
Introduction

Vaccination is one of the most successful
and cost-effective methods for the control of
infectious diseases that have afflicted
humankind throughout history. It is currently
an exciting era in vaccination, as there has been
a significant reduction in major childhood dis-
eases such as measles, diphtheria, and pertus-

sis in most industrialized countries through the
successful implementation of routine vaccina-
tion programs. In addition, although many
developing countries now have ongoing vacci-
nation programs for some of these diseases,
further progress is required to achieve the goal
of disease eradication in these countries.

One of the key highlights in the history of
vaccination was the official announcement of
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the eradication of smallpox in 1980, with the
last case of naturally acquired smallpox
occurring in Somalia in 1977. This success
can be attributed to several favorable key fac-
tors including the availability of a heat-stable
vaccine, which protected with a single dose.
The World Health Organisation (WHO) is
now focusing on other diseases such as polio
and measles. For example, the WHO Global
Polio Eradication Initiative’s strategic plan is
to certify global eradication of poliomyelitis
by the end of 2008 (1). The success of imple-
menting vaccines and possible eradication
programs is influenced by many factors such
as public education, compliance, vaccine dis-
tribution, and training of health care worker.
However, the availability of a safe, stable,
efficacious vaccine is crucial.

Traditional vaccines have been based on a
whole organism, which has been either atten-
uated (such as the Sabin oral polio and MMR
[measles, mumps, and rubella] vaccines) or
inactivated (killed) such as the Salk polio and
influenza vaccines. The advantages of inacti-
vated vaccines is that the risk of infection is
low and the antigens are presented in a near-
natural conformation. However, owing to the
inability of the organism to replicate, high
amounts of the organism and boosters must be
administered (for example, the Salk polio vac-
cine). In contrast attenuated vaccines may be
administered at lower doses (for example,
Sabin oral polio and MMR vaccine); however,
attenuated vaccines may revert (rarely) to their
virulent form and cause disease. The rapid
advancements in molecular biology, genomics,
and proteomics has led to the development of
new types of vaccines which overcome the
drawbacks of these traditional vaccines.

Recombinant vaccines are those in which
genes that encode the desired antigens are
expressed either by a vector (e.g., virus) and
used as a vaccine, or the protein product is
purified and subsequently used as a subunit

vaccine. The major advantage of recombinant
vaccines is that the specific antigen can be pro-
duced in large quantities at low cost. If the
desired antigen requires post-translational
modification, the choice of expression systems
is vital as prokaryotes such as Escherichia coli
have little ability for post-translational modi-
fication of proteins compared to eukaryotes.
The only recombinant vaccine currently
licensed and administered in humans is for
hepatitis B virus. This vaccine consists of a
purified hepatitis B surface protein that is
expressed in yeast. Expanding on this concept,
DNA vaccines are in development where DNA
is directly injected into the host and relies on
host cells to translate and express the protein
of interest to generate an immune response.

Subunit vaccines typically contain a puri-
fied antigen(s) derived from the host organism
such as Bordetella pertussis antigens in the
acellular DPT vaccine or the purified surface
antigen in hepatitis B vaccine. The advantages
of subunit vaccines include safety (as they are
non-infectious) and the fact that specific
immune responses can be targeted. However,
the disadvantages of subunit vaccines are that
it may be difficult to express the antigens in
their native conformation and they may be
poorly immunogenic. Similar to the subunit
vaccines are the conjugate vaccines, the pro-
duction of which involves conjugation of
either carbohydrates or peptides to carrier pro-
teins, which enhance the immune response by
acting as a source of T cell help. Examples of
such vaccines are the pneumococcal conjugate
vaccines (PCV), which contains purified cap-
sular polysaccharides of many types of pneu-
mococcal bacteria conjugated to a carrier
protein, and the Hib (Haemophilus influenzae
type b) vaccine, which contains Hib-polysac-
charide, conjugated to a protein carrier, such as
diphtheria toxoid, tetanus toxoid, or meningo-
coccal outer membrane protein. Alternate
methods such as peptide–lipid conjugations
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have been used to promote the desired immune
responses. Here we review the progress toward
the development of peptides and their deriva-
tives as potential subunit vaccine candidates
for controlling rheumatic fever and rheumatic
heart disease.

Synthetic peptide vaccines have numerous
advantages over classical vaccines including
safety, relatively economical production, and
easy handling and storage. Solid-phase step-
wise synthesis of peptides was first des-
cribed by Merrifield (2). This process
involved the stepwise addition of t-butoxy-
carbonyl (t-Boc) protected amino acids to
the peptide, which is attached to an insoluble
polystyrene support. The temporary protec-
tive group is acid labile and removed by tri-
fluoroacetic acid to allow the subsequent
addition of another amino acid. Since the
publication of this original method, opti-
mization of this process has been attempted
by introducing alternate protecting
chemistries such as 9-fluorenylmethoxycar-
bonyl (Fmoc) (3). Recent developments in
solid-phase peptide synthesis have previ-
ously been reviewed (4).

While peptides vaccines are totally syn-
thetic and have many advantages over tradi-
tional vaccines, they do not readily stimulate
T cells. Because of their small size, they
behave like haptens and require coupling to a
protein carrier that is recognized by T cells. It
is now known that synthetic peptide-based
vaccines could be highly immunogenic pro-
vided they contain, in addition to the B cell
epitope, T cell epitopes recognized by T
helper cells. Such a T cell epitope can be pro-
vided by carrier protein molecules, foreign
antigens, or within the synthetic peptide mol-
ecule itself. In recent years, there have been
many developments in peptide vaccines and
preclinical studies for a number of infectious
diseases caused by a variety of pathogens
including bacteria and viruses.

The interaction of the host’s immune
system with the vaccine and the mounting of
an effective immune response is the key to a
successful vaccination. This interaction relies
on two different types of immune responses,
which follow natural infection or vaccination:

1. A cell-mediated response (T cell, type 1
response).

2. Humoral response (B cell, type 2 like
response).

The cell-mediated response is believed to
control intracellular bacterial and viral
pathogens. The primary effector cells of a type
1–like response are CD8+ cytotoxic T cells. In
contrast, the humoral immune response pref-
erentially controls circulating pathogens
through antibodies that subsequently activate
various mechanisms of pathogen clearance.
CD4+ T helper cells (Th cells) are involved in
both type 1 – and type 2–like responses.

CD8+ cytotoxic T cells can kill cells that
express specific antigens. The action of these
CD8+ T cells involves the recognition of pro-
teins, particularly intracellular proteins, that
have been processed and presented as peptide
fragments by class I MHC molecules. In con-
trast, CD4+ T cell activation requires the
recognition of antigenic proteins that are
extracellular and have been processed and
presented as peptide fragments by class II
MHC on antigen-presenting cells. The mech-
anism of delivery (vector, polypeptide) can
greatly influence the type of T cells activated
and the subsequent immune response. A
number of different strategies have been
developed for peptide delivery, such as con-
jugation to carrier peptides or lipids or the cre-
ation of large peptide polymers.

Group A Streptococcus (GAS) 
and Disease Burden

Infection with group A Streptococcus
(GAS) can result in a number of clinical man-
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ifestations ranging from the relatively benign
and self-limiting pharyngitis to invasive dis-
eases such as necrotizing fasciitis (Table 1).
It has been estimated that in the US, acute
pharyngitis accounted for 11 million doctor
visits in the year 2000, thus imparting a huge
burden on the US health care system (5).
GAS is the most common bacterial cause of
acute pharyngitis and is believed to be
responsible for approx 15–30% of acute
pharyngitis cases in children (6,7) and about
10% of cases in adults (8). In contrast, the
Centers for Disease Control and Prevention
(US) estimates that all invasive GAS diseases
account for approx 10,000 cases per annum
in the US, resulting in approx 1350 deaths.
However, the mortality rate resulting from
GAS invasive disease varies depending upon
the disease manifestation. For example, the
mortality rate is approximately 20% for
necrotizing fasciitis and approximately 45%
for streptococcal toxic shock syndrome (7).
While these diseases have a huge economic
burden for developing and developed nations,
of more global concern are the post-infec-
tious diseases, rheumatic fever (RF) and
rheumatic heart disease (RHD).

Walter Cheadle published one of the first
complete descriptions of RF in 1889 in the
Lancet describing the “various manifestations
of the rheumatic state.” Cheadle and other
physicians observed an association between
tonsillitis and RF; however, it was believed at
that time to be a manifestation of RF and not
the cause. Interestingly, joint manifestations
associated with the disease RF were first
described as early as the 1600s. Moreover, the
physician Guillaume Baillou is believed to be
the first to use the term “rheumatism” in his
treatise, which was published in 1642, more
than 20 yr after his death (9).

Over the following centuries the five major
manifestations of RF were described including
joint symptoms (polyarthritis), carditis,
chorea, erythema marginatum, and subcuta-
neous nodules (Fig. 1). However, it was not
until 1931 that a single etiology was proposed
for RF when the American physician Alvin
Coburn and the British physician William
Collis working independently both postulated
that a hemolytic variety of Streptococcus
caused RF. At approximately the same time
Dr. Rebecca Lancefield was working on the
serological typing of hemolytic Streptococcus.
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Table 1. Selected Major GAS-Associated Disease Manifestations

Post-infectious diseases 
Non-invasive diseases Invasive diseases (sequelae)

Pharyngitis Septicemia Rheumatic fever (RF)
Pyoderma Necrotizing fasciitis (NF) Rheumatic heart disease    (RHD)
Impetigo Meningitis Post-streptococcal
Tonsillitis Pneumonia gomerulonephritis (PSGN)
Scarlet fever Cellulitis
Otitis media Erysipelas

Streptococcal toxic shock syndrome (STSS)

Fig. 1. Timeline of selected key events in defining group A streptococcus associated diseases including
rheumatic fever (9,30,31,39,77). Timeline is not to scale.





Extensive research has been conducted in
determining the mechanism by which GAS
causes RF/RHD. It is now accepted that
RF/RHD is an autoimmune disease in which
T cells and possibly antibodies induced by
GAS are thought to play a role in disease
pathogenesis by inducing immune responses
that cross-react with human tissues (10). In
order to mitigate against possible autoim-
mune complications, subunit vaccines, as
opposed to whole organism approaches, have
been the focus of GAS vaccine development.

RF/RHD are still a major problem in many
developing nations and many indigenous pop-
ulations of developed nations (11). For exam-
ple, Indigenous Australians in the Northern
Territory of Australia have one of the highest
documented incidence rates (651/100,000) of
RF worldwide (12). In the World Health
Organization (WHO) World Health Report
2000, it was estimated that global RHD mor-
tality in 1999 was approx 376,000 deaths with
the majority of these in the WHO regions of
South-East Asia and the Western Pacific (13).

A recent review of the global burden of
streptococcal diseases (14,15) estimated that
currently there are approx 15.6 million exist-
ing cases of RHD plus 460,000 new RHD
cases and 349,000 RHD-related deaths each
year. Moreover, it was also estimated that
there are approx 663,000 new cases of inva-
sive GAS disease each year resulting in
163,000 deaths. The majority of these RHD
and invasive GAS disease cases occur in less
developed countries. The global burden of
non-invasive GAS-associated diseases such as
pyoderma and pharyngitis was also estimated
at 111 million current cases of pyoderma and
616 million new cases of pharyngitis each
year (14,15). These data taken together with
the dynamic epidemiology of GAS in combi-
nation with episodic resurgence of GAS vir-
ulence highlight the need for a prophylactic
vaccine.

Human clinical trials of vaccines to prevent
RF were conducted even before a single eti-
ology (Streptococcus pyogenes) was clearly
defined for the disease in 1931. For example,
in 1906, a vaccine was produced from strep-
tococcal bacteria isolated from scarlet fever
patients. This vaccine was subsequently
administered to children in Europe as dis-
cussed in refs. 9 and 16. However, once S.
pyogenes was identified as the organism
responsible for RF and RHD, vaccine
research focused on the M-protein. During the
1960s and 1970s multiple studies were con-
ducted using purified M-protein or M-protein
derivates in adults (17,18) and children
(19,20) with mixed results. However, several
studies reported adverse side effects (21,22).
In one study, in a high-risk population, 2 of 21
subjects developed RF following vaccination
with M-protein (23); however, it could not be
determined whether this was due to the sub-
jects previous exposures to GAS or the vac-
cine. Moreover, the purity of the vaccine
preparation used in this study has been ques-
tioned (24). In contrast, between 1964 and
1978 Fox et al. administered purified M-pro-
tein to a total of 144 individuals and during
these clinical trials no cases of RF were
reported (reviewed in refs. 9 and 24).

Vaccine Strategies to Prevent Group A
Streptococcal Infection

Several streptococcal target antigens have
been investigated as potential vaccines to
prevent GAS infection and its associated
diseases. Antigens of interest include SCPA
(25), MtsA/GRAB (26), and the cell-wall car-
bohydrate (27). While these antigens hold
promise as potential vaccine candidates, the
focus of this review will be on the M-protein
(28)–derived peptide vaccine strategies.

Two regions of the abundant cell-surface
virulence factor called the M-protein (Fig. 2)
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have been the target of vaccine development,
the hypervariable N-terminal region (29,30)
and the conserved C-terminal region (31). Vac-
cines based on both of these regions have
demonstrated protective potential in animal
models. Expanding on this, peptide vaccines
based on the M-protein are a practical approach
in developing a GAS vaccine because potential
host-cross reactive epitopes within the M-pro-
tein that may be responsible for the clinical
conditions RF and RHD can be eliminated
from a peptide vaccine as opposed to the whole
cell or whole protein based vaccines.

The hypervariable N-terminal region of
the M-protein has been shown to be highly
immunogenic and induces a strain specific
immunity. Therefore, several diferent ap-

proaches have been used to combine differ-
ent N-terminal epitopes together as one con-
struct (Table 2). Substantial progress has
been made with a recombinant multivalent
protein that consists of multiple N-terminal
epitopes of the M-protein from different
GAS strains (emm types). Initial studies
utilized a hexavalent construct (30); how-
ever, more recently the number of epitopes
has been expanded to increase the vaccine
coverage for predominant GAS strains
found in the USA (29). In a recent study, this
26-valent vaccine candidate was found to
induce antibodies that could opsonize not
only the specific M-types represented in the
vaccine but also subtype variants which can
have small differences in amino acid identity
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Fig. 2. Diagrammatic representation of the M-protein, which is major cell surface protein of GAS and
has been the focus of vaccine development.
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indicating that the 26-valent vaccine could
opsonize subtype variants that may arise in
a highly immunized population (32). These
studies also demonstrated that the 26-valent
vaccine candidate was well tolerated when
administered in phase I and phase II human
clinical trials (33).

In contrast to the hypervariable N-terminal
region of the M-protein, the C-terminal por-
tion is highly conserved between GAS strains
and therefore a possible vaccine candidate
(Table 2) that may protect against multiple
GAS strains. Bessen and Fischetti previously
demonstrated that antisera against three pep-
tides representing the conserved region of the
M-protein derived from an M6 GAS isolate
could passively protect when mixed with
GAS and subsequently administered intra-
nasally to mice (34). A primary route of
GAS infection in humans is via colonization
of the mucosal epithelium of the pharynx.
Colonization followed by tissue invasion can
lead to local suppurative complications or
systemic infections (10). On mucosal sur-
faces such as the mucosal epithelium,
immunoglobulin A (IgA) is one of the pri-
mary defense mechanisms of the host to pre-
vent bacterial infection and inhibit bacteria
binding to these cells (35). Expanding on this
concept, the three conserved region peptides
were conjugated to cholera toxin B subunit
(CTB) and administered intranasally in mice.
These vaccinated mice had significantly
reduced pharyngeal colonization following
intranasal GAS challenge compared to the
control mice (31). In addition, studies by
Bronze et al. utilized two synthetic peptides
from the conserved region of the M-protein
(M type 5) for intranasal immunization of
mice. Approximately 65% of immunized
mice were protected from death following
mucosal GAS challenge. Protection was also
afforded against heterologous serotypes of
GAS (36).

We have previously defined a peptide cor-
responding to the conserved C-repeat region
of M-protein (peptide p145) that elicits an
opsonic (37,38) and protective antibody
response. In order to identify the minimal pro-
tective B cell epitope and eliminate poten-
tially host cross-reactive T cell epitopes from
peptide 145, a series of overlapping 12mer
peptides were made. However, these short
12mer peptides were not recognized by p145
antisera possibly due to a loss of their con-
formation (39). In order to maintain an alpha-
helical coiled-coil structure similar to that of
the whole M-protein, coil–coil promoting
moieties from the yeast GCN4 DNA-binding
protein were added to both sides of the 12mer
insert (Fig. 3). Three of these chimeric pep-
tides (J7, J8, J9) were recognized by p145
antisera (39). Moreover, antisera raised to
these peptides were capable of in vitro
opsonization of GAS (39). We also defined a
slightly larger chimeric peptide representing
J7, J8, and J9 [referred to as J14 (Fig. 3)]. This
peptide epitope was also conformationally
constrained and did not contain any poten-
tially deleterious T cell epitopes from the M-
protein (38–40). More recently, we have
demonstrated that J14 and J8 can induce a
protective immune response in mice against
both intraperitoneal and intranasal GAS chal-
lenge (41–43).

Human salivary IgA specific for the parent
conserved region peptide, p145, is able to
opsonize heterologous strains of GAS (44). In
early human clinical trials using the M-pro-
tein (45), patients who were immunized
intranasally with M-protein had both reduced
throat colonization and clinical illness com-
pared with patients vaccinated systemically
indicating the importance of a local immune
response in protection. Taken together, these
data strongly suggest that one of the preferred
routes of immunization to prevent GAS infec-
tion is intranasal administration; however, a
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lack of suitable human mucosal adjuvants
limits the potential of this approach.

Conjugates
Peptide–protein conjugates have been

extensively used to enhance the immune
responses of peptide haptens in outbred pop-
ulations. As previously discussed three con-
served region peptides from the M-protein
were conjugated to CTB before being admin-
istered intranasally to mice (31). Expanding
on this concept peptides that represent the N-
terminal hypervariable region and sub-N-ter-
minal regions of the M-protein from
numerous clinical isolates of GAS from the
Northern Territory of Australia have been
synthesized (46). These peptides ranging in
size from 19 to 33 amino acids have been con-
jugated to either tetanus toxoid (TT) or diph-
theria toxoid (DT) and formulated with
complete Fruend’s adjuvant (CFA) and
administered subcutaneously to mice. Pep-
tide-specific antisera were capable of
opsonizing the homologous GAS strain in
vitro (46). However of more interest was the
ability of selected peptide-antisera to cross-
opsonize heterologous GAS strains, indicat-
ing that some N-terminal peptides and in

particular selected sub-N-terminal epitopes
may protect against more than a single GAS
serotype.

The minimal B cell peptide epitopes (Fig. 3)
from the conserved region of the M-protein (J8
and J14) were immunologically non-respon-
sive in most outbred mice but were found to be
responsive in inbred mice of the H-2k haplo-
type (39). To overcome this immunological
non-responsiveness the peptides were conju-
gated to DT. These peptide–DT constructs
when administered with CFA were found to be
highly immunogenic in both inbred and out-
bred mice (42). Moreover, peptide antisera
were capable of in vitro opsonization of mul-
tiple GAS strains representing different M-
types. Intranasal immunization of B10.BR
mice with this conjugated peptide (J8/J14-DT)
using CTB as a mucosal adjuvant has also been
shown to reduce throat colonization following
intranasal GAS challenge (47).

In the search for a human compatible for-
mulation, the conserved region peptide con-
jugated to DT was formulated with alum and
subcutaneously administered to mice (42).
Peptide-specific antibodies were induced and
bound the surface of a panel of GAS isolates.
These antisera also opsonized multiple GAS
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Fig. 3. Overlapping peptides (including GCN4 flanking sequence) used to map the minimal B cell epi-
tope within peptide p145, which was derived from the conserved region of the M-protein. Amino acids from
the M-protein are shown in bold. Non-bold amino acids are flanking region sequence derived from the DNA
binding protein, GCN4, designed to promote the correct helical folding.



strains in vitro, similar to that observed when
the peptide conjugate was administered with
CFA. In addition, the peptide conjugate also
induced significant protection in both inbred
and outbred mice following intraperitoneal
GAS challenge with both a reference GAS
isolate, M6, and a non-typable clinical isolate
from the Northern Territory of Australia
(88/30) (42).

Polymers (Heteropolymers)
A novel approach to combining multiple

peptides into a single immunogen was the
polymerization of multiple peptides to form an
immunogen larger than 400 kDa in size. These
polymers, termed heteropolymers, consisted
of seven different peptides derived from the N-
terminus of the M-protein of different S. pyo-
genes strains and a single conserved region
peptide from the M-protein (48). The seven N-
terminal peptides were selected for inclusion
into the heteropolymer because these pep-
tides were derived from the M-protein of the
seven most prevalent clinical isolates of GAS
circulating in the Northern Territory of Aus-
tralia (48). The conserved region peptide was
included due to its broad specificity and its
ability to protect against multiple GAS strains
in the murine model (39).

To create the polymer, individual peptides
representing portions of the M-protein were
assembled using fluorenylmethoxycarbonyl
chemistry, and a residue of Lys (4-methyl-
trityl) was inserted at the C-terminus (49).
After removal of the N-terminal fluorenyl-
methoxycarbonyl group, the exposed N-ter-
minal amino group was acetylated and the
4-methyltrityl group of the C-terminal lysine
was then removed. The amino group exposed
at the C-terminal lysine was then derivitized
with acryloyl chloride prior to the polymer-
ization of individual peptides.

When administered subcutaneously with
CFA, these large polymers induced strong

systemic serum IgG immune responses in
both inbred B10.BR (H-2k) and outbred
Quackenbush mice. Sera collected from these
mice were capable of in vitro opsonization of
homologous and heterologous GAS strains,
i.e., GAS strains represented on the het-
eropolymer by an N-terminal peptide epitope
and those represented by only the conserved
region peptide, respectively (48). Mice immu-
nized with the heteropolymer had a signifi-
cantly larger number of survivors following
lethal systemic GAS challenge compared with
control groups administered with PBS in
adjuvant. Protection was not only afforded to
GAS strains represented by the N-terminal
peptide in the polymer (homologous strains)
but also against heterologous strains where
protection was attributed to the conserved
region peptide (48).

Lipopeptides (Including Pam2Cys and LCPs)
Bacterial lipoproteins contain the unusual

amino acid S-glycerylcysteine, which is acy-
lated by three fatty acids (50). These lipopro-
teins are found in the outer membrane of
Gram-negative and selected Gram-positive
bacteria. Through genomic sequencing the
number of putative lipoproteins identified
vary between bacterial species. It is predicted
that Borrelia burgdorferi contains 105 puta-
tive lipoproteins or more than 8% of its
genome, while only 20 lipoproteins were
identified from the Helicobacter pylori
genome. The outer membrane lipoprotein
OspA from B. burgdorferi has induced pro-
tective immunity in mice following oral
administration (51). Furthermore, this
lipoprotein has also been used in human vac-
cine trials (52). Further investigation demon-
strated that the lipoproteins (from different
organisms) were capable of stimulating
murine B cell growth (53), activating the
nuclear factor kappa-B (54) and stimulating
cytokine production (55).
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In the original work, a series of N-termi-
nal–derived synthetic analogs of lipoproteins
were synthesized and found to be highly
immunogenic (56). The N-terminal lipid
region of the lipoproteins was then combined
with peptides to form lipopeptides. Lipopep-
tides have been administered successfully
both subcutaneously and intranasally and
were capable of inducing both arms of the
immune system, i.e., both cellular and anti-
body responses. The synthetic lipopeptides
were shown to be as active as native lipopro-
teins in terms of activation of B cells (56),
monocytes (57), and other immune cells
(58,59). The adjuvant-like properties of
lipopeptides such as Pam3Cys, which is based
on the lipid palmitoyl, have extensively been
studied. Vaccination of both guinea pigs and
cattle with B and T cell peptide epitopes from
the foot and mouth disease virus has induced
long lasting protection (60).

While lipopolysaccharide (LPS) activates
dendritic cells (DC) through TLR4, it has
been demonstrated that Gram-positive cell-
wall components (such as peptidoglycan and
lipoteichoic acid) and mycobacterial cell-
wall components (such as lipoarabinomannan
and mycolylarabinogalactan) activate cells
by a different receptor (TLR2). It has recently
been reported that TLR4 and TLR2 activate
human DC through different mechanisms
with TLR4 inducing a Th1-type response in
contrast to TLR2, which induced Th2-type
responses (61). The immunostimulatory
properties of bacterial lipoproteins for TLR2
have been attributed to the presence of a
lipoylated N-terminus therefore suggesting
that N-terminal derivatives of the lipoproteins
(such as Pam3Cys or Pam2Cys) may interact
with TLR2. Moreover, recent studies have
demonstrated that infection with either
Gram-positive bacteria or fungi induced Toll-
dependent expression of the antimicrobial
peptide, drosomycin, highlighting the impor-

tance of peptides in the innate immune
system (62).

Recent work has demonstrated that
Pam2Cys does interact with TLR2 (63). This
synthetic N-terminal derivative has been syn-
thesized with a number of different B cell and
T cell epitopes such as luteinizing hor-
mone–releasing hormone (64) and has poten-
tial as both carrier and adjuvant for a peptide
vaccine against GAS.

Expanding on this observation and utilizing
multiple antigenic peptides (MAPs) technology
to build branched peptide structures (65) Toth
et al. developed a new chemistry that allowed
the development of lipid core peptides (LCP),
which combine MAPs physically linked to
lipid core structures of different compositions
(66–69). The LCPs are designed to have both
carrier and adjuvant properties for the incorpo-
rated antigen. Utilizing this technology
Hayman et al. (70) developed LCP constructs
with the p145 peptide from the conserved
region of the M-protein. These LCP–p145 con-
structs consisted of an oligomeric polylysine
core with multiple copies of the peptide p145
conjugated to a series of lipoamino acids, which
act as an anchor for the antigen.

Seven different LCP constructs based on
the p145 peptide sequence were synthesized
and the immunogenicity of the compounds
was examined (70). It was demonstrated that
the number of lipoamino acids and the spacing
between the alkyl side chains in the constructs
affected the immunogenicity. Moreover, the
most immunogenic constructs contained the
longest alkyl side chains (70). Selected con-
structs also induced antibodies that had the
same fine specificity as those found in
endemic human serum. These antibodies were
capable of in vitro opsonization of GAS there-
fore demonstrating the potential of LCPs as a
vaccine delivery technology.

Olive et al. further demonstrated the poten-
tial of this technology by using the J8 con-
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served region peptide epitope alone (71) or in
combination with up to three different pep-
tides derived from the N-terminus of the M-
protein (72) in immunogenicity and
protection studies. The immunogenicity of
these LCP constructs varied depending on
their peptide composition but constructs were
capable of inducing antigen-specific serum
IgG and broadly protective opsonic antibod-
ies, when administered subcutaneously with
and without additional adjuvant to inbred
B10.BR (H-2k) mice. LCP constructs were
also immunogenic and induced antigen-spe-
cific serum IgG in outbred Quackenbush mice
(unpublished data). Furthermore, parenteral
immunization of mice with LCP constructs
was shown to induce protection from lethal
systemic GAS infection (73). Together, these
data highlight the potential of the LCPs for
use in the development of a GAS vaccine.

Protein Vesicles (“Proteosomes”)
The J14 peptide has also been administered

in conjunction with protein vesicles termed
proteosomes (43). These proteosomes can be
made from the outer membrane proteins
(OMP) of a variety of bacterial species includ-
ing meningococci and other Neisseria species
(74). To promote non-covalent complexing of
J14 to proteosomes a hydrophobic anchor
consisting of a fatty acid lauroyl chain was
added to the epsilon-amino moiety of the
lysine near the J14 carboxyl terminus.
Intranasal administration of the J14/proteo-
some formulation without additional adjuvant
to outbred mice led to high titers of J14-spe-
cific serum IgG and mucosal IgA antibodies.
Following intranasal GAS challenge, these
immunized mice demonstrated increased sur-
vival and reduced GAS colonization of the
throat compared to mice administered pro-
teosomes alone (43).

The hydrophobic nature of the proteosome
OMP is believed to help in antigen uptake by

antigen-presenting cells and macrophages.
While OMPs are known to be B cell mitogens
and polyclonal activators in mice and humans,
only recently has the major component of pro-
teosomes, neisserial porins, been shown to be
critical to TLR2 and MyD88 activation (75).
Therefore, proteosome OMPs can fulfill the
roles of both carrier protein and adjuvant for
a range of haptens (74) including the J14 pep-
tide, which was previously shown to be
immunologically non-responsive in most out-
bred mice.

Expression of Vaccine Candidates 
by Live Commensal Organisms

Expanding on the principle of a vaccine
based on the conserved region of the M-pro-
tein, several studies have investigated the
potential of live commensal organisms as
vectors to mucosally deliver recombinant pro-
tein vaccines. Mannam et al. have recently
developed a genetically modified non-patho-
genic Lactococcus lactis strain that expresses
a protein derived from the conserved region of
M-protein on its surface (76). Intranasally
vaccinated mice developed both mucosal IgA
and serum IgG specific for the conserved
region antigen, whereas mice vaccinated sub-
cutaneously only developed conserved
region-specific serum IgG (76). In addition,
intranasally vaccinated mice were protected
from intranasal GAS challenge as opposed to
mice vaccinated subcutaneously, which were
not protected, suggesting the importance of
IgA in controlling GAS infection at the point
of infection. Mannam et al. also found that
cohorts of mice that did not produce con-
served region-specific IgG but had significant
levels of mucosal IgA, survived following
intranasal GAS challenge suggesting that
antigen-specific IgA contributed to survival
even in the absence of significant antigen-spe-
cific serum IgG (76).
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Conclusions

Several different approaches have been
used in the attempts to develop a vaccine that
will prevent GAS infection and its associated
diseases including RF and RHD. A subunit
peptide vaccine is a logical approach in devel-
oping a GAS vaccine based on the M-protein
because this abundant cell-surface protein
contains host cross-reactive epitopes that may
be responsible for initiating RF and RHD. A
subunit vaccine that utilizes defined regions
of the M-protein that does not contain poten-
tially detrimental epitopes is a preferred vac-
cine for this organism.
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