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Treating regimen against intracellular pathogens has been a challenge to scientific
community because of their inhabitant priorities. Those infections not only infect range of
host cells but also escape from circulating antibodies. Being intracellular, it is very difficult
to completely remove them from the host system and require specific dosage regimen for
their treatment. Beside, most antibiotics are also marred with hurdles like side effects, cost,
availability in the market, schedule of administration. Moreover emergence of multidrug
resistance strains due to overuse of antibiotics especially in case of tuberculosis and other
intracellular pathogens has restricted their use. Extensive drug resistance is a menace to be
handled by available antibiotics which thus makes the treatment more complex and
complicated, keeping into consideration the fact that prevention is a preferred option over
treatment, it is an urgent requirement to develop vaccine against intracellular pathogens.

Generation of protective immunity against many pathogens requires fine adjustment
between humoral and cell mediated immunity. Circulating antibodies play crucial role in the
elimination of extracellular infections, however majority of intracellular infections (e.g. L.
monocytogenes, M. tuberculosis, malaria, leishmaniasis, candidiasis etc.) require generation
of CD8" cytotoxic T-cells (CTL) in conjunction to strong CD4" T-helper cells (Th) because
such pathogens adapt intracellular parasitism as a strategy to avoid recognition by antibodies.
Vaccine development against intracellular pathogens is very complicated as intracellular
pathogens adapt different mechanisms to protect themselves from host immune system, some
of them being capable to modulate the immune system e.g. inhibition of antibody production
(L.monocytogenes, S. typhimurium, N. meningitis), interfere with antigen processing by
antigen presenting cells (APCs) (L. monocytogenes, S. typhimurium), inhibition of
lymphocyte proliferation (H. pylori, M. leprae, L. monocytogenes, S. typhimurium), apoptosis
of immune cells (M. tuberculosis, L. monocytogenes) etc. Besides, some pathogens vig.
Plasmodium sps., HIV, Swine flu virus introduce substantial antigenic variations, which
further complicate the process of vaccine designing. The only successful vaccine strategy
against intracellular pathogens is immunization with live attenuated strains that retain the
ability to replicate within host cells, allowing for processing and presentation of endogenous
pathogen derived antigens. Nonetheless, this approach is hindered by difficulties in
generating attenuated variants that effectively stimulate protective immune responses yet do

not cause disease, especially in immunocompromised individuals. Additional vaccine



strategies against intracellular pathogens include intracellular replication-deficient variants
that do not produce infectious progeny after immunization yet stimulate protective immunity
or component vaccines where defined antigenic determinants are engineered for delivery to
appropriate APCs. Ironically, a typical immunization protocol followed for soluble antigens
leads to the induction of humoral immune response mainly. In contrast activation of the cell-
mediated immune response, upon administration of soluble antigens has remained an uphill
task. This requires strategies to expose antigens to the proteasome machinery, a
multifunctional protease complex in the cytosol of the APCs, as degradation of protein
antigens by the cytosolic proteolytic system forms the cardinal step involved in the induction
of cytotoxic T lymphocytes (CTLs). Therefore to generate a CD8" T-lymphocyte response,
this is a prerequisite to deliver antigens into the cytosol of the APCs, which is further
followed by its processing and presentation along with class I major histocompatibility
complex (MHC I) molecules.

The present study has been aimed to elicit desired immune responses against
intracellular pathogens (M. tubeculosis and L. monocytogenes), using liposome mediated
antigen delivery and sphaeroplast. We have used archaeosomes (archeal total polar lipid
vesicles) as they are more stable than those made of conventional ester lipids to bile salts
disruption. Earlier archaeosomes have shown very promising results, such that they do not
activate toll like receptors (TLRs) as other pathogen-associated molecular pattern (PAMPs)
do promote both MHC class I and class II response to entrapped antigen, upregulate
expression of co-stimulatory molecules on the surface of APCs, without any associated
toxicity observed in mice. In fact, archacosomes based vaccines with striking protective
ability have been demonstrated for L. monocytogenes as well as solid and metastatic tumour.
In the present study we evaluated efficacy of archaeosome encapsulated antigens against
lethal challenge with intracellular pathogens (L. monocytogenes and M. tuberculosis).

In the first part of the study, we showed liposome based delivery of L. monocytogenes
secreted proteins into the cytosol of the APCs leads to robust immune response with
sufficient protection of animals against lethal challenge of L. monocytogenes, when they
were immunized with archaeosome encapsulated culture supernatant antigen (SAg). The
rationale behind using L. monocytogenes as a pathogen of interested is only due to its ability

to penetrate, macrophages or nonprofessional phagocytes, and develops an intracellular life
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cycle with common characteristics; and also competent for cell to cell spread, these include
epithelial cells, fibroblasts, hepatocytes, endothelial cells, and various types of nerve cell,
including neurons. Listeria have also shown to be taken up by and survive within dendritic
cells. Actin-based intracytoplasmic movement and cell-to-cell spread are mediated by the
listerial surface protein ActA; in short all the intracellular characteristic is present in this
pathogen, hence study on this model pathogen may paved the way towards successful
vaccination strategy against other intracellular pathogens. Here we have used culture
supernatant proteins as antigen, because secretion of these proteins is of key importance in
both the colonization process and virulence of Listeria, the spread of pathogen inside host
system is solely dependent on secretary and surface proteins of pathogens. We assumed the
activated immune response against these antigens will not only examine the spread of
pathogen inside host system, but also reduce their present population with the help of
generated CTL response against these antigens, hence we used culture supernatant proteins
SAg entrapped into archaeosome as vaccine candidate. First of all we elucidated the degree
of fusion of liposome prepared from H. salinarum total polar lipid liposomes (archacosomes)
with macrophages (J774 A.1), using calcein as a fluorophore. Our results suggested that these
results undergo membrane-membrane fusion very rapidly which could be due to receptor
mediated entry of archaeosome. Further size of archacosome was determined by using
Nanophox size analyzer and scanning electron microscopy. Liposomes made up of total polar
lipids of H. salinarium had size in range of 100 nm. To examine the immune response
various formulations of L. monocytogenes SAg was used to immunize animals. Immune
response was measured by incubating splenocytes isolated from different immunized groups
with different formulations of antigens, and their supernatants were used to detect cytokines
particularly IFN-y, IL-12 (Thl) and IL-4 (Th2). Isotype detection was done using sera
obtained from various immunized groups at different time interval. Lymphocyte proliferation
was done by using thymidine incorporation represented in form of count per minute.
CD4'CD44"¢" CD8'CD44"¢" CD80 and CD86 markers were detected and analysed through
FACS. The humoral response including IgG2a and IgG1 was detected using indirect ELISA.
At last to evaluate protective efficacy, animals were challenged with sublethal inoculums and
bacterial load was enumerated in different vital organs and survival was observed upto 30

days.
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As revealed by cytokine profile and isotype response, we observed Thl biased
immune response in animals immunized with archacosome entrapped SAg. Effector memory
cells (both CD4'CD44"" and CD8'CD44"e"), costimulatory surface markers CD80 (B7-1)
and CD86 (B7-2) were present even after one month post challenge in immunized animals,
which clearly signals about boosted memory response. Although some extent of Thl
response was also observed in animals immunized with free SAg, physical mixture of SAg
and sham archaeosome, but response was not been able to protect animals against pathogen
L. monocytogenes compared to archaeosome entrapped SAgs due to presence of CTL
response. Also reduction in bacterial burden in vital organs (liver, kidney and spleen)
established the efficacy of archaeosomes entrapped antigen in providing protection against
sub-lethal infection of L. monocytogenes. From our present study we concluded that the
formulation (archaeosome entrapped SAg) not only boost CTL response, but also helps in the
clearance of pathogen and thereby increases the survival animals.

In the second part of the study (chapter three) we have evaluated the use of
spheroplast as a vaccine candidate against L. monocytogenes, and its comparison with heat
killed bacteria and archacosomal preparations. Various studies have been performed using
sphaeroplast (bacterial cell with peeled cell wall), to understand the membrane behavior and
its structure. Although live cells produces better immunity and protection, but there is chance
of their revival which may be detrimental to host. Heat killed and irradiated preparations
exhibit loss in antigenecity which reduces their efficiency as a vaccine candidate. Spheroplast
possess several advantages over other methods in having exposed membrane; lack of some
virulent surface proteins that helps in reducing pathogenicity; maintaining antigens in their
natural state, exhibiting fusogenicity which make their interaction with APCs very rapid.
Conclusively we can say the spheroplast are depot of antigens with decreased pathogenecity

and increased fusogenecity.

In the next part (chapter four), we have evaluated the efficacy of archaecosome based
antigen delivery system encapsulating T cell antigen Rv3619c (an ESAT-6 family protein)
against M. tuberculosis in Balb/c mice. Tuberculosis is a leading cause of mortality, which
engulfs about one-third of the human population; near about 25 million people are actively

infected and 8.8 million new cases arising every year. In order to control the spread of
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tuberculosis prophylactic measures involve use of chemotherapy. Tuberculosis is also
associated with AIDS patient as a secondary infection. High dose of antibiotics leads to the
generation of multi drug resistant TB in HIV infected patients. Besides chemotherapy, the
vaccine available in the market in the form of BCG is found to be protective in infants, but in
adults it failed to rescue from the infection. Failure of BCG may be attributed to the absence
of certain regions in its genome. Immunization schedules addressing these issues can offer
better strategy of protection. However, in spite of the numerous efforts made for developing
M. tuberculosis vaccine, still there is no any effective vaccine available to date which can
induce protective immune responses in adults.

Archaeosome based subunit vaccine elicit better type-1 (IFN-y, and IL-12) cytokines
response when compared with BCG, free Rv3619c, physical mixture of Rv3619c and sham
archaecosome. Antigen dependent proliferation was strongest in archaeosome entrapped
antigen group. Archacosome entrapped Rv3619c antigen not only stimulated the expression
of co-stimulatory molecules, but also have successfully mount an effective T cell memory
response. In conclusion, archacosome entrapped Ag Rv3619c successfully generated
protective immunity, as evidenced by, augmented proliferation of T cells; predominant
production of Thl cytokine and isotype response (IL-12, IFN-y, and IgG2a); up-regulated
expression of co-stimulatory (CD80 and CD86) and memory markers (CD44"¢"
CD62L""™€" on CD4" and CD8" T cells. Further ability of archacosomes to reduce the
mycobacterial burden in the vital organs of the immunized and challenged animals and lung
micrographs further supported their efficacy as a succesfull antigen delivery system for
mounting an effective humoral and cellular immunity. In conlusion, study on intracellular
pathogen to develop an effective vaccine to control their spread and pathogenesis in infected
and naive individuals, requires an smart technique that would enable the host to mount a
strong immune response.

The data of the present study seems to open new vistas for the use of archaeosome
based vaccines against L. monocytogenes, and M. tuberculosis, and in future this strategy
could be successfully used against other intracellular pathogens as well. Our preliminary
studies on spheroplasts have promoted their usage as a vaccine candidate as it can
successfully boost the immune response without producing any ill effect as found in the

course of our study. In future we can better use them as a vaccine candidate instead of using
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live attenuated or heat killed vaccine as they are easy to prepare, and are non pathogenic and

providing protection in the immunized animals.
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1. Vaccination against intracellular pathogens

The use of vaccine for the prevention of microbial infection is
preferential alternative to treatment. It has been applied successfully for the
eradication of small pox, tetanus, diphtheria, whooping cough, polio and
measles, and thus preventing million of death each year. To develop effective
vaccines against extracellular or intercellular pathogens, causing persistent or chronic
infections, it is a prerequisite to have better understanding of immuno protective
mechanisms that are effective in the host to prevent or control pathogens before
attaining their appropriate inoculum size. Hypothetically it seems to be easy to
develop a vaccine, by identifying immunogenic antigens of the pathogens and finally
to develop suitable means for immunization. However, this could be true for agents
that are either extracellular or antigen with sufficient stability (e.g. some extracellular
bacteria and poliovirus). In contrast, so many factors has to be considered before
developing protective vaccines against pathogens that are either intracellular (e.g.
Listeria monocytogenes, Salmonella typhimurium, Mycobacterium tuberculosis), or
subjected to substantial antigenic variations (e.g. Plasmodium, Chlamydia sp. and
HIV). Various intracellular pathogens show different mechanisms to protect
themselves from host immune system, some of them being capable to modulate the
immune system e.g. inhibition of antibody production (L. monocytogenes, S.
typhimurium, N. meningitides), interference with antigen processing by antigen
presenting cells (L. monocytogenes S. typhimurium), inhibition of lymphocyte
proliferation (H. Pylori, M. leprae, L. monocytogenes, S. typhimurium), apoptosis of
different kind of immune cells ( M. tuberculosis, L. monocytogenes) [Samandari et al.
2000]. To a substantial extent, such a need coincides with a much increased
understanding of the properties and functional components of the mammalian immune
systems. The intracellular defensive mechanism has also to be understood extensively,
because sometimes pathogens becomes over smart than the host immune system as

above described and survive generously.

The mechanism of protection against infectious agents may be divided into
innate (nonspecific) and the acquired (specific). The adaptive immune system, which
developed later during evolution, while the innate immunity is by birth gift of nature,

has high specificity and memory that make it different from innate immune system,
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both of these system are the exclusive hallmarks of B- and T-cells. While, B-cells are
responsible for humoral immunity, T-cells generate cell mediated immunity against
pathogens. Apart from B- and T-cells, adaptive immune system consists of a series of
specialized cells, such as macrophages, neutrophils, natural killer (NK) cells, dendritic
cells (DCs), and different products, such as the cytokines; a-, - and -interferons
(IFNs); chemokines; and larger proteins such as the C-reactive proteins and those of
the complement cascade [Medzhitov 2000]. Because of these cardinal features, the
practice of vaccination depends utterly on the properties of the adaptive system.

1.1  Role of different immune responses against infections

Infections caused by various pathogens may be categorized on the basis of
their extracellular or intracellular existence inside the host. Pathogen specific
antibodies can prevent as well as eliminate all the pathogens successfully in case of
extracellular infections. Moreover, cytokines secreted by CD4" Thi cells help to
activate phagocytic cells (e.g. macrophages) and thereby facilitate the uptake and
destruction of the agent, either as such or complexed with antibodies (by Fc receptor
mediated endocytosis or complement activation). Theoretically, CTLs are not
expected to have a role in such situations. However, against intracellular infections,

various immune responses may play different roles in the elimination of the pathogen.
1.1.1 Role of antibodies in intracellular infections

Antibodies function as the effector molecules of the humoral response. It
recognizes soluble or particulate antigen for its neutralization and elimination from
the systemic circulation. Usually in extracellular infections, neutralization of the
infectivity of the challenge agent is a critical role for specific antibodies. However, in
some cases, if infectious agent escapes neutralization and replicates inside the host
cells, antibodies are reported to neutralize their progeny (e.g. prevent or limit viremia)
and ultimately may destroy infected cells either by Antibody Dependent Cellular
Cytotoxicity (ADCC) or by complement mediated lysis [Plotkin 2001]. Besides their
role against extracellular infections, antibodies have also shown their efficacy against
intracellular infections in experimental model systems, e.g. certain MADbs to the fusion
protein of respiratory syncytial virus (RSV) were found to clear the infection in mice
[Taylor 2004]. These antibodies may have been endocytosed into an infected cell and

thus prevented viral replication [Chanock et al. 1993]. In another example, MAbs or

2



hyperimmune serum specific for Sindbis virus were able to clear the virus from
infected neurons in SCID mice [Griffin et al. 1992]. Moreover, SCID mice infected
with a low dose of egg grown influenza virus that caused delayed death were
protected from death if transfused with specific antibodies [Scherle et al. 1992].
Although these examples are of considerable interest in demonstrating a potential use
for high titer antibodies, they are atypical; however, there are many examples of
intracellular infections persisting in the presence of high titers of specific antibodies.
The intracellular bacteria are protected from antibodies due to their inhabitate. The
ability of L. monocytogenes to replicate in the cytosol of infected host cells and to

spread from cell to cell enables it to avoid humoral immune responses.
1.1.2 Role of T-cell responses in intracellular infections

All intracellular bacteria enter eukaryotic cells in a membrane-bound structure.
Some organisms such as Mycobacteria, Salmonella, and Chlamydia survive within a
membrane-bound structure, whereas Listeria and Shigella escape from the vesicle into
the cytosol of the infected cell. The immune response to bacterial infection is
complex, as with most pathogens, and CD8" T cells may or may not be major
effectors of immunity [White et al. 1996]. T lymphocytes generated in response to a
given antigen are responsible for cell-mediated immunity. Both activated CD4" T-
helper and CD8" T-cytotoxic lymphocytes serve as effector cells. The role of CD4" T-
cell responses in viral infection is difficult to find as this type of infection specifically
requires CD8" CTLs (cytotoxic T lymphocytes) for clearance of the infection [Ada et
al. 1996]. The CD4" and CD8" both kind of T cells contribute to resistance against
various intracellular pathogens; CD4" cells are responsible for the production of
various kind of cytokines, which in turn helps to provoke the CD8" T cell response,
which ultimately can be envisioned for complete elimination of intracellular
pathogens like  Listeria, Chlamydia, and Mycobacteria from host. Listeria
monocytogenes infection of mice evokes strong CD8" T cell responses against a
number of antigens presented by MHC class la and class Ib molecules [Pamer et al.
1997, Lenz et al. 1997]. CD8" T cells are highly effective mediators of immunity
against LM as demonstrated by experiments in mice lacking CD8" T cells [Mielke et
al. 1988, Czuprynski el al. 1990]. In addition, CD8" T cells from immunized mice

transfer antilisterial resistance to naive animals [Harty et al. 1992, Lukacs et al. 1989],
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and mediate clearance of chronic listeriosis in SCID mice [Bhardwaj et al.1998].
Interestingly, recent data suggest that MHC class lb—restricted CD8" T cells are
capable of mediating antilisterial immunity [Seaman et al.1999].

Although most evidence suggests that CD4" T cells are the major effectors of
immunity against Mycobacterium tuberculosis (MTB), Mycobacteria-specific CD8" T
cell lines have been generated from mice immunized with heat-killed MTB and M.
bovis BCG [De Libero et al. 1988]. Other experiments demonstrated that
immunization with BCG, expressing defined recombinant antigens, leads to a CD8" T
cell response to these antigens [Winter et al.1995, Stover et al.1991, Aldovini et
al.1991, Lalvani et al. 1998]. In addition, MHC class la-restricted CD8" T cells
specific for secreted antigens of MTB can be isolated from tuberculosis patients
[Lalvani et al. 1998]. Presentation of MTB antigens by nonclassical human MHC
class Ib molecules such as CD1 has also been described [Sieling et al. 1995,

Mazzaccaro et al. 1998].

Surprisingly, in bacterial infections, the role of a particular T-cell lineage
(CD4" T-helper or CD8" T-cytotoxic) appears to be less clear cut. For example in
murine listeriosis, CTLs specific for a single nonamer peptide determinant of the
bacterial protein listeriolysin, were protective in vivo [Harty et al. 1992]. Furthermore,
it has also been shown that the specific CD8" T-cells, but not CD4" T-cells, lyses
Listeria monocytogenes infected hepatocytes in a class 1| MHC restricted manner
[Jiang et al. 1997]. In contrast in another disease model of bacterium (BCG),
depletion of CD4" T-cells using specific antiserum resulted in a large increase in the
number of bacteria whereas depletion of CD8" T-cells apparently had little effect on
the course of BCG infection [Pedrazzini et al. 1987]. The situation became more
confusing when another experiment using cell transfer pointed out the importance of
CD4" T-cells in controlling murine Mycobacterium tuberculosis infection, where
simultaneously a role for CD8" T-cells was also claimed [Leveton et al. 1989].
However, later work with Pz-microglobulin (Bm), knock-out mice (which can not
make functional CD8" T-cells) revealed the prime importance of CD8" CTLs in
controlling a virulent M. tuberculosis infection and on the other hand, also confirmed

that CTLs play no role in controlling a BCG infection [Flynn et al. 1993].



1.2 Requirements for successful vaccination

Prevention is always far better alternative to cure an infection. The requirement of
eliciting a protective immune response against various pathogens may vary greatly,
because many pathogens require contribution of specific components of immune
system for their clearance e.g. as discussed earlier, extracellular infections may simply
be eliminated by specific antibodies while intracellular infections e.g. Listeria,
Salmonella, Mycobacterium, Leishmania, require specific CD8" T-cells for their
elimination [Flynn et al. 1992, Muller et al. 1991]. If the pathogen shows different
stages into host, it has been told by various workers that every stage should be given
special consideration during vaccination. Apart from all these factors, it is of major
concern that who is the recipient of vaccine, for example immunocompromised host,
cancer patients, solid organ transplant recipients, and patients with rheumatologic
disorder can receive only specific vaccine, all kind of vaccine cannot be administered
to them, that can create obstacle for them [Jungman 2004].Thus before designing a
vaccine, it is important to keep into consideration to the type of pathogen as well as
specific immuno-protective mechanism, that is involved in eliminating the pathogen.
However, as suggested by Ada and Ramsay (1997) a general proposal can be made

for vaccination that meets following requirements [Ada and Ramsay 1997]:

« The vaccine must be able to activate APCs, which involves the processing and
presentation of antigen by the lysosomal/cytoplasmic pathways, the expression
of co-stimulatory factors and chemokine receptors at the cell surface, and the

secretion of certain cytokines.

« The vaccine formulation should enhance the replication and differentiation of
T and B lymphocytes that leads to the generation of large pools of memory

cells of desirable phenotypes.

» Vaccine preparation should include both sufficient B-cell epitopes to generate
strong neutralizing antibody responses as well as T-cell determinants that bind
with high affinity to at least the major regional HLA haplotypes to be

recognized by the T-cell receptor.

« The long term persistence of conformationally intact antigen is desirable,
preferably as aggregates complexed with antibodies and held at the surface of
FDCs (Follicular Dendritic Cells) in lymphoid tissues. This allows the
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continuing production of cells those secret antibodies of increasing higher

affinity, and of memory B-cells.

There are two further considerations regarding the third point as sometimes it has
been observed that one or a few T-cell determinants in an antigen may be dominant in
the sense that other determinants are recognized in less specific manner this in fact
forms the basis of the concept of immunodominance. Unfortunately, presence of these
immunodominant determinants that appears to be of significance, may lead to escape
recognition by CTLs if they are present in the variable region of the antigen. In such
circumstances, it becomes important to induce responses to lesser dominant
determinants which are present in the conserved regions of the antigen [Good 1995].
On the other hand, because of the phenomenon called cross tolerance, all individuals
expressing an MHC antigen of a given specificity may not respond to a determinant
that is known to bind strongly to that molecule [Hill et al. 1993]. This again stresses

the need for a vaccine to contain several T-cell determinants [Ada and Ramsay 1997].
1.3  Different Strategies for vaccination
1.3.1 Heat killed vaccines

At initial stage of vaccine development heat killed pathogens were used as
vaccine candidate. However killed vaccines, often require repeated boosters to
maintain the immune status of the host while attenuated vaccines need single dose. In
addition, Kkilled vaccines induce a predominantly humoral antibody response; they are
less effective than attenuated vaccines in inducing cell-mediated immunity and in
eliciting a secretory IgA response [Goldsby et al. 2000]. Therefore this strategy is not
much preferable and further search for new strategies have been strated from those

earlier days.
1.3.2 Live attenuated vaccines

Live but attenuated (avirulent) microorganisms or viral particles were used to
provoke the immune system e.g. Bacillus Calmette-Guerin (BCG) was derived from
attenuated strain of M.bovis, the Sabine polio vaccine and the measles vaccine both
consists of attenuated virus strains. Attenuated vaccines are having some
advantages but are not free from disadvantages. Although they are capable of

transient growth, hence they are proficient vaccines that can provide prolonged
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immune-system exposure to the individual epitopes on the attenuated organisms,
consequentially increased immunogenicity and production of memory cells. As a
result, only a single immunization is sufficient for vaccination, eliminating the need
for repeated boosters. The reversion of attenuated vaccines to a virulent form is the

major disadvantage.
1.3.3 Heat or chemically inactivated vaccines

Another common approach in vaccine production is heat or chemically
inactivated pathogens which is no longer capable of replication in the host. It is
critically important to maintain the structure of epitopes on surface antigens during
inactivation. The major epitopes can be denatured by heat inactivation. Chemical
inactivation with formaldehyde or various alkylating agents has been successful. The

Salk polio vaccine is produced by formaldehyde inactivation.
1.3.4 Recombinant vaccines

The recent advances made in the fields of protein purification and recombinant
DNA technology have led to the development of highly purified and well defined
antigens for use in human vaccines. However, these purification protocols of vaccine
antigens have often resulted in the elimination of intrinsic adjuvant properties, which
can have the unwanted effect of lowering the immunogenicity of the highly purified
antigen. The use of immunological adjuvants to enhance the immunogenicity of
highly purified subunit vaccines and combination vaccines is a promising strategy to
improve protective immune responses to such vaccines. Since the discovery of
adjuvants, several preparations (natural as well as synthetic substances) have been
shown to possess adjuvant activities as tested in experimental vaccine not only in

animal models but also in human subjects [Vogel et al. 1995].
1.3.5 DNA vaccines

DNA vaccines offer advantages over many of the existing vaccines. For
example, the encoded protein is expressed in the host in its natural form without any
denaturation or modification. DNA vaccines induces both humoral and cell-mediated
immunity; to stimulate both arms of the immune response with non-DNA vaccines
normally requires immunization with a live attenuated preparation, which introduces

additional elements of risk. DNA vaccine assures prolonged immune response with

-7-



significant immunological memory. The same plasmid vector can be custom tailored
to make a variety of proteins, so that the same manufacturing techniques can be used
for different DNA vaccines, each encoding an antigen from a different pathogen
[Gurunathan et al. 2000].

1.4 Immunologic adjuvants

Immunologic adjuvants are agents incorporated into vaccine formulations to
enhance the immunogenicity. Ramon serendipitously discovered the concept of using
adjuvants non-specifically enhance immune response to vaccine antigens while he
was producing diphtheria antitoxin in horses [Ramon 1925]. Since then,
understanding of the human immune system has advanced significantly. Now a days,
researchers are applying much of this new knowledge to elucidate the mechanism of
adjuvant action [Chedid et al. 1986, Ada and Ramsay 1997].

1.4.1 Classification of adjuvants

« Some adjuvants (e.g. Freund’s adjuvant) form a depot of antigen for its
long persistence primarily at the site of the application and from which the

antigen is released over a period of time that can be varied

« The activation and maturation of APCs, particularly DCs and
macrophages, may be influenced by some adjuvants (e.g. liposomes)
resulting in expression of different chemokines receptors.

» Many adjuvants are shown to increase the synthesis and secretion of
enhancing factors, such as cytokines and chemokines that act principally,
but not only on cells of the immune system, especially T and B

lymphocytes.
1.4.2 Properties of adjuvants

Originally the mechanism of action attributed to adjuvants was the so called
depot effect, where simple adsorption (with mineral salt) or emulsification (e.g.
Freund’s adjuvant) of an antigen increases its biologic and immunologic ‘half life’.
Although, this mechanism does play a role, however this explanation of adjuvant
activity has proved too simplistic by itself, and it has been refined to include the
improved delivery of antigens to APCs and to the secondary lymphoid organs. More

importantly, the immunogenicity of synthetic peptides and various other soluble
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antigens that otherwise would rapidly cleared from the injection site without sufficient
delivery to the draining lymph nodes, can be improved using adjuvants. In this
concern some particulate adjuvants, including liposomes and microspheres offer a
better approach of delivering antigens efficiently to the lymphoid system. Besides,
such delivery systems can also be used to protect antigens from proteolytic digestion
in the stomach allowing orally administered antigen to pass into the small intestine for

delivery to the gut associated lymphoid system [Alving et al. 1995].

In addition to achieve these goals, an adjuvant must be safe, it should (with
reasonable specificity) target particular cells of the immune system, and should be
stable and affordable. Nevertheless, the development of formulations that fulfill all of
these criteria is a time consuming and expensive task. Some of the currently
acceptable adjuvants include alum that has been by far the most common adjuvant
used in humans. Besides alum, MF59, an oil-in-water emulsion containing squalene,
has also been reported to be well tolerated among humans and has shown to enhance
antibody production to antigens from HIV-1, HSV and influenza [Podda 2001].

Recently, a major advancement in the field of immunology has been the
recognition that some cells of the immune system, especially antigen presenting cells
(such as DCs) express receptors on their surfaces that recognize molecules, which are
common to many infectious agents (e.g. bacterial LPS and lipid A) [Baldridge et al.
2000]. Such microbial components provide a danger signal to the immune system.
Interaction of microbial products with the appropriate receptors present on APCs
initiates the process of APC activation and maturation, and this in turn leads to a very
strong T-cell response. In this regard, bacterial DNA is of special interest because,
unlike mammalian DNA, it contains unmethylated CpG motifs that are recognized as
foreign by the receptors present on the APCs [Wagner 2001]. Consequently, while
bacterial structural components enhance both systemic as well as mucosal responses,
CpG DNA is claimed to induce stronger immune responses with less toxicity than

many other adjuvants [Weeratna et al. 2000]
1.4.3 Selection of an appropriate adjuvant for vaccination

The ability to select from thoroughly accepted adjuvants offer vaccine
formulators greater flexibility in the rational design of vaccines. Appropriate use of

safe and effective adjuvants would allow significant reduction in the amount of
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antigen required per dose of vaccines, thus expanding the protective coverage of a
target population using existing manufacturing capacity. Moreover, proper selection
of an adjuvant may also aid in the development of novel vaccine delivery systems as
well as routes of administration (such as transcutaneous or mucosal vaccine delivery)
leading to improved vaccine compliance, increased efficacy, and reduction in the
manufacturing and distribution costs as well. Unfortunately, the best known
conventionally used adjuvants (e.g. alum, Saponins, Freund’s adjuvant, LPS) lose
their chance to be a part of effective vaccine systems either due to toxic
manifestations or because of nonspecific activation of immune responses. Therefore,
concerted efforts are coerced to develop safe and effective adjuvants to meet the

challenges of new-generation vaccines [Stewart 1989, Gregoriadis 1990].

Thus, it is important that such adjuvants should be composed of inexpensive,
non-toxic and non-immunogenic materials, should be stable on storage, biodegradable
and preferably promote both humoral as well as cell mediated immunity. To a
significant extent, recent advances in the controlled delivery of antigens by adjuvants
and delivery systems (such as liposomes and microspheres) have answers to many
such questions. Because these delivery systems would find particular advantages in
vaccine delivery, it is imperative to understand the effect of controlled antigen

delivery in influencing the outcome of an immune response.
15 Immunological perspective of controlled antigen delivery

The response to various vaccine antigens is routinely optimized by assessing a
variety of delivery methods that include variation of the adjuvants and delivery
systems used or manipulation in the dose and number of injections as well as the route
of vaccine delivery. The recent advances in the antigen delivery have resulted in the
development of controlled delivery systems (such as liposomes) that can offer a
further parameter for vaccine assessment and may provide means of enhancing and
manipulating the host immune response to a significant extent. Nevertheless,
application of such delivery systems to vaccination would allow effective utilization
of vaccine antigens that have previously not been able to induce adequate or

appropriate immune responses thus, improving the responses to existing vaccines.
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1.5.1 Balance between immunity versus tolerance

Early studies in fundamental immunology suggested that continuous
administration of the antigens may lead to immunological tolerance [Dresser et al.
1964] One of the proposed mechanisms of vaccine adjuvant action as described
carlier is the ‘depot’ effect that retains the antigen for an extended time period inside
the body, allowing longer interaction of the antigen with the immune system prior to
its clearance. Many workers have proposed that interaction time between antigen and
the cells of the draining lymph node is one of the fundamental parameters that
determine the outcome of any immune response [Zinkernagel et al. 1997]. Moreover,
the duration of longer antigen persistence has also been demonstrated to be the major
factor which determines the fate of naive as well as effector T-cells [Zinkernagel et al.
1997]. On the other hand this prolonged stimulation may even cause tolerance
ultimately leading to death of the effector T-cells, if continued for longer duration. In
addition to T-cells, the activation status of APCs has been shown to be an important

control to keep the balance between immunity versus tolerance [den Boer et al. 2001].

While it is possible, and may be preferable to use controlled antigen delivery
for induction of vaccine responses to overcome such situations, failures to induce
immunity by controlled delivery have frequently occurred as a result of the inability
of the delivery mechanism to maintain the antigen in an immunogenic form in vivo.
Moreover, the conditions to which protein antigens are exposed during manufacturing
process may impart some adverse effects upon antigen delivery in vivo and during in
vivo degradation of the delivery system. Therefore, efforts have been focused on
developing delivery systems that do not use organic solvents, high temperatures, or
pH extremes during production, that retain the antigen in a dry state while in vivo, and
that do not degrade into acidic by products [Gonzalez-Fernandez et al. 1998]. In this
regard, use of liposomes having inherent adjuvant activity may offer a better approach

for antigen delivery [Alving 1991].
1.5.2 Induction of affinity maturation and isotype switching

The maturational changes in the immune response include antibody shift from
IgM to a predominant I1gG isotypes, development of a high affinity antibody response
as well as presence of memory lymphocytes that will give a rapid response following

further antigenic challenge. This process is generally described as occurring after at
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least two doses of antigen administration. Furthermore, prolonged antigen exposure
induced by controlled delivery systems (different kind of liposomes) will also allow
immune maturation to occur and may even enhance this process many folds. This
property of the delivery systems is desirable as most of the controlled release
mechanisms result in delivery of low levels of antigen over time, which will first

stimulate high affinity B-cell clones to proliferate.
1.5.3 Induction of immune memory

Research on controlled antigen delivery has facilitated the memory immune
responses, which is the aim of most of the vaccine formulations. For example,
delivery of Yersinia pestis V antigen through PLA microspheres as well as BSA by
archaeosomes has resulted in generating significant memory immune responses in
mice [Eyles et al. 2001]. Apart from such type of antigen delivery systems, injectable
silicone implants that delivered avidin and IL-1b as adjuvant were useful in
generating a strong memory antibody responses as well [Kemp et al. 2002].
Interestingly, in these studies, the effector response induced a mixture of 1gG1 and
IgG2 isotypes of antibodies, in contrast to the memory response generated by soluble
antigen alone that showed predominance of 1gG1 isotype.

Besides activating effector arms of immunity, the persistence of an antigen for
longer duration may contribute in maintaining immune memory as well, although its
exact role is yet to be resolved. This condition may arise due to differential antigen
requirements of different cell types for the formation of memory cell repertoires
[Eyles et al. 2001, Maruyama et al. 2000]. Thus, controlled antigen delivery facilitates
the low level of antigen and continuous drainage of the antigenic materials to the
FDCs present in the lymph nodes that eventually helps in maintaining immune

memory.
1.5.4 Manipulation of Th1/Th2 responses

Recently, it has been demonstrated that a difference in antigen exposure in
vivo may direct different precursors to produce IL-4 secreting CD4" T-cells [Foucras
et al.2002, Foucras et al. 2000]. In contrast, some other studies performed using a
range of different antigen delivery mechanisms have shown preponderance of both
Th1 and Th2 responses depending on the type of antigen and more importantly upon
the type of delivery system used. For example, Moore et al., (1995) induced strong
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CTL responses following vaccination of mice with a soluble recombinant HIV protein
by encapsulating the antigen in polymer microspheres [Moore et al. 1995] . Similar
responses were induced by delivery of ovalbumin releasing microspheres [Newman et
al. 1998]. More importantly, delivery of various antigens encapsulated in different
types of liposomes has resulted in the induction of diversity in immune responses.
These include a Thl dominant response following liposome encapsulation of various
allergens [Sehra et al. 1998], and a Th2 dominant response using Leishmania
antigens, characterized by poor DTH responses and predominant IgG1l antibody
responses that resulted in limited protection [Krishnan et al. 2000a]. In absence of
polarization and simultaneous induction of both Th1 and Th2 responses has also been
reported from different kinds of liposomes [Krishnan et al. 2000a, Babai et al. 1999].
Hence, the rational manipulation of delivery systems, in combination with variation of
other parameters such as dose, route of administration as well as use of adjuvants or
delivery systems is likely to result in significant improvement in the effectiveness of

many existing vaccines

Liposomes, also known for their potential and actual applications in targeted
drug and gene delivery, appear to satisfy many of these criteria and therefore have
potential for their future use in vaccine delivery [Gregoriadis 1990, Allison et al.
1974]. Delivery of antigens using liposomes may therefore be used to rationally
manipulate the type of immune response where liposomes may be tailored to obtain a
desired immune response [Owais et al. 2000]. Nevertheless, various other factors
including intrinsic properties of an antigen, booster doses etc. may play important role
during elicitation of immune responses. Therefore, a case-by-case basis in
combination with variations in dose, routes of administration and schedule of delivery
may be trialled. The structural versatility of liposomes, their ability to incorporate a
wide variety of antigens regardless of size and solubility and a favorable bio-
distribution profile have rendered the system an effective means for the
immunopotentiation and delivery of peptides and microbial vaccines alone or in
conjunction with other co-adjuvants such as cytokines. The promise of the system as a
vaccine carrier has recently been substantiated with the first liposome based vaccine
(against hepatitis A) (Epaxal-Berna) licensed for use in humans [Gltick 1994] and by
the encouraging results of phase | and phase Il clinical trials with a variety of other
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liposomal vaccines (e.g. trivalent influenza, hepatitis B, diphtheria, and tetanus toxoid

vaccines) [Gregoriadis 1990]
1.6 Liposomes as antigen delivery systems

Liposomes were originally introduced in 1965 as models of lipid bilayer
membrane [Bangham et al. 1968]. Since then, they have been widely applied as
models for studying effector phases of immune responses [Alving et al. 1983]. In
1974, liposomes were proposed as carriers of antigens to augment antibody responses
in vivo [Allison et al. 1974]. In recent years, use of liposomes as potential carriers for
vaccines has been extensively explored [Alving et al. 1987, Gregoriadis 1980, Alving
et al. 1991] and applications of liposomes in immunology, and particularly those
relating to vaccines, have demonstrated that liposomes may have considerable
practical utility as carriers of antigens. Besides antigen delivery, liposomes have also
been shown to serve as carriers of a variety of adjuvants and mediators, including

lipid A, muramyl dipeptide and its derivatives [Alving et al. 1991].

Among the various factors involved e.g. location of an antigen either on the
surface or encapsulated within liposomes, fluidity of the lipid bilayers, number of
lamellae (univescular and multilamellar), size and surface charge of liposomes have
proven most imperative in imparting variety in immune responses in vivo. These
issues have been reviewed extensively elsewhere [Latif et al. 1984, Alving et al. 1987,
Gregoriadis et al. 1980].

1.6.1 Suitability of liposomes as vaccine carriers

Many studies have demonstrated that liposomes can serve as effective vehicles
for inducing humoral immunity to a wide range of liposomal antigens [Alving et al.
1984, Gregoriadis 1990]. The most common reason for using liposomes has been to
convert a poorly immunogenic or even nonimmunogenic protein into a highly
immunogenic one. Some investigations have reported that for certain antigens or
under certain circumstances liposomes can be stronger adjuvants than CFA
[Gregoriadis et al. 1980]. Liposomes have also been shown to induce antibody having
conformational specificities. e.g. an unconjugated synthetic peptide containing 25
amino acid residues was encapsulated in liposomes containing lipid A, and the
liposomes were successfully used to produce MADbs that recognized widely separated
sequences of amino acid epitopes [Geysen et al. 1984]. It may be presumed from the
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study that this type of specificity was caused by the conformation of the peptide as it

interacted with the liposome bilayer.

As mentioned earlier, a considerable amount of in vitro research has
demonstrated that interaction of certain types of liposomes containing antigens with
APCs can result in the generation of antigen specific MHC-restricted CTLs, and the
similar results have also been obtained in vivo [Owais et al. 2001]. Furthermore
following immunization of mice with the liposomal-antigen formulation, CTL
response was induced that blocked the formation of tumor mass from Hantaan NP
transfected B16 melanoma cells in C57BL/6 mice and delayed the growth of pre-

inoculated melanoma cells [Chang et al. 2001].
1.6.2 Immunopotentiation effect of liposomes

Immunoadjuvant properties of liposomes have been exploited with a wide
range of antigens from bacteria, protozoa, viruses, tumors, spermatozoa, venoms and
many review articles are available with such discussions [Allison and Gregoriadis
1974, Gregoriadis 1995, Gregoriadis1990, Alving et al. 1991]. It is now widely
accepted that association of liposomes with the antigens either in the encapsulated
form or grafted within the bilayer rather than a non-interacting mixture is a general
prerequisite for adjuvanticity to occur [Therien et al. 1989]. Moreover, diversity in the
liposomal formulations has been found to impart difference in immunogenicity
[Gregoriadis 1990, Gregoriadis et al. 1994].

Nonetheless, it is likely that liposomal characteristics may have to be tailored
for individual antigen for their optimal function as an immunopotentiating agents e.g.
certain formulations of liposomes and antigen may enhance the proportion of
lgG2a/2b types of antibodies [Phillips 1992] while a different preparation of
liposomes have shown to induce predominantly IgGl [Agrewala et al. 1999].
Interestingly, the mechanism of liposome-induced AMI appears to be related to the
fate of liposomes in vivo. It is likely for instance, that antibody production is partly
promoted as a result of liposomes acting as a depot supplying antigens directly to the
APCs such as macrophages and DCs [Copland et al. 2003, Velinova et al. 1996,
Ignatius et al. 2000] at rates favoring its efficient processing by these cells that leads
to the efficient presentation of the antigens. Nevertheless, migration of liposome

partly to the local lymph nodes further assists in evoking strong immune responses.
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Besides, induction of cell-mediated immunity is another important feature of
liposomal adjuvanticity [Alving et al. 1991, Gregoriadis 1990]. Evidence to this effect
includes positive delayed-type hypersensitivity (DTH) reactions [Manesis et al. 1979],
lymphocyte proliferation assays [Gregoriadis et al. 1993] as well as induction of
cytotoxic T lymphocytes [Owais et al. 2001, Owais et al. 2000]. However, in these
studies it has been found that liposome induced CMI is unlikely to be the result of the
antigen-depot mechanism as demonstrated with other adjuvants including oil
emulsions and alum. A more plausible explanation for CMI is that antigen are
presented by liposomes in a hydrophobic microenvironment in a way similar to that
exhibited by antigen conjugated to a lipidic moiety. Such antigens induce DTH in
proportion to the hydrophobicity of lipid components [Dailey et al. 1977]. Events
leading to CMI by liposomes may also be favored by efficient vesicle localization in
the regional lymph nodes [Tumer et al. 1983]. Moreover, recent studies on liposomal
adjuvanticity at the subcellular level suggest that, following the localization of
vesicles in liposomes, degraded liposomal antigen is recycled to endosomes and
presented to T-cells in association with the MHC class 1l molecules [Harding et al.
1991, Harding et al. 1991]. It has also been demonstrated that liposomes engender
MHC class | processing of the entrapped antigen. Apparently, this can only occur by
employing vesicles composed of lipids that either render them unstable in the acidic
milieu of the endosomes [Reddy et al. 1992] or fuse with the plasma membrane of
APCs [Owais et al. 2000]. Such liposomes (pH-sensitive liposomes that fuse with the
endosomal membrane or yeast lipid liposomes fusing with the plasma membrane of
APCs) release their antigen in the cytosol of the APCs where the antigen is processed
and presented in context of MHC class | molecules [Reddy et al.1992, Owais et al.
2000]. However, the usefulness of pH-sensitive liposomes in this respect is limited to
in vitro systems only. It is feasible that DCs acquire some of the antigens in vivo to
retain it more efficiently than macrophages or, because of the increased density of
class | MHC molecules on their surface, cells may even require relatively less amount
of antigen for its efficient presentation [Nair et al.1992].1t has also been suggested
that a portion of the liposomal antigen gains access to DCs which are responsible for

promoting recognition in the specific CTL precursors [Reddy et al. 1992].
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1.6.3 Strategies for optimization of liposomal adjuvanticity

Approaches to further improve the immuno-adjuvant action of liposomes
include receptor-mediated targeting to macrophages [Gargon et al. 1988], use of a
variety of co-adjuvants, modification of the structural characteristics of vesicles
[Davis and Gregoriadis 1987] and the use of cytokines [Ho RJ et al. 1992, Abraham
and Shah 1991]. Importantly, liposomes can also been modified to target antigens to
the desired APCs such as macrophages and DCs. For instance, liposomes coated with
a mannose-terminating ligand promoted greater 1gG responses in mice against
entrapped tetanus toxoid than did ligand-free liposomes [Nair et al. 1992], presumably
because of improved targeting of vesicles to the macrophages which are known to
express mannose receptors on their surface. Recently, the effect of targeting strategies
for improving the interaction of liposomal PorA (a major antigen of Neisseria
meningitidis) with DCs was investigated [Arigita et al. 2003]. In this study, purified
PorA was reconstituted in different types of targeted liposomes i.e. by using mannose
or phosphatidylserine as targeting moieties and such targeted liposomes were found to
enhance maturation of and IL-12 production by murine DCs. Moreover, presentation
of encapsulated proteins in sterically stabilized liposomes to the human DCs have
demonstrated to initiate CD8" T-cell responses [Ignatius et al. 2000]. Administration
of antigens into the liposomes together with interleukin-2 (IL-2) has also proved to be
an effective way to augment immune responses to a variety of antigens. These include
tetanus toxoid [Gursel and Gregoriadis 1995] and HSV-recombinant glycoprotein D
[Ho et al. 1992] vaccines.

1.7 Fusogenic liposomes derived from microbial lipids

Since the inception of the concept of using liposomes as antigen carriers,
numerous attempts have been made to develop liposome based particulate delivery
systems. Among various strategies employed to improve liposome mediated antigen
delivery, however, the fusogenic-liposome based vaccines remained more convincing
approach to deliver antigens to the proteasome machinery through membrane-
membrane fusion with the phagolysosome membrane of the target cells [Owais et al.
2000, Straubinger et al.1985], that eventually leads to MHC class | mediated
presentation of the antigen ensuing specific CTLs generation. One method for

imparting fusogenicity to liposomes is to incorporate charged phospholipids in their
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preparation; thereby positively charged liposomes are capable of delivering
encapsulated soluble antigens to the cytosol for class | MHC presentation unlike
neutral lipid liposomes [Nakanishi et al. 1997]. Moreover, apart from intrinsic
fusogenic property of the lipids, various glycoproteins such as hemagglutinin (HA) of
influenza virus and fusion protein (F-protein) from Sendai virus, which are
responsible for the entry of virus into the host cells, have also been used for imparting

fusogenicity to the conventional liposomes [Kunisawa et al. 2001]

Recently, it has been demonstrated that liposomes made up of polar lipids
extracted from Saccharomyces cerevisiae undergo membrane-membrane fusion with
the APCs to elicit antigen specific CTL response [Owais et al. 2000, Owais et al.
2001]. Some other groups have also reported the fusogenicity of total polar lipids
unique to Archaea to prepare archaeosomes that can deliver entrapped solutes to the
cytosol of the target cells. This eventually led to the elicitation of antigen specific
Th1/Th2 cytokine as well as CD8" CTL response against entrapped soluble antigens
[Krishnan et al. 2000a, 2000b, Sprott et al. 2003, and Sprott et al. 1997]. Various
strategies that have been used microorganisms to impart fusogenicity to the antigen

delivery vehicles are as follows
1.7.1 Virosomes

The interest to analyze the adjuvant effect of liposomes on one hand, and
curiosity to know morphological and immunological aspects of influenza virus, on the
other, led to the creation of the first so-called virosomes [Gursel and Gregoriadis
1995]. The name itself reflects the structural similarities between the viral liposomes
and the actual influenza virus particles. The fusion potential of influenza virosome is
based on the major viral envelop glycoprotein hemagglutinin (HA) and neuraminidase
(NA) in which HA acts as a targeting device as it binds to sialic acid residues present
on APCs and directs a passage for viral entry into the host cells [Skehel et al. 2000,
Matlin et al. 1981]. After endocytic uptake, the acidic environment in the endosome
induces a conformational change in the HA component of the virosomes that leads to
the fusion of the virosomes with the endocytic membrane. Keeping in view the
significance of HA conformation in the fusion mechanism, the protocols for influenza
virosome preparation have been modified to conserve the properties of HA [Stegmann

et al. 1987]. The virosomes thus produced retain the receptor binding and membrane
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fusion activity of the native virus, by preserving the conformational integrity of the
viral HA. These functionally reconstituted influenza virosomes have the capacity to
deliver encapsulated macromolecules to the cytosol of the target cells, also capable to
behave as an adjuvent [Bron et al. 1994, Watts et al. 1997]. The detailed in vitro
studies suggests that virosomes efficiently deliver their entrapped material to DCs for

MHC class | and class Il presentation [Bungener et al. 2002].

Further studies demonstrated that Sendai virosomes may potentially induce
CTL response even better than complete Freund’s adjuvant (CFA) [Nakanishi et al.
2000] in conjunction to MHC class 1l response for enhanced antibody production
[Hayashi et al. 1999]. Moreover, in a recent study nasal administration of model
antigen (OVA) using fusion glycoproteins of Sendai virus on the surface of liposome
membranes efficiently delivered antigen to antigen-sampling macrophages in
nasopharyngeal-associated lymphoreticular tissue and elicited strong immunological
responses as well [Kunisawa et al. 2001]. In this study, such liposomes efficiently
delivered the antigen into epithelial cells and macrophages in nasopharyngeal-
associated lymphoreticular tissue and nasal passages. Additionally, these vesicles also
facilitated an adjuvant activity against mucosal epithelial cells to enhance MHC class
Il expression as demonstrated by induction of OVA-specific CD4" Th1 and Th2 cell
responses. Furthermore, antigen-specific CTL and humoral response were also
elicited at both mucosal and systemic sites by nasal immunization with these OVA-
encapsulated fusogenic liposomes [Kunisawa et al. 2001]. However in another study,
primary human B and T lymphocytes (CD4" or CD8") and the human B cell line were
not permissive to this kind of fusogenic liposome-mediated delivery [Watabe et al.
1999].

1.7.2 Archaeosomes

Liposomes prepared from polar archaebacterial glycerolipids (archaeosomes)
have been shown to induce strong adjuvant action in mammals. Membranes of
archaebacteria are reported to contain lipids that are chemically distinct from that of
eukaryotic or other prokaryotic organisms. The saturated, branched C-20, C-25 and C-
40 phytanyl chains form liposomes with unique properties in context to physical and
chemical stability and uptake by APCs [Patel and Sprott 1999] and it was speculated

that such properties of lipids are the possible factor for observed adjuvanticity to
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occur [Sprott et al. 2004]. Immune responses comparable to immunization with CFA
and superior to conventional liposomes have been reported after immunization with
archaeosomes [Krishnan et al. 2000a, Conlan et al. 2001]. Authors have shown the
potential of liposomes composed of archaebacterial lipids of various archaebacteria in
evoking CTL as well as antibody responses to their entrapped antigens [Krishnan et
al. 2000b, Krishnan et al. 2001, and Krishnan et al. 2003]. In these studies, ether
glycerolipids extracted from various archaebacteria were formulated into liposomes
and mice of varying genetic backgrounds, immunized via various parenteral routes
with archaeosomes containing BSA demonstrated markedly enhanced serum anti-
BSA antibody titers. These titers were often comparable to those achieved with CFA
and considerably more than those with alum or conventional liposomes (PC/PG/chol,
1.8:0.2:1.5 molar ratio). Furthermore, antigen-specific 19G1, 1gG2a, and 1gG2b
isotype antibodies were all induced. Apart from BSA, encapsulation of OVA or hen
egg lysozyme within archaeosomes showed similar immune responses [Krishnan et al.
2000b]. Moreover, antigen-archaeosome immunizations induced strong cell-mediated
immune response as evident from antigen-dependent proliferation and substantial
production of both Thl (IFN-) as well as Th2 (IL-4) cytokine responses. In contrast,
conventional liposomes induced little cell-mediated immunity, whereas alum
stimulated IL-4 response only. Further, in contrast to alum and CFA, archaeosomes
composed of Thermoplasma acidophilum lipids evoked memory antibody responses
to the encapsulated antigen as observed at ~300 days after two initial immunizations
(days 0 and 14). The observed response was shown to be correlated with increased
antigen-specific cell cycling of CD4" T cells as revealed by flow cytometry. In further
studies, a comparison between liposomes prepared from the lipids extracted from
archaebacteria Haloferax volcanii, Planococcus sp. and a eubacterium Bacillus firmus
was made on their ability to influence immune system to evoke effective immune
responses [Sprott et al. 2004]. It was hypothesized that occurrence of isoprenoid
neutral lipids was the possible factor for the adjuvanticity of B. firmus crude lipid-
SDS micelles. On the other hand, due to similarities of lipid head groups
(predominantly PG lipids, sulfoglycolipids and cardiolipin) between H. volcanii and
Planococcus spp., either kind of vesicles delivered their encapsulated antigens in vivo
to both MHC class | and class Il compartments of APCs. Interestingly, out of these

three liposome formulations, archaeosomes promoted a greater memory recall
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antibody responses in immunized mice that were found to be highly significant as
compared to Planococcus liposomes. Surprisingly, CTL response generated by
Planococcus liposomes were of short term, while liposomes made up of lipids from
H. volcanii consisting of almost same lipid composition, elicited stronger CTL
response. Moreover, Planococcus liposomes led to the activation of DCs to secrete
inflammatory cytokines (IL-12 and IL-6) that may be the possible reason for observed
short-term CTL responses [Dudani et al. 2002]. In other set of experiments, liposomes
made up of archaeal lipids from M. smithi enhanced costimulation on DCs to facilitate
T-cell activation [Krishnan et al. 2001]. However, the response was independent of
IL-12 production [Krishnan et al. 2003], which supports the adjuvant activity of
archeal lipid liposomes by providing both signals required to activate T-cells: efficient
antigen delivery as well as co-stimulation [Krishnan et al. 2001]. Furthermore,
archaeosome-entrapped listeria antigen elicited rapid and prolonged specific
immunity against L. monocytogenes in the mice model [Conlan et al. 2001]. In this
regard, superiority of tested archaeosomes to conventional liposomes (made up of
PC/PG/chol) further emphasizes significant contribution of unique features of
archaeosomes in antigen delivery.
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Figure 1.1 Structure of glycolipids produced by few species of archaebacteria.

In the context of the lipid vesicles, possible routes of their entry into the cell

include either direct fusion with the plasma membrane or phagocytosis by APCs
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[Owais et al. 2000]. Alternatively, some other routes like endocytosis mediated by
mannose receptor, FCRs, and those recognizing apoptotic cells, like PS-specific
receptors, may be responsible for their uptake [Somersan et al.2001, Li MO et al.
2003]. Inspite of several reports available on archaeosome mediated antigen delivery,
no intercession has been developed towards the fusogenicity of these liposomes.
Information deciphering the exact mechanism of archaeosome uptake by APCs was
behind the screen until recently; an article demonstrating role of PS in uptake of such
liposomes by APCs suggests that the whole process is dependent on
phosphatidylserine receptor present on macrophages and DCs [Gurnani et al. 2004].
Archaeosomes from M. smithii have been fully characterized and found to comprise of
30 mol% of the archaetidyl, which is equivalent of PS [Sprott et al. 1997]. These types
of liposomes are striking in forming archaeosomes with surface-exposed PS head
groups [Sprott et al. 2003].

MALDI-TOF/MS ion peaks of archeal lipids of purple membrane

Monoisptopic Mass[M-HT

Lipid Species Molecular Formula Theoretical Experimental
BPG CaoH15204:P; 1520.3 1520.5

PG CysHasOP 805.7 805.9

PGS CyeHgs044PS 885.6 886.0
PGP-Me CyzHgg0441P; 899.7 900.0
5-TGD-1 CsiH1150:45 1217.8 1218.1
S-TGD-1-PA [GlyC) CioaH20:02:PS 1932.4 1932.8
BPG bisphsphatidyl glycerol

GlyC glycocardiolipin

PG phosphatidyl glycerol

PGP-Me phosphatidyl glycerolphosphate methyl ester

PGS phosphatidyl glycerosulfate

PM purple membrane

S-TGD-1 [(3-sulfo) GalpPpl-6Manpa-12Glcal-1-1[sn-2,3-di-O-phytanylglycerol]

S-TGD-1-PA  (3-sulfo) Galppl-6Manpa-12Glcal-1-1[sn-2, 3-di-O-phytanylglycerol]-6-
[phosphor-sn-2,3-di-O-phytanylglycerol

Tablel. Showing different lipids present in H. salinarum. Adapted from Angelini et
al. 2010
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Hence, antigen presentation results corroborate PS-specific recognition as
triggering archaeosome entry into the phagosomal compartment, leading to antigen
delivery for MHC class | [Gurnani et al. 2004]. Some of the gylolipids produced
archaebacteria are shown in figure 1. Purple membrane of the H. salinarum produces
various various lipids detailed in table 1. However in the genus Halobacterium |,
sulfated triglycosyl archaeol (3'-sulfo)Gal-pp1-6Man-pal-2Glc-pal-1-[sn-2,3-di-O-
phytanylglycerol] (S-TGD-1) is the major glycolipid (Kates and Deroo 1973 ); further
the sulfated tetraglycosyl archaeol (3 '-sulfo)Gal-pp1-6Man-pa 3- 1Gal f al-2Glc-p
al-1-[ sn -2,3-di- O -phytanylglycerol] (S-TeGD) has also been reported ( Smallbone
aed Kates 1981). S-TGD-1 is the main glycolipid of the purple membrane, while S-
TeGD is present in minor amount very likely as a contaminant. The composition of
purple archaeal membrane is detailed in table 1 [Angelini et al. 2010].

1.7.3 Yeast lipid liposomes

An interesting correlation between the plasma membrane lipid composition of
the living organisms and their generation time can be made. For example, bacteria
such as Escherichia coli, Bacillus megaterium and Bacillus subtilis have
preponderance of anionic lipids viz. PG and DPG (in combination of PE) in their
plasma membranes and have very short generation time of the order of 20-25 minutes
[Rattray et al. 1988, Jain et al. 1980]. On the other hand, membranes of relatively
more evolved Saccharomyces cerevisiae or Candida albicans have greater variety of
phospholipids with lower percentage of anionic lipids (e.g. PG, PI, PS, DPG) and the
organisms have a generation time of approximately two hours. Since both the classes
of organisms multiply by binary fission, it can be presumed that the presence of
anionic lipids facilitates the fusion of the membranes essential for high duplication
rates [Owais et al. 2000]. The eukaryotic plasma membrane lipid composition is
different from that of lower organisms and earlier work revealed the composition and
distribution of phospholipids in eukaryotic cells [Kumar and Gupta 1989]. They
contain all classes of phospholipids, distributed in a set fashion in the two leaflets of
the bilayer. The amino-phospholipids are mainly confined to the inner leaflet and play

a major role in exocytosis, which involves membrane-membrane fusion.

In further extension of the work, it was demonstrated that yeast lipid

liposomes deliver entrapped model antigen (OVA) to the cytosol of the APCs for
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eliciting effective CTL responses whereas OVA encapsulated in conventional egg
PCl/chol liposomes or its emulsion with IFA failed to induce that levels of immune
responses [Owais et al. 2001]. While, the conventional liposomes predominantly
polarize immune response biased towards Th-2 type, as evident from the enhanced
secretion of IL-4 and IgG1 isotype of antibody [Agrewala et al. 1996], fusogenic
liposomes made up of yeast lipids were found to evoke a mixed (Th-1 & Th-2) type of
responses with Th-1 type somewhat predominates with the multiple doses of
immunization [Owais et al. 2001]. A higher degree of humoral response was also
observed after immunization with yeast lipid liposome containing antigen. This
interesting difference in the elicitation of immune responses using various lipid
vesicles is of immunological significance and is attributed to the fusogenic property of
the lipids. The membrane lipid composition of yeast exhibits a great majority of
anionic phospholipids (PC 48.1; PE 23.1%; Pl 16.1%; PS 6.0%; PG 3.9%; and
cardiolipin 1.6%) that play pivotal role in membrane-membrane fusion. Like yeast,
Bacillus subtilis contains majority of anionic lipids in their plasma membrane (mainly
PG & PE) and have a short generation period [Rattray et al. 1988]. Recently,
membrane lipids from B. subtilis were extracted to demonstrate their fusogenic
potential [Deeba et al. 2005] that were found to posses greater fusogenicity than
erythrocyte vesicles (RSO and ISO) or conventional egg PC/chol vesicles as revealed
by conventional fusion assays. Moreover, to reconfirm that such vesicles interact via
membrane-membrane fusion as a major mode of interaction with the target cells (J774
A.1 cells), the toxic effect of ‘ricin A’ was observed by incubating J774 A1l cells with
‘ricin A’ loaded vesicles. It was shown that effect of ‘ricin A’ is more remarkable in
case of subtilosomes followed by ISO and RSO erythrocyte vesicles [Deeba et al.
2005] Therefore, both yeast lipid liposomes as well as subtilosomes (liposomes made
up of Bacillus subtilis lipids) offer a novel approach to deliver the entrapped antigen
into the cytosol of the APCs.

Apart from these fusogenic liposomes used as antigen delivery vehicles, few
reports are available on fusogenic vesicles that belong to other classes of vesicle
family (e.g. niosomes, transferosomes, proteosomes etc.). Niosomes are small
unilamellar vesicles made from non-ionic surfactants. Hence, they are also called non-
ionic surfactant vesicles (NISV) [Brewer and Alexander 1994] or Novasomes [Gupta

et al. 1996]. Transferosomes are ‘ultra deformable’ liposomes with enhanced skin
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penetrating properties. These vesicles consist of PC/cholate (9:2 molar ratio). Studies
with model antigen have shown that transfersomes have an upper hand than
conventional liposomes when administered epicutaneously [Paul et al. 1995].
Figurel.2 illustrate different delivery systems presently used to deliver various drugs

and antigens in various studies.

Figure 1.2. Structure of various drug/antigen delivery systems (A) Liposomes (B)
Nanospheres (C) Nanocapsules (D) Micelles (E) Cyclodextrins (F) Cochleates (G)
Niosomes (H) Microspheres

Cochleates are another exception in the liposome group because they are non-
vesicular bilayer sheets consisting of PE/PS/chol. Calcium ions are added which
intercalate with the bilayers. This results in a rolled up bilayer sheet without internal
volume. Proteosomes are also considered as outsiders in the liposome group as they
are comprised of protein mainly. These vesicles are of bacterial origin (outer
membrane) and are prepared by solubilization of bacterial membranes, followed by
ammonium sulphate precipitation and dialysis against detergent containing buffer

[Lowell et al. 1988]. Electron micrographs revealed that these vesicles have a size of
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about 100 nm, but the protein: lipid ratio is higher than can be achieved with purified
protein incorporated in liposomes. Proteins and peptides are non-covalently
complexed to the proteosomes, making them highly immunogenic [Lowell et al.
1997]. Moreover, fusogenic liposomes have been prepared from artificial lipid
membranes consisting of synthetic arenavirus ‘fusion peptide’ [Glushakova et al.
1992]. In addition, it has been demonstrated that non-phospholipid liposomes
composed primarily of dioxyethylene acyl ether and cholesterol have capacity to fuse
with membranes composed primarily of phospholipids [El Baraka et al. 1996].
Structures of some delivery systems, which are being used by various workers, are

illustrated into figure 2.
1.8  Sphaeroplasts

Various studies have been performed using sphaeroplast (bacterial cell with
peeled cell wall), to understand the membrane behavior and its structure [Weiss and
Fraser 1973]. Here we want to elucidate the immunological response of sphaeroplast
and establish their candidature as vaccine against intracellular pathogen L.
monocytogenes; as heat killed and irradiated preparations exhibit loss in antigenecity
which reduces their efficiency as a vaccine candidate [Miller et al. 1998, Xiong et al.
1998]. Although live cells produces better immunity and protection, but there is
chance of their revival which may be detrimental to host. Sphaeroplasts possess
several advantages over other methods in having exposed membrane; lack of some
virulent surface proteins that helps in reducing pathogenicity; maintaining antigens in
their natural state, exhibiting fusogenicity which make their interaction with APCs
very rapid. Conclusively we can say the sphaeroplasts are depot of antigens with

decreased pathogenecity and increased fusogenecity.
1.9  Vaccines against Intracellular pathogens

Immunity to different infectious diseases requires distinct types of immune
reactions, which have to be evoked by differently, designed vaccines. However it is
well established that an effective vaccine against intracellular pathogen is the one that
is capable of activating apart from humoral immune response a strong cellular
immune response. Despite the fact that neutralization of infectivity of challenge is
crititical role for specific antibody, some infectious agent escapes neutralization and

replicate in the host cells. However, considerable numbers of literatures have well
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documented the role of antibody in clearance of intracellular infection [Plotkin et al.
1997]. Interestingly several workers have shown the persistence of infection in
presence of high titre of antibodies [Ramphal et al. 1979]. Thus the role of antibody
alone in completely preventing the intracellular infection cannot be advocated. The
importance of cell mediated immune response against intracellular infection is well
supported by the fact that animals deficient in genes for IFN-y or IL-12 or
functionally depleted CD8" T cells have all been shown to be increasingly susceptible
to the infection with accelerated mortality [Hienzel et al. 1993]. Some of the strategies

for vaccine against intracellular pathogens are discussed below.
1.9.1 Anti-Listerial Vaccines
1.9.1.1 Killed or Inactivated Vaccines

Use of chemical (e.g. formalin, ether or beta-propiolactone) or physical (e.g.
heat, ultraviolet or y-irradiation) means to kill or inactivate bacteria has proven to be a
highly effective approach for vaccine development. This approach has contributed
greatly to the control of several important human bacterial infections (e.g. typhoid
fever, cholera, plague, lyme disease and pertussis). Preparation of killed or inactivated
vaccines is straightforward, often involving some well-defined and scientific
manufacturing processes. It appears that L. monocytogenes bacteria contain some key
antigenic components that are prone to disruption by chemical or physical treatments,
as attempts to use heat- or formalin-killed L. monocytogenes for protection against
listerial challenge have met little success. These preparations generally confer
minimal immunity in experimental animal models [Miller et al. 1996, Xiong et al.
1998, Rolph et al. 2001, Lauvau et al. 2001] Furthermore intraperitoneal injection of
heat killed L. monocytogenes (HKLM) together with IL-12 induces vigorous L.
monocytogenes-specific Thl- type T cell responses and cytokine profiles in mice,
affording long-lasting protection against lethal dose of L. monocytogenes [Miller et al.
1996, Miller et al. 1998]. However, the inactivation procedures may sometimes lead
to destruction of certain antigenic structures that are vital for initiation of protective
immunity. Occasionally, some improperly dispersed bacteria may be incompletely
inactivated, which may result in clinical complications or disease transmission. As the
killed or inactivated vaccines do not replicate inside host, they often require multiple

injections of relatively high doses to be effective.
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1.9.1.2 Live Attenuated Vaccines

Bacteria undergoing biological (e.g. repeated in vitro cultures or passages
through non-natural hosts) and other treatments may display weakened (or attenuated)
or no pathogenic potential, but are able to mimic the natural infection and retain the
desired immunogenicity. The resultant live attenuated bacteria are thus useful as
vaccines against related bacterial infections. This is exemplified by attenuated
Mycobacterium bovis Bacillus Calmette-Guerin (i.e. BCG) and Salmonella typhi
TY?21a, which have provided excellent protection against human tuberculosis and
typhoid fever. One of the live attenuated L. monocytogenes (ATCC 15313) has been
assessed in the early studies for vaccination purpose. Originated from an infected
rabbit, ATCC 15313 was initially hemolytic, but it became nonhemolytic and
avirulent after successive laboratory subculturing. This occurred due to a mutation in
its hly gene leading to a truncated LLO protein. Given the importance of LLO in
eliciting protective immunity against listeriosis, immunization of mice with
nonhemolytic ATCC 15313 does not confer protection. However, a combination of
LLO-non-producing ATCC 15313 and liposome encapsulated LLO elicits protective
T cells against subsequent L. monocytogenes challenge [Tanabe et al. 1989]. On the
other hand, attenuation of L. monocytogenes LO28 and EGD strains by removing PI-
PLC (plcA), ActA (actA) and/or PC-PLC (plcB) genes via genetic recombinations
results in mutants that have extremely low virulence. Immunization of mice with the
AplcA, AactA and AactAAplcB mutant strains activate effector memory CD8 T cells,
which form the basis for long-lasting protective immunity against L. monocytogenes
challenge infection [Rudnick et al. 1997, Darji et al. 2003, Peters et al. 2003]. Since
serotype 4a strains are rarely associated with clinical cases of listeriosis [Doumith et
al. 2004], they have the potential to be exploited as a safe anti-listerial vaccine.
Indeed, the capacity of naturally avirulent serotype 4a strains (e.g. ATCC 19114, L99
and HCC23) to stimulate strong protective immunity (of both short- and long-termed
nature) against L. monocytogenes challenge has been demonstrated [Kaufmann et al.
1984, Chakraborty et al. 1994]. On the other hand, live attenuated L. monocytogenes
strains harbour virtually the same gene set as wild-type strains (minus one or two
genetically altered gene targets) and may behave like wild-type strains in inducing
some heightened and undesirable host immune responses (e.g. excessive IFN-y and

TNF-a production). Since live attenuated vaccines usually maintain some self-
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limiting capacity to infect and replicate in the hosts, they demonstrate negligible
pathogenicity and yet are highly effective immunogenically, providing durable
immunity against respective infections at relative low doses without the need of

adjuvants.
1.9.1.3 Subcellular and DNA Vaccines

A sound approach for vaccine development is the use of the subcellular
bacterial vaccines against diphtheria/tetanus/ pertussis (accellular), Hemophilus
influenza b, Streptococcus pneumoniae and meningococci. The 58-kDa LLO is a
well-characterized protective protein in L. monocytogenes that is required for the
development of specific immunity and many innovative designs incorporating this
protein to enhance vaccine potency have been put forward. Using specifically
designed plasmid DNA constructs encoding recombinant forms of LLO, peptide
specific CD8+ immune T cells exhibiting in vitro cytotoxic activity are activated in
immunized mice. More importantly, such immunization confers protective immunity
in mice against a subsequent L. monocytogenes challenge [Cornell et al. 1999].
Intramuscular injection of IFN-y knockout BALB/c mice with plasmid DNA
constructs encoding recombinant forms of the L. monocytogenes LLO (ie, containing
the key immunity-stimulating LLO peptides GYKDGNEY!| at positions 91-99) results
in protective immune CTL response against listeriosis. This offers an alternative
vaccine strategy for host population groups whose immune status is compromised
[Barry et al. 2003]. Injection with LLO 91-99-coated dendritic cells (DCs) protects
mice against high dose challenge with virulent L. monocytogenes [Hamilton et al.
2002]. Mice immunized with an LLO 215-226 plasmid evolve specific interferon- and
IL-2- producing Th1l cells and also develop significant protective immunity against L.
monocytogenes [Nagata et al. 2002]. On the other hand, while immunization with a
recombinant soluble form of ActA induces specific T cell response against ActA, and
adoptive transfer of anti-ActA cytotoxic CD8+ T cells does not confer protection to

mice against L. monocytogenes challenge [Darji et al. 1998].

-29-



1.9.2 Vaccines against M. tuberculosis
1.9.2.1 BCG vaccine

Bacille Calmette—Guerin (BCG) is the only one reliable, oldest and most
commonly administered vaccine worldwide. The current vaccine was originally
developed by Calmette and Gue’rin, who passaged a strain of M. bovis 230 times in
vitro from 1908 to 1921. The resulting vaccine was presumed with a balance between
reduced virulence and preserved immunogenicity. Thereafter the vaccine was
distributed to different laboratories worldwide where further repeated subculture of
BCG led to the emergence of phenotypically different vaccine strains. BCG appears
to be effective at preventing disease in newborns and toddlers, but failed at pulmonary
tuberculosis in adults [Andersen et al. 2005]. Recent data indicate that a large number
of mutations have taken place during the long in vitro propagation of this strain. It is
known that these mutations have resulted in the deletion of many open reading frames
(ORFs; 16 deletions encoding 129 ORFs reported so far), encoding several important
T-cell antigens such as the immunodominant molecules ESAT-6 (early secretory
antigenic target of 6 kDa) and CFP10 [Behr et al.1999, Gordon et al. 1999, Skjot et al.
2000]. Major BCG vaccine strains in use today differ even further from the original
BCG strain and from each other, with “stronger” strains (Pasteur 1173 P2, Danish
1331) being more reactogenic and, presumably, more immunogenic, than “weaker”
strains (Glaxo 1077, Tokyo 172) [Brewer et al.1995]. In addition, BCG vaccination
may only provide protection against primary infection and be of little help in already
infected individuals or in cases of reactivation TB [Smith et al. 2004, Young et al.
1995]. Nevertheless, BCG has failed to control the increase of new TB cases
worldwide. Deletion of ORFs causes loss of prominent antigens, results into loss of
immunogenicity, hence the prophylactic activity of BCG is also reduced (Behr et al.
1999). There is, therefore, an urgent need to develop better TB vaccines as an

alternative or a complement to BCG [Nor et al. 2004].
1.9.2.2 Recombinant BCG

Although BCG is ineffective in adult’s tuberculosis, but it is the only reliable
vaccine used worldwide. The immunogenic and prophylactic response can be
enhanced by making recombinant BCG, various efforts have been made towards this

aspect. Most of the recombinants are based upon BCG as the “vector”, and more than
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25 have been tested. Earlier mammalian cytokines were expressed into BCG [Murray
et al. 1996], over expression of HspX protein was proved very effective against Mth
[Chunwei et al. 2010], some workers are also using attenuated mycobacterial such as
auxotrophic Mtb strains [Collin et al. 2000, Gulleria et al. 1996], or less virulent
mycobacteria such as M. microti, M. vaccae or M. smegmatis that overproduce
immunogenic antigen of M.tb [McMurray et al. 2000, Orme et al. 1999], but this has
the effect of increasing the immunogenicity of the bacillus, resulting in its rapid
clearance and subsequent less protection. In general most rBCG vaccines work well
[i.e. the genetic insertion does not seem to damage them], but very few have gone
through the long term assays needed to determine if they are improved. A BCG::RD1
recombinant, in which the RD1 genomic segment of the M. tb genome has been
reintroduced, resulting in the expression of ESAT-6 and Ag85A proteins. BCG::RD1
shows increased persistence and improved protection against challenge with virulent
M. tb in animal models, as compared with standard BCG.Amongst those under test is
a rBCG expressing listeriolysin [Hess et al. 1998], the idea being this will
enhanceMHC class | presentation, hence improved CD8 T cell recognition, and BCG
vaccines overexpressing Ag85A and Ag85B [McShane et al. 2005]. Another
improved BCG, rBCG: AureC-Hly, with LLO [Hess et al. 1998] and its urease gene
was deleted in order to prevent neutralization of the acidic pH in phagosomes.As yet
we have not observed any results to indicate new rBCG vaccines have any major
advantage over the existing BCG vaccine, but of course these are early days. A bigger
issue, which may doom such live vaccines in general, is the potential for inhibition by
prior sensitization with environmental mycobacteria [Brandt et al. 2002], which may
negate any positive effects of improved BCG vaccines. In future some rBCG can be

proved to be better immunogenic and prophylactic option than BCG.
1.9.2.3 Boosting BCG with subunit antigens.

Loss of antigen from BCG compel us to use T cell antigens, in this
consequence now people use BCG for vaccination in combination with various T cell
antigens (MVVA85A, Mth72F) of M. tuberculosis [Brandt et al. 2004, McShane et al.
2005]. The fusion protein construct Mtb72F was identified as protective in mice, and
extended survival of guinea pigs to an extent similar to that of BCG [about 1 year]

[Skeiky et al. 2004]. When used in a prime/boost format a combination of BCG and
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Mtb72F gave outstanding results, with survival doubled to over 2 years [Brandt et al.
2004]. In the surviving animals the bacterial load was <1000, and histological
examination of lesions showed them to be few, small, and dominated by mononuclear

cells with no necrosis.
1.9.2.4 Subunit VVaccines

Various recombinant and purified proteins have been used as sub-unit
vaccines to prove their ability for raising host resistance against mycobacterial
infection. The majority of proteins used as candidate subunit vaccine are generally
derived from the culture filtrate of M. tuberculosis; these proteins were the key
protective antigens during the early stages of the infection, tested in the mid-1980’s
[Orme et al. 1993, Orme et al. 1986]. Approximately 200 proteins present in CFP, and
this protein profile is variable depending upon when the culture is harvested; early
versus mid-log phase [Covert et al. 2001]. Amongst these are several major proteins,
including the Ag85 [mycolyl transferase] family, MPT32, MPT51, MPT64, GroES,
ESAT-6, DnaK, and GInA. Of these, Ag85 and ESAT facilitate strong protection
[Anderson et al. 2001]. CFP as a partial or complete pool delivered with appropriate
adjuvant consistently gives promising results in the short term assays, reducing the
bacterial load in the lungs of mice after aerosol challenge to a degree that can often
approach the BCG control. Protein mixtures/cocktails, especially if they include Ag85
or ESAT, also give good results. Results using individual proteins have been
inconsistent, although only a relatively few have been comprehensively tested to date.
It has shown that vaccination with CFP alongwith IL-2 as a supplement although does
not reduce the bacterial burden at initial infection, but it increases the survival rate
compared to untreated controls. This increased survival could be because of bacterial
load contained by lymphocytic granulomatous response [Baldwin et al. 1998].
MVABS5A have been proved very effective and this is the first candidate subunit

vaccine against M. tb in clinical trial.
1.9.2.4 DNA vaccines

DNA vaccines are those encoding native proteins, and active fusion
polyproteins [Mtb72F]. Overall, DNA vaccine development has been a productive
area in the field, with multiple vaccines showing protection in mouse models [Huygen

et al. 2003]. DNA vaccines work very well in prime/boost scenarios [Kirman et al.
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2003], can be delivered in multiple ways [Goonetilleke et al. 2003], and can be co-
delivered with genes encoding cytokines [Kamath et al. 1999]. There is only one
drawback but unfortunately it is major, in that DNA vaccines seem to date to work

very poorly in humans.
1.9.2.5 Therapeutic vaccines

The most potent therapeutic effect seen to date was demonstrated in mice
using a DNA vaccine based upon the hsp60 heat shock molecule of M. leprae [Lawrie
et al. 1999]. We requested a sample of this vaccine as a positive control but
unfortunately were unable to repeat this in the aerosol inhalation infection model
[Taylor et al. 2003] and instead observed severe lung necrosis that killed a portion of
the animals. A subsequent study revealed a substantial accumulation of CD4 and CD8
cells staining positively for TNF-a, and CD8 cells positive for granzyme, in mice
immunized therapeutically with this DNA vaccine but not with the vector. In addition,
very high levels of IL-10 were produced in the lungs of these animals, probably as a
host response to attempt to dampen the intense inflammation. To date, we have not
seen therapeutic effects in the mouse model [Turner et al. 2000], and the risk in this
model of developing “Koch” reactivity appears to be high [Taylor et al. 2003,
Repique et al. 2002]. If anything, one might suspect this risk to be even higher in the
more sensitive/ susceptible guinea pig model vaccinated with potent immunogens, but
in fact we are starting to see promising effects with the Mtb72F polyprotein
inoculated in ASO2 adjuvant. In a preliminary study administration of Mtb72F 60
days after aerosol infection of guinea pigs, at a time when necrosis of the lung lesions
is starting to become widespread [Turner et al. 2003], did not appreciably alter the
bacterial load. More importantly, however, the lung pathology observed at day 120
showed considerable evidence of improvement, with smaller, more lymphocytic lung
lesions and no evidence of necrosis. These data suggest that therapeutic effects can be
potentially observed, that pathologic effects are more likely to be of importance as
opposed to a major change in bacterial load, and that the effects are not likely to be
rapid but need time to develop. This is important information for future therapeutic

screening protocol design.
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Figure 1.3  Schematic representation of proposed mechanism of action of

archaeosomes as vaccine adjuvant.
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