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This world,

After all our science and sciences,
is still a miracle;
Wonderful, inscrutable,
magical and more,

to whosoever will think of it.

Thomas Caryle (1795-1881)
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SUMMARY

Compared with any other medical discovery vaccines have prevented more deaths and suffering.
Emergence of novel pathogens accentuates the requisite for ongoing development and improvement of
traditional vaccination strategies. Understanding the role of T helper cells in regulation of the immune
response is imperative for manipulation of the host immune response and in the design of novel
vaccines. Concerns regarding safety and poor immunogenicity of conventional vaccines has provoked
the development of safer more immunogenic vaccines, such as those based on naked DNA. Injection
of plasmid DNA coding for the protective antigen of a pathogen can generate antigen-specific cellular
and humoral responses. Immunogenicity of protein and DNA vaccines may be influenced by several
factors, including route of administration, dose, immunization schedule, type of antigen and presence
of an adjuvant. This project focuses on characterizing the immune responses induced by plasmid DNA
encoding the gpl20 surface glycoprotein of HIV-1 virus and the transmembrane hemagglutinin
protein of influenza virus. Induction of virus-specific CD4" Thl and CD8" CTLs are recognized as
ideal objectives in the design of many viral vaccines. Modulation of the immune response induced
with gp120pDNA towards a Thl-type profile was achieved by co-administration of plasmids coding
for IL-12 cytokine and cationic liposomes. The use of prime/boost immunization schedule
demonstrated that priming with gpl20pDNA followed by a gpl20-alum could augment type-1
responses. Multivalent vaccines are possible with DNA vaccine technology and this study found that
responses to individual plasmids were not adversely affected by the presence of supplementary
plasmids. This study also demonstrated that encoded antigen and plasmid composition influenced the
induction of immune responses. Encoding gpl20 protein in distinct bacterial plasmid backbones
augmented gp120-type-1 responses, emphasizing the importance of selecting an appropriate plasmid
backbone depending on the target pathogen. Collectively these findings indicate that many factors
influence the induction of immune responses with DNA vaccines. Knockout mice were used to
demonstrate the importance of 1L-4, IL-10 and IL-12 in directing the response, which appeared to be
independent of antigen-type. HIV gp120 protein encoded by plasmid DNA was found to influence
BMDC maturation, chemokine and cytokine production. HA-primed APC were detected in secondary
lymphoid organs following immunization with HApDNA. Furthermore, in vitro HApDNA-stimulated
BMDC activated a HA-specific Thl clone to secrete type-1 cytokines, establishing a key role for DC
in the induction of immune responses with DNA vaccines.

This study has identified several factors that influence the immunogenicity of DNA vaccines.
Exploring the dynamics of this technology will allow a more logical approach to designing effective
novel vaccines. DNA vaccines represent a safe, immunogenic, inexpensive and rapid means of
generating immunity against several pathogens and may contribute to eradicating the devastation

caused by HIV and many other infectious microorganisms.
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INTRODUCTION

1.1 GENERAL INTRODUCTION

In the late 18th century, Edward Jenner observed how milkmaids were unaffected by
smallpox, a disease which caused high mortality in children. He challenged his
theories and infected a young boy with cowpox, then smallpox and to his surprise the
boy failed to develop symptoms associated with smallpox virus. Jenner had stumbled
upon the vaccine for smallpox and ultimately began the vaccine revolution. Most
current vaccines are based on attenuated or killed microorganisms and were designed
with little knowledge of their mechanism of action or potential side effects. Advances
in immunology and molecular biology have facilitated the identification of protective
mechanisms against infectious pathogens and have allowed safer and more rational
approaches to vaccine design.

At present, one of the world’s greatest challenges is to produce an effective
vaccine against human immunodeficiency virus (HIV). However, this is proving a
difficult task due to the virus’s ability to change its ‘identity’ by genetic switches and
evade the body’s immune defenses. The worldwide figure for HIV infected
individuals is estimated at approximately 20 million, with 16,000 new cases each day.
This underlines the necessity for an effective HIV vaccine. Immunization with nucleic
acid vaccines (DNA vaccines) is an exciting vaccine technology that provides a novel
approach for development of a vaccine against HIV and other infections. The DNA
vaccine concept arose from studies on gene transfer in humans to replace missing or
faulty genes. The flexibility of this technology was soon realized when plasmid DNA
was injected into animals and the encoded protein was expressed. The discovery that
DNA coding for viral proteins could induce immune responses and protect animals

when challenged with live viruses paved the way for a new era of vaccination.

1.2 THE IMMUNE SYSTEM

The immune system functions to protect a healthy individual from microorganism
invasion and is classified into two basic categories: innate immunity and adaptive

immunity.



1.2.1 INNATE IMMUNITY

The innate system provides the first line in host defense by rapidly recognizing a
pathogen and signaling this danger to the adaptive immune system. Macrophages,
dendritic cells (DC), neutrophils and other phagocytic cells are key elements with the
ability to recognize non-processed antigens, such as lipopolysaccharide (LPS),
through a variety of pattern recognition receptors common between pathogens
(Fearon and Locksley, 1996). Natural Killer (NK) cells, complement and interferon
function as mediators of the innate system. An effective physiological barrier to most
microorganisms is also provided by the body surface through skin, temperature and
pH.

Classical NK cells and recently discovered NKT cells are some of the first
cells to respond following activation in response to innate cytokine production during
viral infection. They mediate defense through both antiviral and immunoregulatory
pathways. A cross-regulatory pathway exists between IFN-a/ and IL-12 produced by
infected cells, which regulates NK cell responses. Lysis and cell mediated
cytotoxicity by NK cells are enhanced by type I interferons (IFN-o/f). NK cell
activity is directly modulated by IL-12 and IL-18, which play a role in IFN-y
production by NK cells early in infection. As IL-12 is secreted by a small subset of
cells such as macrophages or DCs, it appears that these early infected cells might
influence the type of NK function that is activated (Biron and Brossay, 2001). The IL-
18 receptor is expressed on NK cells (Mclnnes et al., 2000). NK cells also stimulate
production of tumor necrosis factor (TNF) and chemokines e.g. MIP-1a. Major
histocompatibility complex (MHC)-binding inhibitory receptors expressed by NK
cells and activating receptors, NKR-P1, can trigger IFN-y secretion and cell killing
(Bendelac and Fearon, 1997). Cells expressing low levels of MHC class I prevent
these receptors binding and so evade NK attack. NKT cells become activated when
antigen is bound by their T cell receptor (TCR). Conditions where low level innate
cytokine induction occurs activates the NKT pathway that in turn triggers the classical
NK defense mechanism (Biron and Brossay, 2001). yd T cells also serve innate
function by recognizing conserved components of microorganisms and secrete

cytokines involved in immune responses to viral infection (Bendelac and Fearon,
2000).



Reactive oxygen intermediates (ROI) and reactive nitrogen intermediates
(RNI) are toxic molecules of the immune system capable of being produced by
activated phagocytic cells, such as macrophages or polymorphonuclear neutrophilic
leukocytes (PMN). The phagocytosis process involves the binding of the particle to
the cell surface followed by its internalization, destruction and release of toxic
reactive intermediates. ROI’s generated by neutrophils act as antimicrobial effector
molecules against extracellular bacteria, whereas macrophages produce RNI’s to
combat intracellular pathogens (Bogdan et al., 2000).

In addition to its importance as the first line of defense, the innate system also
plays an instructive role to the adaptive responses through the nature of innate
recognition. Non-self structures or endogenous signals are both suggested as signals
mediating activation of innate immunity (Bendelac and Fearon, 2000). The ‘Danger
Model’ postulates that the immune system responds to damage causing substances

(endogenous signals) rather than foreign antigens (Gallucci and Matzinger, 2001).

1.2.2 ADAPTIVE IMMUNITY

Non-specific host defense mechanisms essentially control the initial spread of
infection by microorganisms in a healthy individual. However, if the pathogen evades
innate immunity, specific adaptive immunity is triggered to eliminate the pathogen
and prevent re-infection. Immunological memory is a key feature of adaptive
immunity that develops by clonal recognition of pathogenic antigen triggered through
T cell receptors (TCR) and B cell receptors, resulting in a cascade of immunological
events leading to lymphocytes differentiating into effector and memory cells.
Therefore, adaptive immunity is primarily mediated by lymphocytes that specifically
recognize epitopes on the pathogen. The lymphocyte population can be divided into

two basic categories: B lymphocytes and T lymphocytes.

1.2.2.1 B-LYMPHOCYTES

B cells are generated exclusively in the bone marrow from non-lymphoid stromal
cells. B cells are the primary cell type involved in production of an antigen-specific
product, antibodies (Ab). B cells secrete antibody when stimulated by specific antigen
that is recognized by membrane bound immunoglobulin (Ig) molecules that act as

antigen receptors. Antibodies are heterodimeric molecules composed of a generic



structure of four polypeptide chains, 2 of each identical light (L) and heavy (H) chains
with each chain possessing constant (C) and variable (V) regions that determines
antibody specificity. Collectively antibodies form a family of plasma proteins known
as immunoglobulins, subdivided into five isotypes with individual functional and
biochemical attributes: IgM, IgG, IgA, IgE and IgD.

Primary antibody responses are mediated by the pentameric IgM. Due to its
large structure and inability to diffuse efficiently, it is predominantly located in the
bloodstream where it can recognize antigen with low affinity resulting in
agglutination of antigen and activation of complement. T cell derived cytokines
switch IgM to IgG production soon after an initial antibody response. IgG antibodies
are the most abundant class of Ig in the serum and are composed of four distinct
subclasses, 1gG1, IgG2a, 1gG2b and IgG3 in the mouse. IgG mediates a variety of
functions such as activation of complement, opsinization of antigen and plays a role in
protecting the developing fetus, due to its ability to cross the placenta. IgA is the
principal antibody isotype found at mucosal surface, in saliva and other mucosal
secretions. Pathogenic entry into a host is prevented by IgA-mediated immune
exclusion through effective binding of specific antigen and inhibiting attachment of
pathogenic antigen to the mucosal surfaces. IgE antibodies bound by specific
receptors on both mast cells and basophils secrete mediators of allergic reactions,
such as histamine, when cross-linked with antigen. Therefore, IgE mediates
hypersensitivy reactions associated with allergic type responses.

Before B cell activation and subsequent antibody production can occur,
mature naive B cells must encounter antigen that contains epitopes recognized by its
cell surface molecule, Ig. This activation of B cells can be direct or indirect where
direct activation is T cell independent and requires cross-linkage of the B cell
membrane molecule Ig with multivalent antigens. However, the majority of antigen is
T cell dependant (indirect activation) and requires cooperation of CD4" T helper cells.
Foreign antigen bound by B cell specific antigen receptor Ig, is processed and
presented in association with the MHC class II molecule. The CD4" T cell receptor
specific for class I peptide, binds the B cell through surface molecules (Parker,
1993). Contact between B cell and T cells is mediated through T cell ligands CD40L
and CD28 binding to CD40 and B7-1/B7-2 on B cells respectively (Clark and
Ledbetter, 1994). Activated T cells produce an array of cytokines that induce B cell

proliferation and antibody production. B cell antibody isotype production is



influenced by T cell derived cytokines. Murine Th1 cells promote isotype switching
through IFN-y, a potent inducer of IgG2a antibody production and inhibitor of IgG1
and IgE production. In contrast, IL-4 secreted by murine Th2 cells promotes IgG1 and
IgE production but suppresses I1gG2a and IgM (Coffman ef al, 1993). The Th2
cytokine IL-6, also secreted by macrophages promotes final maturation of IgA

(Yamamoto et al., 1996).

1.2.2.2 T-LYMPHOCYTES

T Lymphocytes or T cells develop and differentiate in the thymus. They can be
divided into two distinct lineages dependant on the expression of a unique antigen-
binding cell-surface receptor known as the T cell receptor (TCR). The TCR contains a
polypeptide complex termed CD3, involved in activation of the T cell signaling
cascade. The majority of T cells express TCR composed of o and P heterodimeric
chains, while a smaller population express y and & heterodimeric chains. The o/} T
cells can be subdivided based on surface expression of a co-receptor CD4 or CD8. T
cells require antigenic peptide association with the MHC molecule to allow TCR
recognition of the foreign antigen. MHC molecules are divided into two classes:
MHC class I molecules are expressed by most nucleated cells and MHC class 11
molecules are confined to cells of the immune system (macrophages, monocytes, DCs
and B cells). CD8 and CD4 expressing T cells are restricted to recognizing peptide
antigen bound to class I or class II MHC molecules respectively. CD8" class I
restricted T cells predominantly function as cytotoxic T cells (CTL), whereas, CD4"
class II restricted T cells are responsible for providing helper function to immune
responses (CD4" Th cells).

The expression of peptides on MHC molecules is determined by endogenous
or exogenous routes of processing and presenting antigen, carried out by professional
antigen presenting cell (APC). Internally synthesized peptides such as viral proteins
are presented by MHC class I peptide complexes. The antigens are degraded into
peptides via proteosome-mediated cleavage followed by transportation to the
endoplasmic reticulum (ER), where they are loaded onto class | MHC molecules. The
complex is the carried to the cell surface and presented to CD8" T cells. In contrast,
MHC class I molecules present antigen that utilize the endocytic route. The

exogenous antigen is internalized by endocytosis or phagocytosis and proteolytically



degraded into peptides in the early endosomes. The invariant chain (Ii) associates with
the class II molecule and undergoes proteolytic destruction prior to class I[I MHC
peptide loading. The class II associated invariant chain peptide (CLIP) is released to
interact with the antigenic peptide and forms the MHC class Il peptide complex. This
complex is transported to the plasma membrane where it can be recognized by CD4"
T cells,

CD4" and CD8" T cells have distinct immunological functions. CD4" T cells
are referred to as T helper (Th) cells that provide help for B cell antibody production
and regulate immune responses by secreting a selection of cytokines that activate
immune cells. CD8" T cells are designated CTL as they are cytotoxic to cells that are
infected with viruses and intracellular bacteria. The CTL response comprises of a
cascade of organized cellular processes that cumulate in destruction of the infected
target cell. CD8" T cells mediate cytotoxic activity by two proposed mechanisms:
perforin or Fas based mechanisms. The perforin pathway is characterized by lytic
protein perforin and serine esterases (granzymes) stored in cytosolic granules of the
CD8" T cell. CTL-target cell recognition triggers the release of perforin that forms
pores in the host cells. Granzymes enter through these pores inducing cytoplasmic and
nuclear damage leading to apoptosis of the target cell. The Fas-mediated killing of
target cells requires cross-linking of CTL surface bound Fas ligand (FasL) and a death
receptor (Fas) on target cells. This interaction induces the activation of a cascade of
proteolytic enzymes involved in programmed cell death resulting in apoptosis and

lysis of the infected cell (Kuwano and Arai, 1996).

1.2.2.3 CD4* T CELL SUBSETS
The control of immune responses during infection is highly dependant on the
induction of CD4" T helper cell function during initial exposure to foreign antigen.
CD4" Th cells can be divided into two distinct subsets of effector cells based on their
functional capabilities and their mutually exclusive production of cytokines. These
subsets were designated Thl and Th2 cells and have classically been considered
central in mediating cellular and humoral immunity respectively.

Murine Thl cells produce IL-2, IFN-y and TNF-f, whereas Th2 cells produce
IL-4, IL-5, IL-6, IL-10 and IL-13 (Mosmann and Coffman, 1989). A similar pattern is
observed in human Th1 and Th2 cells. However IL-2, IL-6, IL-10 and IL-13 synthesis



are not as tightly restricted to a single subset, as is the case in murine T cells. Each Th
cell subset produces cytokines that function as autocrine growth factors, so that once a
T cell is initiated to differentiate towards a subset of Th cells, these factors promote
further differentiation to that subset. The main Thl cytokine, IFN-y, has a number of
key functions including macrophage activation, upregulation of MHC class II
expression and inhibition of viral replication. Th1 cells provide B cell help through
IFN-y secretion by stimulating the preferential production of the IgG2a subclass of
immunoglobulin, the principal antibody subclass involved in the opsonization and
phagocytosis of microbes.

Th2 cells have been implicated in host defense against extracellular pathogens
such as helminthes and nematodes. Cytokines produced by these cells such as 1L-4
and IL-5, can activate mast cells and eosinophils and stimulate B cells to produce IgE,
resulting in allergic and anti-inflammatory immune responses. Switching of antibody
production to the IgE isotype is induced by IL-4 and establishes a key role for IL-4 in
mast cell mediated reactions. The principal eosinophil-activation cytokine, IL-5, plays
an important role in immunity to helminth and other extracellular pathogens. Th2
cells provide additional B cells help by promoting production of IgM and IgGl1, a
non-complement fixing IgG subtype.

A third subset of CD4" T cells that produces a mixture of two patterns of
cytokine secretion exhibited by Thl and Th2 cells, have been defined as ThO cells
(Firestein et al., 1989). A mixed population of CD4" T cell subset rather than an
individual Th subset may explain the overlapping cytokine profile associated with this
ThO subset. Thl and Th2 cytokines appear to be exclusively produced by individual
cells with IFN-y synthesis appearing later than IL-4 production (Openshaw et al.,
1995). In addition, regulatory Th cells that maintain tolerance and active suppression
play a key role in controlling the immune response. These include Th3 cells that
secrete  TGF-B which demonstrate immune-regulatory functions and provide
protection in a murine model of EAE inflammation (Chen et al., 1994). Furthermore,
a Th clone that could suppress antigen-specific Thl responses and actively
downregulate pathology in a murine model of colitis, was termed T regulatory (Tr1);
these cells secrete high levels of IL-10 and low levels of IFN-y and IL-4 (Groux et al.,
1997).



1.3 FACTORS INFLUENCING THE DEVELOPMENT OF TH SUBSETS

The ability of a host to effectively eradicate an invading organism is dependant on the
development of a particular Th subset, as most pathogens are more susceptible to one
type of host immunity. Type-1 and type-2 immunity involve fundamentally distinct
and opposing effector functions mediated by T cells and the cytokines they secrete.
The central role played by Th1/Th2 cells in controlling Leishmania major infection
demonstrates the dual regulatory and effector roles of these CD4" T cell subsets,
where resistance is conferred by Thl cells and susceptible hosts develop a Th2
response and succumb to infection. Naive T cells secrete IL-2 following initial
stimulation and selectively differentiate into either Th1 or Th2 cells depending on a
number of factors. The cytokines present in the cellular microenvironment play a
major determining influence in the development of these Th subsets. However,
studies have indicated other factors including co-stimulation, nature and dose of
antigen and route of entry into the host can influence the selective induction of one Th
subset over another, therefore, favoring the progression towards humoral or cell

mediated immunity (O'Garra and Murphy, 1994).

1.3.1 THE CYTOKINE ENVIRONMENT

Cytokines are central regulators of host defense and key players in activation of the
immune system. The local cytokine environment influences the differentiation of
CD4" T cells after initial polarization due to antigenic encounter and subsequent DC1
and DC2 maturation, into mature effector and memory T cell subsets (Kourilsky and
Truffa-Bachi, 2001). Definitive evidence for the role of cytokines in the induction of
distinct Th subsets has been provided by studies using knockout mice deficient in
cytokine, cytokine receptors or molecules required for their signal transduction
pathway. IL-12, IL-4 and IL-10 cytokines enhance Thl, Th2 and Trl differentiation

respectively.

1.3.2 FACTORS INFLUENCING DEVELOPMENT OF TH1 CELLS

The major cytokines involved in differentiation of CD4" T cells to the Thl subset
include IL-12, IFN-y and IFN-y-inducing factor (IL-18) (Seder er al, 1993),
(Bellinghausen ef al, 1999). IL-12 is the most potent Thl inducing cytokine,
produced by DCs and macrophages (Gately et al, 1998). IL-12 enhances



proliferation, cytotoxic function by T cells, B and NK cells and importantly IFN-y
secretion (Takeda et al., 1998). CD4" Thl cells are primed for IFN-y production and
further expansion of Thl subtype by both IL-12 and IL-12-induced IFN-y. The co-
existence of IL-12 and functional IL-12 receptor (IL-12R) are essential for the
development of competent Thl cells. IFN-y enhances IL-12RB2 expression (Szabo et
al., 1997) and sequential exposure of macrophages to both IL-12 and IFN-y improves
their in vivo APC function (Grohmann et al, 2001). Myeloid DC and murine
macrophages express a surface receptor for [L-12 and IL-12RB1. [L-12R[32 genes in
macrophages are identical to those expressed by T cells (Grohmann et al, 2001).
Similarly, the differential expression of the IFN-y receptor on Thl and Th2 cells
regulates the ability of Th subsets to respond to cytokines, however, prolonged
expression of IFN-yR2 inhibits Thl differentiation (Tau e al, 2000). Studies have
suggested early IFN-y is produced by a small subset of CD8" T cells, which is not
dependant on MHC class II 1b molecules (Das et al., 2001). IFN-y initiates and
enhances IL-12 effects in macrophages and the Thl response is stabilized by an
autocrine 1L-12 positive feedback loop. IFN-y also stabilizes the Th1l phenotype by
suppressing further IFN-y production by Thl cells (Zhang et al., 2001).

Th1 responses are most effective in mediating protection against intracellular
pathogens. IL-12 is therefore considered to play a key role in the resolution of
intracellular infections as it potentiates the development of Thl cells. Susceptibility to
intestinal parasite Tichuris muris is promoted by attenuation of the Thl response
through elimination of IL-12 dependant IFN-y production, indicating a compulsory
role for 1L-12 in the establishment of a Thl type response (Bancroft et al., 1997).
Protection against progressive Leishmania major infection in susceptible BALB/c
mice was demonstrated by IL-12 treatment at the time of infection enhancing IFN-
vy and diminishing IL-4 production (Heinzel et al, 1993). Therefore, 1L-12 may
promote Thl development indirectly through IFN-y induction, however, whether IFN-
y directly promotes Thl differentiation during primary Th stimulation remains
controversial. Reduction of IFN-y producing cells in a culture of naive T cells
occurred following addition of anti-IFN-y antibody (Macatonia et al, 1993).
Similarly, the effects of IL-12 in mediating the development of a chronic parasitic

infection in mice, was abrogated with anti-IFN-y antibody (Bancroft ef al., 1997). In



contrast, induction of NK cell-derived IFN-y in a pulmonary infection model
indicated that IFN-y can independently regulate the development of Thl cells
(Mountford et al., 1999). Thus, 1L-12 can act directly on Th cells and cause them to
secrete IFN-y or indirectly through NK cell-derived IFN-y. In addition, IFN-y and IL-
12 can indirectly promote Thl differentiation by inhibition of IL-4 production. During
infection with L major in IL-12p40” mice, IL-12 was crucial for generation and
maintenance of effector Thl cells (Park er al, 2000). Similarly, maintenance of
vaccination-induced immunity to L major is mediated by 1L-12 (Gurunathan et al.,
2000).

IL-18 was first described in 1989 as IFN-y inducing factor (Nakamura et al.,
1989). 1L-18 synergizes with IL-12 to promote Thl subset development and enhance
IFN-y production and NK cells responses (Mclnnes et al., 2000). Murine Thl and not
Th2 clones express 1L-18 receptor (Hunter and Reiner, 2000). IL-12 treatment of T
cells, up-regulates IL-18 receptor (IL-18R) and augments IFN-y production
(Yoshimoto ef al., 1998). However, Th2 responses may be promoted by IL-18 in the
absence of IL-12 (Mclnnes ef al, 2000). Recent evidence has shown IL-18R is
downregulated by IL-4 implicating the regulation of IL-18R as an important factor in
Th differentiation (Smeltz et al., 2001).

1.3.3 FACTORS INFLUENCING DEVELOPMENT OF TH2 CELLS

The development of CD4" Th2 subset from naive precursors is regulated primarily by
IL-4; evidence for this has been provided by studies using IL-4”" knockout mice
(Kopf et al.,, 1993). Although Th2 cells are a major producer of IL-4, the early source
of IL-4 remains unclear. However, naive CD4" T cells have been considered as initial
producers of IL-4 that can lead to induction of Th2 polarization in the absence of [FN-
y and IL-12 (Noben-Trauth et al., 2000), (Gollob et al., 1996). A number of different
cell types including mast cells, basophils, eosinophils and NK1* T cells have been
suggested as other sources of early 1L-4. Stimulation of NK1* T cells through the
TCR triggers rapid production of IL-4 (Kawamura et al., 1998). Cells producing Th2
cytokines retain surface expression of IL-4 receptor (IL-4R) and lose responsiveness
to IL-12RB2 (Kourilsky and Truffa-Bachi, 2001). However, studies involving
transgenic mice expressing IL-12B2 revealed that combined IL.-4 and IL-12 signaling

induced Th2 differentiation (Nishikomori et al., 2000).



The importance of STAT6 for IL-4 signaling is demonstrated in mice deficient in
the STAT6 gene where 1L.-4 mediated processes are inhibited (Takeda et al., 1996).
However, STAT6-independent pathway associated with expression of GATA-3 can
also lead to Th2 development (Ouyang et al, 2000). Furthermore, pathogenic
infection in STAT6” and IL-4R™" deficient mice, provide evidence of a population of
CD4" T cells with the capacity to generate Th2 responses (Jankovic et al., 2000),
(Finkelman et al., 2000). IL-13 transgenic and IL-13-deficient mice have shown that
IL-13 is an antagonist of protective Th1 responses and promotes Th2 responses during
L major infection (Mattews et al., 2000). In addition, IL-13 and IL-4 mediated
functions of macrophages depend on identical signaling pathways (Takeda ef al.,
1996). Human IL-11 has been found to block Thl polarization through IL-12
inhibition and therefore induces Th2 polarization of human CD4" T cells (Curti ef al,

2001).

1.3.4 NATURE AND DOSE OF ANTIGEN

There is evidence to suggest that the nature, dose and availability of antigen can affect
the strength, duration and commitment of CD4" T cells to polarized pattern of
cytokine production. Prolonged exposure of antigen to the immune system following
pathogenic insult promotes a stronger and more persistent T cell response.
Furthermore, the time period of CD4" T cell differentiation also plays a major factor
in Th1/Th2 differentiation (Rogers and Croft, 1999). A universal model of
differentiation based on antigen dose is contradicted by studies demonstrating that
both low and high antigen dose favor Th2 responses. However, in vitro evidence
implicated antigen dose as an important regulator of T cell effector functions where a
wide range of antigen doses can switch immune responses between Thl and Th2
polarization (Mosmann and Sad, 1996).

An early in vitro model demonstrated that high and low concentrations of antigen
primed DTH responses, whereas moderate concentrations stimulated antibody
production (Parish and Liew, 1972). Continuous release of low dose pathogenic
antigen polarizes toward a Th2 phenotype (Guery et al., 1996), (Rask et al., 2000).
Intranasally delivered HIV reverse transcriptase (RT) induced Thl responses or
antibody production dependant on administration of low or high dose of recombinant
RT respectively (Pacheco et al., 2000). Recently it has been proposed that high doses
of antigen induce Thl differentiation mediated by up-regulation of CD40 ligand



(CD40L), whereas CD40L induction is not stimulated with low doses (Ruedl et al.,
2000). In contrast to these studies it has also been demonstrated that BALB/c mice
primed with ovalbumin (OVA) antigen in a murine model of asthma, induce high
IgE/low IgG2a (Th2 profile) at low doses of OVA, whereas low IgE/high 1gG2a were
induced at higher OV A doses (Sakai et al., 1999). In addition, the influence of antigen
dose on Th development is also dependant on the mouse strain, where BALB/c mice
are primed toward Thl and C57BL/6 mice toward Th2 polarization at low antigen
dose (Morokata ef al., 2000). It is also possible that recognition of peptide by different
class II MHC molecules may lead to distinct cellular signals toward Thl or Th2
differentiation (Svirshchevskaya et al., 2001).

The dose of antigen yields contradictory conclusions, however, the nature of
antigen may provide the key difference. A recent study on anterior chamber-
associated immune deviation (ACAID), the mechanism of protection in the eye,
demonstrates that varying antigen form influences the development of different Th
subsets. Soluble but not particulate antigen induced ACAID, which is associated with
IL-10 production. Therefore, it appears that the nature of the antigen affects the
induction of Thl and Th2 type responses through interactions with APC (D'Orazio
and Niederkorn, 1998). Structural components of antigen alter and influence the
selection of T cell responses, as chemical modifications of antigens have been
reported to influence the development of a particular Th cell subtype. Chemical
treatment of OVA produced a particulate form of the antigen, which induced a Thl
response compared to the Th2 induction favored by the soluble form (Yang et al.,

1998).

1.3.5 ROUTE OF ADMINISTRATION

The route of antigen administration influences the differentiation of the Th cell
phenotype and has important implications for protection against infection and vaccine
development. Intramuscular immunization with a plasmid encoding HA from
influenza virus generated a potent Thl response and protection following influenza
virus respiratory challenge (Johnson er al, 2000). However, DNA vaccines
administered by gene gun induce Th2 responses (Vahlsing et al., 1994), (Tuting ef al.,
1998). Intraperitoneal and subcutaneous administration of a pertussis protein subunit
vaccine induced predominant Thl and Th2 responses respectively (Barnard ef al.,

1996). Furthermore, mucosal immunization with pertussis antigens favors the



induction of Th2 cells (Conway et al., 2000). Induction of specific T cell responses
may reflect the role played by APC or the type of immune cells present at the site of
injection (DeKruff et al., 1992), (Finkleman et al., 1990), (Girad and Springer, 1995).
Lymphocyte infiltration is determined partially by the actions of distinct chemokines.
Recently characterized MDC/STCP-1 chemokine is involved in chemotaxis of
activated T cells, NK cells, monocytes and monocyte-derived DCs (Nelson and

Krensky, 1998).

1.3.6 CO-STIMULATORY MOLECULES

T cell activation requires TCR signaling through CD3-associated TCRaf3 complex
binding to peptide-MHC on the surface of the APC. TCR engagement provides the
first activation signal to the naive T cell. Optimal activation requires a second antigen-
independent signal referred to as co-stimulation for T cells to proliferate and produce
IL-2. The absence of this second signal results in a state of non-responsiveness or T
cell anergy (Mueller et al., 1989). Therefore, the development of both Thl and Th2
cells is dependent on co-stimulation. The B7 family is the most characterized of the
co-stimulatory molecules. They interact with specific ligands (CD28 and CTLA-4) in
a two-signal model of T cell activation (Chambers, 2001).

The B7 family of co-stimulatory molecules includes B7-1 (CD80), B7-2
(CD86) and B7H2 among others. These structurally similar proteins are expressed
almost exclusively in lymphoid tissues on professional APCs including monocytes,
DC and activated B cells. Expression of B7-1 and B7-2 is induced by APC activation
signals, however there are significant differences in the kinetics of expression by
different co-stimulatory molecules (Hathcock ef al., 1994). B7-2 is rapidly modulated,
whereas B7-1 is induced slowly and expressed for longer periods. Lenschow et al,
(1995) demonstrated that B7-1 and B7-2, in some systems, differentially regulate the
differentiation of distinct Th subsets. Studies reveal that B7-2 expression during
priming may direct T cell activation towards a Th2 phenotype (Bottomly and
Constant, 1997). However, others have reported that these co-stimulatory molecules
can result in the opposite effect or have no effect on Th1/Th2 differentiation (Lanier
etal, 1995), (Lenschow et al., 1995).

CD28 is the prototypic T cell co-stimulatory molecule found on both resting and

activated T cells. CD28-mediated co-stimulation influences the generation of effective



T cell responses. CD28 ligation facilitates T cell responses, IL-2 secretion,
proliferation and generation of cytotoxic activity (Chambers, 2001), (Zhang et al.,
1997). 1t has been suggested that CD28” deficient mice can initiate T cell activation
through co-stimulatory signals provided by DC (Cassell, 2001). Therefore other co-
stimulatory molecules also function in T cell activation. Cytotoxic T Lymphocyte
antigen 4 (CTLA-4) is upregulated on TCR-CD28 engagement. CTLA-4-B7
interaction reduces T cell activation and inhibits IL-2 synthesis, thus regulating Th
cell differentiation. In the absence of CTLA-4, naive T cells differentiate into Th2
cells. The polarization of Th differentiation is not due to the strength of TCR
interaction as the effect is observed over a wide range of antigen doses (Oosterwegel
et al., 1999). Another co-stimulatory molecule, inducible co-stimulator (ICOS), also
provides co-stimulatory signals to T cells. This enhances T cell proliferation and
influences T cell cytokine production favouring the induction of Th2 type cells (Dong
etal, 2001).

CD40-CD40L interactions are essential for initiation and regulation of antigen-
specific T cell responses and activation of B cells (Grewal and Flavell, 1996),
(Brenner et al, 1997). CD40L is rapidly induced on T cells following activation,
whereas CD40 is expressed on DC, macrophages and activated B cells. The CD40-
CDA40L interaction is important for T cell dependent induction of IL-12, a cytokine
known to be crucial for Thl development (Koch et al, 1996). It could be presumed
that such an interaction is partially responsible for Thl differentiation, however the
effects of CD40-CD40L are bi-directional as CDA40L-transduced co-stimulation
induces naive T cell production of both Thl and Th2 cytokines (Peng et al., 1996).
Therefore this interaction both amplifies the T cell responses, while the cytokines
appear to regulate the T cell activation and differentiation.

The CD4 activation antigen, OX40, is expressed on activated T cells, while
OX40L is expressed on APC and plays a role in directing Th differentiation and
reactivation of memory T cells (Takasawa et al., 2001). Up-regulation of OX40 by the
CD28 signal facilitates synergism between the two molecules to induce rapid

expansion of CD4" T cells and induction of Th2 cytokines (Akiba et al., 2000).



1.3.7 ANTIGEN PRESENTING CELLS

Th cell differentiation is influenced by a number of factors that are non-mutually
exclusive, however, the type of APC present at the site of T cell activation plays a
major role in determining Th1/Th2 commitment. Macrophages, DC and B cells
function as APC, providing the naive T cell with antigen-specific and co-stimulation
activation signals. Early studies demonstrated that both macrophages and DC can
induce Thl development, whereas B cell preferentially stimulated Th2 cell
development, suggesting that Th1 and Th2 cells are activated in response to distinct
APC (Gajewski et al., 1991).

Cytokines produced by APCs can regulate the differentiation of precursor T cells
towards either Thl or Th2 phenotype. The local cytokine milieu may be insufficient
to polarize T cell development and therefore the cytokines secreted by APC play a
key role in Th differentiation towards a specific T cell subtype. Macrophages are
potent inducers of IL-12 and IL-18, which favor the development of Thl cells
(Macatonia et al., 1993), (Doherty and Coffman, 1999). Macrophage-mediated Thl
proliferation can be inhibited by IL-10 (Macatonia ef al, 1993) and depletion of
macrophages results in the development of a Th2 response (Brewer et al, 1994)
suggesting the importance of macrophages in Thl differentiation. DCs are also
capable of secreting IL-12 and stimulating Th1 cell development (Macatonia et al.,
1995). Distinct DC subsets have been identified that differentially regulate Th subtype
differentiation. Murine DC can be subdivided into lymphoid (DC1) and myeloid
(DC2) lineages, where both subsets express different levels of CD11¢, CD11b and
MHC class II. In addition, CD8a is expressed as a homodimer on DC1 and is
completely absent on DC2. More importantly, DC2 secretes less IL-12 compared to
DC1 and does not support IL-12-mediated IFN-y production. Therefore, DC1 and
DC2 cells influence the differentiation of Th1l and Th2 cells respectively (Pulendran
et al., 1999), (Liu ef al., 2001), but this DC1/DC2 theory is not fully accepted by all
researchers in the field. IL-10 can exert negative effects on T cells through APC
(Igietseme et al., 2000). IL-10 indirectly down-regulates the expression of MHC class
IT and B7 on macrophages by suppressing IL-12 production by CD40-CD40L
interaction (Ding er al, 1993), (Hino and Nariuchi, 1996). Furthermore, IL-10
secreted by DC can direct differentiation of naive T cells toward the Tr1 subtype (Mc

Guirk, P. ef al manuscript in preparation).



1.4 MUCOSAL IMMUNITY

Mucosal defense mechanisms are important as they provide chemical and physical
barriers preventing diverse pathogenic microbes invading the host. The mucosal
immune system comprises of lymphoid tissue associated with mucosal surfaces
(gastrointestinal, genitourinary and respiratory tracts) and external secretory glands.
Local humoral and cell-mediated responses are associated with each compartment.
The interaction of foreign antigen with local lymphoid tissue stimulates precursor B
cells to secrete IgA antibodies. Secretory-IgA (s-IgA) is the most abundant antibody
isotype in mucosal secretions found in the human digestive tract and milk. Antigens
penetrate the epithelium layer and enter the mucosal-associated lymphoid tissues
(MALT) by phagocytosis or pinocytosis by specialized microfold cells (M cells) of
the Peyer’s Patches. These cells efficiently transfer intact antigen to lymphoid tissuc
containing T and B lymphocytes and APCs. Unprocessed antigen, available for B cell
recognition, facilitates the induction of antigen specific IgA (McCluskie and Davis,
1999), (Almeida and Alpar, 1996). DCs and macrophages may also migrate to
regional lymph nodes and process antigen where they can present it to T cells and
contribute to the enhancement of the immune response. Activated B cells further
differentiate, prior to circulating through the common mucosal system, and eventually
home to various mucosal surfaces and exocrine glands to produce antigen-specific
IgA. Immune complexes are formed when antigen specific IgA binds foreign antigen
and prevents further interaction of the antigen with the mucosal surfaces, ultimately
leading to immune exclusion.

Generation of effective mucosal immunity against pathogenic microorganisms
may not be possible with traditional methods of parenteral immunization. Therefore,
targeting recombinant protein or DNA vaccines to mucosal surfaces is currently being
explored. For example, mucosal transgene vaccination with a DNA vaccine coding
for an M cell ligand directs the vaccine to the inductive tissues of the respiratory tract

and generates an effective mucosal-mediated immune response (Wu ef al., 2001).
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1.5 VACCINATION

Vaccination is the most effective and versatile means of combating infectious disease
by pathogens. Lady Mary Montague spread the practice of Chinese variolation that
protected against smallpox by intranasally administering lesion scabs from an infected
individual. Then in 1796, Edward Jenner of England observed that milkmaids were
unaffected by smallpox. He challenged his theories and infected a young boy with
cowpox and later with smallpox but no symptoms occurred. He had of course
stumbled across an immunogen for smallpox. Vaccination during the last century has
been extremely beneficial in reducing infectious disease morbidity, mortality,
suffering and healthcare costs. The greatest triumph has been the global eradication of
smallpox announced by the World Health Organization (WHO) during the 1980°s. A
worldwide effort to eradicate poliomyelitis is underway and complete elimination is
expected by the year 2003. Most of our current vaccines are based on attenuated or
killed microorganisms and were designed with little knowledge of their mechanism of
action or potential side effects. Breakthroughs in immunology and genomics offer
prospects to define the protective mechanisms against infectious pathogen
components and to design safe and effective vaccines using a more rational approach.
Recent negative media coverage relating to vaccine issues is weakening public
acceptance of vaccination. However, future growth of vaccine technology is certain,
as vaccination represents the most cost effective medical intervention available to
prevent infection and subsequent need for expensive therapy. All currently licensed
vaccines are prophylactic, with the exception of a rabies vaccine, but clinical trials of

therapeutic vaccines are underway.

1.5.1 VACCINE DESIGN
Understanding the mechanisms that regulate antibody and T cell induction is
important for the manipulation of the host immune response and subsequent vaccine
design. Successful vaccination relies on the administration of antigenic material that
mimics natural infection and induces an appropriate protective immune response
against the infectious pathogen. The immunogenicity of a vaccine is influenced by a
variety of factors such as route of administration, dose, immunization schedule, type
of antigen and presence of an adjuvant.

Safety and efficacy are among several important criteria for design of an

effective vaccine. Potential side effects caused by toxicity or host incompatibility



must be carefully researched during pre-clinical development and in clinical trials.
Efficacy should ideally reach 90% following vaccine administration, regardless of
species or type of vaccine. The specific requirements vary according to the nature of
the infecting organism. Pathogens such as poliovirus infect irreplaceable neuronal
cells, so virus neutralizing antibodies are an essential element in its protective
mechanism. However, some intracellular pathogens are more effectively targeted by
antigen specific CD4" T helper or CD8" CTL responses. An ideal vaccine should
provide host defense at the point of entry of the infectious agent, such as the mucosal
route of entry. Sustained protection by generating long-lived immunological memory
is essential and reduces the need for booster immunizations. Long-term immunity also
allows reduction in circulating quantities of pathogen caused by herd immunity. If a
vaccination program is relaxed, a resurge of infection or reduction in the resistance of
a population to the vaccine can arise. This was the case during the break up of the
former Soviet Union, which witnessed a diphtheria epidemic, or withdrawal of the
pertussis whole cell vaccine in Sweden during the 1980°s and the end of the 1990’s.
The potential to develop multivalent combination vaccines would improve vaccine
coverage and reduce the cost of vaccination. However, interference between multiple
antigens can hinder the development of mutlicomponent vaccines. Vaccines as a
general rule must be genetically and thermally stable. In the case of attenuated
vaccines there should be minimum possibility of reversion to virulence. Biological
stability of a vaccine is often dependant on cold storage, which increases cost.
Therefore, increased vaccine efficacy and reduced cost for developing countries
would dramatically improve if vaccines could be developed that do not require cold

storage.

1.5.2 CURRENT VACCINE STRATEGIES
The vaccine revolution has surged in the past 20 years due to significant
improvements in technological and immunological approaches to vaccine design.
Basic types of current vaccines include attenuated, inactivated, subunit and
recombinant vaccines. A number of factors influence the decision to develop any one
of these vaccines including minimal reactogenicity, a critical factor if the vaccine is
targeted towards an infant population.

Attenuated vaccines are essentially a weakened form of the live pathogen,

generated by selecting mutants that lack virulence and therefore possess reduced



ability to cause disease. Under-attenuation can result in the potential for reversion to a
virulent strain of the pathogen. Targeting a gene that is non-essential for replication
but important for virulence is a more rational approach. This was used to develop an
attenuated typhoid vaccine. The gene should be completely deleted and other
pathways that may facilitate the acquisition of functional DNA from other bacteria
should be blocked. Clinical development of a cholera vaccine based on deletion is
currently underway. Jonas Salk pioneered inactivated virus vaccines whereby
pathogens are inactivated by heat or chemical means. Common problems with these
vaccines include poor efficacy with short-lived protection and adverse reactions due
to endotoxin in the bacteria. Vaccination against whooping cough using killed
Bordatella pertussis vaccine (Pw) has been replaced by acellular vaccines (Pa) based
on purified proteins from B. pertussis with considerably less side effects. A more
sophisticated subunit vaccine was introduced in the 1920’s against diphtheria and
tetanus containing pure or semi-pure detoxified toxins. These vaccines have
preformed well in terms of safety and efficacy but the cost of purification can be
extensive due to the low quantities of protective antigens produced by the infectious
agent. However, it is more economical to generate bulk quantities that can be
produced utilizing recombinant DNA technology.

Several viruses (Hepatitis B Virus (HBV), Hepatitis C Virus (HCV) and HIV),
bacteria (Mycobacterium leprae) and parasites (Plasmodium) pose a problem in
vaccine development due to the difficulty of in vitro propagation. Genetic technology
allows the transfer of genes from these agents to easily grown bacteria and yeast
where recombinant products can be expressed. A prime example is the surface protein
of HBV, produced in yeast cells and prepared as a protective vaccine. However, the
native conformation of the recombinant product may not always mimic the natural
conformation, which can pose problems in the induction of functionally relevant

antibodies.
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1.6 DNA VACCINATION
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