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Introduction

The state of the HIV pandemic has reached epic proportions with an estimated 40
miltion infected worldwide with HIV and 22 miilion dead from AIDS and AIDS-
related diseases. The introduction of HAART (highly active anti-retroviral therapy)
in developed countries has significantly curbed the morbidity and mortality associ-
ated with HIV infection. However, infection with HIV still remains universally fatal,
and the high cost of HAART makes this treatment strategy unrealistic in many of the
countries devastated by this epidemic. Furthermore, the ability of the virus to
integrate into the host cell genome and establish long-lasting cellular reservoirs early
in the course of infection makes eradication of infection by this approach unfeasible,
Therefore, the development of an effective prophylactic HIV vaccine is now more
essential than ever. Despite two decades of efforts, the development of an effective
vaccine has been an elusive task, and now it is clear that we will have to surmount
many obstacies. Many of these obstacles are due to characteristics of the virus itself,
while others involve an understanding of the host imunune response. A further
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obstacle has been availability of an appropriate animal model for studying HIV
infection and disease. The further development of novel vaccine approaches, such as
DNA immunization, recombinant viruses, as well as the continued optimization of
conventional approaches, and possibly a combination of these approaches, is all
central to the vaccine development effort,

The human immunodeficiency virus

The human immunodeficiency virus was established as the cauasative agent in the
development of acquired immune deficiency syndrome (AIDS) by Galle
(Sarngadharan er al., 1984; Zagury er of., 1984} and Montagnier {Alizon er al.,
1984). The virus originally referred to as HTLV-III and LAV was associated with
levkaemia and ‘lymphadenopathy syndrome’, frequently a prodrome of AIDS.
Later, it was demonstrated that this virus was also the causative agent of AIDS, and
was subsequently renamed HIV. More complete studies of the viral structure, life
cycle and pathogenesis have not only increased our understanding of this virus, but
have also facilitated the development of targetted therapies and novel vaccine
designs.

HIV is a member of the genus lentivirus and belongs to the family Retroviridae.
Two types of lentivirus are found in humans, HIV-1 and HIV-2. The greatest variation
between these two lentivirus types is found in their env gene sequences. HIV-1, the
more common type found in humans, is classified into major (M), outlier (), or new
(N) groups. The M group is further divided into the subtypes A-I, which are
genetically equidistant. The O group, first isolated in Cameroon, is genetically
distinct from the M group. The N group has been more recently identified as a new
group within the M group subtype. HIV-1 genetic subtypes are unevenly distributed
in different geographical locations. Subtype B viruses are prevalent in North America,
Latin America and the Caribbean, Europe, Japan and Australia. Subtype E was
initially identified in Thailand, and is also present in the Central African Republic.
Subtype F was initially described in Brazil and Romania. Most recently, subtype G
was described in Russia and Gabon; subtype H, in Zaire and Cameroon. As men-
tioned, group O viruses have been identified in Cameroon, but aiso in Gabon. Almost
every subtype is present in sub-Saharan Africa, with subtypes A and D predominating
in central and eastern Africa, and subtype C in southern Africa, Subtype C is also
prevalent in India and it has been recently identified in southern Brazil. This diversity
is considered a significant challenge for vaccine development. Whether we will need
customized vaccines for each subtype, as in the case of the influenza virus, is an
unresolved question.

Electron micrographs and computer emulations of HIV viral particles have
revealed they have a spherical or, more specifically, icosadeltahedral shape (Marx
et al., 1988). These virions are studded with approximately 70 knobs, representing
the envelope proteins that traverse the outer lipid bitayer, also called the envelope
(Figure 10.1). The envelope protein is made vp of a transmembrane subunit and an
extra-viral or surface subunit that is believed to exist as a trimer. It is this structure
that is the target of all neutralizing antibodies; its trimeric shape presents unique
challenges for vaccine design. Cleavage of a polypeptide encoded by the env gene
yields the two envelepe protein subunits. Beneath the envelope, and moving to-
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ward the viral centre, lies a matrix made up of the matrix protein (MA), followed
by a cone-shaped capsid made up of the capsid protein (CA). The capsid encloses
two strands of genomic RNA that are bound tightly by the nucleocapsid protein
{NC). Three viral enzymes designated protease (PR}, reverse transcriptase (RT),
and integrase (IN), are derived by cleavage of a polypeptide precursor encoded by
the gag/pol genes. RT and IN are enclosed by the capsid. The PR enzyme is
responsible for cleavage of a polypeptide precursor encoded by the gag genc,
giving rise to the MA, CA, NC proteins. RT contains activities necessary for the
synthesis of double-stranded DNA (dsDNA) from the RNA template. IN mediates
integration, by covalent linkage and insertion of the viral dsDNA, into the genoniic
DNA of the host cell. While only the envelope is an imporlant target of neutraliz-
ing antibodies, all of the viral open reading frames are potential targets of the
cellular immune response.

HIV replication is characterized by two phases. In (he first phase, the virus attaches
to its target cell via its envelope protein. The ectodomain of the viral surface subunit,
gp120 binds to the CD4 receptor present on CD4* T lymphocytes and macrophages.
A second receptor is also necessary for viral entry and this receptor depends on the
HIV-1 strain. In general, macrophage tropic (M) strains of HIV-1 use the CCRS
chemokine receptor for viral entry. T cell tropic {T) HIV-1 strains use the CXCR4
chemokine receptor for viral entry. Fusion of the viral and target host cell membranes
follows viral attachment. Following fusion, the viral capsid is released into the host
cell eytoplasm. RT then reverse transcribes the viral RNA genome into dsDNA and
the viral dsDNA is transported into the nucleus, where it is covalently spiiced into the
hostcell genome by IN. The integrated viral dsDNA is then referred to as the provirus,
Once integrated, the provirus is considered stable. This stable *virus’ is a significant
challenge for vaceines as it suggests that viral clearance can only be accomplished by
cell clearance, underscoring the importance of the celluiar immune response in the
clearance of HIV infection.

The Jater phase of replication is characterized by replication of the provirus by the
host cell. The provirus is transcribed into RNA by the enzyme RNA polymerase II.
The RNA transcript is then processed into mRNA transeripts corresponding 1o the
different viral genes. This is a two-stage process: first the regulatory genes tar, rev and
nef are produced from carly multiply-spliced transcripts. Later. rev stabilizes full-
length transcripts, and the structural genes are produced. Transcripts are translated
and post-translationally modified, yieiding the mature HIV protein constituents.
Mature viral proteins are ther asserbled in the host cell, giving rise to the viral capsid.
The capsid then fuses with the plasma membrane. Prior to fusion. mature HIV
envelape proteins are transported and inserted into the plasma membrane of the host
cell. Following [usion, the viral particle buds off from the host cell.

Adaptive immune response: mechanisms of lymphocyte activation and effector
function

The mammalian immune system responds to infection using two systems of defence:
the innate immune response, and the adaptive immurne response. The innate immune
response is characterized by the activation of phagocytes, such as macrophages and
neutrophifs, activated by the presence of cellular components present in micro-
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Figure10.1. HIV virion structure. Protein preducts of structural genes gag, pol, and ¢nv are shown below
the virion. Three precursor proteins encoded by these three genes are proteclytically cleaved to give the
viral protein constituents. Cleavage of a gpI60 precursor polypeptide encoded by the env gene yields the
envelope protein gpdl, the ransmembrane subunit, and gp120, the surface subunit. The envelope gpl20/
gp41 complex is shown as a trimer within the viral envelope, The matrix protein is located between the viral
envelope and the capsid, which encloses the viral RNA. The nucleocapsid protein binds the viral RNA. The
reverse transcriptase, integrase, and protease enzymes are believed to be located within the viral capsid.
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organisms, such as bacteria. These phagocytes utilize cell surface receptors that
recognize generai molecular motifs present on the cell walls of bacteria and yeast,
such as the carbohydrate lipopolysaccharide. Binding to these motifs induces
phagocytes to secrete cytokines and chemokines, which affect the behaviour of other
immune system celfs and can act to recruit other cells to the site of infection.

The adaptive immune response s a more specific response and is characterized by
the activation of T and B lymphocytes. Lymphocytes contain highly specific ‘anti-
gen’ receptors capable of recognizing small, variable protein sequences present
within proteins of the pathogen. The adaptive immune response is characterized by
three main mechanisms of defence, eachinvolving the activation of naive lymphocytes
and their differentiation into effector cells. The role of the innate immune system in
controlling HIV infection is stiil unclear.

Ch3* T CELL ACTIVATION AND EFFECTOR FUNCTION

T lymphocytes can be activated by professional antigen-presenting cells (APC), such
as dendritic cells or macrophages, through interactions involving cell surface molecules
present on the APC surface called the major histocompatibility complex (MHQ).
MHC complexes exist in two types, referred to as class I or class II antigen, and
participate in two different pathways invelving the processing and presentation of
foreign or self-antigen within the cell. T cells are classified based on cell surface
molecules that are first expressed during their maturation and differentiation. T cells
that express the surface molecule CDS8, or CD8* T cells, recognize peptide antigen
only in the context of MHC class I molecules. T cells that express the surface
molecule CD4, or CD4* T cells, recognize peptide antigen only in the context of MHC
class I molecules.

A naive CD8" T cell {one that has not been previously activated by encountering
antigen specific for its antigen receptor) can be activated by an APC that presents
foreign peptide in the context of an MHC class I molecule. For example, a DC
{dendritic cell) that is infected with HIV will present HIV peptides on its surface in the
contextof an MHC class I molecule. When a naive CD8* T cell recognizes its cognate
peptide antigen, in the context of an MHC class I molecule on the surface of an APC,
it binds through its T cell antigen receptor, TCR (Figure [0.2). For the T cell to
become activated and to differentiate into an effector cell, it requires a second
inleraction; interaction of the molecule CDB(, present on the surface of the APC, with
its receptor CD28, present on the T cell. These two interactions induce the T ¢ell to
produce the growth factor IL-2, which can act in a paracrine manner on the same T
cell. The CD8" T cell then proliferates and differentiates into an effector T cell or CTL
(cytotoxic T cell). When a CTL encounters its cognate antigen on the surface of
another cell, such as a virus-infected cell, it binds and produces cytotoxins, such as
perforin, a molecule that inserts into the target cell membrane, forming pores (Figure
[0.2}. This mechanism causes lysis of the target cell. CTL responses fafl in the
category of immune responses, referred to as cellular immunity. CTL clearance is
considered the sole mechanism for removal of HIV-infected cells and is a centrai
aspect of many vaccination approaches,
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CD4* T CELL ACTIVATION AND EFFECTOR FUNCTION

CD4* T lymphocytes can also be activated by APC. When an APC phagocytoses
extracellular pathogens or secreted antigens, such as secreted HIV envelope proteins,
the pathogen or antigen is processed into peptides and presented on MHC class 11
molecules on the surface of the APC. When a naive CD4* T iymphocyle recognizes
its cognate antigen on the surface of a DC in the context of an MHC class I molecule,
it binds via its TCR. For the T cell to become activated and (o differentiate into an
effector T cell, it also requires the CD80/CD28 interaction. IL-2 is again produced and
the T cell protiferates and differentiates into an effector cell called a T helper cell. T
helper cells further differentiate into Th1 and Th2 cells, which produce distinct sets of
cytokines. When a Th1 cell encounters its cognate antigen in the context of an MHC
class II molecule on the surface of a DC or macrophage, the T cell produces and
secretes cytokines, such as [FN-y, a growth factor that activates macrophages (Figure
10.3). When activated by IFN-y, macrophages become very efficient at eliminating
extracellular pathogens. However, the contribution of IFN-y to the clearance of virus
in vive remains to be fully elucidated.

B CELL ACTIVATION AND EFFECTOR FUNCTION

When a naive B lymphocyle encounters and binds to its cognate antigen (such as a
viral or bacterial antigen) via its antigen receptor, it internalizes the antigen/receptor
complex, processes the antigen, and presents the foreign peptide in the context of
MHC class Il molecules {(Figure 10.4). When a Th2 cell binds, via its TCR, to its
cognate peptide antigen in the context of an MHC class I molecule on the B ceil

HIV disease profile
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Figure 10.5. Clinical progression of HIV diseasc. Infection is followed by a sharp increase in viral
replication within the first 6 months and drops off (o a low but detectable bascline level by about 14 months.
Viral replication is followed almost immediately by a virus-specific CTL response whichk continues (o
increase to about 40 months, just as the antibody response begins to plateaw. The antibody response follows
the CTL response within the [irst 6 months of infection and plateaus at about 50 monaths, At the peak of the
CTL response. CD4+ T cell counts begin to drop, presumably due to CTL-specific killing of virus-infected
CD4+ T cells. As the CD4+ T cell counts begin to drop below a critical level {(~ 200 counts}, and the
antibody response drops of(, the viral oad begins to increase again. At this stage, the infected individual is
diagnosed with AIDS.
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surface, the T cell expresses the cell surface molecule, CD40 ligand (CD40L) and the
cytokine, IL-4. A CD440 receptor present on the B cell surface then binds CD40L.
When these two interactions take place in the presence of 1L.-4, the B cell proliferates
and differeniiates into a plasma cell that produces and secretes antibodies specific for
the internalized antigen. These antibodies may then complex with antigens present on
the pathogen. Inducing antibody responses that neutralize HIV-1 are a central goal of
HIV vaccinology.

Obstacles to HIV vaccine design

CORRELATES OF PROTECTION FROM HIV

There are many characteristics unique to HIV-1, which make the development a
prophylactic vaccine problematic. One of the greatest difficulties has been in deter-
mining the immune correlates for achieving protection. The typical HIV discase
profile demonstrates the induction of a strong CTL response shortly after the initial
increase in viral replication or viraemia (Figure 10.5). However, this response ofien
does not clear the virus and as the infection progresses, a strong humoral response is
observed. At the peak of the CTL response, CD4* T cell numbers begin to decline
progressively, suggesting that the CTL response is important in this decline. Eventually,
the CD4* T cell counts fall below a minimum level and the individual is diagnosed
with AIDS. To date, there is no consensus reached on the true immune correlates for
protection from HIV infection. However, CTL and neutralizing antibody responses
observed in certain HIV-infected individuals suggest that control of infection involves
all three arms of the adaptive immune response: the humoral (antibody) response, the
CTL response, and the helper T cell response,

CTL response

Some studies suggest that specific CTL responses to HIV infection serve as a primary
correlate for protection. Studies conducted with certain HIV-infected individuals,
referred 1o as long-term non-progessors (LNTP) because they show ao clinical signs
of HIV disease after 10-15 years of documented infection, have shown that these
individuals contain higher HIV-specific CTL precursors and CTL activity than
progressor controls (i.e. HIV-infected individuals that display the typical clinical
signs of HIV infection, such as progressive loss of CD4* T cell counts) {Koup ez af.,
1994; Rowland-Jones, 1999). Furthermore, studies involving Rhesus macaques at
early stages of infection with an SIV/HIV chimera virus (SHIV), have shown that a
reduction in plasma viral RNA is preceded by a CTL response, and that these CTL
were present before detectable neutralizing antibodies (Matano e7 af., 1998). In more
recent studies involving Rhesus macaques infected with SIV, an inverse correlation
wus found between viral RNA load and cellular immunity. In this case, transient
increases in viral load were correlated with a decrease in cellular immunity (Jin et af..
1999). Tegether, these findings suggest that one immune correlate for protection is
the CTL response.
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T helper cell response

Although evidence to suggest that the T helper cell response is a primary immune
correlate for protection against HIV infection is lacking, some studies do suggest that
it plays a significant role in the control of infection. Because individuals chronically
infected with HIV exhibit progressive loss of CTL (Carmichael et al., 1993; Kalams
and Walker, 1998), this has raised the question of *What factors control the maintenance
of CTL? {(Rosenberg er al., 1999). It has been suggested that virus-specific T helper
cells play an essential rofe in maintaining CTL function (Kalams and Wallker, 1998).
Individuals chronically infected with HIV-1 exhibit considerable loss of viras-
specific CD4* T cells from their repertoire. This is likely due to the fact that HIV-1
infects CD4* T cells and kills them by a Fas-independent mechanism (Gandhi et al.,
1998); several genes of HIV contribute to this cell death. However, strong CTL and
T helper cell responses have been found in rare infected individuals who are able to
maintain low HIV-1 viral loads (Harrer er al., 1996). In addition, the administration
of antiviral therapy in early stages of HIV-1 infection has been reported to lead to
robust HIV-1-specific T helper cell responses and low-to-undetectable viral loads
{Rosenberg et al., 1999). Together, these findings suggest that the T helper cell
response plays an important role in the host immune response to HIV-1 infection and
may play an important role in maintaining CTL function.

Humoral response

Although some studies suggest that the CTL response is the primary immune
correlate for protection, other studies suggest that the humoral immune response to
H1V infection plays an important role in control of viral replication, and possibly in
protection from infection. Although HIV infection has been shown to induce anti-
body responses to many of the major viral proteins, in most cases these antibodies
show limited ability to neutralize the virus. However, studies conducted in LTNP
have demonstrated that these individuals contain broadly neutralizing antibodies to
HIV isolates, suggesting that neutralizing anlibodies are partly responsible for the
slow progression of disease {Cao er al., 1995; Moore er al., 1995), In another study
in which macaqgues were immurnized with a live attenuated vaccinia virus harbouring
SIV genes, the monkeys exhibited neutralizing antibody titres and were able to
control viral replication after challenge with SIV (Hirsch er al., 1996). These
findings may suggest that neutralizing antibodies to HIV represent a correlale for
protection. Protection against SIV and HIV infection has been achieved in monkeys
following passive iransfer of antibodies from SIV and SHIV models 10 naive
monkeys, indirectly supporting this hypothesis {Rinaldo ef ol., 1995; Haigwood et
al., 1996; Van Rompay er al., 1998; Mascola ¢f al.. 1999). In addition, adoptive
transfer of NIH 373 cells transfected with a gene encoding a human monocional
antthody (mAb), known to neutralize HIV-1, into a severe combined immuno-
deficiency {SCID) mouse model, reconstituted with HIV-infected human
lymphocytes, has been recently shown to significantly reduce viral load in these
mice (Sanhadji er af., 2000).

Attempts have been made {0 estimate the necessary titre of neutralizing antibody to
virus that will confer protection (Moore and Burton, 1999). Recently, it was shown
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that passive transfer of antibodies from a chimpanzee which contained high titres of
neutralizing antibodies to a primary isolate of HIV-1 into monkeys resulted in
sterilizing protection from infection with a SHIV virus containing the gene-encoded
envelope products of this same HIV-1 isolate (Shibata er ai., 1996, 1999; Igarashi er
al., 1999), In order to achieve 100% protection, the sera could not be diluted to greater
than 1:10. However, this antibody titre has never been induced by vaccination of
monkeys or humans {(Moore and Burton, 1999). This may suggest that an effective
HIV vaccine would have to induce both a strong humoral immune response, consist-
ing of neutralizing antibodies, as well as a potent cellular immune response. One
caveat to these studies is that the viral challenge dose used was several orders of
magnitude greater than would be encountered by humans infected through normal
exposure. Protection in humans, therefore, may require lower titres of neutralizing
antibody than has been suggested by these stadies.

Natural immunity

For certain viral infections, such as hepatitis B virus (HBV) infection, where 90% of
humans infected develop neutralizing antibodies and do not become chronic carriers,
natural immunity has been used as an accurate correlate for protection. However, in
HIV infection, the vast majority of those infected become chronic carriers. Therefore,
itis guestionable whether nataral immunity in HIV infection can be used 1o determine
the true correlates for protection.

INTEGRATION

Another hindrance to HIV vaccine development is the fact that the dsDNA genome of
HIV integrates into the host genome. As described, once the provirus has integrated
into the host DNA, it is considered stable and further HIV replication is directed by
the cellular machinery. In theory, infection with only one viral particle that is able 1o
integrate into the host genome would pose a major obstacle to developing a vaccine
that is able to induce sterilizing immunity.

GENETIC VARIABILTILY

The high genetic variability of HIV poses another obstacle to HEIV vaccine develop-
ment. The genetic variability found in HIV is believed to be due to the high mutation
and replication rates of HIV., The rate of mutation in retroviruses is particularly high,
due to the lack of exonucleolytic (proof reading) activity in their reverse transcriptase
(RT) enzyme. RT, which is found in al} retroviruses, has been estimated to mis-
incorporate one inevery [0°-10* bases. In addition to the great geographical variability,
as discussed, HIV sequences also vary within an infected individual. These variants
are termed quasispecies and are believed to arise due to selective pressures, in part,
supplied by the immune response. Due to the tremendous DNA sequence variability
of HIV, itis a great challenge to find highty conserved amino acid sequences that can
serve as targets for vaccine development,
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HiV VIRAL PROTEINS

While many of the HIV viral gene products could serve as potential vaccine targets
(Figures 10.] and J0.6A), there is warranted concern about employing many of these
proteins in an HIV vaccine. Several of the HIV proteins possess pathogenic properties
against the host cell. The HIV accessory gene vpr, for example, when expressed in
CD4* T cells has been shown to arrest infected cells in the G2 stage of the cell cycle
and appears to be immunosuppressive (He er al., 1995; Ayyavoo et al., 1997a,b).
Addition of recombinant vpr to cultures of lymphoid cell lines and primary cells
infected with HIV-1 has been shown to dramatically increase HIV replication (Levy
et al., 1995). The gene product of the nef gene has also been found to interact with
cellular serine (Sawai et al., 1995) and tyrosine (Saksela er af., 1995) kinases,
suggesting that it may interfere with important signal transduction pathways of the
host cell and result in killing of activated T cells (Geleziunas er al., 2001). In addition,
expression of the accessory gene vpur has been shown to cause selective degradation
of CD4 in the endoplasmic reticulum (Willey et al., 1992). Finally, addition of
monomeric gpl2(to CD4* T cell lines has been shown to induce apoptosis (Bottarel
et al., 1999}, Consideration of the role of intact viral gene products on vaccine
immmunity is important.
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Figure 10.6. Genetic organization of HIV. SIV, and SHIV viral genomes. A) Gene structure of HiV
showing the structural genes gag, pol, env, the regulatory genes, rev. far. nef, and the accessory genes vif]
wr, vpre. By Gene structure of SIV: the SIV genome contains the same structural and regutatory genes as
HIV, butdifiers [rom HIV by having the accessory gene vpyin place of the HIV accessory gene vr. C) The
SHIV genome is identieal to the SIV genome but contains the HIV env, tar, rev. and v genes,
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GLYCOSYLATION OF GP120

Another obstacle to vaccine development for HIV is related to the post-translational
modifications of gp120 that occur in the endoplasmic reticulum and Golgi apparatus.
The mature gpl120 is heavily glycosylated and this modification appears to shield
important neutralizing epitopes from the humoral immune response (Reitter er al.,
1998).

ANIMAL MODELS

Finally, a separate, but significant, obstacle to the development of an effective
vaccine for HIV is the lack of an animal model which accurately portrays the disease
pathology in infected humans. Several animal models have been employed with
various advantages and shortcomings when compared to infection with HIV. These
are discussed below.

Mouse

Due to similarities in anatomy and physiology, non-human primate models are the
preferred choice for studying human diseases. However, mice also serve as important
models in vaccine development. Mice can be used to study and quantify the immune
response to different immunogens in the mammalian immune system. Thus, vaccine
candidates can be screened in mice to determine their immunogenicity. Another
advantage to the mouse model is the ability to conduct large-scale statistical studies,
as mice are abundant and easily maintained. The disadvantage of the mouse model for
HIV vaccine research is that mice do not become infected with HIV-1, making them
inappropriate for challenge studies. In addition, this system does not allow the
therapeutic potential of an HIV vaccine candidate to be determined. Additional
problems arise because mice are generally inbred and do not model the genetic
diversity of the human population. However, they remain the only choice for initial
screening and evaluation of candidate vaccines.

Chimpanzee

Non-human primate models routinely used in HIV vaccine rescarch include the
African green monkey, the Rhesus macaque, and the chimpanzee. However, the
chimpanzee is the only model that can be used today for testing multi-component HIV
immunogens (i.c. the full spectra of HIV antigens). Chimpanzees exhibit 98%
identity in their DNA coding sequences with humans and it has been proposed that
HIV-1 orniginated in the chimpanzee. This is because all known strains of HIV-1
capable of infecting man are closely related 0 an SIV lincage found to infect
chimpanzees (Gao er al., 1999). However, there are important differences between
chimpanzees and humans infected with HIV. Although HIV establishes a long-term
persistent infection in chimpanzees, and they develop a measurable hurmoral and
cellular immune response, chimpanzees rarely develop AIDS. Overall, they control
viral infection and exhibit lower viral load as compared to infected humans (Fultz er
al., 1989). Studies of chimpanzees infected for five years show that there is no
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detectable decline in CD4* T cells, and that CTL responses to HIV antigens are
considerably lower than those observed in humans (Ferrari et al., 1993). However, an
HIV-I strain has recently emerged that is pathogenic in chimpanzees (Mwaengo and
Novembre, 1998). Although the reproducibility of the pathogenesis of this strain in
chimpanzees has notbeen currently defined, studies in chimpanzees infected with this
strain could be beneficial to HIV vaccine research. In spite of this, there is consider-
able debate over the ethical implications of such studies since infection with this virus
could be fatal to chimpanzees. Additionaily, many advocates question the ethical use
of these animals in medical research because of their similarities to humans and
because they are an endangered species. A further hindrance to the chimpanzee model
is the cost. Care for a single chimpanzee can cost greater than US$60 000. This poses
a severe limitation in obtaining statistically significant resulis with this model.
Despite differences between HIV-infected humans and chimpanzees, protection
against heterologous HIV-1 challenge has been established in chimpanzees immunized
with an HIV-1 DNA vaccine (Boyer ef al., 1997).

Rhesus macague

Most pathogenesis and vaccine studies for HIV have been performed in the Rhesus
macaque. Macaques become infected with SIV, a close phylogenetic relative of HIV.,
Like HIV, SIV belongs to the genus lentivirus. SIV infection and disease in the
macaque is similar to HIV infection and disease in humans. SIV infection is followed
by an initial viracmia, then a decrease in CD4* T cell counts, and the eventual
development of AIDS-fike symptoms. As with humans infected with HIV, CTL
activity in macaques infected with SIV correlates with suppression of viraemia
(Schmitz et al., 1999). Aithough there are many structural similaritics between HIV
and SIV, such as their envelope proteins, there are important differences. While both
HIV and SIV use the CD4 molecule and chemokine receptors for viral entry, SIV does
not always use the same chemokine receptors as HIV. Macrophage tropic (M) HIV
strains use the CCRS receptor for viral entry, while T cell tropic {T) HIV strains use
the CXCR4 receptor for viral entry. While M tropic SIV strains use the CCRS
receptor, several T tropic SIV strains do not use the CXCR4 receptor for viral entry
(Edinger er al., 1997). Another important difference between HIV infection in
humans and SIV infection in macaques is that macaques infected with SIV show a
more rapid disease course than hurnans infected with HIV. Additionally, STV does not
encode a single vpr gene product; it encodes a duplicated vpr gene and its copy
product, vpx. How these changes wili relate to vaccine development is still not
completely understood.

The SHIV macague model is a more recently developed model that uses an SIV—
HIV chimera virus (SHIV) to study infection and disease in the macaque. This virus
consists of STV gene encoded products but has HIV envelope gene products in place
of the SIV envelope (Figure 10.6). SHIV chimeras have in vifre properties similar to
HIV isolates, such as replication and cytopathogenicity (Kuwata er al., 1996).
Infection with SHIV has been shown to cause rapid increase in viral toads, CD4* T
cell depletion, and an AIDS-like disease in macaques (Cayabyab et al., 1999). Despite
these developments in the macaque model, acomplete multi-component HIV antigen-
based vaccine cannot be used in this model since HIV does dot establish a persistent
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infection in macaques. However, recent studies have illustrated that plasmid vaccines,
or plasmid primed with MVA booster or adenoviral vaccines, can all induce
homologous type-specific immune responses (Buge e/ al., 1999) and may prevent
disease in the SHIV model.

Conventional vaccine approaches

RECOMBINANT PROTEIN/SUBUNIT VACCINES

Most candidate vaccines originally studied for HIV were subunit vaccines. Subunit
vaccines usually consist of recombinant antigens formulated in an appropriate immune
adjuvant. Although many HIV gene encoded proteins have been targets for vaccine
development, most HIV subunit vaccines consist of recombinant HIV envelope
proteins. Theenvelope proteinis chosen because it plays acritical role in viralentry and
isthereforeatarget forneutralizing antibodies. Recombinantenvelope proteins studied
include gp120, gp160, and gp140. The gp 160 protein is a precursor protein that is post-
translationally cleaved to give gp41, the rransmembrane subunit of the envelope, and
gp120, the extracellular subunit (Figure [0.7). The gpi40 protein is a splice site
deletion of gp160 and consists of gp120 and the ectodomain of gp4 1. This molecule is
now being studied because, in theory, it mimics the oligomeric forms of the native
envelope. The gag or pol gene products are also commonly used in subunit vaccines
because of their ability to elicit CTL-specific responses. Recombinant proteins that are
exogenously presented to the immune system, such as those used in subunit vaccines,
function by inducing primarily a humoral immune response (Table 10.1).

Native structure of gpl20

The efficacy of recombinant subunit vaccines is strongly influenced by the degree of
similarity in tertiary structure between recombinant and native viral proteins. The
greater this similarity, the greater the chance of inducing neutralizing antibodies to the
vires and thus protection from viral eniry. Most HIV-1 subunit vaccines in clinical
trials have employed monomeric gpi20. Although immunization with monomeric
gp120 has demonstrated the induction of antibodies capable of neutralizing T celi line
adapted HIV-1, these antibodies are very inefficient at neutralizing primary HIV-1
isolates. It has been suggested that HIV-infected individuals develop antibodies to
viral debris, including monomeric gp120 rather than viral associated gp120 (Parren et
al., 1999}, Antibodies that bind to monomeric gpl120 but do not biad to virus-
associated gpl20 are unable to nevtralize the virus (Parren et al., 1998). This may be
due to differences in monomeric gp120, such as the recombinant gp120 used in these
subunit vaccines, and the native viral associated gpl20. The native envelope protein
is now believed to exist as a trimer within the viral envelope {(Chan ez al., 1997; Luand
Kim, 1997). In a recent study, it was shown that gpld0 trimers, which were
constructed using the gene sequence from a primary isolate fused to a trimerization
motif, could induce significant neutralizing antibody titres to primary HIV-1 isolates
{Yang er al., 2001). These findings highlight the importance of conserving the native
envelope structure when employing these proteins in vaccines, with the intent of
inducing antibodies capable of neutralizing the virus.
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Figure 10.7. Onc-dimensional representation of the HIV envelope glycoprotein. The surface subunit.
gpl20. is aboul 550 amino acids in length and associates through non-covalent interactions with the
cetodomain of the transmembrane subunit, gpdl. The mature gpl20 is heavily glycosylated, highly
hydrophilic, and contains five hypervariable regions (V1-V5), and six conserved regions. The transmem-
brane subunit, gp4 1. is about 350 amino acids in length, is relatively hydrophobic, traverses the membrane.
and is a type 1 integral membrane protein. The N-terminus of gp41 contzins a short hydrophobic stretch of
amino acids referred to as the *fusion peptide” because it is implicated in membrane fusion with the target
cell. C-terminal to the fusion peptide are two hydrophobic regions predicted to form an ami-paralle] left-
handed hetix when HIV fuses with its target cell. The cyloplasmic domain of gp41 contains two alpha
helices that have been implhicated in cell lysis of the target cell following viral assembly.

Neutralization epitopes

Substantial evidence now indicates that neutralization can be achieved by antibody
hinding to the CD4 binding site (CD4bs) or the chemokine receptor binding sites
(CCR5 or CXCR4) on gpl20, thereby inhibiting virus attachment to the target cell
{Parren ef al., 1999). The binding site of an mAb, 17b, that binds gp120 and has been
shown to neutralize HIV-1 (Thali ef al., 1993) and the CCRS5 binding site, have been
mapped by site-directed mutagenesis studies of gp120 (Rizzuto ef al., 1998). In these
studies, binding of mAb 17b and CCRS to gpl20 was assessed in the context of
mutations intreduced inte a gpl20 protein derived from a primary HIV-1 isolate.
Using data derived from the solved crystal structure of gp120 core, in complex with
a iwo-domain fragment of CD4 and the [7b Fab fragment (Kwong er al., 1998), the
predicted binding sites were mapped. The mAb {7b binding site was mapped to a
region on the ectodomain of the gpl20, which overlaps with the predicted CCR3S
birding silte (Figure [0.8). The binding site of another mAb, bi2, that is able to
neutralize 75% of clade B primary viruses (Trkola et al., 1995; Burion, 1997) has been
mapped to the CD4 binding site on gp120 (Saphire er af., 2001}. The crystal structure
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Figure 10.8. Molecular surface structure diagrams of HIV gp120 core, showing predicted CCRS (A) and
mAb 17b (B) binding sites. Amino acid changes that resuited in greater than 75% decrease in ligand binding
arc represented in black, The predicied binding site for mAb 17b, an antibody that possesses neutralization
activity, overlaps with the predicted CCR3 binding site. Figures were generously provided by Joseph
Sodroski, Department of Cancer Immunofogy and AIDS, DANA Farber Institute, Department of Pathol-
ogy, Harvard Medical School, and Deparsment of Immunology and Infectious Diseases, Harvard School of
Publfic Health, Boston, MA, USA.
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of this antibody has recently been soived and reveals useful information about its
predicted binding site on gp 120 (Saphire er al., 2001). These studies illustrate gp120
sites that may be critical to mimic in vaccine formulation, though this has been
difficult to achieve.

Another target for viral neutralization is the envelope transmembrane subunit
gpéi. It is believed that a conformational change occurs in the gp120/gpd | complex
during binding of the envelope to the target cell receptors, which results in exposing
gp41 that was previously buried (Chan and Kim, 1998). Development of this model
was based on the crystal structure of specific gp41 core peptides (Chan ef af.. 1997).
This structure consists of a six-helix bundle in which three central peptide helices,
forming a coiled coil, are surrounded by three anti-parallel peptide helices. It was
proposed that prior to HIV-1 fusion with its target cell, gp41 is buried beneath gp120
and is inaccessible. Upon binding of the target ceil, the gpl20/gpdi complex is
proposed to undergo a conformational change resulting in exposure of three helices of
gp4d1, referred to as the fusion peptide. which then insert into the target cell mem-
brane. A second event is then proposed in which three different helices of gp4i
combine with the fusion peplide to form the six-helix bundle that ultimately mediates
fusion with the target cell (Chan er al., 1997). An mAb to gp41 that was isolated from
antibodies raised to gp4 1 appears to nentralize HIV-1 at a stage after HIV-1 binds its
target cell (Parren ef al., 1999). It is believed that other, yet unidentified, gp4l
neutralizing epitopes exist which are exposed during the fusogenic state of HIV-1
with the target cell membrane. Stabilizing and mimicking these transient gp4] states
are criticat goals for HIV vaccine development.

HIV immunotypes

Given the high diversity of HIV-1 genotypes, attempts have been made to classify
HIV according to defined groups within the differeat HIVsubtypes that bind defined
sels of antibodies. The goal is to reduce the genotype classification to one that is less
diverse and can be more readily targetted by a vaccine. This classification is referred
to as immunotype classification. In one study, a mathematical analysis was used to
characterize peptides, corresponding to the V3 hypervariable region of different HIV
genotypes, for their ability to bind several groups of mAb. Distinct immunotypes
were discovered that differed from the genotype classification (Zolla-Pazner ef al.,
1999). In a subsequent study, immunotyping of HIV- 1 primary isclates was attempied,
using mAb specific for epitopes within the V3, C5, and gp41 cluster I regions
(Nyambi er al., 2000). This study revealed fewer immunotypes than HIV-1 genotypes
hased on these determinants. These studies are crucial for developing a vaccine that
will be capable of inducing protection against the broad genetic variability found in
HIV. Such a vaccine will need to be polyvalent and contain combinations of HIV
determinants that represent all the major immunotypes found in HIV.

Post-translational modification of gpi120

Considerable indirect evidence now exists that suggests that a difficulty in inducing
neutralizing antibodies in HIV-infected individuals is related to the post-translational
maodifications made to the gp120 envelope protein. The gp120 protein in HIV and SIV
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contains 24 potential N-linked and up to 8 O-linked glycosylation sites, and the
mature protein is heavily glycosylated (Leonard er al., 1990; Bernstein er al., 1994).
Studies employing SIV mwlant strains, generated with mutations in tweo or three
glycosylation residues which eliminate glycosylation at these sites, have been proven
to induce substantially higher neutralizing antibody titres than wild-type strains to a
primary SIV isolate (Reitter et al., 1998). This suggests that these carbohydrate side
chains present on native gp120 shield the protein from an effective envelope-specific
humoral immune response. Thus, an effective HIV-1 vaccine strategy may involve
selectively eliminating glycosylation of gpl20 at key residues in order to indnce a
potent neutralizing antibody response to HIV-1.

PEPTIDE VACCINES

Vaccines consisting of peptides only have been used with the primary goal of
inducing neutralizing antibodies to key viral determinants. The V3 hypervariable
region of gp120 was found to contain neutralizing activity and was a major target in
the first decade of HI'V vaccine development. Various studies reported that antibodies
raised against peptides to the V3 sequence of TCLA HIV strains were able to
neutralize TCLA HIV (Putney er al., 1986; Javaherian et al., 1990; dfmini er al.,
1992). However, it was soon found that many of these antibodies to the V3 sequence
of TCLA HIV strains were unable to cross-neutralize HIV strains lacking the same V3
sequence. V3 sequences in primary HIV isolates have been found to differ signifi-
cantly from those found in TCLA strains. Although the V3 sequence of a particular
TCLA HIV strain, HIVMN, was later found to react with a higher percentage of
primary HIV isolates, a consensus V3 sequence capable of inducing neutralizing
antibodies (o all the major HIV-1 strains has yet to be discovered (LaRosa ef al.,
1990).

Peptlides derived from the constant region C4 and the hypervariable region V3 of
£p120 have also been used in vaccine formulations with the intention of inducing
HIV-specific T helper cell and CTL responses. The C4 region contains specific T
helper cell determinants, while the V3 region contains specific CTL determinants. In
one study, it was shown that immunization of HIV-infected individuals with the C4
and V3 peptides of HIV gp 120 induced significant lymphocyte proliferative responses,
including HIV-specific CTL responses (Bartlett er al., 1998). However, HIV viral
RNA levels in these individuals did not differ significantly with the control group
over a 52-week period, indicating that the induction of HIV-specific CTL responses
by this approach did not have a significant impact on viral replication.

Another limitation inherent to peptide vaccines is that they elicit antibody responses
only loward linear epitopes, while important neutralizing epitopes may be confor-
mational and discontinuous in nature (Table {0.1). Overall, the future of peptide
vaccines for antibody induction is uncertain.

LIVE-ATTENUATED VACCINES

One vaccine approach which has shown promise is attenuated [ive vector vaccines.
These vectors have the advantage of reproducing in the recipient and therefore
provoke both a broader and more intense range of antibodies and T lymphocyte-
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associated immune responses. Furthermore, responses appear to be long-lived.
Several Hve vectors harbouring HIV-1 proteins have been used as vaccine candidates
for HIV-1. Live recombinant vaccinia and canarypox viral vectors expressing HIV
gene encoded products, such as gpl60 or gp120, have been shown to induce both
HIV-1-specific humoral and cell-mediated immune responses (Walker er al., 1994,
1995}, In one study, voluateers primed with a canarypox virus, harbouring HIV
gp160, and boosted with a gp120 subunit vaccine, developed HIV-specific CD4* T
cell, CD8* T cell responses, and neutralizing antibody titres (Walker ef af., 1994,
1995). Macaques immunized with a vaccinia vector harbouring HIV proteins have
also elicited HiV-specific cellular and humoral immune responses (Hu et al., 1987;
Shen et al., 1991). Futhermore, in another study in which macaques were immunized
with a vaccinia vector harbouring the SIV gene encoding gp160, followed by a boost
with recombinant SIV gp160. some monkeys showed protection from challenge with
primary SIV isolates (Hu et al., 1992}, Although these results are promising, studies
in which live viral vector vaccines, such as vaccinia, had been administered to
immunosuppressed individuals resulled in some individuals developing life-
threatening viral infections (Redfield et ai., 1987). For this reason, there is reluctlance
to use these vector vaccines in large-scale human trials. Interest has instead moved 1o
other viral vectors that are more attenuated, such as avian poxviruses. These viruses
have limited in vive replicative capacity in humans. However, in pretiminary studies
with avian poxviruses harbouring HIV genes, 10-foid higher doses were required 1o
induce similar HIV-specific antibody and CTL responses, compared with those
induced by vaccinia vectors (Plaloux eral., 1995). In general, it has been observed that
the lower the replicative capacity of a virus, the lower the immunogenicity, while the
higher the replicative capacity, the higher the risk of reversion to wild-type patho-
genic virus, clearly a conundrum to this approach.

Another class of viral vectors now being studied as potential HIV-1 vaccine vectors
is the alpha viruses. These viruses contain an mRNA promoter for their viral structural
proteins, which transcribe the structural proteins at levels 10-fold greater than the host
genome and would therefore be expected to induce substantially greater immune
responses. An attenuated strain of an alpha virus, the Venezuelan equine encephalitis
virus (VEE), has been studied as a potential HIV-1 viral vaccine vector (Caley ef al.,
1997). In one study, immunization of mice with a VEE vector harbouring HIV-1 gag
resulted in humoral and cellular immune responses specific for HIV-1 matrix and
capsid proteins. More recently, immunization of macaques with a VEE vector
harbouring SIV gag and env genes induced limited replication controf against
challenge with a pathogenic strain of SIV (Davis et ¢/., 2000). In a recent study, genes
delivered by replication-incompetent adenovirus vectors induced sirong CTL lowered
viral load and protected CD4 T cells in an SHIV 89.6 challenge study (Shiver ef al.,
2002).

Other potential viral vaceine vectors for HIV now being investigated are the adeno-
associated viruses (AAV) (Johnson er al., 2001), The wild-lype AAV virag is
non-pathogenic in humans and has been shown to mediate long-term expression of
the transgene in non-human primates. Because these vectors lack any AAV genes and
can be packaged with only the gene of interest and the appropriate expression
elements, there is a great deal of interest in AAV as a vaccine delivery system. In a
recent study, macaques immunized with an AAV vector, harbouring SIV genes,
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exhibited antigen-specific CD8* T cell responses, as well as persistent neutralizing
antibody titres (Johnson ez al., 2001). Preliminary challenge studies in these macagues
suggested that immunized monkeys had signiftcantly lower virus burdens than
controls,

Other live vaceine vectors now being considered for use as potential HIV vaccines
are of bacterial origin. One bacterial vaccine vector candidate is bacille Calmette-
Guerin (BCG). Immunization of macaques with recombinant BCG, harbouring SIV
genes, has been shown to elicit SIV-specific CTL activity (Yasutomi es al., 1993).
Other bacterial vectors, such as Salmonella and Listeria, are also being studied as
potential HIV vaccine vectors. In one study, a Salmonelia vector, harbouring HIV
gp120, was shown to induce significant gp120-specific antibody and CD4* T cell
responses in mice (Wu e al., 1997). In other studies, in which Listeria monocytogenes
was used as a vector to express the HIV Gag protein, it was found that mice
immunized with this vector developed strong Gag-specific CTL, and CD4* T cell
responses (Frankel er al., 1995; Mata and Paterson, 1999; Mata er al., 2001).

As described above, there are many difficulties in developing an HIV vaccine using
current approaches. There are advantages and disadvantages to each approach (Tuble
10.1). An effective HIV subunit vaccine must likely induce both broadly neutralizing
antibodies and cell-mediated immunity to primary HIV isolates. To induce neutraliz-
ing antibodies, the native structure of the envelope protein must be conserved and
presented to the immune system in an immunogenic form. Subunit vaccines primarily
induce humeoral immune responses, and most potential HIV subunit vaccines have not
proven effective at inducing broadiy neutralizing antibodies against primary HIV-1
isolates. Alternatively, live-attenuated virus vectors are capable of inducing both
humoral and cell-mediated immunity because they replicate in the host cells of the
recipient. In addition, viral particles are assembled by the host cell machinery, and
therefore have the advantage of presenting viral proteins that more likely resemble
their native structure. Nevertheless, some of these viral vectors have the possibility of
reversion to wild-type pathogenic strains and could pose a serious threat to
immunocompromised individuals.

Overall, several promising avenues for live-attenuated vector vaccines are begin-
aing to emerge. One limitation of these approaches is the development of anti-vector
hostimmunity. These responses may limit effectiveness in the clinic. Other approaches
that provide the celluiar immune benefits of live approaches without this host
imimunity, such as DNA vaccines, may circumvent this limitation.

DNA immunization

In recent years, considerabie attention Has shifted to the technology of DNA immuni-
zation. In this approach, genes encoding antigens from a particular pathogen are
cloned into an expression vector. The DNA is then administered 10 the vaccinc
recipient, and is taken up by host cells. Antigens are subsequently expressed by the
host cell, processed, and presented to the immune system. As with Hive viral infection,
immunization with DNA results in the expression of viral proteins by the host cell
machinery. Again, because DNA-encoded viral proteins are assembled by the host
cell machinery, their structure would be expected to resemble their native viral
counterparts. Thus, DNA immunization confers many of the same broad immuno-
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logical advantages of live vectors, but lacks the safety issue associated with them
(Table 10.1).

MECHANISM(S) OF ANTIGEN PRESENTATION

Although DNA immunization is known to induce both antigen-specific humoral and
cellular immune responses, the mechanism(s}) of antigen presentation to the immune
system following immunization is not fully understood. Antigen presentation,
following DNA immunization, has been proposed to occur by three possible routes:
1) direct priming of lymphocytes by transfecied somatic cells, such as Keratinocyies,
or myocyles; 2) direct transfection of professional antigen-presenting cells {e.g.
dendritic cefls); 3) cross-presentation, whereby directly transfected somatic cells or
antigen-presenting cells secrete the gene encoded antigen. The antigen can then be
endocylosed by antigen-presenting cells, processed and presented to the immune
system via the MHC class I or MHC class II pathways. Thus, in this manner, DNA
vaccines mimic the broad immune responses which characterize live-attenuated
vaccine approaches.

Direct transfection of somatic cells

It was originally proposed that somatic cells, such as myocytes or keratinocytes
transfected with DNA vectors, could function as antigen-presenting cells and could
directly activate CD8* T cells, since they constitutively express MHC class I mole-
cules (Figure 10.9). However, one difficuity with this hypothesis is that myocytes
iack cell surface molecules calied co-stimulatory molecules, such as CD80 and CD86,
which play a critical role in activating CD8* T celis. A number of studies have been
conducted to investigate this hypothesis. In one study, bone marrow chimeric mice
were employed to determine the coniribution of non-bone marrow-derived (e.g.
monocytes) and bone marrow-derived (e.g. dendritic cells) cells to the activation of
CD8* T cells. This study reported that only when non-bone marrow-derived cells
where transfected with CD86 could they function to induce CTL responses
(Agadjanyan et al., 1999}). In another study, it was reported that remova} of muscle
tissue immediately after immunization did not affect the immune response {Torres ef
al., 1997). Together, these studies provide compelling evidence against the hypo-
thesis that transfected somatic cells can directly activate CTL.

Direct transfection of antigen-presenting cells

Another mechanism that has been proposed is that a small number of professional
antigen-presenting cells (dendritic celis or macrophages) residing at the site of
immunization are directly translected (Pardoll and Beckerleg, 1995) (Figure 10.10).
These cells would then traffic via the afferent lymph to regional lymphoid tissue,
where they could activate CD8&* T cells, CD4* T cells, and B cells {Pardoll and
Beckerleg, 1995). Because Langerhans® cells and interstitial dendritic cells (two
types of antigen-presenting cells) are present in the skin, this mechanism seems
plausible with epidermal immunization (Banchereau and Steinman, 1998). Evidence
for this mechanism is suggested by a number of studies. In one study, plasmid DNA
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Peptide loaded MHC class : | <—— CD28
| molecule — Q‘j . D8O

Plasmid OO O
DNA

%

Antigen-presenting cell
(e.g. dendritic cell)

Figure 16,18, Mode! for direct transfection of antigen-presenting cell. An APC, such as a Lagerhans cell,
that is present near the site of immunization, is directly transfected. The plasmid-cncoded antigen is
expressed and processed via the MHC class | pathway and presented on MHC class I molecules. The APC
also expresses CD80 on its surface. A CD8+ T cell that recognizes its cognate peptide antigen in the context
of an MHC class I molccule/peptide complex binds via its TCR. The T cell also binds to CI380 on the APC
surface via its CD28 surface molecule. The CD8+ T cell is stimulated threugh both the TCR/MHC class I/
peptide interaction and the CD28/CD80 interaction and is activated to evolve into an effector cell.

was isolated from dendritic celis located in the skin and lymph nodes following
intramuscalar DNA immunization (Casares et af., 1997). In another study, following
‘gene gun’ administration of a plasmid or encoding green fluorescent protein (GFP),
Langerhans cells expressing GFP were isolated from the draining lymph nodes
(Condon et al., 1996}.

Cross-presentation

A third proposed mechanism of antigen processing and presentation following
genelic immunization is that antigen or MHC class T or class I peptides, processed by
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transfected myocytes or keratinocytes, are transferred after being secreted, shed from
the surface, or released from dying cells to bone marrow derived, antigen-presenting
cells, which have migrated to the site of immunization (Figure 10.11). Transferred
antigen or peplides may then enter either the MHC class T or class [ antigen
processing and presentation pathways. Peptide antigen that enters the class I pathway
would get loaded onto MHC class I molecules and be used to prime CTL. Anti gen or
peptide that enters the MHC class IT processing pathway would get loaded onto MHC
class IF molecules and be used to prime CD4* T cells. Although this hypothesis
coatradicts the dogma that onty endogencusly produced antigen can enter the class I
processing pathway, it is consistent with reports that exogenously proctuced protein
can be taken up by antigen-presenting cells and re-presented via the MHC class 1
pathway (Carbone and Bevan, 1990; Huang er af., 1994; Kovacsovics-Bankowski
and Rock, 1995; Pardoll and Beckerleg, 1995: Suto and Srivastava, 1995: Albert ef
al., 1998ab). Other studies have also supported this hypothesis. In one study,
dendritic cells, when cultured with monocytes infected with influenza, were able to
activate influenza specific CTL (Albert er ¢f., 1998b). In another study, this same
group reported that dendritic cells could phagocytose influenza-infected monocytes
undergoing apoptosis and could subsequently activate influenza-specific CTL (Albert
efal., 1998a).

IMMUNOSTIMULATORY CpG MOTIFS

In addition to an immune response gencrated against specific gene encoded products
following DNA immunization, injection of bacterial derived DNA is also known to
induce a non-specific immune response (Krieg, 1996). The basis for this
immunostimulatory property of bacterially derived DNA is believed to be due to the
high frequency of unmethylated cytosine-phosphate-guanine (CpG) dinucleotides
present in bacterial DNA. In vertebrate DNA, the cytosine in these dinucleotides is
usually methylated. DNA containing unmethylated CpG motifs has been shown to
activate murine macrophages and dendritic cells, Studies have shown that CpG motifs
preferentially induce a type 1 helper T Iymphocyte (Thl) response and induce the
production of IL-2, IFN-y, and IL-12 (Sato et al., 1996; Klinman et al., 1997; Leclerc
etal., 1997, Roman er al., 1997). Recently, 2 member of the Toll-like receptor family,
TLRY was proposed to be the receptor in eukaryotic cells that recognizes bacterial
CpG motifs, as macrophages and dendritic cells from mice, which contain a mutation
inthis gene, are unable to respond to stimulation by unmethylated CpG DNA (Hemmii
et al., 2000). However, the role of CpG motifs for plasmid vaccines studied in
primates has not been very encouraging, and more study in this area is needed.

ROUTE OF IMMUNIZATION

Some of the first studies with DNA vaccination showed that antibody, T helper cell,
and CTL responses could all be generated and that the route of immunization (e.g.
intramuscular, epidermal, and mucosal) influenced the direction of the response
(Fynan er al., 1993; Ulmer et al.. 1993; Davis et al., 1994). Most DNA vaccines
studied to date induce predominantly a Th1 response when injected intradermatly.
Conversely, intramuscular or epidermal gene gun delivery has been shown to induce
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primarily a Th2 response (Feltquate er al., 1997). The reason for this difference is not
understood; however, it is believed that needle injection delivers DNA 1o the
extracellular space, where it is then taken up by cells, while gene gun delivery resulis
in direct transfection of target cells. This may account for the different responses.

DOSE AND REGIMEN

The dose of DNA delivered and the immunization regimen can also affect the immune
response. Depending on the gene-encoded antigen, 10-100 pg of DNA is usually
required to induce an immune response when administered intradermally or
intramuscularly, However, gene gun immunizations usually require 10-fold less
DNA to induce comparable antibody or CTL responses. Studies of the humoral
response o immunization with a gene-encoded influenza antigen have shown a dose
response increase in antibody titre that plateaus at an optimai dose. However, the
optimal antibody response in these studies did not seem to differ whether the optimal
dose was given in one injection or multiple injections (Deck er al., 1997; Robinson et
al., 1997).

Although the frequency of immunization may not affect the optimal immune
response, immunization frequency has been shown to affect the type of response. In
one study, in which mice were immunized intradermally with an HIV-1 envelope
DNA vaccine, it was shown that immunization with the first three doses induced a
strong CTL response but weak antibody response, while a fourth immunization
induced a strong antibody response and a drop in the CTL response (Fuller and
Haynes, 1994).

SAFETY

Although DNA immunization appears Lo be a safe procedure, there are certain safety
concerns that have been raised with this approach. One concern is that immunization
with plasmid DNA could resultin plasmid DNA integration into the host cell genome,
potentially disrupting endogenous genes. In one study, this potential hazard was
tested (Nichols et af., 1995), Mice were injected intramuscularly with 100 ng of
plasmid DNA. Tissue samples were taken at different time points from the sites of
injection and from 12 other sites. Genomic DNA was purified from plasmid DNA and
examined by potymerase chain reaction (PCR) for integration of plasmid DNA. The
lest sensitivity was apparently capable of detecting as low as one integration per 1.5
x 10° nuclei, a sensitivity that was determined to be three times lower than the
spontaneous mutation frequency. No integration events were detected. However, in a
more recent study, it was found that the methods used for separating genomic DNA
from plasmid DNA in combination with the high sensitivity of PCR make it very
difficult to determine integration due to the inevitable contamination of genomic
DNA with plasmid DNA (Martin et al., 1999). Further studies are necessary lo
precisely quantify integration frequencies; however, they appear to occur at a very
low frequency.

Another concern with injecting bacterial-derived DNA into humans is the possibility
of inducing an autoimmune response against human DNA. To investigaic this
possibility, one study used Lupus mode] mice, mice that are predisposed to developing
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anti-DNA antibodies (Katsumi er al., 1994). Mice were immunized with bacterial-
derived plasmid DNA. Anti-DNA-specific B cells were then quantified by
enzyme-linked tmmuno spot (ELIspot) assays. Anti-DNA antibody titres were
measured. [t was determined that immunized mice contained two to three times
higher titres of anti-DNA-specific B cells than Lupus control mice. Although this
raised some concern, it was later determined that this increase in DNA-specific B
cells and anti-DNA antibody titres did not accelerate disease in the Lupus model mice
(Xiang eral., 1995; Mor et al., 1997). Whether this effect could cause adverse effects
in humans with pre-existing autoimmune disorders has yet to be determined.
Importantly, in human stadies of several hundred volunteers, no evidence for the
induction of anti-DNA antibodies has been observed to date.

HIV DNA VACCINES

DNA vaccination with plasmids encoding HIV-1 antigens has shown promising
results in non-human primates. DNA immunization studies of macaques using multi-
component HIV-1 encoded antigens revealed that monkeys could be protected from
challenge with a chimeric SHIV virus (Kim er @l., 2001). Immunization of Rhesus
monkeys with a DNA vaccine containing the gene for HIV-1 gpi60 followed by
boosting with recombinant gp160 resulted tn high neutralizing antibody titres, HIV-
I envelope-specific CTL activily. and protection from viral challenge with a chimeric
SHIV virus (Letvin et al., 1997). Immunization of chimpanzees with a DNA vaccine
encoding env, rev, and gag/pol genes was also shown to induce cellular and humoral
immune responses and protection from challenge with a heterologous HIV-1 strain
{Boyer ef al., 1997). Clinical (rials using HIV DNA vaccines are currently under way.
To date, DNA vaccines for SIV or SHIV in primates have eliciied protection from
SIV, SHIV. or HIV viral challenge in more cases than with any other vaccine type.

Novel improvements to DNA immunization

Several new methods are now being used to improve expression of antigens encoded
by DNA vaccines, such as the use of stronger promoters, or the use of episomal
vectors. Other manipulations involve employing targetting sequences to selectively
deliver antigens to the Class I or Class I antigen presentation pathways. Another
technigue now being used is called codon engineering. This technique invelves the
conversion of codons usually used by the virus to those more commonly used by
eukaryotes in order to optimize expression in maimmalian cells. This is important as
rev limits the expression of HIV structural genes by preventing the splicing of mRNA
transeripts. Changing codon usage removes this rev dependence and facilitates higher
gene expression. Finally, plasmids encoding cytokines or co-stimulatory molecules
are now being used in conjunction with plasmids encoding antigen to augment a
particular immune response, as described below.

CYTOKINE ADJUVANTS

Many laboratories have reported that co-injection of a plasmid encoding antigen with
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plasmids encoding cytokines can influence the magnitude and direction of the immune
response. Recently, it was demonstrated that a plasmid encoding hepatitis B virus,
HBsAg, and IL-2 induced marked increases in antibody responses and T cell
proliferation over a plasmid encoding HBsAg alone (Chow et al., 1997). Immunization
of Rhesus monkeys with a plasmid encoding STV gag and a plasmid encoding IL-2/Tg
(an TL-2/immunoglobulin fusion protein) showed marked increases in SIV gag-
specific humoral and CTL responses (Barouch et al., 2000). Co-injection of mice with
aplasmid encoding an HCV antigen and a plasmid encoding IL-4 resulted in a marked
decrease in CTL responses and an increase in the antibody response, compared to
injection with the HCV antigen-encoded plasmid alone (Geissler et al., 1997). In the
HIV system, Kim and co-workers found that co-delivery of IL-12 expression cassettes
with DNA vaccines for HIV-1 in mice resulted in splenomegaly, as well as 2 Th1 shift
in the specific immune responses induced (Kim et af., 1997a). This result was later
confirmed in macaques and chimpanzees where the co-immunization of genes
expressing [L.-12 and I1.-18 increased the magnitude of Thl-type immune responses
(Kim er al., 1999; Boyer ef al., 2000). Most recently, Barouch and colleagues have
demonstrated that the delivery of a fusion molecule, 11.-2/Ig, augments the vaccine-
elicited humoral and cellular immune responses in higher primates (Barouch er af.,
2000). In these studies, monkeys receiving the fusion molecule develop 30-fold higher
envelope-specific antibody and higher antigen-specific CD8&+ T cell numbers.

CO-STIMULATORY MOLECULES

Another mode of augmenting the immune response has been through co-delivery of
aplasmid encoding an immunogen with a plasiid encoding a co-stimulatory molecule,
such as CD86, or CD40. The rationale behind this strategy is that cells co-transfected
with both the plasmid encoding the immunogen and the plasmid encoding a co-
stimulatory molecule will exhibit enhanced antigen presentation capabilities over
cells transfected with plasmid encoding the immunogen alone. As described, CD40
and CD86 play important roles in activation of T cells by antigen-presenting cells.
Studies of mice co-injected intramuscularly with a plasmid encoding HIV-1 antigens
and a plasmid encoding CD86 resulted in a marked increase in the CTL response over
injection with the HIV-1 antigen-encoded plasmid alone (Kim ef al., [997h).

SUBUNIT VACCINE BOOST

Because DNA immunization is known to induce a strong CTL response, combining
a DNA vaccine with a recombinant subunit vaccine boost could elicit both a Th and
Th2 profile, and therefore induce greater protection. As described, this approach has
been demonstrated in macagues immunized with an HFV DNA vaccine and boosted
with recombinant gp160. Monkeys exhibited HIV-specific CTL responses and high
titres of HIV specific neutralizing antibody (Letvin ef al., 1997).

Conclusion

Although the development of a prophylactic HIV-1 vaccine has not been achieved to
date, there are promising indications from new vaccination methods that suggest a
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prophylactic vaccine may be possible. The fact that protection from different isolates
of SIV, SHIV, or HIV-1 in macaques and chimpanzees has been achieved through
DNA vaccination is promising. In addition, there are many new strategies or
combinations of new and conventionai strategies that have yet to be tried. Ultimately,
a competent HIV-1 vaccine may involve a combination of DNA immunization
followed by subunit vaccine boosts, or a cocktail of DNA-encoded antigens with
plasmids encoding cytokines or co-stimulatory molecules. Finally, with the many
different live viral vectors now being studied, a safe and successful vaccine may
appear within our grasp.
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