that are 

generated following vaccination with inactivated viruses (Moran et al., 1999). This can 

be balanced with data suggesting that CD4+ T cells can expand into Th1 or Th2 cells 

capable of defending against influenza through the activation of antibody producing 

cells or cytotoxic T cells (CTLs) (Moran et al., 1999).  

Exploring the transdermal route for administration of inactivated influenza virus 

vaccines has generated new insight on the mechanism of cell-mediated immunity that 

could potentially lead to more effective vaccines capable of protecting against various 

subtypes of influenza viruses.  

Conclusion 
 

The activation of T and B cells of the immune system are critical for the host to  
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defend against any type of pathogen, especially viruses like Influenza. One of the most 

effective ways for prevention of infection is vaccination. Our results show that 

vaccination in the skin is an effective approach for delivery of the inactivated (H1N1) 

influenza vaccine. Furthermore the enhanced production of antibodies, cytokines and 

stimulation of various types of T and B cells illustrate the efficacy of the particulate form 

of the vaccine compared to free antigen in suspension. Microparticulate transdermal 

vaccines may offer a promising alternative vaccination strategy against Influenza. 
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II. IMMUNOGENICITY ASSESSMENT OF THE MATRIX-2 PROTEIN  

VIRUS-LIKE PARTICLE (M2e VLP) 

Abstract 

Dendritic cells (DCs) are antigen-processing machines (Cella, Sallusto, &  

Lanzavecchia, 1997). They are professionals at arresting pathogens, followed by which 

they are able to efficiently process antigenic components and present them to their 

counterparts, the T cells and begin the cascade of immune responses (Cella et al., 1997). 

The interaction between DCs and T cells are fundamental in the development of 

adaptive immunity (Cella et al., 1997). We have focused on the development of a vaccine 

that incorporates the extracellular region of the matrix 2 protein (M2e), which is highly 

conserved amongst all the strains of influenza (Bessa et al., 2008) (Mozdzanowska et al., 

2003) (Neirynck et al., 1999) (Turley et al., 2011). This characteristic of the M2 protein 

serves as a basis for the development of a potential universal vaccine. However, its small 

nature has provided a significant challenge in generating an immune response in-vivo 

(Feng et al., 2006). Fortunately, in the last few decades, significant advances in 

recombinant technology have led to the development of novel systems such subunit 

vaccines that incorporate virus-like particles (VLPs) (Kim et al., 2013). In this study, our 

goal was to utilize the M2e VLP and test its immunogenicity as a potential vaccine 

against influenza. We analyzed immunogenicity by using DCs, stimulating them with 

VLP and co-culturing the stimulated DCs with T cells to observe, innate and adaptive 

immune responses. 

The M2e VLP was encapsulated into a polymer matrix using the one-step  



65 
	

	
	

spray drying method. Adjuvants Alhydrogel®, MPL-A® or AddavaxTM were used to 

enhance the immunogenicity of the M2e VLP. The M2e VLP microparticle vaccine was 

characterized for morphology, size, charge and amount encapsulated. Short-term and 

long-term cytotoxicity of the M2e VLP vaccine was evaluated in DCs and macrophages. 

DCs were differentiated from bone marrow progenitor cells collected from C57BL/6 

mice and were used for antigen stimulation studies. DC’s and macrophages were 

stimulated for assessment of innate immune responses. Once stimulated, T cells were 

added to DCs to assess co-stimulation and proliferation.  

The microparticle yield was found to be 92% and the encapsulation yield was  

around 84% with a size of approximately 2.78µm. There was no short-term cytotoxicity 

found in DCs and macrophages with concentrations up to 1500µg/mL, however long-

term exposure resulted in 25% decrease in viability of cells with concentrations more 

than or equal to 500µg/mL. Following incubation with GM-CSF, IL-4 and TNFα, DCs 

were generated with high levels of CD11c, MHC I and II phenotypes at day 12. The M2e 

VLP microparticle vaccine with Alhydrogel® and MPL-A® induced high levels of TNFα 

in both DCs and macrophages. The high levels of MHC I, II, CD28, B7-1, ICAM-1, LFA-1 

expression and IL-12 release in the M2e VLP microparticle group with Alhydrogel® 

suggests that the M2e VLP vaccine with this adjuvant activated T cells via the Th2 

pathway. The increased expression of MHC I, II, CD40, CD154, ICAM-1 and LFA-1 and 

the release of IL-12 in the M2e VLP microparticle group with MPL-A® demonstrated that 

the M2e VLP vaccine with this adjuvant activated T cells via the Th1 pathway. The 

decrease in fluorescence in the Alhydrogel® and MPL-A® group illustrates the successful 
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proliferation of T cells took place following exposure to the M2e VLP with these 

adjuvants. The M2e VLP microparticle vaccine was able to successfully stimulate both 

innate and adaptive immune responses better than that of its counterpart, the M2e VLP 

in suspension. Furthermore, the presence of Alhydrogel® and MPL-A® enhanced the 

immunogenicity of the M2e VLP MP vaccine. The next step would be to investigate the 

efficacy of the M2e VLP MP vaccine in a pre-clinical mouse model to determine if it has 

the potential to serve as a universal vaccine against influenza.   

Introduction 

 Influenza is a very contagious pathogen and is currently controlled by 

vaccination with mono, tri or quadrilvalent vaccines, mainly against the major 

glycoprotein hemagglutinin (Wood & Robertson, 2007). Hemagglutinin enables the 

virus to bind to the host cell facilitating entry of the virus into the cell (Lee et al., 2014). 

Due to antigenic drift, there are mutations that occur in hemagglutinin (HA) as well as 

the other major glycoprotein neuraminidase (NA) (assists in transport of the virus 

through the mucin layer of the respiratory tract) (Lee et al., 2014). Therefore the 

composition of influenza vaccines are modified each year, so as to incorporate the 

strains that are expected to be circulating in the following season (Thompson, Comanor, 

& Shay, 2006). Pandemic cases of influenza occur due to the introduction of a new 

hemagglutinin subtype (Garten et al., 2009). These pandemics are unpredictable and 

seasonal vaccines offer almost no protection against pandemic strains (Robertson et al., 

2011).  

 In recent years, different approaches are being utilized, that broadens immune 
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protection and induces antibodies against conserved regions of hemagglutinin (Giles et 

al., 2012) (John Steel et al., 2010) (T. T. Wang et al., 2010). Selection of an antigen that is 

able to induce immune responses that are long-lasting and protective can be extremely 

challenging (Jorquera & Tripp, 2016). We have focused on the development of a vaccine 

that incorporates the extracellular region of the matrix 2 protein (M2e), which is a 97 

amino acid ion channel located on the membrane of the influenza virus that plays an 

important role during viral entry, which is to maintain pH (Lee et al., 2014). More 

importantly the M2e region is highly conserved among all the strains of influenza (Bessa 

et al., 2008) (Mozdzanowska et al., 2003) (Neirynck et al., 1999) (Turley et al., 2011) 

(Figure 4). This characteristic of the M2e protein serves as a basis for the development of 

a potential universal vaccine. However, its small nature has provided a significant 

challenge in generating an immune response in-vivo (Feng et al., 2006). Fortunately, in 

the last few decades, significant advances in recombinant technology have led to the 

development of novel systems such as viral vectors, recombinant proteins, DNA 

vaccines and subunit vaccines (Soema et al., 2015). Subunit vaccines such as virus-like 

particles (VLPs) have played an important role in vaccine development, using 

recombinant methods and the first marketed VLP vaccine was created for Hepatitis B in 

1986, followed by a VLP vaccine against the human papillomavirus (HPV) in 2006 

(Soema et al., 2015).  

Virus-like particles (VLPs) are multiple repeats of a protein or antigen that  

resembles the native form and organization of the virus, minus its genome; therefore it is 

a safer candidate for use in a vaccine (Figure 19) (Roldão et al., 2010). The nature of VLPs 
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allow for presentation of antigenic proteins that have the ability to enhance antibody 

production leading to improved immune responses (Roldão et al., 2010). Up to date, 

VLPs have been constructed for approximately 30 viruses including influenza (Roldão et 

al., 2010). The 

hemagglutinin and 

neuraminidase VLPs have 

been constructed and used 

for research purposes 

(Roldão et al., 2010).  

The fight against viral infections, including influenza involves three major  

players, the virus, the host cell that it targets and cells of the immune system 

(Banchereau et al., 2000). The elimination of viruses requires activation of CD8+ cytotoxic 

T lymphocytes (CTL) (Banchereau et al., 2000). Dendritic cells (DCs) are vital because 

they have the ability to activate CTLs (Banchereau et al., 2000). DCs are antigen-

processing machines (Cella et al., 1997). They are professionals at arresting pathogens, 

followed by which they are able to efficiently process antigenic components and present 

them to their counterparts, the T cells (Cella et al., 1997). This interaction between DCs 

and T cells are fundamental in the development of adaptive immunity (Cella et al., 

1997).  

DCs are activated by direct contact with pathogens or through other cells such as  

macrophages and monocytes that send danger signals (Banchereau et al., 2000). The 

immune system is equipped with DCs that have well-designed sensors capable of 

	
Figure 19. Virus-like particles (VLPs) of the extracellular 
domain of the matrix-2 protein (M2e) (Adapted from 
Roldão et al., 2010).  
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recognizing pathogen-associated molecular patterns (PAMPs) (Clem, 2011). Once these 

sensors are triggered the signal for danger is set off which then leads to broad activation 

of the immune system, beginning with the innate immune system (Schiavoni, Mattei, & 

Gabriele, 2013). Danger signals often include inflammatory cytokines, which include 

pro-inflammatory cytokines IL-1, TNFα, IL-12 or anti-inflammatory cytokines, IL-4, IL-

10, IFNγ, etc (Kadowaki et al., 2001).  

DCs are actively known as antigen presenting cells (APCs) that engulf antigens  

and enter a differentiation program, where they migrate to the secondary lymphoid 

organs (spleen and lymph node) and undergo maturation (Banchereau & Steinman, 

1998). Maturation is driven by the expression of proteins on the surface of DCs, which 

allow for activation of T cells (Banchereau & Steinman, 1998). Up-regulation of proteins 

include major histocompatibility complexes (MHCs) (Goldsby, Kindt, Osborne, & Kuby, 

2003). Viral antigens are generally presented on MHC Class I molecules and bacterial 

antigens are presented on MHC Class II molecules (Goldsby et al., 2003)  

There are three major checkpoints for the activation of T cells, 1) presentation of  

antigens on MHC Class I or MHC Class II, 2) co-stimulation of B7/CD28 or 

CD40L/CD40 and LFA-1/ICAM-1 and 3) release of cytokines such as IL-1, IL-12 and 

TNFα (Figure 20) (Oldstone & Compans, 2014). This three-signal paradigm causes 

differentiation of T cells into specific effector cells, without which results in loss or 

anergy of T cells (Oldstone & Compans, 2014). The nature of the antigen is a critical 

determinant on whether its presented on MHC I, MHC II or both (Heath et al., 2004). 

Following presentation of viral antigens on MHC Class I, a complex is formed that is 



70 
	

	
	

then recognized by the T cell receptor (TCR) (Figure 20) (Heath et al., 2004). Binding of 

the TCR leads to formation of a synapse for continued interaction between the APCs and 

T cells. The TCR:MHC-antigen complex is the first checkpoint for T cell activation 

(Heath et al., 2004). The second major checkpoint is the co-stimulation of B7 proteins 

(CD80/86) on APCs with CD28 on T cells (Figure 20) (Nabavi et al., 1992). B7-1 also 

known as CD80 is expressed on multiple cell types including activated B and T cells 

(Greenfield, Nguyen, & Kuchroo, 1998, p. 27). Both B7 proteins have binding affinity for 

CD28 and CTLA-4 (Sharpe & Freeman, 2002). CD28 is important for activation and 

CTLA-4 plays an important role in down-regulating or inhibiting immune responses 

(Mueller, 2000). CD28 is found on most CD4+ T cells and half of CD8+ T cells (Mueller, 

2000). Subsequent to the MHC-antigen:TCR complex formation, B7.1 binds to CD28 

which then results in activation of the T cell and completion of the second checkpoint 

(Mueller, 2000). Presentation of viral pathogens also induces the co-stimulation of 

intracellular adhesion molecule-1 (ICAM-1) and its counterpart lymphocyte function-

associated antigen-1 (LFA-1), which helps in progression of the immune response 

(Figure 20) (Oldstone & Compans, 2014). CD4+ and CD8+ T cells express LFA-1, which 

has been found to be important in the movement of CD8+ and CD4+ T cells to other 

organs such as the lung in influenza infection (Oldstone & Compans, 2014). The 

presence of LFA-1 has also been found on memory T cells, which leads to their retention  

in the lung following the resolution of influenza infection (Oldstone & Compans, 2014). 
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Presentation of bacterial antigens occurs via the MHC Class II pathway (Heath et  

al., 2004). The same complex is formed that is then recognized by the T cell receptor 

(TCR) (Heath et al., 2004). Binding of the TCR leads to formation of a synapse for 

continued interaction between the APCs and T cells. The TCR:MHC-antigen complex is 

the first checkpoint for T cell activation (Heath et al., 2004). The second major checkpoint 

is the co-stimulation of CD40 on APCs with CD154 (CD40 ligand) on T cells (Figure 20). 

CD40 engagement with CD154 (CD40L) allows APCs such as DCs to enter maturation 

and ensure they have all the necessary components to induce T cell activation (Quezada, 

													 	
Figure 20. Antigen presentation by DCs and activation of T cells. (Adapted from De 
Temmerman et al., 2011).   	
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Jarvinen, Lind, & Noelle, 2004). Antigen presentation via MHC I or MHC II culminates 

with the third and final checkpoint following co-stimulation, which is the release of 

cytokines by APCs that bind to T cells activating them (Quezada et al., 2004, p. 40).  

Antigen presentation and processing is known to be enhanced with the presence  

of immunomodulatory compounds known as adjuvants. Alhydrogel®, an aluminum salt 

based compound is one of the most widely used adjuvant and is licensed for use in 

vaccines, specifically against influenza, that creates a depository following 

administration leading to the recruitment of immune cells at the site (Rümke et al., 

2013). Emulsion systems have been very successful in influenza vaccines, as they 

broaden immune responses at low doses (Khurana et al., 2010). AddavaxTM, similar in 

structure to MF59® is a squalene based oil in water emulsion known to cause up-

regulation of inflammatory cytokines and chemokines, resulting in APC recruitment 

(Mosca et al., 2008). MPL-A® was the first TLR ligand approved for human use that 

significantly enhances humoral and cell-mediated immunity.  

T cell priming in-vitro has been demonstrated and is influenced by several  

factors, some of which include, maturation status of DC, DC-T cell ratio, dose of the  

antigen and the duration of interaction (Zinkernagel & Hengartner, 2001) (Zinkernagel 

et al., 1997). In this study, our goal was to utilize the M2e VLP and test its 

immunogenicity as a potential vaccine against influenza. We analyzed immunogenicity 

by using bone marrow derived DCs, differentiating them into mature DCs, stimulated 

them with VLP and co-culturing the stimulated DCs with T cells to observe innate and 

adaptive immune responses.  
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Materials and Methods 

Materials  

The matrix 2 protein (extracellular domain) virus-like particles (M2e VLP) were 

provided by Dr. Sang-Moo Kang (Georgia State University, Atlanta, GA). Male, 4-6 

week old C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, 

MA). Adjuvants Alhydrogel® (Alum), monophosphoryl lipid A® (MPL-A®) and 

AddavaxTM were purchased from InVivogen (San Diego, CA). The polymers cellulose 

acetate phthalate dispersion (Aquacoat® CPD) and ethyl cellulose dispersion (Aquacoat® 

ECD) were provided by FMC Biopolymers (Philadelphia, PA) and hypromellose acetate 

succinate (HPMCAS) polymer purchased from Dow Pharmaceutical Solutions (Chicago, 

IL). Trehalose and glycol chitosan were purchased from Sigma-Aldrich (St. Louis, MO). 

IL-4 and TNFα were purchased from InVitrogen (Carlsbad, CA). The TNFα and IL-12 kit 

was purchased from Thermo Fisher Scientific (Waltham, MA). The MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) cell assay reagent and GM-CSF 

was purchased from Thermo Fisher Scientific (Waltham, MA). Fluorescently tagged cell 

markers, anti mouse- MHC I (PE), MHC II (FITC), CD11c (APC), B7-1 (FITC), CD28 

(APC), CD154 (APC), CD40 (PE), CD3+ (FITC), ICAM-1 (FITC), LFA-1 (APC) and CFSE 

cell proliferation tracker were purchased from Ebiosciences (San Diego, CA) and 

Biolegend (San Diego, CA). 

Methods  

Images in this document are presented in color. 

a) Preparation of influenza M2e VLP vaccine 



74 
	

	
	

 The M2e VLP particulate vaccine consisted of a polymer matrix with the 

following components (w/w): 35% cellulose acetate phthalate dispersion (Aquacoat® 

CPD), 22% hypromellose acetate succinate (HPMCAS), 30% ethyl cellulose dispersion 

(Aquacoat® ECD), 4% trehalose, 4% chitosan and 5% antigen (M2e VLP). First, CPD 

stock suspension was diluted to 3% by adding 1.5g of stock to 50mL of deionized (DI) 

water under stirring (50rpm) to dissolve and adjusted to a final pH of 6.0 using 1N 

sodium hydroxide (NaOH). Similarly, in a separate 50mL beaker, 0.3g of HPMCAS was 

added to 50mL of DI water adjusted to a final pH of 8.0 also using 1N sodium hydroxide 

(NaOH). To prepare 0.1% solid content (0.1g in 100mL, w/v), in a 100mL beaker, 50mL 

of DI water was first added followed by the addition of 17mL of CPD, 3.67mL of 

HPMCAS and 111uL of EC and adjusted to a pH of 7.0 under continuous stirring. 4 mg 

of chitosan was then added. 5mg of the antigen (M2e VLP) was then added, followed by 

4mg of trehalose. Finally 0.01% of Tween 20 was added to the formulation. The total 

volume of the mixture was q.s. to 100mL and the formulation was spray dried into 

particulates using the Buchi B290 spray dryer.  

b) Preparation of adjuvant particulates  

 The three adjuvant formulations consisted of a polymer matrix with the 

following components (w/w): 35% cellulose acetate phthalate dispersion (Aquacoat® 

CPD), 22% hypromellose acetate succinate (HPMCAS), 30% ethyl cellulose dispersion 

(Aquacoat® ECD), 4% trehalose, 4% chitosan and 5% adjuvant (Alhydrogel®, MPL-A®, or 

AddavaxTM). First, CPD stock suspension was diluted to 3% by adding 1.5g of stock to 

50mL of deionized (DI) water under stirring (50rpm) to dissolve and adjusted to a final 
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pH of 6.0 using 1N sodium hydroxide (NaOH). Similarly, in a separate 50mL beaker, 

0.3g of HPMCAS was added to 50mL of DI water adjusted to a final pH of 8.0 also using 

1N sodium hydroxide (NaOH). To prepare 0.1% solid content (0.1g in 100mL, w/v), in a 

100mL beaker, 50mL of DI water was first added followed by the addition of 17mL of 

CPD, 3.67mL of HPMCAS and 111uL of EC and adjusted to a pH of 7.0 under 

continuous stirring. 4 mg of chitosan was then added, followed by 5mg of the adjuvant 

(Alhydrogel®, MPL-A® or AddavaxTM) followed by 4mg of trehalose. Finally 0.01% of 

Tween 20 was added to formulation. The total volume of the mixture was q.s. to 100mL 

and the formulation was spray dried into particulates using the Buchi B290 spray dryer.  

c) Characterization of the M2e VLP particulate vaccine 

i. Product yield 

The dry powder was then collected in a glass vial and the product yield (%) was  

determined. The formula used was as follows: 𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑦𝑖𝑒𝑙𝑑	(%) =

123415	6177	89	:;8<423	
3=>8;>3?215	6177	89	:;8<423		

	𝑥	100. The theoretical mass of the product is what is expected 

and the actual mass of the product is what is obtained after spray drying.  

ii. Particle size and charge 

The Malvern Zetasizer® Nano ZS operates on the basis of dynamic light  

scattering to determine the hydrodynamic radius of the particulates which provides the 

size distribution. To establish surface charge, the surface zeta potential was measured. 

The particulates (2mg/mL) were suspended in citric acid buffer (100mM at pH 4.0) for 

15 minutes. The suspension was then centrifuged and re-dispersed in 1mL of deionized 

water and used for size and charge distribution.  
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iii. Morphology 

The FEI Tecnai Biotwin transmission electron microscope (TEM) was used to  

visualize the morphology of the particulates.  

iv. Encapsulation efficiency  

M2e VLP encapsulation was determined by conducting an extraction of VLP  

from the particulate matrix and quantification using an enzyme-linked immunosorbent 

assay (ELISA). Approximately 5mg of the M2e VLP MPs were added to 1mL of 

Dulbecco’s phosphate buffered saline (DPBS). The suspension was incubated for hr at 

37ºC and then centrifuged at 1500 rpm for 15 minutes. The supernatant was diluted 10-

fold beginning at 1:10 dilution and quantified using ELISA. The encapsulation efficiency 

is calculated using the subsequent formula:  

Encapsulation efficiency = CDEFGH	EI	XYQ	Z[\	QGONUTFVNHQR	MG	DMOSEUNSHMOVQT	
WEHNV	NDEFGH	EI	XYQ	Z[\	USEHQMG	MG	IESDFVNHMEG

 X 100  
 

d) Isolation of bone marrow derived dendritic cells 

 Bone marrow was collected from the femur and tibia of C57BL/6 mice in  

incomplete RPMI medium. For removal of red blood cells (RBCs), a water lysis was 

carried out using 900µL of sterile filtered water and 100µL of 10x PBS and centrifuged at 

1,500 rpm for 5 minutes. The cells were then re-suspended in complete RPMI (R10) 

medium supplemented with 10% FBS, 2mM glutamine, 100U/mL Penicillin, 100µg/mL 

Streptomycin and 50µM β-Mercaptoethanol (ME) and counted using trypan blue. The 

cells were then plated in petri dishes at 1x106 cells per plate in 10mL of R10 and 

20ng/mL of GM-CSF and placed in the incubator at 37°C with 5% CO2. At day 3, an 

additional 10mL of R10 and 20ng/mL of GM-CSF was added gently. At day 6, the media 
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from one petri dish were removed and centrifuged at 1,500 rpm for 5 minutes. The cells 

were then stained with fluorescent-tagged antibodies for anti-mouse CD11c (APC), 

MHC II (FITC) and MHC I (PE), quantified using flow cytometry (BD AccuriTM C6 flow 

cytometer). On the same day, half of the media from the other petri dishes was removed, 

centrifuged and re-suspended in 10mL of fresh R10 + 20 ng/mL GM-CSF + 30 ng/mL 

IL-4 and added back to the culture. At day 10, the media from one petri dish was 

removed and centrifuged at 1,500 rpm for 5 minutes. The cells were then stained with 

fluorescent-tagged antibodies for anti-mouse CD11c (APC), MHC II (FITC) and MHC I 

(PE). On the same day, half of the media from the other petri dishes was removed, 

centrifuged and re-suspended in 10mL of fresh R10 + 20 ng/mL GM-CSF + 30 ng/mL 

IL-4 + 100ng/mL TNFα and added back to the culture. At day 12, the media from the 

petri dish was removed and centrifuged at 1,500 rpm for 5 minutes. The cells were then 

stained with fluorescent-tagged antibodies for anti-mouse CD11c (APC), MHC II (FITC) 

and MHC I (PE).  The remainder of mature DC’s were used for stimulation and antigen 

loading.  

e) Cytotoxicity of the M2e VLP in DCs and RAW 264.7 

DCs and Raw 264.7 cells were plated at a density of 1x105 cells in a flat bottom 96  

well microtiter plates respectively. Various concentrations of the test compound (M2e 

VLP loaded microparticles) ranging from 15.6µg to 1500 µg were prepared in cDMEM 

and 100µLwere added to the wells in triplicates and incubated at 37°C for 24 hours for 

determination of short-term cytotoxicity and 5 days for determination of long-term 

cytotoxicity. The cDMEM was then removed and cells were washed with PBS twice. The 
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viability of cells was measured using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide) cell assay. A stock solution of 5mg/mL of the MTT reagent was 

prepared in PBS and sterilized using a 0.22µm filter. Then 10µL of the reagent was added 

to each well, followed by 90µL of cDMEM to each well and incubated for 1-4 hours at 

37°C. Since the MTT reagent is light sensitive, the plates were protected from light with 

an aluminum foil covering. The reagent and media were then removed from each well 

and 100µL of dimethyl sulfoxide (DMSO) was added to dissolve the formazan. The plate 

was then left on a shaker (60rpm) for 15 minutes protected from light. The absorbance 

was measured at 570nm using a Biotek Synergy plate reader. 

f) In-vitro innate immune responses of the M2e VLP in DCs and RAW 264.7   

The mature DCs were seeded in a 48 well flat bottom plate at 2x104 cells per well  

in 300µL of cDMEM. RAW 264.7 cells were cultured in R10 media and seeded in a 48 

well flat bottom plate at 2x104 cells per well in 300µL of R10. Antigen stimulation was 

done for 16 hours at 37°C. The groups for all studies were as follows: 1) Control (No 

antigen), Lipopolysaccharides (LPS) (2µg), M2e VLP (2µg), M2e VLP (2µg) + 

Alhydrogel® (1 µg), M2e VLP (2µg)  + MPL-A® (1µg) and M2e VLP (2µg) + AddavaxTM 

(1µg). The supernatant in each well was collected and analyzed for TNFα concentration 

using TNFα ELISA kit.  

g) In-vitro antigen presentation of the M2e VLP in DCs and proliferation of T cells 

T cells from the lymph node, spleen and thymus were isolated, sorted using the  

CD4+ T cells isolation kit (Stem Cell) and plated in R10 supplemented with IL-2 for 5 

days. At day 5, the lymphocytes were stained with CFSE cell proliferation tracker and 
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added to the DC culture at a ratio of 2x104 DC: 2x105 T cells. The cells were co-cultured 

for 4 days and stained with fluorescently tagged antibody for CD3 expression on T cells.  

Following TNFα assessment, the DCs were co-cultured with unstained T cells at  

a ratio of 2x104 DC: 2x105 T cells. The cells were co-cultured for 4 days and stained with 

fluorescently tagged antibodies for surface expression of MHC I (PE), MHC II (FITC), 

B7-1 (FITC), CD40 (PE) and ICAM-1 (FITC) on DCs and CD28 (APC), CD154 (APC) and 

LFA-1 (APC) on T cells. 

h) Analytical Tests 

All statistical analyses were conducted using the Graphpad Prism 7 software. For  

group comparisons, a one-way ANOVA was applied.  The following P values were 

used, P > 0.05 (non-significant), P < 0.05 (*), P < 0.01 (**) and P < 0.005 (***). Error bars are 

indicative of standard deviation of uncertainty.  

Results 

Characterization of the M2e VLP micro particulate vaccine 

 The morphology of the M2e VLP micro particulates is shown in Figure 21. 

The physicochemical characteristics of the M2e VLP MP are shown in Table 6. The 

microparticle yield was found to be 92% and the encapsulation yield was around 84% 

with a size of approximately 25µm. The zeta potential was close to -24mV. The yield 

following spray drying is important when considering the amount of losses during 

processing. The encapsulation yield is important when studying the amount of VLP that 

is encapsulated and the size of the M2e VLP MP is critical for uptake in antigen 

presenting cells that better recognize sizes that range between 1 to 3µm (Mosca et al., 
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2008). The zeta potential can be used as an indicator of stability as stable particles should 

measure between +30 to -30mV.  

Bone marrow progenitor cells differentiated into DCs 

Progenitor cells from the bone marrow were cultured with media supplemented  

with GM-CSF for 6 days. At day 6, dendritic cell surface expression of CD11c was up-

regulated (Figure 22A). CD11c is a marker present on DC’s that can be used as an 

indicator for differentiation. At day 6, the cells were cultured with GM-CSF and cytokine 

IL-4 for 4 days and increased expression of MHC I and II were observed at day 10 

(Figure 22B). MHC I and II are key proteins involved in antigen presentation. At day 10, 

cells were supplemented with GM-CSF, IL-4 and TNFα and mature DCs were generated 

with high levels of CD11c, MHC I and II phenotypes at day 12 (Figure 22C). The mature 

DCs at day 12 were then used for future studies.  

 Table 6. Physicochemical characteristics of micro particulates encapsulating 
the M2e VLP 
 

Microparticle yield (%) 92 + 2.1 

Encapsulation yield (%) 84 + 6.8 

Size (µm) 2.5 + 0.8  

Zeta potential (mV) -24.09 + 3 
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M2e VLP is non-toxic to DCs and Macrophages 

Immune cells such as DCs and macrophages are vital in initiating immune  

responses. Vaccines are designed to prime these cells against an antigen so that future 

exposure leads to prevention of infection. Vaccine formulations are optimized so as to 

induce immune responses with few adverse effects and limited toxicity. DCs and 

macrophages were exposed to the M2e VLP vaccine for determination of toxicity at 

varying concentrations. The MTT assay was used to measure cytotoxicity following 

short-term exposure (24 hours) and long-term exposure (5 days). Short-term exposure 

showed no decrease in viability in both DCs and macrophages for concentrations up to 

1500µg/mL of M2e VLP (Figure 23A). Long-term exposure illustrated that concentrations 

of greater than and equal to 500 µg/mL can considerably affect the viability of both cell 

types (Figure 23B).  

 

	 	
Figure 21. Transmission electron microscopy (TEM) image of the matrix-2 
protein extracellular domain (M2e) virus-like particles (VLP) loaded into 
microparticles. TEM images were captured under 120kV and 18 500X 
magnification. 	
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M2e VLP stimulated innate immune responses 
 

Mature DCs were then used for antigen stimulation studies. The DCs were 

stimulated with antigen for 16 hours and the innate immune response was evaluated by 

measuring TNFα in the supernatant. The same was done in macrophages (RAW 264.7). 

The levels of TNFα were considerably higher in the LPS particle group, which served as 

our positive control (Figures 24 and 25). The M2e VLP MP with Alhydrogel® and MPL-

A® induced high levels of TNFα in both DCs and macrophages (Figures 24 and 25). The 

groups containing adjuvants showed higher TNFα release compared to M2e VLP MP 

alone (Figures 24 and 25). 

M2e VLP induced antigen presentation and co-stimulation 

The activated DCs were then co-cultured with T cells at a ratio of 1x104 DC: 1x105 

T cells for 3 days. Activation of T cells is dependent on communication from DCs. DCs 

exposed to M2e VLP microparticles with Alhydrogel® showed high expression of MHC I 

and MHC II (Figures 26 and 27). Co-stimulatory molecule expression via the MHC I 

pathway demonstrated increases in B7-1 on DCs and CD28 on T cells in cells exposed to 

M2e VLP microparticles with Alhydrogel® (Figures 28 and 29). Co-stimulatory molecule 

expression via the MHC II pathway illustrated amplification in CD40 and CD154 in 

groups exposed to M2e VLP microparticles with MPL-A® (Figures 30 and 31). ICAM-1 on 

DCs and LFA-1 on T cells are usually only expressed when there is good interaction 

between the two cell types. The high levels of both ICAM-1 and LFA-1 expression in 

Alhydrogel® and MPL-A® groups suggests that the M2e VLP MP with these adjuvants 

activates T cells (Figures 32 and 33). LFA-1 expression was significantly lower in the 
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adjuvant group containing AddavaxTM (Figure 33). Therefore increase in ICAM-1 on DCs 

does not always result in high expression of LFA-1, consequentially there may be no 

activation of T cells. The expression of MHC I/II and co-stimulation usually leads to the 

increase in cytokines that mark the final step in activating T cells. The increase in IL-12 

observed in the M2e VLP with the addition of Alhydrogel® and MPL-A® illustrates that 

the antigen with adjuvants was able to activate T cells (Figure 34).  

M2e VLP stimulated proliferation of T cells 

 When T cells are activated they proliferate to better help in the elimination of 

pathogens. CFSE is a cell proliferation tracker that is used to track fluorescence intensity 

in T cells. Proliferation is measured by the decrease in fluorescence that occurs when T 

cells divide. The decrease in fluorescence in the Alhydrogel® and MPL-A® groups 

exemplifies the successful proliferation of T cells took place (Figure 35).  
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Figure 22.  Phenotypes of cells developing in GM-CSF. Bone marrow progenitor cells 
were differentiated in GM-CSF for 6 days, GM-CSF + IL-4 for 4 days and GMCSF + 
IL-4 and TNFα for 2 days. A) CD11c+ DCs expressing MHC I in GM-CSF (left), 
CD11c+ DCs expressing MHC I in GM-CSF + IL-4 (middle), CD11c+ DCs expressing 
MHC I in GM-CSF + IL-4 + TNFα (right). B) CD11c+ DCs expressing MHC II in GM-
CSF (left), CD11c+ DCs expressing MHC II in GM-CSF + IL-4 (middle), CD11c+ DCs 
expressing MHC II in GM-CSF + IL-4 + TNFα (right). 

A                Day 6        Day 10    Day 12 
      GM-CSF              GMCSF + IL-4         GM-CSF + IL-4 + TNFα 
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  A.  

              
B.      

   
 

Figure 23. Cells were incubated with M2e VLP micro particulate vaccine to measure 
short-term and long-term exposure cytotoxicity using the MTT assay. A) Short-term 
exposure cytotoxicity (24 hours). B) Long-term cytotoxicity (5 days). The data shows 
the mean + standard deviation (SD) measured from triplicates for each data point. 
The results are compared to negative controls that indicated close to 100% viability; 
positive controls showed close to 0% viability. * P < 0.05, ** P < 0.01. 
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Figure 24. TNFα released from macrophages (RAW 264.7) following exposure to M2e 
VLP in microparticles and in suspension. There was a significant increase in TNFα 
concentrations in the M2e VLP microparticle groups with the addition of Alhydrogel® 
and MPL-A® in comparison to M2e VLP alone. The suspension group of the M2e VLP 
with MPL-A® also showed increase in levels of TNFα compared to suspension of M2e 
VLP alone. * P < 0.05,** P < 0.01. 

																	 	
Figure 25. TNFα released from bone marrow derived DCs following exposure to M2e 
VLP in microparticles and in suspension. Release of TNFα was elevated in the M2e 
VLP with the addition of Alhydrogel® and MPL-A® in comparison to M2e VLP alone 
in microparticles and suspension groups. * P < 0.05,** P < 0.01. 
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Figure 26. MHC Class I expression in DCs following exposure to M2e VLP in 
microparticles and in suspension. Higher expression of MHC I was found in the 
M2e VLP microparticle group with the addition of Alhydrogel®, in comparison to 
M2e VLP alone. The M2e VLP suspension group with the addition of MPL-A® 

showed increase in MHC I expression, in comparison to M2e VLP alone. * P < 0.05. 

				 	
Figure 27. MHC Class II expression in DCs following exposure to M2e VLP in 
microparticles and in suspension. Higher expression of MHC II was found in the 
M2e VLP microparticle group with the addition of Alhydrogel®. The suspension 
group with the addition of Alhydrogel®, MPL-A® and AddavaxTM also showed up-
regulation of MHC II compared to M2e VLP alone. * P < 0.05, ** P < 0.01. 
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Figure 28. B7-1 expression in DCs following exposure to M2e VLP in microparticles 
and in suspension. Higher expression of B7-1 was found in the M2e VLP 
microparticle and suspension groups with the addition of Alhydrogel® compared to 
M2e VLP alone. * P < 0.05.  
 

				 	
Figure 29. CD28 expression in T cells following co-culture with activated DCs. 
Higher expression of CD28 was found in the M2e VLP microparticle group with the 
addition of Alhydrogel® compared to M2e VLP alone. There was increased 
expression of CD28 in the M2e VLP suspension group with MPL-A® compared to 
M2e VLP alone. * P < 0.05, ** P < 0.01.  
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Figure 30. CD40 expression in DCs following exposure to M2e VLP in microparticles 
and in suspension. Higher expression of CD40 was found in the M2e VLP 
microparticle and suspension groups with the addition of MPL-A®. * P < 0.05, ** P < 
0.01.  

					 	
Figure 31. CD154 expression in T cells following co-culture with activated DCs. 
Higher expression of CD154 was found in the M2e VLP microparticle and 
suspension group with the addition of MPL-A®. * P < 0.05, ** P < 0.01. 
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Figure 32. ICAM-1 expression in DCs following exposure to M2e VLP in 
microparticles and in suspension. Higher expression of ICAM-1 was found in the 
M2e VLP microparticle group with the addition of Alhydrogel®, MPL-A® and 
AddavaxTM in comparison to M2e VLP alone. The M2e VLP suspension group with 
the addition of Alhydrogel® also showed high levels of ICAM-1. * P < 0.05, ** P < 
0.01, *** P < 0.005. 

												 	
Figure 33. LFA-1 expression in T cells following co-culture with activated DCs. Higher 
expression of LFA-1 was found in the M2e VLP microparticle groups with the 
addition of Alhydrogel® and MPL-A® compared to M2e VLP alone. * P < 0.05. ** P < 
0.01.  
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Figure 35. CD3+ T cell proliferation following interaction with stimulated DCs. Decrease 
in fluorescence is observed in the M2e VLP with the addition of Alhydrogel® and MPL-
A® in both microparticle and suspension groups compared to M2e VLP alone. * P < 
0.05, ** P < 0.01. 
		

				 	 							 	
Figure 34. IL-12 released from DC:T cell co-culture following exposure to M2e VLP in 
microparticles and in suspension. High levels of IL-12 release is seen in the M2e VLP 
with Alhydrogel® and MPL-A® groups in comparison to M2e VLP alone. The 
suspension groups of M2e VLP with Alhydrogel®, MPL-A® and AddavaxTM showed 
high release of IL-12 compared to M2e VLP alone. * P < 0.05, ** P < 0.01.  
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Discussion 
 

Matrix-2 protein virus-like particles (M2e VLPs) are multiple repeats of the  

extracellular domain of the matrix-2 protein (M2e) from the influenza virus. It is an 

attractive antigen for use as a potential vaccine against influenza due to its conservation 

in sequence amongst the various strains of the virus. We first evaluated the safety profile 

of the M2e VLP vaccine by measuring its effect on immune cells, such as macrophages 

and DCs. There were signs of low toxicity long-term in immune cells at concentrations 

greater than 250µg of VLP. Therefore to investigate the mechanisms of immune system 

activation by the M2e VLP, we utilized concentrations below 100µg.  

The immune response is first triggered when innate immune cells encounter a  

foreign invader or antigen and release pro-inflammatory cytokines that create an 

environment that recruits specialized immune cells (Mantegazza, Magalhaes, 

Amigorena, & Marks, 2013). Innate immune cell activation was investigated using 

macrophages and bone marrow derived DCs and their ability to release pro-

inflammatory molecules which include TNFα (Goldsby et al., 2003). This acts as a danger 

signal that initiates a cascade of responses against the antigen, in our case the M2e VLP 

(Goldsby et al., 2003).  

Studies were conducted in bone marrow derived DCs. There are no distinct  

features that can be used to discriminate DCs, however, the expression of CD11c and 

MHC II have been associated with high levels of DC differentiation (Heath et al., 2004). 

Culturing monocytes with supplements such as granulocyte-macrophage colony 

stimulating factor (GM-CSF), IL-4 and TNFα promotes the development of CD11c cells 
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(Inaba et al., 1992). These CD11c+MHC I+MHC II+ DCs were used for M2e VLP antigen 

stimulation studies. 

The DCs stimulated with the M2e VLP in microparticles released pro- 

inflammatory cytokine TNFα that was more prominent than free antigen in suspension 

in DCs and macrophages. Antigens delivered via microparticles are recognized and 

taken up more efficiently by immune cells compared to antigens delivered in suspension 

(D. T. O’Hagan et al., 2006). This mechanism of uptake leads to improved immune 

system activation and more effective responses (D. T. O’Hagan et al., 2006). However, 

the release of TNFα in the M2e VLP microparticle group was significantly lower than 

LPS, which acted as our positive control in the study. The M2e VLP in microparticles 

alone was not very immunogenic and therefore the addition of Alhydrogel® and MPL-

A® helped to enhance the immunogenicity of the antigen. The TNFα release was 

significantly increased with the addition of these immunopotentiating compounds.  

The incorporation of adjuvants in vaccines has long been sought out, mainly to  

improve long-term efficacy (Jalilian et al., 2013). Adjuvants are chosen based on several 

criteria (Jalilian et al., 2013). Adjuvants are used to enhance the response of the antigen, 

not induce effects on their own (Jalilian et al., 2013). Adjuvants that induce their own 

effects, do not provide specific protection against the antigen, but rather create a general 

immune response that is non-specific (Jalilian et al., 2013). Antigens adsorbed onto and 

encapsulated with Alhydrogel® are presented in a particulate manner to APCs and lead 

to more efficient uptake (Mannhalter, Neychev, Zlabinger, Ahmad, & Eibl, 1985). This 

was illustrated with the tetanus toxoid, in which there was more efficient uptake when it 
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was adsorbed onto aluminum compared to toxoid delivered in solution (Mannhalter et 

al., 1985). Alhydrogel® is also known to induce inflammatory responses, which results in 

the release of pro-inflammatory cytokines (Liang & Loré, 2016). MPL-A® on the other 

hand is a potent TLR agonist that binds to APCs and leads to Th1 immune responses, 

which induce the transcription of cytokines that activate CTLs (Alberts et al., 2002). The 

M2e VLP vaccine with the addition of Alhydrogel® and MPL-A® respectively, 

stimulated the DCs to release TNFα which is a vital innate immune marker that is 

required for any further activation of the immune system (Alberts et al., 2002).  

The release of pro-inflammatory cytokines, is followed by antigen capture by  

DCs and migration to secondary lymphoid organs that are resident to exclusive B and T 

cells (Goldsby et al., 2003). DCs process the antigen and express them on MHC class I, II 

or both (Goldsby et al., 2003). MHC class I manages intracellular antigens that activate 

CD8+ T cells (CTL) and MHC Class II deals with extracellular antigens to be presented 

on CD4+ T cells (Goldsby et al., 2003). Resolution of viral infections is often dependent 

on cytotoxic T cells (CTLs) and vaccine antigens that are soluble proteins are unable to 

induce CTL responses (Goldsby et al., 2003). Therefore, research has focused on the 

development of alternative vaccines that have the ability to cross-present antigens onto 

MHC I and MHC II (Goldsby et al., 2003). We investigated adaptive immunity by 

assessing antigen presentation in DCs.  

The main function of DCs is to present antigens to T cells (Hoebe et al., 2004). To  

do this, we examined the three major checkpoints required for T cell activation. The M2e 

VLP microparticles with Alhydrogel® were cross-presented on both MHC I and MHC II 
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molecules, suggesting it has the ability to induce CTLs as well as CD4+ T cells. The 

increase in expression of these complexes confirms completion of the first checkpoint. 

Subsequently, signal two involves two very distinct co-stimulatory signals. MHC I 

presentation of antigen leads to co-stimulation of B7-1 to CD28 and MHC II presentation 

of antigen leads to co-stimulation of CD40 to CD154 (Charles A Janeway et al., 2001). 

Since, the M2e VLP was presented via both MHC I and MHC II pathways, we assessed 

co-stimulatory signals in both pathways by co-culturing activated DCs with T cells.  

The M2e VLP with Alhydrogel® induced up-regulation of B7-1 on DCs and CD28  

on T cells. The increase in expression was evident only for MHC I co-stimulatory 

molecules with the adjuvant. The M2e VLP with MPL-A® demonstrated increase in 

expression of CD40 and CD154 through the MHC II pathway. This distinct difference in 

adaptive immunity illustrates that Alhydrogel® gears towards a specific Th2 response 

while, MPL-A® predominantly stimulates a Th1 type signal (Coffman, Sher, & Seder, 

2010). In addition to the main co-stimulatory molecules, research has shown that in viral 

infections the binding of ICAM-1 on DCs to LFA-1 on T cells is also critical for 

enhancing T cell activation (Nabavi et al., 1992). The M2e VLP with the addition of all 

three adjuvants showed increased expression of ICAM-1, which was supplemented in 

the up-regulation of LFA-1 in the Alhydrogel® and MPL-A® groups. The ability of the 

M2e VLP to stimulate these proteins in DCs and T cells may also provide a foundation 

for its ability to augment T cell activation (Nabavi et al., 1992).  

The co-stimulatory molecules are critical, as research has shown that in the 

absence of signal two, T cells become anergic or non-responsive to any future   



96 
	

	
	

stimulation (Greenfield et al., 1998). Additionally, this method of assessing antigen 

presentation is imperative in screening potential vaccine candidates such as the M2e 

VLP. The confirmation of checkpoints one and two usually leads to execution of signal 

three. The final signal that is important for T cell activation is the release of cytokines by 

APCs that bind directly to T cells (Trinchieri, Pflanz, & Kastelein, 2003). Following co-

culture with T cells, the increase in IL-12 suggested successful completion of checkpoint 

three.  

The enhanced expression of the various adaptive immune markers required for T  

cell activation are critical for the development of a potential effective vaccine antigen. 

Other researchers have shown that antigens that just activate MHC I pathways provide a 

good foundation for successful vaccines (van Montfoort, van der Aa, & Woltman, 2014). 

The verification of all three checkpoints serves as a foundation, that exemplifies the 

capability of the M2e VLP microparticles to successfully stimulate T cells.  

When T cells are finally activated they begin to proliferate to efficiently aid in the  

elimination of pathogens. The proliferation of T cells was illustrated by the decrease in 

CFSE. The cell proliferation tracker CFSE records proliferation events as decrease in 

fluorescence intensity. The M2e VLP with the addition of Alhydrogel® and MPL-A® was 

able to not only activate but induce proliferation of T cells. The M2e VLP with the 

addition of Alhydrogel® and MPL-A® demonstrated an excellent immunogenicity profile 

and can be further evaluated for its efficacy in-vivo. 

Conclusion 
 

Influenza is still a major burden on public health even with over 10 licensed  
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vaccines available on the market (Jalilian et al., 2013). The high mutation rate of the 

major glycoproteins hemagglutinin (HA) neuraminidase (NA) poses a substantial 

challenge on the development of effective vaccines against the virus. The potential of 

using the conserved extracellular domain of the matrix-2 protein (M2e) as a universal 

vaccine against influenza provides some optimism on a way to defend against 

pandemics that arise with this virus. Through recombinant methods, the M2e protein 

can be assembled into a virus-like particle (VLP) encapsulated into a protective matrix 

that is highly immunogenic and shows superior induction of innate and adaptive 

immune responses.  
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III. EVALUATION OF PROTECTIVE IMMUNE RESPONSES AGAINST INFLUENZA 

FOLLOWING TRANSDERMAL VACCINATION WITH THE MATRIX-2 PROTEIN 

VIRUS-LIKE PARTICLE (M2E VLP) VACCINE 

Abstract 

The best method for prevention of influenza virus infection is vaccination  

(Jalilian et al., 2013). There are over 10 licensed vaccines on the market, however these 

vaccines suffer from a variety of limitations. We previously demonstrated that the VLP 

of the M2e showed increased activation of innate and adaptive immune responses, 

therefore we wanted to further investigate its level of efficacy and protection by 

administering the vaccine transdermally in a pre-clinical mouse model for influenza. 

The M2e VLP particulate vaccine was adsorbed onto Alhydrogel® and encapsulated into 

a polymer matrix with MPL-A®. For animal experiments, 4-6 week old male C57BL/6 

mice (Charles River Laboratories, Wilmington, MA) were used. One prime (Week 0) and 

two booster (Week 3, 6) doses were administered to mice intramuscularly (I.M.) or 

transdermally (T.D.) using the AdminPatch® 1200 microneedle array. Mice were 

intranasally (i.n.) challenged with A/Phillipines/2/82 (H3N2) (4x103 PFU) live influenza 

virus on week 12. Blood samples were collected for detection of antibody titers every 3 

weeks (Weeks 1, 4, 7 and 10). Animals were sacrificed at week 14 and T cell phenotypes 

were examined in the primary (bone marrow) and secondary lymphoid organs (spleen 

and lymph node). The whole lung tissue was isolated after challenge and homogenates 

were examined for determination of viral load.  
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The microparticle yield was found to be 92% and the encapsulation yield was 

around 84% with a size of approximately 1.85µm. The M2e VLP, M2e VLP MP and M2e 

VLP MP + MPL-A® + Alhydrogel® showed elevated levels of IgG beginning at week 7, 

demonstrating that the M2e VLP is immunogenic. IgG1 antibodies were elevated in the 

M2e VLP MP + MPL-A® + Alhydrogel® and there were also levels of IgG 1 present in the 

M2e VLP and inactivated H1N1 vaccinated groups. The adjuvant group showed 

increased levels of Th1 related subclass IgG2a compared to M2e VLP MP and M2e VLP 

formulations. Mice that were immunized with the M2e VLP MP and M2e VLP MP + 

MPL-A® + Alhydrogel® had high expression of CD4+ T cells in the spleen and the lymph 

node. The M2e VLP MP + MPL-A® + Alhydrogel® showed high levels of CD8+ cells in 

the lymph node and there were very low levels of effector CD4+ and CD8+ T cells 

present in the bone marrow. The viral titer was shown to be 10-fold lower in the M2e 

VLP MP + MPL-A® + Alhydrogel® vaccinated mice compared to M2e VLP and M2e VLP 

MP. Since the current licensed vaccines against influenza are facing numerous 

challenges associated with production time, antigenic changes, route of administration, 

etc, we developed an extracellular domain matrix 2 protein virus-like particle (M2e VLP) 

micro particulate vaccine that is easy to formulate and is stable, immunogenic, safe and 

protective.   

Introduction 
 

The influenza virus is responsible for 3 to 5 million cases of respiratory tract  

Infections accounting for approximately 500,000 deaths each year (Kreijtz, Fouchier, & 

Rimmelzwaan, 2011). Influenza outbreaks that have occurred in the past few decades 
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show that immunity against seasonal influenza does not provide protection against 

pandemic strains of the virus (Uiprasertkul et al., 2007).  

The fight against influenza begins with the innate immune system. Alveolar  

macrophages play an imperative role in phagocytosing influenza-infected cells that help 

to prevent further infection (Jayasekera, Vinuesa, Karupiah, & King, 2006). Influenza A 

viruses are recognized via PRRs, which when signaled lead to production of pro-

inflammatory cytokines that possess strong anti-viral activity (Holzinger et al., 2007). 

These pro-inflammatory cytokines stimulate DCs leading to augmentation of antigen 

presentation that initiates adaptive immune responses eventually triggering CD8+ and 

CD4+ T cells (Acosta-Rodriguez, Napolitani, Lanzavecchia, & Sallusto, 2007).  

The adaptive immune system is regulated by influenza virus-specific antibodies  

and T cells that fall under the arms of humoral and cell mediated immunity (Mancini et 

al., 2011). Influenza infection stimulates the release of antibodies by plasma cells that are 

virus-specific (Gerhard, 2001). These antibodies are specific to the HA and NA 

glycoproteins on the virus and are the major players when it comes to protective 

immunity, as future re-exposure to influenza leads to rapid production of these 

antibodies that results in faster resolution of infection (Ekiert et al., 2009). The main 

isotypes of antibodies against influenza include IgG, IgA and IgM (Mazanec, Coudret, & 

Fletcher, 1995). The rapid immune responses following re-exposure is generated by 

natural killer (NK) cells that are able to identify antibodies attached on virus infected 

cells leading to antibody-dependent cell cytotoxicity (ADCC) (Arnon et al., 2001). 

Cellular immunity is mediated by CD4+ T cells through the MHC class II pathway. 
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These T helper (Th) cells include multiple subsets that can be identified based on the 

types of cytokines they express (Surls, Nazarov-Stoica, Kehl, Casares, & Brumeanu, 

2010). Th1 cells release IL-2 and IFNγ, enhancing B cells to differentiate to antibody 

producing cells, while Th2 cells release IL-4 and IL-13 that play a vital role in cell-

mediated responses against influenza (Surls et al., 2010). CD8+ T cells have CTL features 

and are also responsible for eliminating virus-infected cells (Metkar et al., 2008). After 

infection is resolved these CTLs stay in circulation and convert to memory CTLs that can 

aid NK cells, following re-infections caused by influenza (Metkar et al., 2008). 

The immune responses induced against the influenza A virus have the ability to  

be protective, following infection with a different strain of influenza A (Grebe, Yewdell, 

& Bennink, 2008). This phenomenon, known as heterosubtypic immunity is highly 

dependent on cross-reactive antibodies and T cells. (Ding et al., 2011).  Antibodies 

generated through primary infection against influenza are specific to HA and NA and 

can recognize subtypes of influenza (Ding et al., 2011). However the highest level of 

protection is observed in the presence of cross-reactive CTLs that are present in 

circulation as well as localized in the lymph nodes, spleen and lungs (Van Reeth et al., 

2009).  

The best method for prevention of influenza virus infection is vaccination  

(Jalilian et al., 2013). There are over 10 licensed vaccines on the market, however these 

vaccines suffer from a variety of limitations. One major limitation is that most influenza 

vaccines only provide strain specific protection (Jalilian et al., 2013). The high rate of 

mutation in HA and NA caused by antigenic drift requires that seasonal vaccines be 
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modified so that they include the circulating strains for the following influenza season 

(Jalilian et al., 2013). Recent findings have demonstrated that the extracellular domain of 

the M2 ion channel protein present in the virus is highly conserved and can serve as a 

basis for a potential vaccine candidate (Schotsaert et al., 2013). 

Currently, the immunogenicity of licensed vaccines is not fully effective in  

certain populations, which include the elderly, the immunocompromised and children 

(Durando et al., 2011). There is ongoing research into developing vaccines that induce 

memory responses and exploration of prime-boost dosing regimens to help solve 

immunogenicity issues (Durando et al., 2011). The biggest limitation of influenza 

vaccines are the time it takes to produce them (Durando et al., 2011). Since the vaccines 

incorporate inactivated or attenuated forms of the virus, they are still being produced in 

embryonic chicken eggs, all of which takes 6 months (Durando et al., 2011). This poses a 

major challenge in times when large amounts of the vaccine are required or in the 

middle of a pandemic where there is no availability of the vaccine to prevent infection 

(Durando et al., 2011).  One of the other major concerns with current influenza vaccines 

is administration through the use of injections (Kong et al., 2016). Intramuscular 

injection induces immunity that is effective and long-lasting (Tyagi et al., 2015). 

However, there are several challenges with injections, some of which include, pain, poor 

patient compliance, injuries associated with needle sticks and general phobia of needles 

(Matsuo, Hirobe, Okada, & Nakagawa, 2013). The re-use of needles is also still an 

ongoing issue that results in the death of over 1 million people annually due to AIDS or 

hepatitis B (Li, Peng, Chen, Nakagawa, & Gao, 2011). To improve the administration of 
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vaccines, the skin has been sought out as a non-invasive route for the delivery of 

vaccines (Matsuo et al., 2013). The skin is rich in keratinocytes (KCs) and Langerhans 

cells (LCs) localized in the epidermis layer and fibroblasts (FBs), dendritic cells (DCs) 

and mast cells (MCs) in the dermis layer, collectively referred to as the dermal immune 

system (Li et al., 2011) (Matsuo et al., 2013). The easy accessibility of the skin and its 

immunocompetency makes it a practical route for vaccination (Marshall, Sahm, & 

Moore, 2016). Vaccination in the skin leads to activation of LCs in the epidermis or 

dermal DCs (dDCs) that take up antigen and migrate to the draining lymph nodes (LNs) 

(Seid et al., 2012). Uptake of antigen by LCs leads to CD8+ T cells and uptake of antigen 

by dDCs induces CD4+ Th1 responses (Seid et al., 2012).  

Vaccination through the skin can be conducted by passive or active means (Ita,  

2014). An attractive new approach for vaccine delivery is through the use of 

microneedles (MN) (Ita, 2014). MNs contain an array of needles under 1000µm that 

produces pores and allows for easy administration of vaccines (Rattanapak et al., 2013). 

The pores created by MNs allow for formation of a passage that leads to the immune-

competent layers of the skin (Rattanapak et al., 2013). MNs offer several advantages over 

conventional injections, most importantly it does not require a trained professional, it is 

painless, it is non-invasive and there are minimal local effects  

observed in skin (Suh, Shin, & Kim, 2014) (Kim et al., 2015).  

We previously demonstrated that the VLP of the M2e showed an excellent  
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immunogenicity profile in-vitro, therefore we wanted to further investigate its level of 

efficacy and protection by administering the vaccine transdermally in a pre-clinical 

mouse model for influenza.  

Materials and Methods 

Materials  

The matrix-2 protein (extracellular domain) virus-like particles (M2e VLP) were  

provided by Dr. Sang-Moo Kang (Georgia State University, Atlanta, GA). Adjuvants 

Alhydrogel® (Alum) and monophosphoryl lipid A (MPL-A®) were purchased from 

InVivogen (San Diego, CA).  Male, 4-6 week old C57BL/6 mice were purchased from 

Charles River Laboratories (Wilmington, MA). The polymers cellulose acetate phthalate 

dispersion (Aquacoat® CPD) and ethyl cellulose dispersion (Aquacoat® ECD) were 

provided by FMC Biopolymers (Philadelphia, PA) and hypromellose acetate succinate 

(HPMCAS) polymer purchased from Dow Pharmaceutical Solutions (Chicago, IL). 

Trehalose and glycol chitosan were purchased from Sigma-Aldrich (St. Louis, MO). The 

M2e peptide (coating antigen) and inactivated A/PR/8/34 (H1N1) coating antigens for 

ELISA were provided by Dr. Sang Moo Kang (Georgia State University, Atlanta, GA). 

The live A/Phillipines/82 mouse adapted influencza virus was provided by Dr. Sang 

Moo Kang (Georgia State University, Atlanta, GA).  Madin-Darby Canine Kidney 

(MDCK) epithelial cells were provided by Dr. Sang Moo Kang. Fluorescently tagged cell 

markers were purchased from Ebiosciences (San Diego, CA) and Biolegend (San Diego, 

CA). The AdminPatch® 1200 microneedle array for transdermal vaccination was 

provided by AdminMed (Sunnyvale, CA).   



105 
	

	
	

Methods  

Images in this document are presented in color. 

a) Preparation of influenza M2e VLP particulate vaccine 

 The M2e VLP micro particulate vaccine consisted of a polymer matrix with the 

following components (w/w): 35% cellulose acetate phthalate dispersion (Aquacoat® 

CPD), 22% hypromellose acetate succinate (HPMCAS), 30% ethyl cellulose dispersion 

(Aquacoat® ECD), 4% trehalose, 4% chitosan and 5% antigen and adjuvant (M2e VLP + 

MPL-A® + Alhydrogel®). First, CPD stock suspension was diluted to 3% by adding 1.5g 

of stock to 50mL of deionized (DI) water under stirring (50rpm) to dissolve and adjusted 

to a final pH of 6.0 using 1N sodium hydroxide (NaOH). Similarly, in a separate 50mL 

beaker, 0.3g of HPMCAS was added to 50mL of DI water adjusted to a final pH of 8.0 

also using 1N sodium hydroxide (NaOH). To prepare 0.1% solid content (0.1g in 100mL, 

w/v), in a 100mL beaker, 50mL of DI water was first added followed by the addition of 

17mL of CPD, 3.67mL of HPMCAS and 111uL of EC and adjusted to a pH of 7.0 under 

continuous stirring. 4 mg of chitosan was then added. The antigen:adjuvant ratio 

consisted of VLP:MPL-A®:Alhydrogel® at a ratio of 1:2.5:5. Separately, 909µg of M2e VLP 

was adsorbed onto 2.94mg of Alhydrogel® for hr, followed by the addition of 47mg of 

MPL-A® (5mg total w/w). This antigen:adjuvants mixture was then added to the 

polymer mixture followed by 4mg of trehalose. Finally 0.01% of Tween 20 was added to 

formulation. The total volume of the mixture was q.s. to 100mL and the formulation was 

spray dried into particulates using the Buchi B290 spray dryer.  
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b) Immunization and challenge 

For animal experiments, 4-6 week old male C57BL/6 mice (Charles River  

Laboratories, Wilmington, MA) were used. The details of the study are listed in Table 7. 

One prime (Week 0) and two booster (Week 3, 6) doses were administered to mice 

intramuscularly (I.M.) or transdermally (T.D.) using the AdminPatch® 1200 microneedle 

array. For intramuscular administration, 0.5µg of a monovalent Influenza A vaccine was 

administered. For transdermal administration, 5µg of M2e VLP was added to 200µL of 

phosphate buffered saline (PBS) upon administration for both M2e VLP suspension and 

particulate (MP) groups. The adjuvant group received 5µg of M2e VLP, 12.5 µg MPL-A® 

and 25 µg of Alhydrogel®.  Mice were intranasally (i.n.) challenged with 

A/Phillipines/2/82 (H3N2) (4x103 PFU) live influenza virus on week 12. The complete 

immunization schedule is shown in Figure 36. All animal experiments were approved by 

Mercer University IACUC review board and conducted under the guidelines of Mercer 

University IACUC. (Animal protocol #A1504008). 

c) M2e VLP Antibody Response  

Blood samples were collected before immunization and every 3 weeks (Weeks 1,  

4, 7 and 10). For collection of serum, blood was left to clot for 20 minutes at room 

temperature, then centrifuged at 1500 G for 10 minutes at 4°C. Samples were stored at -

20°C until analysis. Specific serum antibody for M2e was assessed using ELISA. Coating 

antigen included the M2e peptide or the inactivated virus (for H1N1 specific antibodies - 

control) that were added to microtiter plates at a concentration of 0.2µg/well. The plates 

were incubated at 4°C overnight. The plates were washed three times with PBST (PBS + 
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0.1% Tween 20) and then blocked (PBS + 3% BSA) for 2.5 hours at room temperature on 

a rotator at 60 rpm. Following the blocking step the plates were washed three times with 

PBST (PBS + 0.1% Tween 20). Serum samples were left to thaw on ice and ten-fold 

serially diluted in PBS starting at 1:10 for a total of 10 dilutions. The diluted samples 

were then added to the plates at a volume of 50µL/well and incubated at 37°C for 1.5 

hours. The plates was then washed three times with PBST (PBS + 0.1% Tween 20). 

Horseradish peroxidase (HRP) conjugated goat anti-mouse IgG, IgG1 and IgG2a were 

used as secondary antibodies at a dilution of 1:2000, added at a volume of 50 µL/well 

and incubated at 37°C for 1.5 hours. The plates were then washed three times with PBST 

(PBS + 0.1% Tween 20) to determine the total amount of antibody and antibody isotypes. 

The substrate 3,3’, 5, 5’ – Tetramethylbenzidine (TMB) was used at a volume of 50 

µL/well, incubated at room temperature for 3 minutes, followed by the addition of 50 

µL/well of stop solution (0.3M sulfuric acid (H2SO4)) for detection of color. The optical 

density was taken at 450nm on the Biotek Synergy plate reader. The cut-off value 

(COV) of the OD was established as the average + 2 standard deviations of 

serum from control mice. For a given sample in each group, the highest dilution 

of sera that had an OD above the COV was considered as a positive titer. For 

each group, the antibody titers were averaged to give the geometric mean titer, 

and compared between weeks. 
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d) Evaluation of T cell responses   
 

Animals were sacrificed at week 14 and the primary (bone marrow) and  

secondary lymphoid organs (spleen and lymph node) were collected from all 5 groups 

(N=6 mice/group) in incomplete medium (RPMI 1640). Bone marrow was collected 

from the femur and tibia and placed in incomplete RPMI medium. For removal of red 

blood cells (RBCs), a water lysis was carried out using 900µL of sterile filtered water and 

100µL of 10x PBS and centrifuged at 1,500 rpm for 5 minutes. The cells were then plated 

in petri dishes at 1x106 cells per plate in 10mL of complete RPMI 1640 medium (R10) + 

Table 7. M2e VLP subunit vaccine groups. Mice (N=6) were immunized with M2e VLP. 
Control mice received PBS and served as the negative control for all groups, while 
inactivated influenza virus (H1N1) served as the positive control for all groups. 
 

Group (N=6) Dose (µg) Route (I.M. - intramuscular),  
(T.D. - transdermal) 

Control (PBS) - - 

Inactivated Influenza virus (H1N1)   0.5 I.M  

M2e VLP  5 T.D. 

M2e VLP (MP) 5 T.D. 

M2e VLP MP + MPL-A® + 
Alhydrogel®  

5 T.D. 

 

				 			
Figure 36. Immunization schedule. Mice were immunized with a prime-boost regimen 
at weeks 0, 3 and 6. Antibody levels were measured in serum collected from mice at 
weeks 4, 7 and 10. Mice were challenged with live influenza virus strain 
A/Phillipines/2/82 (H3N2) (4x103 PFU) at week 12. 
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IL-2 overnight. Single cell suspensions of the secondary lymphoid organs were made 

using a 40µm cell strainer (purchased from Fischer Scientific). Lymph node cell 

suspensions were centrifuged for 10 minutes at 3500rpm and then added to a T-25 flask 

in complete R10 medium + IL-2 overnight. For removal of red blood cells from the 

spleen, ACK lysis buffer was added to the splenocytes and centrifuged for 10 minutes at 

3500rpm 5 times. Splenocytes were then cultured in R10 + IL-2 overnight. Single cell 

suspensions of the lymph node and spleen were stained with fluorescently labeled 

antibodies for detecting T cell phenotypes, CD4+ (FITC anti-mouse) and CD8a+ (PE anti-

mouse), quantified using flow cytometry (BD AccuriTM C6 flow cytometer).    

e) Lung viral titers 
 

The whole lung tissue was isolated after challenge and homogenates were  

prepared and stored at -80°C for analysis. Madin-Darby Canine Kidney (MDCK) 

epithelial cells were used as a propagation system for growth of the influenza virus. The 

MDCK cells were seeded at 1x106 on a 6 well plate in Eagles Minimum Essential 

Medium (EMEM) supplemented with 10% FBS and left for 24-48 hours until 90% 

confluency. The lung viral titers were determined by adding serial dilutions of the 

supernatant from the lung homogenates to the MDCK cells for 1 hour at 37°C, shaking 

the plates gently every 15 minutes. The cells were then washed twice and a 3% agarose 

overlay was added to the cells and left for 15 minutes at room temperature to solidify. 

The cells were then placed in the incubator at 37°C for 2 days for plaque formation. At 

day 2 post-infection, cells were fixed with 3% formaldehyde at room temperature for 1 

hour and then washed gently with water. The cells were then stained for 5 minutes with  
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0.5% crystal violet and plaques were visualized.  

f) Analytical Tests 

All statistical analyses were conducted using the Graphpad Prism 7 software. For  

group comparisons, a one-way ANOVA were applied.  The following P values were 

used, P > 0.05 (non-significant), P < 0.05 (*), P < 0.01 (**) and P < 0.005 (***). Error bars are 

indicative of standard deviation of uncertainty.  

Results 
 
Characterization of the M2e VLP micro particulate vaccine 

The microparticle yield was found to be 92% and the encapsulation yield was  

around 84% with a size of approximately 1.85µm. The yield following spray drying is 

important when considering the amount of losses during processing. The encapsulation 

yield is important when studying the amount of VLP that is encapsulated and the size of 

the M2e VLP MP is critical for uptake in antigen presenting cells that better recognize 

sizes that range between 1 to 3µm (Mosca et al., 2008). 

Serum IgG antibodies against the M2e VLP 
 

The efficacy of the M2e VLP vaccine was assessed by administration of the  

following: 1) Control (PBS), 2) 0.5µg of monovalent inactivated influenza virus vaccine 

(H1N1), 3) 5 µg of M2e VLP in suspension, 4) 5 µg of M2e VLP in microparticulates (MP) 

and 5) 5 µg of M2e VLP in microparticulates (MP) + MPL-A® + Alhydrogel®. A prime 

and two booster doses were administered and blood samples were collected at weeks 1, 

4, 7 and 10 for assessment of antibody responses to the M2e VLP using ELISA (Figure 

37). The inactivated influenza virus vaccine (H1N1) elicited high titers at week 4. All 
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formulations illustrated antigen-specific antibody responses (IgG) (Figure 37). M2e VLP, 

M2e VLP MP and M2e VLP MP + MPL-A® + Alhydrogel® showed elevated levels of IgG 

beginning at week 7, demonstrating that the M2e VLP is immunogenic (Figure 37). The 

adjuvant group, M2e VLP MP + MPL-A® + Alhydrogel®, showed higher IgG responses 

compared to the M2e VLP MP and M2e VLP formulations (Figure 37).  The control mice 

illustrated very low titers compared to all other groups. Total IgG levels and subclass 

titers showed strong correlation in the adjuvant vaccine group. Isotypes of IgG, IgG1 

and IgG2a were evaluated. IgG1 antibodies were elevated in the M2e VLP MP + MPL-

A® + Alhydrogel® (Figure 38). There were also levels of IgG 1 present in the M2e VLP 

and inactivated H1N1 vaccinated groups. The adjuvant group showed increased levels 

of Th1 related subclass IgG2a compared to M2e VLP MP and M2e VLP formulations.  

M2e VLP induced protection following challenge 
 

All mice were challenged with live influenza virus strain A/Phillipines/2/82  

(H3N2) (4x103 PFU). Decrease in body weight was used as an indication of viral 

infection. Following challenge, all control mice showed more than 25% loss in body 

weight (Figure 39). There was also a significant decrease in body weight (15%) in the 

M2e VLP group. All other groups showed slight fluctuations in body weight, however 

no significant loss in body weight was observed.  

M2e VLP specific CD4+ T cells 

To investigate effector T cells following challenge, CD4+ and CD8+ T cell  

populations were assessed in bone marrow and secondary lymphoid organs such as the 

spleen and lymph nodes. Mice that were immunized with the M2e VLP MP and M2e 
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VLP MP + MPL-A® + Alhydrogel® had high expression of CD4+ T cells in the spleen and 

the lymph node (Figures 40 and 41). The M2e VLP MP + MPL-A® + Alhydrogel® showed 

high levels of CD8+ cells in the lymph node (Figures 40 and 41). There were very low 

levels of effector CD4+ and CD8+ T cells present in the bone marrow (Figure 42).  

Viral Titer in Lung  
 
 The mice were sacrificed 8 days following challenge and lung homogenates were 

prepared. Madin- Darby Canine Kidney (MDCK) epithelial cells were infected with lung 

samples and the viral titer was quantified by the number of plaque forming units in a 

given volume (PFU/mL). Figure 43 shows the viral titer in all the vaccinated groups. The 

viral titer was shown to be 10-fold lower in the M2e VLP MP + MPL-A® + Alhydrogel® 

vaccinated mice compared to M2e VLP and M2e VLP MP (Figure 43). As expected the 

viral load in the control was considerably high.   
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Figure 37. Antibody response. Serum IgG recognizing M2e VLP in immunized mice. 
Mice (N=6) receiving Influenza A (H1N1) vaccine were immunized intramuscularly 
with 0.5µg of H1N1 antigen and mice receiving M2e VLP were immunized 
transdermally with 5.0 µg of VLP using the AdminPatch® 1200 microneedle array. 
The adjuvant group received 5µg of M2e VLP, 12.5 µg MPL-A® and 25 µg of 
Alhydrogel®. **, P < 0.01.  
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Figure 39. Body weight changes observed in mice 8 days post challenge. The 
control group showed substantial decrease in body weight percentage.  
	

													 	
Figure 38. Isotypes of influenza specific antibodies in serum of immunized 
mice. Serum IgG1 and IgG2a recognizing M2e VLP. *, P < 0.05, ** P < 0.01. 
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Figure 40. T cell phenotype analysis. CD4+ and CD8+ T cell populations in the 
lymph node (LN) using fluorescently tagged antibodies, measured by flow 
cytometry *, P < 0.05. 	
 
	

											 	
Figure 41. T cell phenotype analysis. CD4+ and CD8+ T cell populations in the 
spleen using fluorescently tagged antibodies, measured by flow cytometry. *, P < 
0.05.   
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Figure 42. T cell phenotype analysis. CD4+ and CD8+ T cell populations in the 
bone marrow using fluorescently tagged antibodies, measured by flow 
cytometry.   
	

									 	
Figure 43. Plaque assay conducted in Madin-Darby Canine Kidney (MDCK) 
epithelial cells plated at a density of 1x106 cells. Lung homogenates collected 
from all immunized groups were used as viral stock samples and added to the 
cells. The viral titers are expressed as plaque forming units/mL. **, P < 0.01. 
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Discussion 
 

We investigated the use of a potential M2e VLP particulate universal influenza A  

vaccine and compared its efficacy to the inactivated monovalent H1N1 vaccine. The 

extracellular domain of the matrix-2 protein (M2e) is a great target due to its 

conservation among all influenza A strains. The poor immunogenicity of the M2e was 

improved by using multiple tandem repeats of the protein forming an immunogenic 

M2e virus-like particle (VLP). To further enhance the immune response, the M2e VLP 

was incorporated into a highly effective delivery system forming an M2e VLP 

microparticulate (MP) vaccine with the addition of immunostimulatory compounds 

such as MPL-A® and Alhydrogel®.  

The particulate M2e VLP vaccine is unique in that it allowed for adsorption of 

the M2e VLP onto Alhydrogel®, which was then encapsulated with MPL-A®. The size 

and shape of the particles is a major contributing factor to its capability of stimulating 

immune responses (Bachmann & Jennings, 2010). Initiating immune responses is 

dependent on the transport of the antigen to the secondary lymphoid organs (Bachmann 

& Jennings, 2010). Lymphatic vessels can carry micron-sized particles, however 500nm-

2µm in size must be transported by APCs and are not able to enter lymph capillaries on 

their own (Manolova et al., 2008). Researchers have also demonstrated that 

microparticles smaller then 5µm are carried to the spleen by APCs where once released 

the antigen induces an antibody response (Tabata, Inoue, & Ikada, 1996).  On the other 

hand, particles < 200nm stimulate CD4+ T cells and < 50nm stimulate CD8+ T cells 

(Mottram et al., 2007, p. 2). The M2e VLP microparticle vaccine measured around 1-2 µm 
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which suggests that was taken up by APCs through phagocytosis (Xiang et al., 2006). 

Once internalized, the particles were transported to the secondary lymphoid organs, 

where the particles were processed in the endosome of the APCs and presented on MHC 

Class II for activation of CD4+ T cells (Liu & Roche, 2015) (ten Broeke, Wubbolts, & 

Stoorvogel, 2013). Some particles have been found to escape into the cytoplasm, where 

the antigen is slowly released and presented on MHC Class I, stimulating CD8+ T cells 

(Liu & Roche, 2015) (Baleeiro et al., 2015) (Kovacsovics-Bankowski, Clark, Benacerraf, & 

Rock, 1993) (C. Song, Noh, & Lim, 2016).    

We tested the M2e VLP MP + MPL-A® + Alhydrogel® in C57BL/6 mice and  

found that the vaccine was highly immunogenic and equal in comparison to that of the 

monovalent inactivated (H1N1) influenza virus vaccine. Alhydrogel® is known to 

enhance the immunogenicity of a vaccine by forming a depot at the site of 

administration which induces cytokine release and activates antigen-presenting cells 

(APCs) (Didierlaurent et al., 2009). The M2e VLP was first adsorbed onto Alhydrogel®, 

because studies have shown that adsorption of an antigen onto aluminum compounds 

stimulates more robust immune responses (Didierlaurent et al., 2009). Research on 

Alhydrogel® has revealed that the adjuvant induces a Th2 type response which is highly 

effective against extracellular pathogens as opposed to intracellular pathogens like 

influenza (Didierlaurent et al., 2009). In-vitro studies of APCs being exposed to 

aluminum compounds showed that there is no transcription of cytokines to induce 

innate immune responses (Didierlaurent et al., 2009). Therefore, researchers have found 

that APCs must be pre-treated with TLR ligands such as monophosphoryl lipid A (MPL-
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A®) to observe any effects of aluminum based adjuvants (Didierlaurent et al., 2009). 

MPL- A® is a well-known TLR-4 ligand that can program a specific immune response by 

activating the NFκB pathway that leads to the expression of cytokines (Didierlaurent et 

al., 2009). The expression of cytokines TNFα and IL-6, then translates to activation of the 

adaptive arm of the immune system (Riedl et al., 2002). MPL-A® leads to activation of 

CD4+ T cells that produces a Th1 type response, which is required for defending against 

intracellular pathogens (Didierlaurent et al., 2009). The difference in responses produced 

by Alhydrogel® and MPL-A® serves as a basis, that together the two adjuvants can work 

synergistically with each other and have been marketed in combination as AS04 

(Didierlaurent et al., 2009). Research has shown that AS04, compared to aluminum salt 

alone induces immune responses that are long-lasting (Didierlaurent et al., 2009). The 

combination of Alhydrogel® and MPL-A® stimulates the expression of cytokines through 

TLR-4, activates APCs and prompts a strong Th1 and Th2 response (Giannini et al., 

2006).  

The M2e VLP specific antibodies have been found to be ineffective in  

neutralizing the influenza virus, however are able to protect against infections by 

activating antibody-dependent cell-mediated cytotoxicity and phagocytic pathways that 

lead to removal of virus infected cells (El Bakkouri et al., 2011). The M2e VLP specific 

IgG antibodies protect through a mechanism that involve Fcγ receptors and 

macrophages (El Bakkouri et al., 2011). In this study we showed that the M2e VLP 

vaccine with the addition of AS04 (MPL-A® and Alhydrogel®) is protective and may 

play a role in neutralization of the virus. The higher levels of IgG1 in the M2e VLP group 
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versus IgG2a in the M2e VLP MP and M2e VLP MP + MPL-A® and Alhydrogel® groups 

demonstrate that the M2e specific IgG2a is more protective than IgG1 (Figure 38). 

Furthermore, this increase in IgG2a seen in the M2e VLP MP group with adjuvants 

surpasses that of the mice immunized with M2e VLP MP and may also contribute to 

better elimination of virus-infected cells. IgG2a is known to be extremely important in 

the defense against influenza, as a study showed that SCID mice immunized with IgG2a 

monoclonal antibodies against M2e were protected following challenge with live 

influenza virus (Mozdzanowska, Maiese, Furchner, & Gerhard, 1999). We have shown 

that the predominant IgG2a response, geared towards a Th1 response is protective, 

however the M2e VLP MP + MPL-A® and Alhydrogel® also showed high levels of Th2 

geared IgG1 compared to the M2e VLP MP and M2e VLP suspension groups. Rather 

than an isotype switch between IgG2a to IgG1, there is both a Th1 and Th2 response.  

In addition to M2e specific antibodies, protection against influenza is highly  

dependent on CD4+ T cells and recovery following influenza infection is highly 

dependent on CTLs (Thomas, Keating, Hulse-Post, & Doherty, 2006). The cross-

protectivity against various influenza subtypes is rooted in the T cells as the peptides 

that are known to stimulate T cells tend to be more conserved compared to binding sites 

for these peptides on antibodies (Thomas et al., 2006). The lack of heterosubtypic 

immunity with current influenza vaccines is due to the fact that the CTLs and CD4+ T 

cells tend to be specific for HA and NA from homosubtypic strains (Schotsaert et al., 

2013). Compared to HA and NA, M2e is highly conserved; therefore vaccination with 

the M2e VLP prompted protective heterosubtypic immune responses when mice were 
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challenged with a different subtypic strain of live influenza virus (A/Phillipines/2/82 

(H3N2)). This was observed in lung homogenates where there was a significant decrease 

in the viral load in the M2e VLP MP + MPL-A® + Alhydrogel® immunized mice. The 

mechanism of protection may be attributed to the increased levels of antibodies, as long-

term immunity is highly dependent on humoral immunity. Immunization with the M2e 

VLP in suspension protected mice from challenge, however there was still a significant 

amount of viral load present in the lung. This was also correlated with a decrease in 

body weight that occurred approximately 5 days post-challenge.  

Conclusion 

 Since the current licensed vaccines against influenza are facing numerous 

challenges associated with production time, antigenic changes, route of administration, 

etc, we developed an extracellular domain matrix 2 protein virus-like particle (M2e VLP) 

micro particulate vaccine that is easy to formulate and is stable, immunogenic, safe and 

protective. Our preclinical study showed that with the presence of AS04, the M2e VLP 

microparticle vaccine induces humoral, cellular and heterosubtypic immunity and can 

serve as an excellent candidate for a universal vaccine against influenza.    
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CHAPTER 4 
 

HUMAN PAPILLOMAVIRUS 
 

I. IMMUNOLOGICAL EVALUATION OF A TRANSDERMAL HUMAN 

PAPILLOMAVIRUS 16 VIRUS-LIKE PARTICLE (HPV 16 VLP) VACCINE 

Abstract 

Natural infection with HPV leads to a weak immune response due to the ability  

of the virus to evade the immune system by avoidance of entry through the blood (No, 

Kim, Jeon, Kim, & Song, 2011). For this reason, there were two vaccines developed 

against HPV, Gardasil® and Cervarix® which have incorporated VLPs made of the L1 

major capsid protein (Zheng & Baker, 2006). Although the licensing of these two 

vaccines showed great promise in reducing HPV infection, cervical cancer is still the 

third most common cancer among women (Jemal et al., 2011). Some of the ongoing 

limitations for HPV vaccines include cost, type-specific restriction and lack of 

therapeutic value (Clemens & Jodar, 2004) (Schiffman & Wacholder, 2012).  

We investigated a simple and inexpensive skin-targeted monovalent spray-dried  

HPV 16 VLP vaccine against HPV. HPV 16 VLPs were produced using plasmids p16L1h 

and p16L2h or 16pSheLL transfected into HEK 293TT cells. The HPV 16 VLPs were then 

spray-dried forming a stable dry powder. The vaccine was administered to 8-10 week 

old female Balb/c mice. One prime (Week 0) and 3 booster (Week 2, 4, 8) doses were 

administered to mice transdermally (T.D.) using the AdminPatch® 1200 microneedle 

array. Blood samples were collected before immunization and throughout the study for 

detection of antibody. At week 40, the secondary lymphoid organs were extracted (i.e. 
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spleen and lymph node) and made into single cell suspensions for evaluation of T cell 

phenotypes.  

Transmission electron microscopy (TEM) was performed on individual fractions  

to visualize VLP conformation. The microparticle yield was found to be 91% and the 

encapsulation yield was around 80% with a size of 3.45µm. The zeta potential was close 

to -20.54mV. The vaccine suspension group showed antibody titers that were 

significantly higher than the particle group at week 5. Due to the slow release profile of 

the particulate vaccine, the antibody titers steadily increased over the course of the 

study. The titers began to surpass that of the suspension group beginning at week 12. 

The micro particulate vaccine group showed high expression of CD4+, CD8+, CD27 and 

CD45R compared to the suspension vaccine group in the lymph node. In the spleen, 

CD4+ CD8+, CD27 and CD45R were up-regulated in the microparticle group. The HPV 

16 VLP was encapsulated into a polymer matrix that was spray dried into a stable dry 

powder form eliminating the need for cold-chain. The microneedle method of delivering 

the vaccine offers a painless and effective method of vaccination that uses the dermal 

immune system to induce strong immune responses equivalent to that produced by 

Gardasil®. The easy method of production of the vaccine can also significantly reduce 

costs and allows for easy manufacturing and scale-up.   

Introduction 

Infectious agents are responsible for approximately 16.1% of all cancers (J. W.  

Wang & Roden, 2013). This has resulted in the development of a prophylaxis strategy 

against viral infections, using vaccines (Quint et al., 2006). The center for disease control 
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and prevention (CDC) emphasizes that the effectiveness of vaccines brings them to the 

forefront for preventing infectious disease (Health, 2006). Recent discoveries in 

recombinant technology have led to the development of novel vaccine systems such as 

viral vectors, recombinant proteins, DNA and subunit vaccines (Janeway et al., 1997).  

Human papillomaviruses (HPV) are a class of DNA viruses that enter mainly  

through the mucosa (Quint et al., 2006). The primary mode of transmission of the virus 

is through skin contact of the genitals (Quint et al., 2006). The genome of HPV consists of 

6 early genes, E1, E2, E4, E5, E6 and E7 encoding for proteins which control viral 

transcription and replication and two late genes, L1 and L2 which encode for the major 

and minor capsid proteins (Buck & Trus, 2012) (Chen, Garcea, Goldberg, Casini, & 

Harrison, 2000). HPV has over 100 genotypes, some of which are classified as “high risk” 

types and others as “low risk” types (Quint et al., 2006). The high-risk types of HPV 

include 16, 18, 31, 33, 35, 39, 45, 51, 56, 58, 59 and 66 (Quint et al., 2006). Women infected 

with HPV, particularly the high-risk types have high probability of developing cervical 

cancer (Quint et al., 2006). HPV has also been associated with other types of cancer, 

which include head and neck cancer (Quint et al., 2006). Low-risk types of HPV have the 

ability to cause genital warts seen in both men and women (Quint et al., 2006). 

Approximately 70% of all diagnosed cervical cancer cases are attributed to HPV types 16 

and 18 (No et al., 2011). The two viral capsid proteins (L1 and L2) differentiate and make 

up the multiple types of HPV (Zheng & Baker, 2006).  

Natural infection with HPV leads to a weak immune response due to the ability  

of the virus to evade the immune system by avoidance of entry through the blood (No et  
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al., 2011). For this reason, there were two vaccines developed against HPV, Gardasil® 

and Cervarix® which have incorporated VLPs made of the L1 major capsid protein 

(Zheng & Baker, 2006). The vaccine based on L1 generates 100 fold increase in antibody 

levels compared to that produced in natural infection (Group & others, 2010) (Lehtinen 

et al., 2012) (Mao et al., 2006) (Einstein et al., 2009) (Koutsky et al., 2002) (Poland et al., 

2005). Although the licensing of these two vaccines, showed great promise in reducing 

HPV infection, cervical cancer is still the third most common cancer among women 

(Jemal et al., 2011). Some of the ongoing limitations for HPV vaccines include cost, type-

specific restriction and lack of therapeutic value (Clemens & Jodar, 2004) (Schiffman & 

Wacholder, 2012). Vaccination in low income countries is tenuous due to the high costs 

associated with the vaccine (Clemens & Jodar, 2004). More than 85% of cervical cancer 

cases occur in developing countries, where administration of HPV vaccine is 

unaffordable (Clemens & Jodar, 2004). The current vaccines are also limited to confer 

protection against the L1 of specific HPV types included in the vaccine (Clemens & 

Jodar, 2004). There is clinical data that suggests there is cross-protection amongst HPV 

types that are closely related, however this is not necessarily sustained long-term and 

may not be effective against all types of HPV (Lehtinen et al., 2012) (Wheeler et al., 2012) 

(Schiffman & Wacholder, 2012). The final major hindrance of current HPV vaccines is 

that they do not have any therapeutic value for individuals that may already be infected 

(Lehtinen et al., 2012).  

Here we present a case, for a simple and inexpensive skin-targeted monovalent  

spray-dried HPV 16 VLP vaccine against HPV.  
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Materials and Methods 

Materials  

Plasmids p16L1h and p16L2h or 16pSheLL were provided by Dr. John T. Schiller  

from the National Cancer Institute at National Institutes of Health (Bethesda, MD). 

Adjuvants Alhydrogel® and monophosphoryl lipid A (MPL-A®) were purchased from 

InVivogen (San Diego, CA).  Female, 8-10 week old Balb/c mice were purchased from 

Charles River Laboratories (Wilmington, MA). The polymers cellulose acetate phthalate 

dispersion (Aquacoat® CPD) and ethyl cellulose dispersion (Aquacoat® ECD) were 

provided by FMC Biopolymers (Philadelphia, PA) and hypromellose acetate succinate 

(HPMCAS) polymer purchased from Dow Pharmaceutical Solutions (Chicago, IL). 

Trehalose and glycol chitosan were purchased from Sigma-Aldrich (St. Louis, MO). 

Fluorescently tagged cell markers were purchased from Ebiosciences (San Diego, CA) 

and Biolegend (San Diego, CA). The AdminPatch® 1200 microneedle array for 

transdermal vaccination was provided by AdminMed (Sunnyvale, CA).   

Methods  

 Images in this document are presented in color.  

a) Preparation of HPV 16 VLP 

HPV16 VLPs, containing L1 and L2 capsid proteins, were produced in human  

embryonic kidney (HEK) cells 293TT (Pastrana et al., 2004). Briefly, HPV16 VLPs were 

produced using plasmid p16L1h and p16L2h or 16pSheLL transfected into HEK 293 TT 

cells (Received from John T. Schiller, NCI, NIH). The crude VLP stocks were recovered 

by cell-lysis after 48 hours of incubation and purified by ultracentrifugation using 
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OptiprepTM (Sigma-Aldrich, St. Louis, MO) gradient in Dulbecco’s-Phosphate Buffered 

Saline (D-PBS) (pH7.4) plus 0.5MNaCl. OptiprepTM and 0.5M NaCl were removed from 

the collected fractions preparation by diafiltration using D-PBS (pH 7.4). The fractions 

were stored at -80°C in multiple aliquots.  

b) Characterization of HPV 16 VLP 

i. Transmission electron microscopy (TEM)  

The HPV 16 L1 VLP conformation was visualized using the FEI Tecnai Biotwin 

transmission electron microscope (TEM).  

ii.  Western Blotting   

Commercially available 10% Tris-HCl precast gels were used to perform gel  

electrophoresis as per the manufacturer’s protocol. Precision Plus ProteinTM all blue pre-

stained protein standard (Bio-Rad Laboratories, Inc., Berkeley, CA) was used as a 

reference standard. Aliquots of HPV 16 VLP and known amounts of HPV 16 VLP were 

loaded onto the gel. Following electrophoresis, the gel was transferred to a nitrocellulose 

membrane using the i-blot system. The membrane was blocked with 5% skim milk in 1X 

PBST (PBS at pH7.4 with 0.1% Tween 20) for 1 hour on a rotator at room temperature. 

After removal of blocking solution, Camvir was added at a 1:2000 dilution in 5% skim 

milk in 1X PBST and incubated for one hr on a rotator at room temperature. A rinse was 

conducted with 1X PBST, followed by a total of four washes (five minutes each) in 1X 

PBST. FITC-labeled goat anti-mouse antibody was added at 1:500 in 5% skim milk in 1X 

PBST. The membrane was covered with foil to avoid light exposure and incubated for 1 

hour on a rotator at room temperature. The wash cycles were repeated as stated above. 
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The membrane was then scanned on the Typhoon imager (GE healthcare, Pittsburgh, 

PA). Quantitative analysis of HPV16 L1 as visualized on the membrane was performed 

using Image J software.  

iii. Total protein estimation 

The Albumin Standard (BSA) were diluted in PBS for a working range of 100-  

1,500µg/mL. PBS was used as a negative control that served as a background 

subtraction measure. HPV 16 L1 unknown VLP samples were diluted 10-fold beginning 

at 1:100 for 8 to 10 dilutions. In a 96 micro titer plate, 10µL of each standard and 

unknown samples were added to the plate. Then 300µL of the Coomassie® Reagent was 

added to each well and mixed by pipetting. The samples were incubated for 10 minutes 

at room temperature (RT). The absorbance was read at 570nm using the Biotek Synergy 

Plate reader.  

iv. Quality control assessment 

HPV 16 VLPs are stored at -80°C ad 30µL aliquots were used for the VLP quality  

control assessment. VLPs were coated as both disrupted and intact VLPs at 5 different 

dilutions: 1.0, 0.5, 0.25, 0.125, 0.062µg/mL. Disruption of VLPs was done at a 

concentration of 1µg/mL in disruption buffer (0.2M Na2CO3 at pH 10.6 with 10mM 

DTT) for 30 minutes at RT. For intact VLPs, 50 µL of each dilution (1.0, 0.5, 0.25, 0.125, 

00.062 µg/mL in PBS) was added to the 96 well high binding micro titer plate. For 

disrupted VLPs, 50 µL of each dilution (1.0, 0.5 µg/mL), only done to 0.5 µg/mL was 

added to the plate. Intact and disrupted VLPs were plated with an N=6. For control 

wells, 50 µL of PBS served as negative controls (N=2). The reference pools for both intact 
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and disrupted VLPs were also added to the plate (N=1). The plates were incubated at 

37°C overnight. The plate was washed the next day with PBST (PBS + 0.1% Tween 20) 

using the Elx 405 plate washer (Biotek, Winooski, VT). Blocking buffer (10% horse serum 

in PBS filtered through a 0.45µm filter – HS-PBS) was prepared and 200 µL/well was 

added and incubated for 1 hour at RT. The blocking solution was discarded and the 

plate was tapped thoroughly against paper towels. Monoclonal antibody (mAb) for HPV 

16 (V5) and cross-reactive mAb was diluted in HS-PBS at a 1:10, 000 (V5) and 1:1,000 

(D9) dilution and 50µL/well was added and incubated for 2 hours at RT. The plate was 

washed with PBST (PBS + 0.1% Tween 20). Anti-mouse IgG-HRP conjugate was diluted 

at an optimized concentration for the lot in HS-PBS and 50µL/well was added to the 

plate and incubated for 1 hour at RT. The plate was washed with PBST (PBS + 0.1% 

Tween 20). The substrate was prepared in 0.1M citrate buffer (6mL), 50x ABTS (120 µL) 

and hydrogen peroxide (30% = 1.8 µL) and 50µL/well were added to the plate and 

incubated for 30 minutes at RT. The plate was read at 405nm using the Biotek Synergy 

Plate reader.  

c) Preparation of HPV 16 VLP particulate vaccine 

 The HPV 16 VLP particulate vaccine consisted of a polymer matrix with the 

following components (w/w): 20% cellulose acetate phthalate dispersion (Aquacoat® 

CPD), 34% hypromellose acetate succinate (HPMCAS), 34% ethyl cellulose dispersion 

(Aquacoat® ECD), 4.74% trehalose, 4% chitosan and 5% antigen and adjuvant (HPV 16 

VLP + MPL-A® + Alhydrogel®). First, CPD stock suspension was diluted to 3% by 

adding 1.5g of stock to 50mL of deionized (DI) water under stirring (50rpm) to dissolve 



130 
	

	
	

and adjusted to a final pH of 6.0 using 1N sodium hydroxide (NaOH). Similarly, in a 

separate 50mL beaker, 0.3g of HPMCAS was added to 50mL of DI water adjusted to a 

final pH of 8.0 also using 1N sodium hydroxide (NaOH). To prepare 0.1% solid content 

(0.1g in 100mL, w/v), in a 100mL beaker, 50mL of DI water was first added followed by 

the addition of 17mL of CPD, 3.67mL of HPMCAS and 111uL of EC and adjusted to a 

pH of 7.0 under continuous stirring. 4 mg of chitosan was then added. The 

antigen:adjuvant ratio consisted of VLP:MPL-A®:Alhydrogel® at a ratio of 1:2.5:5. 

Separately, 909µg of HPV 16 VLP was adsorbed onto 2.94mg of Alhydrogel® for 1 hour, 

followed by the addition of 47mg of MPL-A® (5mg total w/w). This antigen:adjuvants 

mixture was then added to the polymer mixture followed by 4mg of trehalose. Finally 

0.01% of Tween 20 was added to formulation. The total volume of the mixture was q.s. 

to 100mL and the formulation was spray dried into particulates using the Buchi B290 

spray dryer.  

d) Western blotting of HPV 16 VLP after spray drying 

Commercially available 10% Tris-HCl precast gels were used to perform gel 

electrophoresis as per the manufacturer’s protocol. Precision Plus ProteinTM all blue 

prestained protein standard (Bio-Rad Laboratories, Inc., Berkeley, CA) was used as a 

reference standard. Two different dilutions of the re-suspended vaccine particle 

preparations along with a standard curve of known amounts of HPV16 VLPs spiked 

into blank microsphere suspensions were loaded onto the gel. The PBS control and 

blank microparticles served as negative control samples on the gel. After 

electrophoresis, the gel was transferred to the nitrocellulose membrane using the i-blot 
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system. The membrane was blocked with 5% skim milk in 1X PBST (PBS at pH7.4 with 

0.1% Tween 20) for one hr on a rotator at room temperature. After removal of blocking 

solution, Camvir was added at a 1:2000 dilution in 5% skim milk in 1X PBST and 

incubated for one hr on a rotator at room temperature. A quick rinse with 1X PBST was 

performed followed by a total of four washes in 1X PBST for five minutes each. Next, 

FITC-labeled goat anti-mouse antibody was added at 1:500 in 5% skim milk in 1X PBST. 

The membrane was covered with foil to avoid light exposure and incubated for 1 hour 

on a rotator at room temperature. The wash cycles were repeated as stated above. The 

membrane was then scanned on the Typhoon imager (GE healthcare, Pittsburgh, PA). 

Quantitative analysis of HPV16 L1 within the microparticles as visualized on the 

membrane was performed using Image J software.  

e) Immunization  

 For animal experiments, 8-10 week old female Balb/c mice (Charles River 

Laboratories, Wilmington, MA) were used. The details of the study are listed in Table 8. 

One prime (Week 0) and 3 booster (Week 2, 4, 8) doses were administered to mice 

transdermally (T.D.) using the AdminPatch® 1200 microneedle array. For transdermal 

administration of the prime, a dose containing 20µg of HPV 16 VLP, 50 µg of MPL-A® 

and 100 µg  of Alhydrogel® was added to 200µL of phosphate buffered saline (PBS) upon 

administration for both HPV 16 VLP suspension and particulate (MP) groups at week 0. 

For transdermal administration of the boosters, a dose containing 10µg of HPV 16 VLP, 

25 µg of MPL-A® and 50 µg of Alhydrogel® was added to 200µL of phosphate buffered 
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saline (PBS) upon administration for both HPV 16 VLP suspension and particulate (MP) 

groups at weeks 2, 4 and 8. The complete immunization schedule is shown in Figure 44.  

All animal experiments were approved by Mercer University IACUC review board and 

conducted under the guidelines of Mercer University IACUC. (Animal protocol 

#A1611018).  

f) HPV 16 VLP Antibody Response  

 Blood samples were collected before immunization and at weeks 5, 7, 10, 12, 20, 

24, 28 and 32. For collection of serum, blood was left to clot for 20 minutes at room 

												

	
Figure 44. Immunization schedule. Mice were immunized with a prime-boost regimen 
at weeks 0, 2, 4 and 8. Antibody levels were measured in serum collected from mice 
at weeks 5, 7, 10, 12, 20, 24, 28 and 32. Mice were sacrificed at week 40, secondary 
lymphoid organs were isolated and T and B cell phenotypes were quantified using 
flow cytometry.  

Table 8. Mice (N=6) were immunized with the HPV 16 VLP in suspension and 
microparticles with the addition of Alhydrogel® and MPL-A®. Gardasil® served as the 
positive control for the study.   
 

Group (N=6) Dose 
(µg) 

Route  

Gardasil® 20 I.M. 

HPV 16 VLP Suspension 20 T.D. 

HPV 16 VLP Particulate (MP) 20 T.D. 
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temperature, then centrifuged at 1500 G for 10 minutes at 4°C. Samples were stored at -

20°C until analysis. Previous serum samples collected from mice inoculated with 

Gardasil® were pooled for use as positive controls and serum from PBS mice served as 

negative controls. 96 micro titer well plates were coated with HPV 16 VLP at a 

concentration of 0.5µg/ml in PBS and left overnight at 4°C. On the day of testing, the 

plates were first washed with PBST (PBS + 0.1% Tween 20) using the Elx 405 plate 

washer (Biotek, Winooski, VT). Blocking solution (TBST containing [10mM Tris-Cl pH 

8.0, 0.15 M NaCl, 0.5% Tween 20] with 10% goat serum (Life Technologies, Carlsbad, 

CA) and 50% SuperBlock (Thermo Scientific Pierce Protein Research, Waltham, MA)) 

was added to the plate and left at room temperature on a plate rotator set at 60rpm. 

Plates were then washed four times with PBST (PBS + 0.1% Tween 20). Serum samples 

were three-fold diluted beginning at 1:31.6 for a total of 6-10 dilutions in diluent (TBST 

with 10% goat serum, 10% Super-Block). Then 50µL was added to the VLP coated and 

blank plate followed by incubation at 37°C for hr in the plate incubator (Millenium 

2000). Plates were washed four times with PBST (PBS + 0.1% Tween 20). Then 100µL of 

anti-mouse IgG conjugated to alkaline phosphatase diluted in conjugate diluent (TBST 

+10% goat serum and 10% Super-Block) was added at a 1:2000 dilution and left for 2 

hours for incubation at 37°C. Plates were then washed four times with PBST. Substrate 

solution (2mg/mL) was prepared by dissolving alkaline phosphatase substrate tablets 

(Sigma Aldrich, St. Louis, MO) in substrate buffer (0.1M NaHCO3, 0.01M MgCl2, pH 9.5). 

Then 50µL of the substrate was added to each well. Plates were incubated at room 

temperature on a lab rotator set at 60rpm for 45 minutes. The absorbance was measured 
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at a wavelength of 405nm with an automated plate reader Wallac-Victor2TM (Perkin 

Elmer, Waltham, MA). The cut-off value (COV) of the OD was established as an average 

plus 3 standard deviations of the serum from PBS mice. For a given sample within each 

group, the highest dilution of sera that had an OD above COV was considered as final 

positive titer. For each group, the final antibody titers were averaged to give the 

geometric mean titer, and compared between weeks. 

g) Evaluation of T cell responses   
 

At week 40, the secondary lymphoid organs were extracted (i.e. spleen and  

lymph node) and made into single cell suspensions. The single cell suspensions were 

stained with fluorescence-conjugated antibodies specific to T cell phenotypes, helper T 

cells (CD4+ - FITC), cytotoxic T cells (CD8a+ - FITC), central memory and effector 

memory T cells (CD45R-FITC, CD62L-APC) and B cell phenotypes, memory B cell 

(CD27-APC), quantified using flow cytometry.  

h) Analytical Tests 

All statistical analyses were conducted using the Graphpad Prism 7 software. For  

group comparisons, a one-way ANOVA were applied.  The following P values were 

used, P > 0.05 (non-significant), P < 0.05 (*), P < 0.01 (**) and P < 0.005 (***). Error bars are 

indicative of standard deviation of uncertainty.  

Results 

HPV 16 VLP characterization  

Transmission electron microscopy (TEM) was performed on individual fractions  

to visualize VLP conformation (Figure 45). The fractions were quantitated for total 
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protein content using the Coomasie® Plus protein assay kit (Thermo Scientific). The total 

protein estimation was 403µg/mL. The integrity/quality of the VLP fractions was 

determined using type-specific monoclonal antibodies that recognize a conformational 

epitope on the intact VLP (HPV Labnet manual 2009). The VLP fractions (403 pool) with 

reactivity equal to or higher to the laboratory reference VLP stock (1030 pool) were 

pooled to make VLP stock used for the formulation (Table 9).  

HPV 16 VLP particulate vaccine characterization 

The morphology of the HPV 16 VLP micro particulates is shown in Figure 46.  

The physicochemical characteristics of the HPV 16 VLP are shown in Table 10. The 

microparticle yield was found to be 91% and the encapsulation yield was around 80% 

with a size of 3.45µm. The zeta potential was close to -20.54mV. The yield following 

spray drying is important when considering the amount of losses during processing. 

The encapsulation yield is important when studying the amount of VLP that is 

encapsulated and the size of the HPV 16 VLP is critical for uptake in antigen presenting 

cells (Mosca et al., 2008). The zeta potential can be used as an indicator of stability as 

stable particles should measure between +30 to -30mV. 

Table 9. QC ELISA following HPV 16 VLP production 
 

Concentration 
(µg/mL) 

Reference 1030 pool 
(Dilution factor) 

403 pool 
(Dilution factor) 

1.0 3564 3315 
0.5 2633 2434 

0.25 1455 1156 
0.125 806 598 
0.06 294 294 
0.03 127 129 
0.015 81 79 
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Humoral response induced by the HPV 16 VLP 

Mice were immunized with HPV 16 VLP encapsulated into microparticles and  

HPV 16 VLP in suspension both with the addition of adjuvants MPL-A® + Alhydrogel®  

Using the using the AdminPatch® 1200 microneedle array. The test groups were 

compared to mice immunized with Gardasil® which served as the positive control.     

Antibody titers were measured beginning at week 5 all the way till week 32. The vaccine 

suspension group showed antibody titers that were significantly higher than the particle 

	
Figure 45. Transmission electron 
microscopy (TEM) image of the HPV 16 
L1 VLPS. TEM images were captured 
under 10kV and 43 000X magnification.  
	

	
Figure 46. Scanning electro microscopy 
image of HPV 16 VLP loaded 
microparticles. SEM images were 
captured under 20.0kV and 7500X 
magnification.    
	

Table 10. Physicochemical characteristics of micro particulates encapsulating the 
HPV 16 VLP 
 

Microparticle yield (%) 91.0 + 3.4 

Encapsulation yield (%) 80.50 + 0.85 

Size (µm) 3.45 + 0.41  
Zeta Potential (mV) -20.54 + 0.52 
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group at week 5. Due to the slow release profile of the particulate vaccine, the antibody 

titers steadily increased over the course of the study. The titers began to surpass that of 

the suspension group beginning at week 12 (Figure 47). The HPV 16 VLP titers produced 

by the particulate group showed levels similar to that of Gardasil®. The adjuvants 

potentiated the antibody response several weeks after the last immunization. This 

illustrated the long-term effect of adjuvants that allow for slow release of antigens also 

known as a depot effect, which is required for long-standing levels of antibody. The 

titers of the mice in each of the vaccinated groups did not significantly differ from each 

other and were consistent within each group (Figure 48).  

HPV 16 VLP induces T cell immunity 

Assessment of T cell phenotypes was conducted at the end of the study, by  

extraction of the secondary lymphoid organs (Week 40). The micro particulate vaccine 

group showed high expression of CD4+, CD8+, CD27 and CD45R compared to the 

suspension vaccine group in the lymph node (Figure 49). Gardasil® showed high 

expression of CD4+, CD27 and CD62L compared to both microparticle and suspension 

vaccinated mice. However, CD45R expression was significantly higher in the 

microparticle vaccine group compared to Gardasil®. In the spleen, CD4+ CD8+, CD27 

and CD45R were up-regulated in the microparticle group versus suspension (Figure 50). 

MPL-A® is known to produce a Th1 type effect, however results from our study showed 

that there is in fact both a Th1 and a Th2 response that is induced. Alhydrogel® and 

MPL-A® were able to further improve the immunogenicity of both the suspension and 

microparticle group as seen by the measurement of IgG. More importantly the 
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combination of adjuvants modified the immune response and there was long-term 

immunity present as illustrated by antibody levels at week 32 and memory B and T cells 

present at week 40.  
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Figure 48. Long Term IgG antibody response against HPV 16 VLP.  The 
microparticle group showed higher levels of IgG titers compared to suspension 
beginning at week 12 and was sustained till week 32.   

	

									 	
Figure 47. Antibody response. Serum IgG recognizing HPV 16 VLP in 
immunized mice. Mice (N=6) receiving Gardasil® vaccine were immunized 
intramuscularly with 20µg and mice receiving HPV 16 VLP were immunized 
transdermally with 20 µg of VLP in suspension and microparticles with MPL-
A® and Alhydrogel® using the AdminPatch® 1200 microneedle array. *, P < 
0.05, **, P < 0.01. 
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Figure 49. B and T cell phenotypic analysis from the lymph node. Long-term 
immune responses are generated by memory B and T cells. The microparticle 
HPV 16 VLP group showed high expression of CD4+, CD8+, CD27 and CD45R 
phenotypes compared to the HPV 16 VLP suspension group. Gardasil® 
demonstrated high levels of CD4+, CD27 and CD62L compared to all other 
groups. *, P < 0.05, **, P < 0.01, ***, P < 0.005.  
 

		 	
Figure 50. B and T cell phenotypic analysis from the spleen. Long-term 
immune responses are generated by memory B and T cells. The microparticle 
HPV 16 VLP group showed high expression of CD4+, CD8+, CD27 and CD45R 
compared to the suspension group. The levels of CD4+, CD27 and CD45R 
expression was higher than that of Gardasil®. *, P < 0.05, **, P < 0.01.  
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Discussion 

Over the last 15 years, serological studies have been developed to better  

understand the history of HPV infections and determine how antibodies against HPV 

prevent cancer (Di Bonito et al., 2006). The serological studies have revealed that during 

natural HPV infection with HPV 16, there is a very slow antibody response in most 

individuals and none at all in some individuals that are infected (Dillner, Arbyn, Unger, 

& Dillner, 2011). The two viral proteins present in the capsid of the virus, L1 and L2 

have been found to stimulate virus-specific neutralizing antibodies (Dillner et al., 2011). 

L1 antibodies have been found to be more potent than L2 and therefore L1 has been 

predominantly utilized in HPV vaccines (Dillner et al., 2011). The discovery of self-

assembling L1s into VLPs served as a foundation for the development of effective 

vaccines against HPV (Dillner et al., 2011). Most protective responses against HPV 

require that the conformation of the L1 be in tact when administered (Dillner et al., 

2011). Prophylactic vaccination through intramuscular injection of L1 VLPs have 

displayed highly specialized immune responses in Phase I clinical trials (Harro et al., 

2001) (Evans et al., 2001). Phase II trials with a monovalent HPV 16, a bivalent HPV 

16/18 and quadrivalent 6/11/16/18 illustrated complete protection against infection 

with the aforementioned HPV subtypes (Harro et al., 2001). There are two main 

mechanisms at play following HPV vaccination that are responsible for protection 

(Kemp et al., 2008). The first is that the circulating antibodies move from the sera to the 

cervical mucus following vaccination and second, the antibodies guard sites that have 
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suffered microtrauma or have abrasions, which are easily accessible sites for infection 

(Kemp et al., 2008) (Roden & Wu, 2006).   

Gardasil® has been licensed in over 105 countries and Cervarix® in 71 countries,  

however underlying issues with HPV vaccination still pose a threat to public health and 

prevention of cancers caused by HPV (Lacey et al., 2006). To address the current 

challenges with HPV vaccines like cost, cold-chain storage and administration through 

injection, we investigated a monovalent transdermal HPV 16 VLP micro particulate 

transdermal vaccine against HPV. The skin is an attractive approach for the delivery of 

vaccines due to the presence of APCs and microneedles can deliver VLPs that are 

capable of inducing both B and T cell responses (Corbett, Fernando, Chen, Frazer, & 

Kendall, 2010). Our data illustrates the use of microparticles as a vaccine delivery vehicle 

for the HPV 16 VLP. The HPV 16 VLP was resistant to spray drying, retaining its 

conformation for inducing neutralizing antibodies. Our findings support the practicality 

of using microneedle-based vaccine strategies with the HPV 16 VLP. This could 

eliminate the conventional injections and cold-chain storage requirements as this 

approach provides a simple, safe, painless and low cost way to vaccinate (Kines et al., 

2015). The slow increase in antibody levels in the mice immunized with microparticles 

shows the benefit of administering the vaccine using a vehicle as lower doses can be 

utilized resulting in a slow release over time to areas rich in APCs corresponding to the 

dermal and epidermal layers that transport the VLP to the draining lymph node for 

presentation to T cells (Kines et al., 2015) (Nestle, Di Meglio, Qin, & Nickoloff, 2009) 

(Kenney, Frech, Muenz, Villar, & Glenn, 2004). The way in which HPV particles are 
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taken up in the skin is not well elucidated, however when delivered through the skin the 

HPV VLPs localize in the epithelium and have the natural ability to target basal cells 

(Kines et al., 2015).  

The current licensed vaccines on the market have illustrated excellent efficacy in  

preventing HPV infection (Roden & Wu, 2006). This is attributed to the high level of 

specific antibodies against HPV types in the vaccines (Corson, 2009). Studies have 

shown that HPV antibodies induced by vaccination are type-specific, however also have 

cross-reactive properties (Corson, 2009). The two major classes of antibody produced 

following HPV vaccination include IgG and IgA (Moldoveanu et al., 1995). Cells in the 

salivary glands synthesize IgA and IgG is primarily produced in serum (Belshe et al., 

2000). Vaccine administration to the systemic circulation, induces strong release of IgG, 

however does not stimulate IgA, particularly at mucosal sites (Belshe et al., 2000). Data 

presented in our study demonstrates that the monovalent HPV 16 VLP micro particulate 

vaccine induced IgG antibodies that appear close to that of Gardasil® at week 12, which 

could also be detected at week 32. The peak responses were observed after the final 

immunization (i.e., at month 2).  

Cell-mediated responses against HPV are as important as humoral responses  

induced by prophylactic vaccines (Pinto et al., 2003). CTL responses to L1 are critical for 

removal of cells infected with HPV that are not identified by neutralizing antibodies 

(Pinto et al., 2003). One way that CTLs can be activated is through manipulation of 

antigen presentation pathways (Zinkernagel et al., 1996). HPV L1 VLP antibodies are 

well known to stimulate MHC Class I presentation, however due to the opsonization 



144 
	

	
	

capability of L1 VLPs, they can increase MHC Class II presentation of antigen to T cells 

(Guidotti & Chisari, 2001). The T cells that are activated become synergistic to memory B 

cells and thus lead to stimulation of CTLs.  The importance of CD8+ T cells has been 

revealed in eliminating virus-infected cells prior to the formation of lesions (Weinberg et 

al., 2012). CD4+ and CD8+ T cells have been observed to have protective capabilities as a 

study showed that HPV vaccination was protective even after detectable antibody levels 

were low (Kjaer et al., 2009). Studies in mice have demonstrated that HPV 16 L1 VLPs 

induce cellular responses by inducing the production of Th1 cytokines that leads to 

CD8+ T cell activation (Peng, Frazer, Fernando, & Zhou, 1998) (Marais, Passmore, 

Maclean, Rose, & Williamson, 1999). Furthermore, HPV 16 L1 VLPs are capable of also 

stimulating the proliferation of T cells that are HPV-specific and induced Th1 and Th2 

cytokines that lead to protective responses following virus challenge (Marais et al., 

1999). The high expression of T cells at 8 months after the final immunization shows, 

that cellular responses can still be generated even if there are elevated levels of 

antibodies (Da Silva, Pastrana, Schiller, & Kast, 2001).  

Conclusion 

This study focused on overcoming three major challenges associated with HPV  

vaccination. The main issue with current HPV vaccines is the need for cold-chain 

storage. The HPV 16 VLP could be encapsulated into a polymer matrix that could be 

spray dried into a stable dry powder form eliminating the need for cold-chain. The 

second concern is needle injections. The microneedle method of delivering the vaccine 

offers a painless and effective method of vaccination that uses the dermal immune 
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system to induce strong immune responses equivalent to that produced by Gardasil®. 

Finally, the easy method of production of the vaccine can also significantly reduce costs 

and allows for easy manufacturing and scale-up. The data from this study illustrates that 

the monovalent HPV 16 VLP micro particulate vaccine using microneedles is a great 

candidate that should enter clinical evaluation.  
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CHAPTER 5 

SUMMARY 

The damage caused by infectious diseases is one of the major challenges that lead 

to preventable cases of mortality each year (Du, Zhou, & Jiang, 2010). Vaccines have 

been able to completely eradicate cases of infectious diseases and will play an important 

role in allowing us to rid the world of pathogens like influenza and the human 

papillomavirus (HPV). Vaccines against these viruses are able to control and protect 

against infection to a certain extent, however must be significantly improved to achieve 

maximal efficacy (Du, Zhou, & Jiang, 2010).. The use of alternative vaccine platforms can 

serve as a new strategy leading into the future (Du, Zhou, & Jiang, 2010).  

Influenza is a single-stranded RNA virus that causes over half a million deaths 

and approximately 3 to 5 million cases of infection worldwide (Houser & Subbarao, 

2015). The multiple strains of influenza that circulate are based on the various subtypes 

of hemagglutinin (HA) and neuraminidase (NA) (Houser & Subbarao, 2015). The 

licensed vaccines against influenza, function by inducing antibodies against 

hemagglutinin (HA) that neutralize the virus, thus preventing infection (Houser & 

Subbarao, 2015). Current vaccines incorporate either inactivated, live-attenuated or 

recombinant HA as antigens that are mainly administered intramuscularly (Houser & 

Subbarao, 2015). However, one of the major challenges with vaccines against influenza is 

that the virus has a high rate of mutation, which causes significant changes in HA and 

NA and thus these vaccines are not able to broadly protect against these different viral 

strains (Houser & Subbarao, 2015). The current strategy to overcome this challenge is to 
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annually modify the vaccine by predicting possible strains for the upcoming season, 

conducted 8 months in advance to allow for ample time for vaccine production (Houser 

& Subbarao, 2015). The 8-month timeline is due to the requirement of embryonic chicken 

eggs, which are used for virus propagation and production (Houser & Subbarao, 2015). 

There is also concern with administration, as patient compliance is low when it comes to 

the use of needles for vaccination purposes (Houser & Subbarao, 2015).  

To overcome these limitations, we began by investigating an alternative route of 

vaccination, using the skin, to deliver a licensed monovalent inactivated H1N1 influenza 

vaccine in a pre-clinical rat model. Study I demonstrated that transdermal vaccination 

induced antibody production similar to that of intramuscular injection. There was a clear 

distinction seen between the activation of T cells subsets across the two routes of 

administration. Transdermal vaccination induced a Th2 driven CD4+ T cell response and 

intramuscular administration stimulated a Th1 driven CD8+ T cell response. Study I 

indicated that the transdermal route has the ability to produce robust immune responses 

that lead to immunological memory and is an excellent route for vaccine administration 

that is non-invasive and pain-free.  

Study II evaluated a non-mutating extracellular domain of the matrix-2 protein 

(M2e), present on the surface of the influenza virus as a potential antigen for use in the 

development of a subunit vaccine against influenza. The M2e protein itself is conserved 

amongst all the strains of influenza and therefore vaccines containing this protein would 

not require modifications each year in comparison to the current licensed vaccines on 

the market. Subunit vaccines tend to have a lower immunogenicity profile compared to 
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whole viruses (inactivated or attenuated), therefore, we used recombinant methods to 

construct a multiple tandem repeat of the M2e that self-assembled into a virus-like 

particle (VLP) and encapsulated it into a polymeric matrix forming a microparticle 

vaccine. Recombination methods do not require egg-based production of the virus and 

cell culture models were used to isolate the M2e protein. We conducted extensive 

experiments to evaluate the toxicity and immunogenicity of the M2e VLP 

microparticulate vaccine in immune cells with the addition of three adjuvants 

(Alhydrogel®, MPL-A® and AddavaxTM) and compared the microparticulate vaccine to 

vaccine in suspension. We learned that the M2e VLP microparticulate vaccine was non-

toxic to antigen presenting cells such as macrophages and DCs, both in the short-term 

and long-term. The M2e VLP vaccine exhibited both innate and adaptive immune 

responses. Innate immunity was observed by the increase in TNFα release by 

macrophages and DCs and adaptive immunity observed by activation through three 

major signals: 1) M2e VLP was presented via both MHC Class I and II pathways, 2) M2e 

VLP induced co-stimulatory molecule binding between DCs and T cells via B7.1 – CD28, 

CD154 – CD40, ICAM-1 – LFA-1 and 3) M2e VLP caused DCs to release IL-12. These 

confirmatory three signals also illustrated the successful proliferation of T cells. The M2e 

VLP in combination with Alhyrogel® and MPL-A® respectively consistently exhibited 

enhanced immune responses showing synergistic type effects with the M2e VLP.  The 

M2e VLP encapsulated into a microparticulate matrix demonstrated a better 

immunogenicity profile compared to the M2e VLP in suspension. Encapsulating the 

M2e VLP into a polymeric matrix with adjuvants allowed for slow release of the antigen, 
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thus leading to strong immune responses. Once it was determined that the vaccine had a 

good immunogenicity profile in-vitro, we further investigated its efficacy in-vivo.  

Study III evaluated the efficacy of the M2e VLP microparticulate vaccine, when 

administered using a pre-clinical mouse model for influenza. We administered multiple 

doses of the vaccine using an AdminPatch® 1200 microneedle array. The M2e VLP 

microparticulate vaccine with the combination of Alhydrogel® and MPL-A® stimulated 

high antibody titers similar to that of the intramuscularly administered monovalent 

H1N1 inactivated virus vaccine. To assess if the vaccine was able to induce protection, 

we challenged the mice with a heterosubtypic strain of influenza and found that the 

vaccine was highly protective, revealed by no decrease in body weight and low levels of 

viral titers in the lung.  

One of the limitations of our study was that since antibody titers appeared to 

decrease over time, following M2e VLP vaccine administration, we did have to govern 

the use of booster doses, which included administering three doses of the vaccine 

instead of one. There is still research on-going to potentially increase the dose, which 

will allow us to administer the vaccine just once. Another limitation of the study is that 

we did not examine long-term immunity. Even though the high level of heterosubtypic 

immunity shows the potential for cross-protection, it is difficult to predict whether this 

immunity will be sustained for a long period of time and be protective in the future 

following re-exposure to the virus. There is also a level of uncertainty as to whether 

cross-protection will be apparent following exposure to pandemic strains. The efficacy 

of vaccines also varies between population groups such as the elderly, the immune-
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compromised and children, who have under developed immune systems. It is difficult 

to assess various population groups in pre-clinical mouse models and therefore our 

results are generalized and do not consider the variable immune responses in different 

groups of individuals.  

Human papillomaviruses (HPV) are a class of DNA viruses that enter mainly  

through the mucosa and is one of the most common sexually transmitted viruses (Quint 

et al., 2006). HPV genotypes are classified as “high risk” and “low risk” types (Quint et 

al., 2006). Women infected with HPV, particularly the “high-risk” types have high 

probability of developing cervical cancer (Quint et al., 2006). Approximately 70% of all 

diagnosed cervical cancer cases are attributed to HPV types 16 and 18 (No et al., 2011). 

The two viral capsid proteins (L1 and L2) differentiate and make up the multiple types 

of HPV (Zheng & Baker, 2006). Natural infection with HPV leads to a weak immune 

response due to the ability of the virus to evade the immune system by avoidance of 

entry through the blood (No et al., 2011). For this reason, there were two vaccines 

developed against HPV, Gardasil® and Cervarix® which have incorporated VLPs made 

of the L1 major capsid protein (Zheng & Baker, 2006). Although the licensing of these 

two vaccines showed great promise in reducing HPV infection, cervical cancer is still the 

third most common cancer among women (Jemal et al., 2011). Some of the ongoing 

limitations for HPV vaccines include cost, type-specific protection and lack of 

therapeutic value (Clemens & Jodar, 2004) (Schiffman & Wacholder, 2012). Vaccination 

in low income countries is tenuous due to the high costs associated with the vaccine 

(Clemens & Jodar, 2004). More than 85% of cervical cancer cases occur in developing 
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countries, where administration of HPV vaccine is unaffordable (Clemens & Jodar, 

2004). The current vaccines are also limited to confer protection against the L1 of specific 

HPV types included in the vaccine (Clemens & Jodar, 2004).  

To overcome these limitations, we developed an inexpensive monovalent HPV  

16 VLP vaccine that could be encapsulated into a matrix, forming a dry powder that is 

highly stable. To reduce administration costs, we proposed delivering the vaccine 

through the skin and investigating its efficacy in a pre-clinical mouse model. We 

administered four doses of the monovalent HPV 16 VLP vaccine in microparticles and in 

suspension and found that the HPV 16 VLP microparticulate vaccine induced high 

levels of antibody beginning at week 10 that were sustained for 32 weeks similar to that 

produced by Gardasil®. There was a slower increase in the levels of antibody for the 

mice vaccinated with HPV 16 VLP microparticles. When we examined T cell 

populations, we found that there were significantly higher amounts of CD4+ and CD8+ T 

cell subsets, along with memory B and T cells, which demonstrated that the 

microparticulate vaccine had the potential to generate long-term immunity.  

There is on-going research that is looking at how long the antibody levels remain  

elevated and what is the level needed for protection against other HPV types that 

individuals are not vaccinated against. In terms of antibody titers, there is also a 

significant increase in IgA that is responsible for protection. In our study, we did not 

assess IgA release or its ability to induce neutralization following challenge. We did not 

evaluate protection in mice or serum IgA levels and in the future would be required to 

conduct a pseudovirion challenge to assess protection by IgA against the homo and 
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hetero subtypic types of HPV. In addition to humoral responses, there is a great 

emphasis that protective immune responses may also be dependent on cell-mediated 

mechanisms. In this study we examined T cell phenotypes CD4+, CD8+ and memory cell 

phenotypes for T and B cells (CD45R, CD62L and CD27), however, did not investigate T 

cell proliferative responses or cytokine release following vaccination and whether or not 

they would play a role if vaccination was conducted in a therapeutic setting. Our study 

was also strictly conducted in female mice; even though males are also highly 

susceptible to the development of cancers caused by HPV. We propose to conduct a 

study in the future that looks at vaccination regimens in both male and female mice. One 

of the major questions surrounding HPV vaccines is, are they cross protective. There is 

data that suggests neutralizing antibodies are effective if the HPV types are similar, 

however the immune responses against new HPV types still remains elusive and was 

not investigated in our study.  
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CONCLUSION 

 In an attempt to combat viruses like influenza and HPV, vaccines have been a 

significant advancement in aiding us to control and protect ourselves against infectious 

diseases. With the availability of licensed vaccines for both viruses, the prevalence of the 

diseases are still a major burden on public health. Our main goal was to improve upon 

the current vaccines for influenza and HPV. The innovative strategy in using virus-like 

particles (VLPs) is that they are non-replicating, simple to produce, inexpensive, stable, 

effective and ideal candidates for vaccine antigens. In our first project, we investigated 

three major hypotheses: 1) Can the transdermal route of vaccination using microneedles 

be used to deliver inactivated influenza virus vaccines, 2) Can a conserved recombinant 

antigen from the influenza virus be used as a potential vaccine antigen and 3) Is this 

conserved recombinant antigen effective and protective against influenza. The skin is an 

excellent route for vaccine delivery and we observed that the delivery of inactivated 

influenza vaccines with the use of microneedles allows for a painless and safe approach 

for vaccination. The conserved extracellular domain of the matrix-2 protein (M2e) when 

self-assembled to form a virus-like particle (VLP) had an excellent immunogenicity and 

safety profile in-vitro. The immune response was further enhanced by encapsulating the 

M2e VLP into a biodegradable polymer matrix with the addition of adjuvants 

(Alhydrogel® and MPL-A®) using the spray-drying method that yields microparticles. 

The M2e VLP micro particulate vaccine was discovered to be highly effective and 

protective when tested in a pre-clinical mouse model challenged with live influenza 

virus.  
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 Our second project investigated an alternative subunit vaccine for the human 

papillomavirus (HPV). To overcome the limitations of cost, cold-chain storage and 

needles for administration associated with the current licensed vaccines Gardasil® and 

Cervarix®, we attempted to design a monovalent recombinant subunit vaccine using 

VLPs which could be transported and used in developing countries where vaccination 

against this virus is currently existent and unaffordable. The HPV 16 VLP was 

incorporated into a micro particulate vaccine and transdermally tested in a pre-clinical 

mouse model to evaluate if it would successfully be able to stimulate long-term humoral 

and cellular immune responses. This was confirmed by the significant increase in 

antibodies, CD4+ and CD8+ T cell phenotypes.  

 The spray-drying method for vaccine production yields a dry powder of the 

vaccine that makes it easy for transportation and packing, eliminating the need for cold-

chain storage, compared to suspensions that lead to significant vaccine loss. To further 

the improvement of vaccine delivery, the skin is an attractive area for vaccine 

administration that uses the dermal immune system to stimulate robust immune 

responses. The use of microneedles offers an alternative method for self-administration 

of vaccines onto the skin, which is particularly significant for vaccination programs in 

developing countries. These important considerations led us to successfully develop, a) 

a potential subunit universal vaccine against influenza and b) a highly stable, 

inexpensive and effective vaccine against HPV.  
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