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Group A streptococcus (GAS) is a bacterial pathogen responsible for a wide array of disease
pathologies in humans. GAS surface M protein plays multiple key roles in pathogenesis, and
serves as a target for typing and vaccine development. In this review, we have compiled GAS
epidemiological studies from several countries around the world to highlight the consequences
on the theoretical efficacy of two different M protein-based vaccine strategies.
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Group A streptococcus (GAS) colonizes and
infects the upper respiratory tract and skin
of humans, resulting in a broad spectrum of
diseases. As elegantly described by Carapetis
et al., the burden of GAS-related diseases pre-
dominantly occurs in settings of poverty where
systems for collection of accurate disease-burden
data are usually absent [1]. The most recent esti-
mates suggest that GAS is responsible for more
than 500,000 deaths per year (1]. This places
GAS among the major human pathogens, with
attributable mortality by a single species of patho-
gen only exceeded by HIV, Mycobacterium tuber-
culosss, Plasmodium falciparum and Streptococcus
preumoniae (1]. The most common GAS disease
following colonization of the respiratory tract is
pharyngitis. More than 600 million cases are
estimated to occur each year [1]. Similarly, it is
estimated that more than 111 million children
under the age of 15 years in developing coun-
tries have pyoderma of any etiology [1]. While
pharyngeal and pyodermal GAS infections are
noninvasive and usually self-limiting, they too
require significant healthcare attention. The
costs of antibiotic treatment and time away from
school or work for children and parents are a
formidable financial burden (2). After dissemi-
nating from primary colonization sites to oth-
erwise sterile compartments of the body, GAS
can cause life-threatening invasive diseases such
as necrotizing fasciitis and streptococcal toxic

shock syndrome (TSS). Invasive GAS infections
kill at least 163,000 people cach year 1j. The
incidence of invasive diseases has appeared to
have increased over the last 20 years (3-5]. Most
importantly, GAS has the ability to cause the
nonsuppurative sequelae: acute poststrepto-
coccal glomerulonephritis, theumatic fever (RF)
and rheumatic heart disease (RHD) (6]. While
most industrialized countries now report a low
incidence of RF and RHD [7], these diseases
are endemic in developing countries and indig-
enous groups within developed countries (8-10).
Globally, it is estimated that RHD is responsi-
ble for 233,000-294,000 deaths per year [1]. In
addition to the greater disease burden in devel-
oping countries, the spectrum of GAS diseases
also differs between developed and developing
countries. For example, GAS skin infections are
more prevalent in tropical developing countries,
whereas infections of the throat are common in
industrialized countries [11].

The mechanism behind the different disease
phenotypes and disease severity in different
locations around the world is still undefined.
It is believed that many factors, including the
genetic susceptibility of the host, the environ-
mental factors and ease of access to healthcare,
play a role in disease progression and severity.
However, there is no doubt that differences in
the repertoire of virulence factors play a criti-
cal role in the pathogenesis of individual GAS
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strains. In particular, the genetic diversity of the highly expressed
M protein is believed to play an important role in the observed
epidemiological differences.

The M protein

Discovery

The M protein is believed to be the major virulence determi-
nant of GAS [12]. Discovered by Rebecca Lancefield in the early
part of the 20th Century, the protein is found on the surface of
all GAS isolates. M protein or related M-like proteins can also
be found in the closely related Streptococcus dysgalactiae subsp.
equisimilis (group G streptococcus [GGS)), Streptococcus equi
spp. [13) and Streptococcus iniae (14], the latter two being pathogens
of farm or domestic animals and fish. Within the GAS genome,
the emm gene is found as part of the mga regulon, which also
includes a transcriptional regulator (mga), the emm gene, emm-
like genes and sepA [15.16). In GGS, however, the genetic archi-
tecture is somewhat different 17). These findings are consistent
with evidence (18] suggesting that the emm gene was once part of
a large mobile genetic element that was acquired by progenitors of
GAS and GGS prior to subspeciation, that is, the ancient paren-
tal emm gene evolved outside of GAS. Subsequent selection of
distinct emm-types is probably driven by immune pressure tar-
geting the N-terminus. Recombination between the emm and
emm-like genes within a strain, as well as interstrain emm gene
transfers [19.20], have all contributed to the diversity of modern
emm genes we see today.

Typing

The M protein exists as a coiled-coil dimer (21] extending from the
surface of the bacteria to beyond the peptidoglycan layer. The pro-
tein is divided into a number of specific regions that have unique
sequence, conformational and functional attributes (Ficure 1). The
amino acid sequence of the N-terminal region of the mature
M protein is hypervariable, and antibodies raised against this
region of the M protein are serotype specific and provide protec-
tion against thatstrain only. This had been the basis of the typing
scheme for GAS for decades [22.23]. More recently, serotyping has
been replaced by nucleotide sequence-based typing methods chat
target the DNA encoding for the hypervariable regions. Using
this molecular typing method, more than 200 GAS emm-types
have been reported [24.25).

Why is the M protein so important?

The major function of the M protein is to prevent opsonization
of GAS by phagocytes of the host. The M protein achieves this
by inhibiting the deposition of active complement molecules on
the bacterial surface. Intriguingly, the M protein has developed a
number of independent strategies to achieve this goal. The redun-
dancy in function and evolution of unique anticomplement strate-
gies by the different M proteins highlights the importance of this
activity for the survival of GAS (26]. A common feature of all these
mechanisms is the recruitment of host proteins to the bacterial
surface that either actively inhibit complement activation or pas-
sively prevent complement deposition on the bacterial surface.

For example, FHI.-1 and C4BP, host proteins that regulate com-
plement activation, bind to regions of the M protein 126]. These
molecules may also compete with serotype-specific antibodies for
binding to the hypervariable region. A second strategy utilized
by the M protein is ‘passive’ evasion of complement and other
immune molecules. This is achieved by binding of host plasma
proteins to the bacterial surface, thereby preventing the pathogen
from being recognized for complement deposition. Perhaps the
best examples for this are fibrinogen and albumin, which bind
to the B- and C repeats of the M protein, respectively [27-31]. In
the absence of antibody, fibrinogen—M protein complexes can
reduce complement deposition by the classical pathway, possibly
through inhibition of the convertase (32.33]. Both fibrinogen and
albumin also block antibody binding to the conserved repeat
region (CRR) [34], preventing antibody-mediated opsonization.
The latter observation highlights the importance of the serotype-
specific regions in promoting antibody-mediated opsonization
in natural infections. Recent findings have also demonstrated
a role of anti-M protein antibodies in disease pathogenesis by
promoting a pathologic inflammatory response as well as platelet
aggregation [35,36].

An additional role for the M protein in GAS virulence is in
host cell adherence and cellular invasion. The adhesion of GAS
to epithelial cells is the first stage of bacterial colonization of both
the throat and/or the skin, and is an essential step to GAS infec-
tion. Primarily, it is the interaction between the M protein and
the keratinocyte cell marker CD46 and fibronectin that promote
GAS adherence [37]. Although GAS is considered an extracellular
pathogen, recent evidence confirms that it can invade and reside
within host cells (37]. The role of the M protein in this process has
been confirmed by numerous rescarchers and is also believed to
be mediated through the binding of fibronectin (38-40]. Whether
this ability to invade host cells is a strategy to evade host defense
mechanisms or a prerequisite for invasive disease is still to be
established. In addition to understanding GAS pathogenesis,
determining the mechanism the M protein employs to promote
cell adherence and invasion may also provide information for
vaccine design based on anti-attachment/dissemination strategies.

Roles of M protein in disease

In addition to its role in preventing opsonophagocytosis, the
M protein is thought to be directly involved in a number of
streptococcal discases. Chiefly, the M protein is thoughe to play
an integral role in RF and RHD. RF and RHD are autoimmune
diseases in which antibodies and immune cells raised against
GAS are redirected to attack host proteins, cells and tissues. In
the case of RHD, these immune molecules attack heart tissue [41].
These diseases occur several weeks after a streptococcal infec-
tion. The postinfectious nature of primary cases of RE/RHD
makes anribiotic treatment of the disease ineffective. However,
ongoing antibiotic prophylaxis is recommended as a measure to
prevent the future re-occurrence of RE/RHD. Molecular mimicry
between the M protein and several host proteins, including
mysosin, keratin and vimentin, has been postulated as a leading
cause of RHD (42,43). Similar to the M protein, these proteins
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also have a coiled-coil structure [41.44). The
cpitopes that contribute to RF/RHF have
been mapped to the central region of the
M protein [4s]. Thus, anti-GAS vaccines
should not include this part of the protein.
In fact, there is some evidence from an
early vaccine study that administration of
a whole M protein vaccine contributed to
the development of RF in volunteers [46].
The results from this study obviously had a
major impact on later GAS vaccine design.

Historically, certain GAS types have
been classed as ‘rheumatogenic’ due to their
association with RF (e.g., emm-types 1, 3,
5,6, 18, 19 or 24) (0.12]. These strains
are predominantly found in the throat
rather than the skin. Thus, RF/RHD
is normally considered to follow throat
infections. However, more recent cpi-
demiological studies in geographic regions
where RE/RHD and streptococcal infec-
tions are endemic have failed to find sig-
nificant numbers of these rheumatogenic
strains (47.48]. In fact, the data emerging
from the epidemiological studies in tropical
regions challenge the accepted link between
‘theumatogenic GAS’, pharyngitis and
RE/RHD. Epidemiological studies in these
regions tend to highlight the diversity of cir-
culating emm-types. Rheumatogenic emm-
types appear to be absent or rare. In these
locations, the incidence of (GAS impetigo
is high and possibly involved directly or
indirectly in the development of RF in
some communities [48-51]. Other studies
describe the recovery rate of GGS rather
than GAS in the chroat in these settings
2. At present, a link between GGS and
RF/RHD is tenuous but has been suggested
in a number of studies [52.53].

A preferential association berween
certain emm-types and the development of
invasive diseases has also been described.
As an example, emm 1, as well as emm 3,
have been predominantly associated with
invasive infections [54,55). Moreover, a recent
study demonstrated that the M1 protein
itself is a superantigen [s6] hence possibly
explaining the particular predominance of
emm-type 1 among TSS cases. Moreover,
multiple horizontal gene transfer events
might also have contributed to the emer-
gence of successful GAS clones [57:58).
However, strains expressing major viru-
lence genes are also commonly found in

FHL-1
]
— A repeats
— B repeats
Fibrinogen
— C repeats
Albumin
— D repeats

Figure 1. M proteins. Individual M proteins form coiled coils, which extend from the
bacterial surface. Two coils wind around each other, forming a dimer that is stabilized by
intermolecular interactions between amino acids in both strands. The hypervariable
N-terminal region, lacking helical structure, is followed by the A, B, C and D repeat
regions. Different regions of the protein also bind a number of different host molecules,
assisting Streptococcus pyogenes to avoid opsonophagocytosis.

FHL: Factor H-like protein.
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GAS isolated from benign infections and carriage [54.59.60]. The
prevalence of these emm-types in invasive diseases might simply
reflect che prevalence of these types in the circulating GAS popu-
lation [61), rather than increased virulence of these organisms. This
diverse distribution of emm-types among strains from a broad
spectrum of clinical sources does not enable simple causal links
to be established between emm-types and specific pathologies.

M protein molecular epidemiology

The aim of the present section is to describe our current
knowledge of the geographic distribution of circulating GAS
emm-types. Unfortunately, epidemiological information is una-
vailable or incomplete for many countries. The parameters of
specific epidemiological surveys (e.g., invasive infections only,
pharyngitis only, carriage only or all clinical manifestations) can
skew apparent emm-type distribution data in specific locations.
Other criteria, such as the methods used to identify cases, the
characteristics of the population studied (in terms of age, setting,
size and inclusion criteria) and the length of the study, could
also affect the apparent emm-type distribution in individual
studies. Changes in epidemiology over time are not available for
many countries. In order to overcome these problems and still
allow strain comparison at a global level, we have developed and
applied guidelines for the inclusion of epidemiological studies
in our assessment. As highlighted in the previous section, the
link berween a defined emm-type and pathology is not universal.
We therefore assume that the concept of the circulating emm-
types, although clearly imperfect, is probably the best strategy
for understanding the global picture. Hence, we have included
all epidemiological studies to obtain a representation of the ‘cir-
culating emm-types’, irrespective of their associated pathology.
As the focus of this review is to emphasize the GAS M-protein
epidemiology relative to vaccine development, we believe that
the compilation of studies on a nacional level is mandatory as
vaccination recommendations are most often also developed on
this level. However, for reasons of clarity, we have combined data
from the 11 European countries involved in the StrepEuro project
[62) with three other Western European countries (Norway, Spain
and Austria). For this review, we only considered epidemiologi-
cal studies in which GAS isolates were recovered after 1 January
1988, assuming that this time window (1988-2007) probably
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F;haryngitls 61 36
Impetigo 379 52
Invasive infections 55 37
Total 495 66

25.3(19.6-35.4)
23.2(20.3-27.1)
27.7 (21.4-39.3)
28.8 (25.5-33)

represents contemporary GAS M-protein epidemiology. Studies
that relied solely on éerological typing methods or on hybridiza-
tion diagnostics without a complementary sequencing step were
excluded as they probably underestimate the diversity of circu-
lating emm-types. Some studies could not be included owing
to missing information. We have used the Simpson’s reciprocal
index (SRI) to measure GAS strain diversity. The SRI takes into
account both species richness and evenness. In this context, rich-
ness is a measure of the number of emm-types present in a defined
area, while evenness represents the relative abundance of these
emm-types. A SRI value of 1 corresponds to a theoretical situa-
tion where only one emm-type has been recovered, representing
the minimal diversity possible. A value of 250 would correspond
to a sicuation where all known emm-types would be recovered
at a similar proportion, illustrating the maximal diversity of
emm-types possible.

To examine whether the diversity of emm-types differ depend-
ing on the clinical manifestation being assessed, we compared the
diversity of emm-types recovered from either pharyngitis, cutane-
ous or invasive infections in Fiji, a country where a high diversity of
emm-type has been described [63]. Tams 1 shows that, irrespective of
the associated clinical manifestations, the SRI were similar [23-29].
This was also observed when comparing the distribution of emm-
types from the American GAS pharyngitis and invasive infections
surveillances (55.64], with both clinical pathologies displaying a
low diversity of emm-types with a clear predominance of a few
types. Moreover, seven of the ten most prevalent emm-types were
identical, irrespective of clinical manifestations [5s.64]. These com-
parisons suggest that the emm-type diversity observed within a
clinical manifestation probably represents the overall emm-type
diversity in that geographic location.

Using the SRI, we observed that the diversity in GAS strains
around the world range from eight to 50 and presented a bimodal
distribution (Feure 2). For the purpose of this review, we have
therefore defined a low diversity of emm-types as corresponding
to a SRI ranging from 8 to 13 and a high diversity of emm-types
with a SRI of 27-50.

Ficure 3 clearly shows that our knowledge of GAS epidemiology
of some areas of the world where streptococcal diseases are endemic
is sadly lacking. This is particularly true of South America, Africa
and some locations in Asia (Ficure 3). The predominance of GAS

Table 1. Comparison of emm-type diversity according to the associated pathology in Fiji.

52% (39-66)
55% (42-68)
49% (36-62)
49% (44-53)

The Simpson’s index (D) has been calculated with the formula: D = £ (n/N)?, where n is the total number of isolates from one emm-type and N is the total number of
isolates of all the emm-types recovered in an area [119]. Simpson’s reciprocal index (1/D) has been used in this review because it better illustrates our data than the
classical Simpson’s index of diversity (1-D). While the value of the Simpson's index of diversity only varies from 0 to 1, the value of the Simpson's reciprocal index
varies in our case from 1 to 250. Confidence intervals (in brackets) have been calculated as previously described [120].

Based on [63] and [STEER A, PERs. COMM.].
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research in Western countries clearly shows that the epidemio-
logical information is not in proportion to the burden of disease,
which mainly lies in developing nations. Tasie 2 shows that some
emm-types were frequently recovered from nearly all the countries
involved. emm-type 1 and 12, for example, were among the ten
most prevalent emm-types in most countries.

When considering both the GAS M-protein diversity and
the relatedness of circulating emm-types within the different
countries, as seen in both Tams 2 and Feure 3, it becomes possible
to categorize them into three different groups. The fitst group
includes Canada, the USA, Mexico, Western Europe, Korea and
Japan. The emm-type diversity observed in these countries is
relatively low (SRI 8-13) with only a few predominant emm-
types. Moreover, the predominant emm-types are quite consistent
between each of the countrics, although some geographical dif-
ferences can be noted. For example, emm-types 87, 83 or 81 are
within the top ten most frequent emm-types recovered in Europe;
however, they are less frequently (emm 87) or rarely (emm 83 or
emm 81) recovered in North America.

The second group, which includes countries from Eastern Europe
such as Serbia and Poland, bur also interestingly China, also dis-
play a relatively low diversity of emm-types (SRI 10-12) burt the
predominant circulating emm-types are different to those found in
the countries of group 1. Chinese data remain to be confirmed with
larger epidemiological collections, but the diversity of circulating
emm-types is apparently as low as in Europe. However, emm-types
60, 63, 58, 8 and 95 seem to be predominant in this geographical
region, while they are not frequently recovered in the other regions.

The third group of countries includes Brazil, Ethiopia, Israel,
India, Nepal, Australia and Fiji. The GAS strains recovered from
these countries display a high diversity of emm-types (SRI 27-50).
In comparison with groups | and 2, no real predominant emm-
types can be observed, as shown by the low cumulative frequency
of the ten most prevalent emm-types (34-49%). In addition, the
emm-types circulating in these countries are quite different to the
ones present in group 1 and 2 but also between each of the coun-
tries within group 3. For example, only a third of the emm-types
recovered in Ethiopia are present in Fiji.
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Figure 2. Bimodal distribution of Simpson’s index among 16 countries. The value of the Simpson'’s reciprocal index (SRI) is shown
per country, indicating the presence of two groups of countries with low’ and ‘high” SRI, respectively. Confidence intervals have been
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calculated as previously described [120).
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Figure 3. M-protein diversity and 26-valent theoretical coverage. The diversity of emm-types and the theoretical 26-valent vaccine
coverage for 16 countries are both illustrated on this world map. The Simpson’s reciprocal index of diversity for each country is
represented by a square. The corresponding level of coverage theoretically provided by the 26-valent vaccine for the same country is
represented by a pie chart. When calculating the theoretical 26-valent vaccine coverage, we assumed that protective cross-reactivity is

achieved between an emm-type and its subtypes. Based on the GAS M-protein diversity and the relatedness of circulating emm-types,
three different groups of countries were defined as further described in the text. Countries colored in orange, blue and purple belong to
group 1, 2 and 3 countries, respectively. The Czech Republic and Romania, both members of the Strep-EURO project, could probably be

included in group 2 instead of group 1. The level of 26-valent coverage in these countries are approximately 50 and 40%,
respectively [120]. Australian data were only obtained in an indigenous population.

The selective pressures driving these differences in terms of the
diversity of circulating emm-types remain to be found. Factors
such as climate, primary care settings, antibiotic treatment,
schooling, socioeconomical status, population immunity and host
genetic susceptibilities might certainly influence the circulating
emm-types. However, when looking at the data from all three
of the defined groups, none of these factors seems sufficient to
explain the observed differences.

M protein-based vaccines

As the major surface-expressed virulence factor and the determinant
of naturally acquired immunity against GAS, the M protein has
been the major focus of vaccine design [65,66]. Murine studies in the
early 1900s highlighted the vaccine potential of the M protein (67],
which was later confirmed by whole-protein vaccinations of both
monkeys and then humans (68-70]. However, as the understanding
of M protein-induced immunity progressed, it soon become evident
that vaccine development would not be without hurdles. Primarily,
the variability found at the N-termini of the M protein, respon-
sible for type-specific immunity, would hinder the development
of a vaccine targeting all circulating serotypes (247172]. Second,

the presence of potentially human cross-reactive epitopes within
the M protein prevented the development of the whole M-protein
vaccine [73-75]. This initiated a large research effort focused on
the identification of non-M-protein vaccine candidates [76,77].
However, it also resulted in the establishment of two main foci
of M-protein vaccine design, each addressing safety and efficacy
concerns. One strategy was directed solely towards the variable
highly immunogenic N-terminus of the M protein, while the other
focused on the conserved CRR of the M protein.

N-terminal vaccine design

The N-terminal approach to M protein-based vaccine design is
arguably the most progressed GAS vaccine strategy to date, and
is currently being assessed in human clinical trials (78.79). Led by
Dale, this strategy aims to create a multivalent vaccine incorporat-
ing the N-terminal subunits of multiple GAS serotypes in a single
preparation. The initial concept was established with a tetrava-
lent vaccine in which the N-terminal subunits from four differ-
ent M serotypes were expressed recombinantly as a single-protein
antigen (80]. Immunogenicity of each of the included subtypes
was further optimized in a hexavalent construct in which the
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M-type present at the C-terminus of the recombinant protein was
duplicated at the N-terminus to increase its immunogenicity(si].
Both the tetra- and hexavalent vaccines successfully induced anti-
bodies against each of the included M types, which resulted in
opsonophagocytosis of the corresponding strains [8o-s2).

The N-terminal multivalent candidate that is currently in
Phase I clinical crials is the 26-valent vaccine [83]. The 26-valent
vaccine is comprised of four recombinant proteins, each contain-
ing the N-terminal domains of either six or seven different GAS
serotypes [84]. A protective epitope from the (GAS surface antigen,
SPA, has also been included. This antigen also induces opsonic
antibodies and was included in the vaccine to enhance cross-
protection. Cross-reactivity within the subtypes of vaccine emm-
type is usually the rule (ss), although some exceptions have been
noted (86.87]. Vaccine-induced cross-reactivity with nonvaccine
emm-types may possibly occur [Batziorr M, Pers. Comm]. The effi-
cacy of the 26-valent vaccine has been tested in rabbits with the
human-compatible adjuvant alum. Type-specific antibodies were
induced to each of the included M-protein antigens. Combining
data from two independent functionality assays, 24 out of the
26 serotypes tested were opsonized by the 26-valent specific sera,
suggesting that the vaccine-specific response was functional [84).
Phase I clinical trials assessing the safety and immunogenicity of
the 26-valent vaccine in 30 healthy volunteers produced prom-
ising results [79]. Each of the incorporated N-terminal peptides
was immunogenic and, in contrast to the studies in rabbits, GAS
strains representing all of the included M types were opsonized by
the 26-valent-specific human sera in in vitro assays. In addition,
no human tissue-reactive antibodies were detected. These resules
supported its progression into Phase II assessment.

The rationale behind the choice of emm-types included in the
26-valent vaccine was the reduction of diseasc and economic bur-
den associated with invasive disease and uncomplicated pharyn-
gitis in Northern America and Western Europe [84]. In addition,
serotypes historically associated with RF, such as M19 and M24,
were also included as a precaution for the emergence of such strains
under the selective pressure of a multivalent vaccine (88]. At the
time of design, the 26-valent vaccine was predicted to provide
protection against 85-90% of M types associated with pharyngitis
cases and invasive diseases in the USA and Europe [89].

When assessed on a global scale, however, the level of M-type
coverage provided by the current 26-valent vaccine is much lower
than predicted in the USA. As described in the previous section
and illustrated in Feurs 1, there is a difference observed in both
GAS strain diversity and prevalence in different countries. These
differences would most probably impact vaccine efficacy. The
level of coverage offered by the 26-valent vaccine is expected to be
highest in group 1 countries with a low SR1; 68-86% of M types
may be covered. The lower level of coverage predicted for Western
Europe, Korea and Japan (~70%) is attributed to geographical
differences in the circulating emm-types. As an example, although
emm-types included in the multivalent vaccine, such as 1, 3 and
12, are highly prevalent in Western Europe, other emm-types,
such as 87, 83 and 81, which are not included in the vaccine, are
also prevalent.

Contrasting with group 1, the group 2 and 3 countries are not
predicted to be significantly covered by the 26-valent vaccine.
Group 2 countries, including Eastern Europe and China, mimic
the limited strain diversity seen in group 1. However, the expected
lack of vaccine coverage in these countries is attributed to the pres-
ence of different circulating emm-types. Hence, while the current
26-valent vaccine may not be suitable for group 2 countries, their
relatively low emm-type diversity may support the development of
their own group or country-specific multivalent N-terminal vaccine.

Group 3 countries clearly display a higher diversity of cir-
culating emm-types with very little evidence of predominant
strains (19.63.9091). Consequently, the coverage of a multivalent
vaccine is predicted to be too low (between 21 and 57%) to have
an efficient impact on the disease burden in these regions. There
is also very little crossover between the prevalent emm-types in
group 3 countries and that of the other groups. Furthermore, there
is lictle consistency between the countries within group 3. One
exception, however, is Israel, which, although having a high level
of strain diversity (Simpson’s index [SI] 32), is predicted to have a
higher level of coverage by the 26-valent vaccine (57%) compared
with the other group 3 countries (21-36%). However, the overall
diversity of emm-types in Israel is still high compared with that
of groups 2 and 1. It seems that an N-terminal-based multivalent
vaccine approach would probably not be an effective option.

In addition to high strain diversity observed in the group 3
countries, an association between certain emm-types and par-
ticular discase propensities is unclear. As previously discussed,
no obvious rheumatogenic or invasive types that may be specific
targets for a multivalent vaccine are apparent [92]. This has been
furcher complicated by observations of high pharyngeal carriage of
human GGS compared with GAS in communities where RF and
RHD are endemic s2]. Although GGS is generally thought of asa
commensal organism, it has been suggested that these streptococci
contribute significantly to disease burden, and possibly even to
RE/RHD [93-95]. GGS also expresses the M protein; however,
their N-terminal sequences are different again to that displayed
by GAS, hence would not be covered by current N-terminal
vaccines [96). This evidence clearly suggests that an N-terminal
M protein approach to GAS vaccine design would require tailoring
the vaccine for different geographical locations. While this may be
a feasible strategy for group 1 and 2 countries, it would be quite
difficult for the group 3 countries; however, the exact cost:benefit
ratio for tailoring the vaccine to the specific groups would need to
be determined by independent economic analysis.

An additional concern of the multivalent approach to GAS vacci-
nation is the threat of serotype replacement. If the 26-valent vaccine
was to be released in the communities it was designed for, it could
provide an immunological environment in the host that allows for
the emergence of new virulent emm-types or an increased preva-
lence of serotypes that were not included in the multivalent vac-
cine. This situation is analogous to the release of the pneumococcal
seven-valent vaccine. Experiences with this vaccine may inform us
as to what we may expect upon release of a multivalent GAS vac-
cine (97-99]. The multivalent pneumococcal vaccine combines seven
serotype antigens that cover 70-88% of invasive pneumococcal
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“Others’ includes (depending on the studies): ears, vagina, cervix, vulva, catheter, eye and urine.
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‘Underlined emm-types are included in the 26-valent vaccine candidate.
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“Others’ includes (depending on the studies): ears, vagina, cervix, vulva, catheter, eye and urine.
*Underlined emm-types are included in the 26-valent vaccine candidate.
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disease in Europe, the USA and Canada. The release of this vaccine
in the USA resulted in a reduction in the seven vaccine serotypes
and associated invasive disease [100). However, a large increase in
the number of nonvaccine serotypes has since occurred, resulting
in a 45% increase in nonvaccine serotype-related invasive diseases.
This increase was reported to be due to the expansion of already
established pneumococcal clones rather than the emergence of new
clones (101). Thus, the lack of association of some bacterial sero-
types with disease in a population may not be a function of the
pathogenicity of a particular strain; it is probably a function of the
competition between strains for an appropriate niche in the host.
Clearly, serotype replacement is a potential issue for any multivalent
vaccine. If GAS strain replacement did occur postvaccination, effec-
tive coverage would require constant strain surveillance and the
re-evaluation and construction of the multivalent vaccine so that
the appropriate strains are incorporated. However, the cost of such
constant vaccine scrutiny may outweigh the economic benefit of
vaccine release in developed countries, while rendering vaccination
completely unaffordable in developing countrics.

Nevertheless, the pneumococcal vaccine has had a positive
impact on diseasc reduction [102]. Although many considera-
tions are still warranted with regards to the cost-benefit of the
26-valent vaccine, itis evident from the level of coverage provided
by the 26-valent vaccine in group 1 countries that it would have a
significant positive effect on the reduction of GAS disease burden
and associated economic costs.

C-terminal vaccine design
In an effort to develop a vaccine that has the potential to pro-
vide protection against a majority of, if not all, circulating GAS
strains, the highly conserved CRR of the M protein has been
targeted by several groups [103-106). Unlike the N-terminal and
sub-N-terminal domains of the M protein, which presents high
levels of variation between different and also the same emm-types,
the CRR is present in all M proteins and its sequence is highly
conserved. Although not responsible for naturally acquired sero-
type-specific immunity against GAS, antibodies specific for CRR
have been found in the blood and also mucosal secretions of people
from communities endemic for GAS disease [107.108]. These titers
increase with age, which has been attributed to repeated GAS
infections (109]. Owing to the numerous roles the CRR is believed
to have in the pathogenesis, such as resistance to phagocytosis and
also cellular adherence, it is thought that antibodies to this region
would in turn reduce bacterial survival and protect against disease.
Early vaccine studies used peptides spanning the entire CRR
of the M protein, encompassing all three repeat domains [105,110].
When delivered intranasally in a murine model, these peptides
stimulated both systemic and mucosal humoral responses,
which could reduce colonization and also protect against dis-
ease. Similar results were also observed when the CRR from
M6 was expressed on the surface of vaccinia virus and deliv-
ered to mice intranasally [65). Further investigation of the CRR
suggested that there may be safety risks associated with using
the entire domain due to the presence of cross-reactive T-cell
epitopes [111]. Subsequently, Hayman et al. identified a 20-mer

peptide (p145) spanning a region of the CRR that was capable
of inducing opsonic antibodies, yet this epitope still reacted with
T cells from RF patients. Further mapping of this peptide iden-
tified the specific B-cell epitope responsible for the protective
immunity, which was termed ]J8-1, while omitting the potentially
cross-reactive epitopes (112]. A longer homolog that encompasses
J8-1 was also identified termed J14-i. Initial studies with these
peptides demonstrated that the protective B-cell epitope they con-
tained was conformationally restricted; hence the peptides needed
to be presented in their native at-helical conformation to induce a
functional opsonic immune response. A novel strategy employed
by Relf et al. was to position J8-i and J14-i within flanking regions
of an a-helical pepride derived from yeast, CGN4, to produce the
chimeric peptides J8 and J14, respectively (113]. Both chimeric
peptide vaccine candidates have been predicted to be safe in vitro
and, when coupled with diphtheria toxoid (DT), are immuno-
genic in mouse models, providing protection against systemic
challenge with multiple GAS serotypes [114]. The mechanism of
immunity induced by these peprtides is eluded to be B-cell medi-
ated, inducing opsonic antibody against GAS. In a mucosal GAS
model [115], J14-D'I provides protection against both colonization
and systemic disease, suggesting a dual method of protection [116].
The conjugate vaccine J8-DT delivered with human-approved
adjuvant alum is currently in preclinical assessment and expected
to reach Phase I clinical trials in the near future [(Bavzioer M.
Prrs. Coma]. Molecular epidemiological data acquired from two
group 3 countries that are endemic for GAS (Fiji and India) are
supportive of the potential of this CRR-derived vaccine candi-
date to provide protection against the majority of circulating
GAS strains. In data collected from Fiji, 96% of strains contain
cither J14 or the closely related cross-reactive variant J14.1 in the
C3 repeat. The remaining strains cither contained new J14 types
previously not encountered or a variant J14 type usually found
in the downstream C repeats. How the presence of these new
J14 types in the C3 repeat effects vaccine efficacy is yet to be deter-
mined through cross-reactivity studies with J14-specific antibod-
ies. Similar data were also recorded in Brazil and Brussels, where
94% of 51 strains tested presented either J14 or J14.1 in the C3
repeat (19]. In addition, all of the M proteins sequenced contained
at least two C repeats. Thus, this vaccine offers the possibility of
providing equal levels of protection against the high diversity of
circulating emm-types found in group 1, 2 and 3 countries.
While in theory J14 has great potential in the protection against
GAS and associated discases, there are two questions that are
still to be addressed with regards to vaccine efficacy. First, what
is the risk associated with relying on a single protective epitope
in a protein that already displays some level of sequence diver-
gence? The binding of the CRR to many host proteins such as
factor H, IgG and albumin is thought to be dependent on the
CRR, assuming its native at-helical conformation [117). It has been
hypothesized that due to these functionality constraints, the CRR
may be resistant to amino acid changes normally acquired due to
immune selective pressure. However, there are more than 59 J14
variants in the C-repeat regions; increased immune selection pres-
sure may provide the impetus for faster evolution of the repeat
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sequences. The recent identification of new J14 types present in
the C3 repeats [63] suggests that this could be a possibility that may
need to be considered and addressed. Hence, it is quite possible
that the release of the conserved epitope-based peptide vaccine tar-
geting the CRR may also require a form of bacterial surveillance
to monitor evolution of the epitope following vaccine-induced
immune pressure.

Second, what would be the consequences of complete eradica-
tion of GAS globally? If successful, a highly conserved vaccine
could ultimately result in the eradication of GAS from the bacterial
flora of the upper respiratory tract. If this does occur, what are
the downstream effects of removing a well-described member of
the pharyngeal flora on the remaining inhabitants? Will chis new
environmental niche provide an opportunity for colonization by
new commensal or other pathogenic bacterial species? Or will
GAS eradication result in the redistribution of existing bacteria
in the upper respiratory tract? As highly conserved GAS vaccines
are transitioning into clinical trials, the wider ramifications of the
eradication of streptococci need to be contemplated.

Expert commentary

While the impact of morbidity and mortality due to GAS extends
throughout the world, the severity is particulatly felt in the popu-
lations of developing countries where the rates of RF and RHD
are high. The stark contrast in the epidemiology of streptococcal
research between the three cross-continental groups is probably
due to complex interplay between the circulating M types, popu-
lation density, infection rates, seasonal differences and horizontal
cross-species genetic exchanges.

The contrasting features of epidemiology offer challenges for
vaccine design. The immune response of the M molecule is known
to be protective and some epitopes elicit cross-reactive antibodies
responsible for autoimmune diseases. This has necessitated separa-
tion of these epitopes in the design of a safe vaccine candidate. In
this article, two distinct approaches of M-based vaccine designs

are reviewed. While the multivalent N-terminal epitope vaccine
has the advantages of a ‘designer’ vaccine by avoiding unneces-
sary immune responses, vaccine-induced GAS strain replacement
may be a major drawback. On the other hand, there is already
population-based evidence for the minimal effect of immune pres-
sures due to herd immunity resulting from the vaccine based on
the conserved epitopes. For instance, in GAS-endemic popula-
tions, the age-related acquisition of immunity to GAS infection
is concordant with increased antibody titers against the conserved
region. However, the quality of antibody response to the con-
served region is different in the natural population compared
with vaccinated individuals; the titers in natural population are
low and acquired slowly in adults, while the vaccine is expected
to clicit higher titers of antibody responses rapidly in the younger
population. How does this affect pressures of herd immunity on
strain replacement?

Five-year view

There is more optimism now than ever for a safe and effective
vaccine against GAS. It is likely that the conserved epitope-based
vaccine would cover both GAS and closcly related commensal
bacteria, such as GGS. However, the N-terminal vaccine has the
distinct advantage of being a designer vaccine and in eliciting very
high immune responses. If indeed both these candidates graduate
to higher levels of clinical trials, it will be an obvious step to link
both of these in one vaccine. In fact, a previous study attempted
to achieve this with a limited number of N-terminal epitopes and
showed protection in mouse model [118].
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Key issues

» Recent estimates place group A streptococcus (GAS) diseases in the top ten infectious disease burden; most cases occurring in settings

of poverty.

¢ Sparse baseline epidemiological studies in countries where streptococcal disease is considered endemic may hinder advances in vaccine

research and eventual uptake.

« Contrasting epidemiological features in tropical regions challenges the accepted association between pharyngitis resulting from
‘rheumatogenic GAS' and rheumatic fever/rheumatic heart disease. In fact, the link between a defined emm-type and one disease

pathology is not universal.

» Antigenic diversity of the major surface virulence protein, M protein, and its geographical distribution suggests that three groups of

diversity exist.

protective immunities are primarily type-specific.

The selective pressures driving these differences in terms of the diversity of circulating emm-types remain to be found. Herd and

The current 26-valent vaccine may be currently efficacious against GAS diseases in group 1 (i.e., Canada, the USA, Mexico, Western

Europe, Korea and Japan) countries, but is not likely to be so in group 2 (i.e., countries from Eastern Europe such as Serbia and Poland,
and China) and group 3 countries (i.e., Brazil, Ethiopia, Israel, India, Nepal, Australia and Fiji).

The vaccine based on the conserved region could be effective against virtually all M types.
We do not know the effect vaccine-generated immune pressure will have on the selection of novel variants. To determine this, we need

baseline information on circulating GAS emm-types before and after the introduction of the vaccine.

Will decreased GAS colonization rates significantly change nasopharyngeal flora?
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