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Infection with group A streptococci can result in acute and post-
infectious pathology, including rheumatic fever and rheumatic
heart disease. These diseases are associated with poverty and are
increasing in incidence, particularly in developing countries and
amongst indigenous populations, such as Australia’s Aboriginal
population, who suffer the highest incidence worldwide1.
Immunity to group A streptococci is mediated by antibodies
against the M protein, a coiled-coil alpha helical surface protein
of the bacterium2. Vaccine development3–5 faces two substantial
obstacles. Although opsonic antibodies directed against the N
terminus of the protein are mostly responsible for serotypic im-
munity, more than 100 serotypes exist. Furthermore, whereas
the pathogenesis of rheumatic fever is not well understood, in-
creasing evidence indicates an autoimmune process6,7. To de-
velop a suitable vaccine candidate, we first identified a minimum,
helical, non-host-cross-reactive peptide from the conserved C-
terminal half of the protein and displayed this within a non-M-
protein peptide sequence designed to maintain helical folding
and antigenicity, J14 (refs. 8,9). As this region of the M protein is
identical in only 70% of group A streptococci isolates10, the opti-
mal candidate might consist of the conserved determinant with
common N-terminal sequences found in communities with en-
demic group A streptococci. We linked seven serotypic peptides
with J14 using a new chemistry technique that enables the im-
munogen to display all the individual peptides pendant from an
alkane backbone. This construct demonstrated excellent im-
munogenicity and protection in mice.

We defined common M proteins from group A streptococci (GAS)
isolates from patients in Aboriginal communities and at the Royal
Darwin Hospital (Northern Territory of Australia) by sequence
typing of the N terminus11 and by Vir typing12. Seven sequence
types made up 13% of the isolates in hospital and community
GAS infections (Table 1). Given these epidemiological data, we
synthesized seven peptides corresponding to the N-terminal M
protein sequences from these isolates (Table 1). We chose N-ter-
minal sequences because epitopes from the N terminus, rather
than epitopes from the A and B repeat regions of the M proteins
of these strains, were more effective in inducing protective re-
sponses (E.R.B. et al., unpublished data). Comparison of sera strat-
ified by patient age (1–4 years old, 5–10 years old, 11–19 years old
and 20 or more years old) showed that the antibody responses to
most of these peptides increased with age (Fig. 1), in parallel with

the acquisition of immunity to GAS (Fig. 1), which normally oc-
curs by the third decade of life13. There were no age-related differ-
ences in antibodies to tetanus toxoid or diphtheria toxoid. This
indicates that vaccine-induced antibody responses to these N-ter-
minal peptides may contribute to immunity to GAS.

We then individually conjugated the N-terminal peptides
88/301–20,Y504S1–20, BSA101–28, NS271–19, NS11–19, NS51–19 and PL11–19

to tetanus toxoid and used these to immunize B10.BR mice to
determine whether these antibodies could opsonize GAS. After
one immunization of peptide in complete Freund’s adjuvant and
two subsequent boosts of peptide in phosphate-buffered saline
(PBS), all mice produced high titers of antibodies against the im-
munizing peptide (titers greater than 12,800) (data not shown).
None of the N-terminal peptide antisera cross-reacted with anti-
gens or homologues involved in the pathogenesis of rheumatic
fever (pig cardiac myosin, pig muscle tropomyosin, human epi-
dermis keratin or mouse whole-heart extract), by a published
western blot assay protocol14 (data not shown). We next used
these sera in an indirect bactericidal assay to determine if they
could opsonize the corresponding GAS isolate. Antisera against
peptides 88/301–20, Y504S1–20, BSA101–28, NS271–19, NS11–19 and
NS51–19 had a very high opsonic activity, with a reduction of
more than 80% in colony forming units (CFU), and antibodies
against PL11–19 resulted in a reduction in CFU of 55% of the PL1
GAS strain, further indicating that these epitopes may be useful
vaccine candidates specific to these endemic isolates. We tested
antisera for cross-reactivity to the other peptides by enzyme-
linked immunosorbent assay (ELISA) and opsonization assay.
Antisera against Y504S1–20 were opsonic against strain BSA10,
even though antibodies specific for Y504S1–20 did not recognize
the peptide BSA101–28 by ELISA, indicating that determinants
that induce cross-opsonizing antibodies may cross-react with
epitopes not located at the N terminus of the M protein. Several
studies have reported that antibodies against peptide from the M
protein can cross-react with several alpha-helical proteins in-
cluding laminin, myosin and tropomyosin15. Thus, the cross-re-
active antibodies against peptide (specific for Y504S1–20) might
recognize and cross-opsonize other non-homologous α-helical
M or M-like proteins (found in strain BSA10). However, antibod-
ies specifically against BSA101–28 recognized Y504S1–20 (as well as
NS141–19 and 88/301–20) by ELISA but did not opsonize these
strains. This was unexpected; perhaps the structure of the op-
sonic determinant (rather than the ELISA determinant) is main-
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tained on the Y504S bacterium,
but not on the synthetic pep-
tide. Factors other than se-
quence must be involved, and
may include the presence of
other proteins and the M pro-
tein itself. Other studies have
also identified anti-peptide sera
that cross-react with heterolo-
gous serotypes of M protein by
ELISA, but none of these sera
cross-opsonized the respective
heterologous GAS (ref. 16).

In further experiments, we
vaccinated B10.BR mice with
J14. J14 was very immunogenic
in inducing antibodies detectable by ELISA, but the amount of
opsonic activity was low (average, 29.7% reduction in CFU
(Table 2). However, in three separate experiments in which mice
were primed with 30 µg J14 in complete Freund’s adjuvant and
boosted three times with 3 µg J14 in PBS, 16 of 19 mice were
completely protected after challenge intraperitoneally with 3.6 ×
105 organisms of a reference strain M6, known to express the J14
epitope9. In contrast, only 3 of 15 mice vaccinated with PBS sur-
vived. In other challenge experiments, we vaccinated mice with
a very closely related conserved peptide, J8 (refs 8,9), linked to
diptheria toxoid, and administered it with alum. After challenge,
8 of 10 mice survived.

Given these data, we chose seven N-terminal peptides
(88/301–20, Y504S1–20, BSA101–28, NS271–19, NS11–19, NS51–19 and
PL11–19) for further study. We designed a single immunogen con-
taining these serotypic determinants and J14. To combine these
epitopes into an immunogen highly accessible to the immune
system, we used chemistry whereby purified peptides are assem-
bled into polymers pendant from an alkane backbone17,18. We
immunized outbred (Quackenbush) mice and boosted them
twice with the construct, called a ‘heteropolymer’. Antibodies
against each of the individual side chain peptides were induced

at titers up to 1,638,400 by day 61 after vaccination (data not
shown). We also determined the isotype response (Table 2). We
next vaccinated BALB/c mice and athymic BALB/c nude (nu/nu)
mice (which lack T cells). The heteropolymer construct was
poorly immunogenic in nude mice (average titers in four nude
mice, 125, compared to titers of 10,400 in normal BALB/c mice).
These data, with the isotype data demonstrating an IgG antibody
response to the heteropolymer in normal mice, strongly indicate
that the vaccine is stimulating T cell-dependent response.

We determined the in vitro opsonic (bactericidal) activities of
the mouse antisera against two different GAS strains, 88/30 and
2040 (serotype, M12), by the percentage reduction in CFU. These
strains were chosen for this study because the N terminus (88/30)
GAS M protein is present on the heteropolymer, whereas the N
terminus of the 2040 GAS strain is not present on the het-
eropolymer. Both have C-terminal epitopes that are present on
the heteropolymer (J14) (E.R.B. et al., unpublished data). The
data showed ELISA titers and opsonic activity of up to 100%
(Table 2). We also determined ELISA titers and opsonic activities
of positive control antisera against diphtheria toxoid conjugates
(88/301–20-DT and 20401–12-DT) (Table 2). Opsonic activity ranged
from 62.7% to 100% and from 77.0% to 98.4%, respectively, for

these conjugates. Negative con-
trol groups were mice immunized
with PBS and mice immunized
with the alkane backbone alone.
Although the degree of opsoniza-
tion shown by these studies is
very encouraging, high titers of
antibodies may not necessarily
correlate with protection19.

We next challenged immu-

Fig. 1 Serum IgG response to N-ter-
minal peptides in Aboriginal subjects
grouped by age. Short horizontal bars,
mean anti-peptide IgG concentration
(µg/ml sera). Each data point may rep-
resent more than one set of measure-
ments. ↔, P < 0.05 (comparison of
means). The prevalence of NS51–19-spe-
cific antibodies in the 20+ age group
shows one outlier. If this outlier is re-
moved, there is no statistical difference
between the age groups 1-4 years and
20+ years.

Table 1 Prevalence of endemic GAS isolates in Northern Territory communities and Darwin hospital
and corresponding N-terminal M protein peptides

Prototype GAS isolate Number of isolates Corresponding Sequence
(emm gene)a in hospital, community N-terminal 

collectiona peptide name

88/30 3, unknownc 88/301–20 DNGKAIYERARERALQELGPC
Y504S (emm11) 29, unknownc Y504S1–20 TEVKAAGQSAPKGTNVSADLC
BSA10 0, 18 BSA101–28 NSKTPAPAPAVPVKKEATKSKLSEAELHC
NS27 7, 14 NS271–19 ADDHPGAVAARNDVLSGFSC
NS1 6, 11 NS11–19 RVTTRSQAQDAAGLKEKADC
NS5 4, 15 NS51–19 ADHPSYTAAKDEVLSHFSVC
PL1 (emm54) 4, 10 PL11–20 DNPSSVPKKAAELYDKIKC
aIsolates have been both Vir-typed (based on the restriction profile for HaeII and HinfI; ref. 12) and emm-sequence- typed (emmiST)
(based on the sequence at the 5′ end of the gene for the M protein11). bIn total, 511 hospital isolates and 407 community isolates
were Vir-typed. cThe distribution of these isolates in the community collection is unknown at present.
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nized mice and control mice with either the 88/30 or 2040 strain
at a dose previously estimated to be lethal to 90% of mice. After
challenge with 88/30, in two separate experiments, 19 of 20 het-
eropolymer-immunized mice were protected (10 of 10 in the first
experiment and 9 of 10 in the second), and 9 of 9 heteropoly-
mer-immunized mice were protected against challenge with
2040 (Table 2). Ten of twelve and seven of eight mice immu-
nized with 88/301–20-DT and 20401–12-DT, respectively, were also
protected whereas seven of forty-five negative control mice did
not succumb to infection. Protection was evident very early after
challenge, with most control mice succumbing after 2–3 days
(Fig. 2) Protected mice showed no adverse responses to the vac-
cine and did not show obvious pathology or symptoms of infec-
tion after challenge.

To determine whether heteropolymer-immunized mice chal-
lenged with the GAS strain 88/30 were protected by antibodies
against the conserved region (J14 peptide) or to the N-terminal
88/30 peptide on the polymer, we did a peptide inhibition bacte-
ricidal assay20. The addition of peptides 88/301–20, J14, or 88/301–20

plus J14 to heteropolymer antisera in repeat experiments led to
inhibition of opsonization of 88/30 GAS, with ranges of 75–76%,
31–66% and 76–81%, respectively. The addition of a nonspecific
peptide from schistosoma19 to the heteropolymer sera did not in-
hibit opsonization of 88/30 GAS. The addition of the 88/30 N-
terminal peptide to 88/30-DT sera inhibited opsonization by up
to 85%, whereas addition of J14 or the schistosoma peptide had
no effect. In contrast, the N-terminal peptide from the 2040 iso-
late had no inhibitory effect on opsonization of 2040 GAS medi-
ated by heteropolymer antisera, whereas J14 peptide completely
inhibited opsonization, consistent with the fact that the het-

eropolymer does not contain the 2040 N-terminal peptide but
does contain J14. In a further control experiment, 2040 N-termi-
nal peptide inhibited opsonization mediated by 2040-DT antis-
era by 67%. These data strongly indicate that the heteropolymer
can induce protection against challenge from GAS through anti-
bodies specific for both the N terminus of the M protein (if that
serotypic determinant is presented on the immunogen) and the
C-terminal epitope, J14.

We also tested the heteropolymer construct for its ability to in-
duce antibodies in rabbits. After a primary injection and two
boosts, the antibody titers in two rabbits to the heteropolymer
were 12,800 and 3,200. We also tested these antibodies for their
ability to recognize myosin, tropomyosin and keratin (antigens
that may be target antigens in rheumatic heart disease15). There
was only slight recognition of one antigen, tropomyosin, with a
titer of 200 in one rabbit.

We used new polymer technology here to deliver defined epi-
topes from conserved and serotypic regions of the M protein of
GAS isolates from an endemic area. The advantages of a het-
eropolymer construct are that multiple epitopes, shown to be
opsonic for GAS, without B- or T-cell cross-reactivity to host-tis-
sue proteins such as myosin, tropomyosin or keratin, are com-
bined into a single immunogen. We targeted very specific,
highly effective N-terminal epitopes derived from GAS isolates
common to a highly endemic region. Because a vaccine with
only N-terminal epitopes would still be unable to target all GAS
endemic to this region, we included a conserved region epitope,
J14, to form the basis of a broad-spectrum vaccine. Such a vac-
cine might be widely effective, but within a high endemic area
would be designed to deliver increased protection by targeting

Table 2 Survival of mice immunized with J14 or the heteropolymer after GAS challenge

Immunogen ELISA titer (IgG) to peptide Reduction in CFU of M6 Number of survivors/ % survival
J14: range (average) GASb: (%) range number of mice challenged: (P value)f

(average ± s.d.) GAS strain (M6)c

J14 12,800–409,600 (229,726) 0–52 (29.7 ±16) 16/19 84 (P < 0.001)
PBS <100 0 3/15 20

Immunogen ELISA titer (IgG) to peptide 
88/301–20: Range (average) Reduction in CFU of Number of survivors/ % survival

88/30 GAS (%): range number of mice challenged: (P value)f

(average ± s.d.)b GAS strain (88/30)d

Heteropolymer EXP 1 102,400–819,200 (1,546,240)a 55–100 (92.5±14.9) 10/10 100 (P < 0.001)
88/301–20-DT 819,200–3,276,800 (1,911,467) 62.7–99.9 (81.6 ± 21.2) 3/3 100 (P < 0.01)
PBS <100 0 1/10 10
Backbone <100 0 0/10 0

Heteropolymer EXP 2 204,800–1,638,400 (512000)a 97.4–100 (99±1.03) 9/10 90 (P < 0.01)
88/301–20-DT 409,600–3,276,800 (2,406,000) 98.4–100 (99.5 ± 0.6) 7/9 77 (P < 0.05)
PBS <100 0 1/5 20
Backbone <100 0 1/5 20

Immunogen ELISA titre (IgG) to peptide Reduction in CFU of 2040 number of survivors/ % survival
20401–12: range (average) GASb (%): range number of mice challenged: (P value)

(average ± s.d.) GAS strain (2040)e

Heteropolymer <100 a 26–95.3 (84.5 ± 22.37) 9/9 100 (P < 0.01)
20401–12-DT 1,000–128,000 (33625) 77.9–98.4 (93.3 ± 6.18) 7/8 88(P < 0.02)
PBS <100 0 3/10 30
Backbone <100 2–89 (38.7 ± 34.8) 1/5 20
aTiters to the conserved region peptide, J14, for mice immunized with the heteropolymer = 3,2006819,200 (average of 259,911). bPercentage reduction in CFU = [1-(mean CFU
in the presence of antipeptide sera)/(mean CFU in the presence of normal mouse sera)] × 100. cMice were challenged with 3.6 × 105 CFU M6 GAS. dMice were challenged with 2.72
× 104 CFU 88/30 GAS. eMice were challenged with 3.7 × 106 CFU 2040 GAS. fCalculated by the P2 test. Relative isotype titers were as follows. For J14-immunized mice (antibodies
against J14), IgG2b>IgG2a>IgG3>IgG1; for 88/30-DT-immunized mice (antibodies against 88/301–20), IgG2a>IgG2b>IgG1>IgG3; for 2040-DT-immunized mice (antibodies
against 20401–20), IgG2a>IgG2b>IgG1>IgG3; for heteropolymer-immunized mice (antibodies against 88/301–20 and J14), IgG1>IgG2a>IgG2b>IgG3.
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both serotypic and conserved determinants on the M protein.
Not only did the heteropolymer induce strong antibody re-
sponses to all peptides in outbred mice, but also the induced an-
tibodies substantially opsonized 88/30 and 2040 GAS in vitro.
Moreover, a streptococcal multi-epitope vaccine protected mice
against GAS challenge in vivo. Both conserved and variant epi-
topes were the targets of the protective immune responses.
Given that the conserved peptide sequence is completely con-
served in approximately 70% of GAS isolates10, it would seem
wise to not rely solely on the J14 epitope alone in a vaccine. It is
not known what effect the slight degree of sequence diversity
within the J14 region would have on vaccine efficacy. BSA10 and
PL1 strains, for example, have changes in three amino acids
within the J14 region (E.R.B. et al., unpublished data). The ap-
proach described here could be broadened to include peptides
(when defined) from other non-M-protein-derived vaccine can-
didates such as C5a peptidase21 and cysteine proteases22, as stud-
ies indicate they may induce non-serotypic immunity.
New-generation multi-epitope vaccines may provide a safe and
effective way to prevent endemic streptococcal infection and
subsequent morbidity.

Methods
Patients and detection of human antibodies. Sera were obtained from
Australian Aboriginals from highly endemic areas of the Northern Territory
and included 14 children 1–4 years old, 9 children 5–10 years old, 30
teenagers 11–19 years old and 76 adults (20 or more years old). ELISA was

used to measure human serum antibodies to the peptides as described20.
Standard curves of optical density versus known concentrations of human IgG
were used to calculate antibody concentration, expressed as µg/ml serum20.

Syntheses of peptides and conjugation to a peptide carrier. Synthetic
peptides were produced as described23 and were purified by high-perfor-
mance liquid chromatography. Peptides were conjugated through a C-ter-
minal cysteine to either tetanus toxoid or diphtheria toxoid according to
Coligan et al24. N-terminal peptide sequences are given in Table 1 (ref. 11).
The sequence for J14 is KQAEDKVKASREAKKQVEKALEQLEDKVK (ref. 9). The
sequence of the 2040 (M12) GAS N terminal peptide is DHSDLVAEKQRLC
(ref. 11). The sequence of the non-specific schistosoma peptide is
EGKVSTLPLDIQIIAATMSK (ref. 20) .

Assembly of peptide-based polymers. Peptide synthesis and polymeriza-
tion were done as described17,18. Individual peptides representing portions
of the M protein were assembled using fluorenylmethoxycarbonyl chem-
istry, and a residue of Lys (4-methyltrityl) was inserted at the C-terminus. All
peptides were assembled as the carboxamide. After removal of the N-termi-
nal fluorenylmethoxycarbonyl group, the exposed N-terminal amino group
was acetylated and the 4-methyltrityl group of the C-terminal lysine was
then removed in 1% trifluoroacetic acid in dichloromethane. The amino
group exposed at the C-terminal lysine in this way was then derivitized with
acryloyl chloride and polymerization of individual peptides was carried out.
Polymers were dialyzed exhaustively against water; non-diffusable material
eluted in the void volume of a Protein Pak 300 column (0.78 × 30 cm)
(Waters, Australia, Sydney, Australia), indicating a molecular weight in ex-
cess of 400 kDa.

Immunization of mice. Peptides (peptide alone, peptide conjugated to
diphtheria toxoid or the heteropolymer construct) were administered sub-
cutaneously at the tail base to B10.BR or Quackenbush (outbred) mice
(Animal Resources Centre, Perth, Western Australia). Each mouse received a
total of 30 µg immunogen emulsified in complete Freund’s adjuvant (Difco
Laboratories, Detroit, Michigan). Mice were boosted after 21 d with 30 µg
immunogen in PBS and received two subsequent booster injections at 10-
day intervals (except for J14-immunized mice, which were boosted with 3
µg peptide in PBS). Blood was obtained from mice through the tail artery at
two weekly intervals after primary immunization.

Detection of murine antibodies. ELISA was used to measure mouse serum
antibodies and the antibody isotype to the peptides as described9,14. ‘Titer’
is defined as the highest dilution that produced absorbance more than
three standard deviations (s.d.) above the mean absorbance measurement
of control wells containing normal mouse sera.

GAS strains. GAS isolates were obtained from the Menzies School of Health
Research (Darwin, Australia)(Table 1). Isolates were collected in the
Northern Territory of Australia. 2040 [M12] is a reference strain.

Bactericidal and peptide inhibition bactericidal assay. Mouse sera
against peptide were assayed for their ability to opsonize GAS in an indi-
rect bactericidal assay essentially as described25. Bacteria were grown
overnight at 37 °C in 5 ml Todd-Hewitt broth (THB), then 200 µl of
overnight culture was subinoculated into 5 ml warm THB and grown for 2
hours at 37 °C. GAS was then serially diluted to 10-4 in saline. The bacteria
dilution (50 µl) was mixed with fresh heat-inactivated sera (50 µl) and
non-opsonic, heparinized human donor blood (400 µl). All donor blood
was prescreened before being assayed to ensure that it could support the
growth of the GAS strain by at least 32 times the inoculum in a 3-hour in-
cubation at 37 °C (ref. 20). The mixture was incubated at 37 °C for 3 h
with ‘end-to-end’ rotation, and 50 µl from each tube was plated out in
duplicate on blood agar ‘pour plates’. After overnight incubation, the
colonies on each plate were counted. Opsonic activity of the anti-peptide
sera (% reduction in mean CFU) was calculated as [1–(CFU in the pres-
ence of anti-peptide sera)/(mean CFU in the presence of normal mouse
sera)] ×100. Donor blood and bacteria controls were included with each
experiment.

The peptide inhibition bactericidal assay was done as described above
except that 100 µg peptide was added to 50 µl fresh heat-inactivated sera

Fig. 2 Survival of immunized mice after challenge with either 88/30 GAS
or 2040. a and b, Challenge with 88/30 (first experiment, a; second ex-
periment, b). �, heteropolymer; �, 88/301–20-DT; �, PBS; �, alkane back-
bone. c, 2040 challenge. �, heteropolymer; �, 20401–12-DT; �, PBS; �,
alkane backbone.
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and incubated at room temperature for 30 min before the addition of bac-
teria and non-opsonic heparinized donor blood20.

GAS challenge procedure. GAS strains were passaged through mice by the
intraperitoneal route to enhance their virulence. Each strain was cultured
overnight in THB with 1% neopeptone, washed twice in THB with 1%
neopeptone and resuspended in 25% of the original volume. The inoculum
dose was determined by absorbance at 600 nm and by mean colony counts
of ‘pour plates’ prepared with 50-µl samples of 10-fold dilutions of the bac-
terial suspensions added to 20 ml melted THB agar with 2.5% horse blood.
After overnight incubation at 37 °C, colonies were counted. Immunized
and control mice were challenged intraperitoneally with a 90% lethal dose
of GAS, 10 d after the last immunization. According to Institutional Ethics
Committee requirements, mice that were found to be moribund were
killed.

Statistical analysis. Geometric means were calculated and comparisons
between groups of patients were made by Student’s t-test. The χ2 test was
used to calculate significance in GAS challenge experiments. A P value of <
0.05 was considered statistically significant for all analysis.
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