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ABSTRACT

A successful vaccine needs to target multiple strains of an organism. Streptococcus pyogenes is an organism
that utilizes antigenic strain variation as a successful defence mechanism to circumvent the host immune
response. Despite numerous efforts, there is currently no vaccine available for this organism. Here we
review and discuss the significant obstacles to vaccine development, with a focus on how cryptic epitopes
may provide a strategy to circumvent the obstacles of antigenic variation.

Vaccines are amongst the greatest medical achievements of
modern civilisation. Today, over 70 vaccines have been licenced
to prevent infection with approximately 30 different
organisms."? Vaccine development has largely focused on the
concepts of live attenuated, sub-unit and whole-cell vaccine
designs. Of these one-third are sub-unit vaccines that contain
highly immunogenic immunodominant antigens capable of
producing antibodies to a single-strain of an organism.*’
However, for several infectious diseases this approach is inef-
fective or is associated with major disadvantages. The challenge
is that many organisms are antigenically variable and due to
their diversity, polyvalent vaccines have been developed.
Examples include vaccines for Streptococcus pneumoniae and
Human Papilloma Virus.’

Streptococcus pyogenes (group A streptococcus, GAS) is an
important human pathogen for which vaccines are not yet
available. For this organism, antigenic diversity is extensive
and this challenges even a multivalent vaccine approach. An
alternative approach is to use cryptic epitopes because these
are poorly immunogenic in the native organism and they are
thus not under immune selection pressure.” Although they
may not be recognised as a result of natural infection,* they
can be highly immunogenic when presented in isolation
such as a peptide or a recombinant polypeptide fragment.
Furthermore, because they are conserved they may be able to
induce strain-transcending immunity. Cryptic epitopes can
thus be exploited in vaccine development. Despite their recog-
nised potential there is a paucity of literature on the descrip-
tion and utilisation of cryptic epitopes as vaccine candidates.
Here, we provide an in-depth review on the development and
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potential use of two separate cryptic epitopes in a vaccine to
prevent infection with GAS.

GAS is a Gram-positive organism that primarily infects the
upper respiratory tract (URT) and the skin.>° It is responsible
for a wide array of infections ranging from superficial infections
such as streptococcal pharyngitis and pyoderma to invasive
necrotising fasciitis. The ‘post-streptococcal’ sequelae of
rheumatic fever (RF)/rheumatic heart disease (RHD) and post-
streptococcal glomerulonephritis are also of major concern.
GAS infections and their sequelae are responsible for more
than 500,000 deaths each year.” In 2015 there was an estimated
319 400 deaths due to RHD.”

Immunopathogenesis and obstacles in GAS vaccine
development

Development of auto-reactive B and T-cells

Infection with GAS can lead to acute rheumatic fever (ARF),
which predominantly affects people living in resource-poor
settings. Subsequent streptococcal throat infections can cause
recurrent ARF. Single or repeated episodes of ARF can result in
RHD.® The genetic susceptibility to RF/RHD is associated with
Class I MHC molecules (HLA-DR, DQ and DP) that present
peptides from extracellular pathogens to CD4" T-cells.” These
include HLA-DRBI, HLA-DRB4, HLA-DQAl and HLA-
DQBL." The aetiology of the disease is not well understood but
has been defined as an autoimmune illness (see below).!! The
streptococcal M-protein shares an alpha-helical coiled-coil
structure and antigenic cross-reactivity with cardiac myosin. This
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phenomenon was first described by Kaplan,'” and Zabriskie"> and
Meyeserian'” as antibody cross-reactivity. This is a significant hin-
drance to GAS vaccine development where it is critical that a vac-
cine does not induce auto-reactive B- and T-cell responses. The
evidence that an autoimmune pathogenic process might involve
the M-protein was highlighted in an early study in 1969 where 21
children were vaccinated with type-3 streptococcal M-protein.
Children received up to 33 injections of partially purified M-pro-
tein at doses of up to 1 mg per injection. Following vaccination,
although these children developed 18 GAS infections (tonsillitis/
pharyngitis), none were type-3 GAS infections. However, two of
these infections were followed by RF and one by probable RF."
In other studies where subjects were immunized with three doses
of M-protein there were no reported serious adverse events.'>'
In 1979, the US Food and Drug Administration prohibited the
development of a GAS vaccine after considering the findings of
the independent advisory panel “Review of Bacterial Vaccines and
Bacterial Antigens”. The prohibition remained for nearly 30 years
and was lifted in 2006 when subunit vaccines were being
developed."”

The immunopathogenesis of group A streptococcal disease has
been studied and the autoimmune potential of the M-protein has
been identified in a number of previous studies reviewed exten-
sively by Cunningham.'®'” The B1B2/B2/B3A regions of the M-
protein were found to contain myosin-cross reactive epitopes,
with B2 peptide having 42% identity with cardiac myosin and
B1A inducing myocardial lesions.” Therefore, the B-repeat region
of the M-protein has been excluded in GAS vaccine development.
Additionally, studies have also shown cross-reactivity between the
C-repeat region and cardiac and skeletal myosin,*** thus
strengthening the case for the development of minimal subunit
vaccines where host cross-reactive epitopes can be eliminated to
reduce the risk of ARF and RHD.

M-protein sequence variation is associated with rheumatogenic
GAS strains associated with the development of ARF. Examples
include M-types 5 (M5) and 6 (M6). Immunization with M6 protein
was shown to induce valvulitis and myocarditis in a Lewis rat model
with both CD4+ and CD8+ T-cells detected in valvular lesions.”?
Additionally, immunization with human cardiac myosin generated
T-cells that recognized the M5 protein.** Furthermore, passive
transfer of M-protein A-repeat region-specific T-cells into naive rats
produced valvulitis providing further evidence that M-protein-spe-
cific T-cells may be key mediators in valvular heart disease.””> M-
types 1, 3, 5, 6, 14, 18, 19, 24, 27 and 29 have been previously associ-
ated with ARF.***" The relationship between rheumatogenic GAS
strains and acute pharyngitis was evaluated in an epidemiological
study in the United States. A decrease in the prevalence of ARF was
associated with a significant reduction in the proportion of cases of
acute streptococcal pharyngitis in children caused by rheumatogenic
GAS types.30 In a more recent study, it was found that GAS strains
belonging to emm pattern D (skin pattern) contributed to 49% of
ARF-associated GAS strains, thus also suggesting a role of skin infec-
tion in the development of ARF.*

Antigenic strain variation with GAS and the need
for repeat exposure to induce immune memory

A major hindrance to subunit vaccine development is the vast
sequence diversity of the virulence factor, the M-protein.
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Strain-specific immunity is a result of the development of anti-
bodies to the immunodominant amino-terminal epitopes on
this protein.”” The M-protein is encoded by the emm gene.
There are over 200 distinct strains based on the serological M-
types and more than 230 emm types have been identified using
emm typing,”** the gold standard molecular typing method
that is based on the 5'-end 150 nucleotides of the emm gene.”

Early studies by Kuttner and Lenert™® revealed the presence
of type-specific antibodies in children recovering from strepto-
coccal pharyngitis. A follow-up study found that type-specific
antibodies from adults recovering from GAS infection in the
URT were able to bind to homologous heat-killed streptococci
but not strains of heterologous types.”” In another study, type-
specific antibodies were shown to reduce the risk of homolo-
gous pharyngeal infections.’® Further studies by Lancefield
reported that human antisera to types 3, 6 and 13 protected
mice against homologous challenge with GAS to an extent
roughly proportional to the antibody concentration detected in
sera.”” This supported the notion that M-protein-specific
antibodies, post-pharyngeal infection with GAS, persist for
extended periods of time, and confer homologous strain-spe-
cific immunity.

However, there is very little knowledge on the acquisition
of immunity following GAS skin infection. We used a number
of epidemiologically distinct GAS strains to model the develop-
ment of acquired immunity to pyoderma and demonstrated
that infection leads to antibody responses to the serotype-spe-
cific determinants on the M-protein and short-lived protective
immunity to homologous strains. Memory B-cells do not
develop after a single infection and immunity is rapidly lost.*
Similarly, sequential infections with different strains resulted in
short-lived immunity only to the last strain to which the mice
had been exposed and not to any previous strains. However,
two sequential infections with the same strain within a short
time frame did induce enduring strain-specific immunity.
Along with antigenic-diversity, if the requirement for multiple
consecutive exposures to each serotype of GAS to induce a
memory response also occurs in humans, then this represents a
further serious impediment to the development of immunity to
GAS. The need for multiple infections to induce immunological
memory to a given strain begs the question of whether natural
infection post-vaccination will be able to boost and maintain
memory. This is a critical question for all vaccine candidates.
Mice exposed to multiple strains, either sequentially or simulta-
neously, did not develop antibodies to a conserved M-protein
vaccine peptide, ]8, demonstrating that this epitope is cryptic to
the immune system.* However, we have recently shown that
skin infection can boost J8-induced immunity and furthermore
that the infection serves to broaden the nature of immunity
by engaging other antigens such as SpyCEP.*

GAS vaccine development

GAS vaccine development is divided into M-protein and
non-M-protein-based approaches.*’ M-protein-based vaccines
include fused recombinant peptides from the N-terminal
region of the M-protein from multiple emm types of GAS (6-,
26- and 30-valent vaccines),*** antigens from the conserved
C-repeat region of the M-protein, StreptInCor (containing
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selected T and B-cell epitopes),*® SV1 (containing five 14-mer
amino-acid sequences from differing C-repeat region)*” and J8/
J14, a cryptic epitope-based vaccine approach (containing a
single B-cell epitope from the C3 repeat region).*® Figure 1 rep-
resents a schematic of the M-protein with the location and
targets of M-protein-based vaccines in development. The non-
M-protein-based vaccines include virulence factors such as
SpyCEP* and C5a peptidase,” and group carbohydrates.”">*
A comprehensive discussion of M-protein and non-M-protein
GAS vaccines is summarized in Table 1.

M-protein-based vaccines

To take advantage of the type-specific opsonic antibodies associ-
ated with the amino (N)-terminal region of the M-protein a
multivalent M-protein vaccine was designed. The hexa-valent
vaccine consisting of N-terminal subunits from 24, 5, 6, 19, 1
and 3 M-protein peptides was found to be immunogenic against
all six M-protein peptides and no cross-reactivity between
immune sera and human heart tissue was observed.*>**
However, this vaccinate candidate was constrained by type-spe-
cific protection.**** Therefore, the vaccine was advanced to a
26-valent N-terminal vaccine (StreptAvax), consisting of 26 N-
terminal subunits from North American GAS isolates.”
Although StreptAvax was shown to cross-opsonize non-vaccine
M-types, it offered limited theoretical coverage against strains in
many developing countries.*>>> The 26 emm types present in
the vaccine accounted for only 65% of all isolates in Africa, Asia,
Middle-East and Pacific region, with the theoretical coverage of
the vaccine in Africa being estimated to be 39% and in the Pacific

region, 23.9%.”* Regardless, this is the most advanced GAS vac-
cine candidate with the successful completion of a Phase II clini-
cal trial.>> The vaccine has since been refined to a 30-valent
vaccine consisting of 30 N-terminal subunits from North
America and Europe. The serotypes included in the vaccine
account for 98% of all cases of pharyngitis in the United
States and Canada, 90% of invasive disease cases in the United
States and 78% of invasive disease cases in Europe.”® The vaccine
was shown to induce antibodies in rabbits against 24 of 40 non-
vaccine serotypes.”>” Recently, these observations have led to
the designing of M-protein-based vaccines utilizing an emm
cluster-typing system in combination with computational struc-
ture-based peptide modelling. The preliminary data are promis-
ing, however, further investigations are required to confirm the
feasibility of this approach.®®

To elicit a broader range of protection, vaccine candidates
targeting the conserved C-terminal region of the M-protein
have been developed. StreptInCor, comprising 55 amino-acid
residues from the C2 and C3 conserved regions of the M5 pro-
tein was shown to be protective in BALB/c*’, HLA class II
transgenic mice®® and SWISS mice.®" Protective efficacy was
demonstrated against M1, M5, M12, M22 and M87 GAS
strains.®> No autoimmune pathology was observed in heart or
other organs® and an epidemiological study of Brazilian GAS
isolates predicted the protective coverage to be 71%.°> Another
C-terminal vaccine candidate in development is SV1, consisting
of five 14-mer amino-acid sequences (J14; variants) from differ-
ing C-repeat regions combined in a single recombinant
construct. Unlike the J8-DT vaccine candidate, SV1 maintains
alpha-helical structure without the need for additional flanking

30-valent N-terminal vaccine
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Figure 1. Idealized schematic illustrating M-protein based vaccine targets. The amino-terminal region: 30-valent N-terminal vaccine consisting of four different multiva-
lent fusion proteins (containing eight or nine M-protein fragments)*’; The B-repeat region: representing defined myosin cross-reactive epitopes®; The C1-C3 repeat
regions: SV1 vaccine consisting of five 14-mer amino-acid sequences (J14; variants) combined in a single recombinant construct*®; The C2-C3 repeat regions: StreptinCor
vaccine containing immunodominant T (22 amino- acids) and B-cell (25 amino-acids) epitopes (bold residues) linked by eight amino-acid residues ([] boxed residues)%;
The C3 repeat region: Minimal B-cell cryptic epitope within p145 defined as J8, bold residues are those contained within M-protein (J8), residues not in bold are from

GCN4 protein (not from M-protein).”



HUMAN VACCINES & IMMUNOTHERAPEUTICS 2037

|eu} | aseyd 1oy uonesedaid uj

194 paynusp! suoN

19-595YD B
/4402 JunIIAIBdAY Jsutebe 1331014 —
(sa1poque
dIdAds-nue yum) uonepeibap
8-11>20|q 03 pue (s3lpognue gr-hue
yam) syyo aziuosdo 0y Aj[ednsibiauAs 1oy —

1@ JO wioj 31x03-uou pue

aneul A[ednewizul (YD) L6LINYED,
(sanpisas uUIsAT Aoy yum

TS) TS JO 3ARALISP 3|GN|OS BI0W Y/ TSHY

9WHD 01 pajebn(uod
pue d3dAds wouy (zSpyH) adonds
[192-g J3W-OZ B YIIM pauiquiod \YD-8f

(xeAIquod8rIN)
wn|y/INgD-CSYN+IWHD-8r

1959
9jyoud
K13jes sadueyus azis adoyda jewiuly —
,s"bojoyred anssiy ueay ewiouqe
0U pajeJISuUOWap elep |edIulpP-aid —
o6(L0-0d17-8r) siibukieyd
pue _elwaelaideq ‘ewiapoAd
[e330203da1)s Jsuiebe uoil0id — wnjy yum pajejnwiio]
(uoneuedaid uy 3dudsnuew) synpe sadA101s pue (1@) p1oxo} euayiydip uiioid |92
Ayyeay ui dusbounwiwi pue pajesa|or 00'goSUIRIS YD) SURINW /4400 SYD |8 3sutebe uopda3oid bupnpul J1ad[ay-| 03 parebnfuod ‘(uoibal yeadal
96'26'95'c0 [I9M :pa313jdwod |eu | aseyd 10|id 3|nIAIRdAY Isutebe Adedyje paywiy — Jo 9|qeded uabnue ||33-g d>1dAI) - -€)) St71d uyum adouds [j93-g jewiuly (XeASIN) win|y/1d-8r
61512
Klowaw-] pue g 1|9 01 [elau0d —
poSuebio
19410 10 B3y Ul paAIISCo dIaM
suoideal |edibojoyied sunwiwione oN —
sanpisal ppe-oujwe WbId Aq pay
2oSYD L8N PUe ZZIN ‘TLW ‘SN ‘LW sadoyda (spioe-oulwe ) ||9-g pue
azjuosdoy/azijesnau 0} 3|qe saIPoqIUY — (sp1e -oujwe gg) | Jueujwopounww|
19221W SSIMS pue (s9f3][e || V1H sutejuo) ‘(suolbai g3 pue
uewny Bujuieuod 3djwy) djuabsuely 7D) suoibal paniasuod uisrold G Ay}
6217965 |ed1uip-aid 194 payiuap! dUoN 11 S8 YTH ‘g 2/971V4 Ul 9A1DI01d — woJj S3dUINb3s pIde-oulwe 3y} Uo paseg loHupdans
&, P33533 Sy Jo sadAjolas dudeA-uou
Ot JO #Z 3sutebe salpogiue [epid1Ialeq
O S[2A3] JuedYIubIS pauleo) —
£ (SHOGRI PIZIUNWWI WO WINIBS
buisn) syo Jo sadA1019s supdeA og ||e
1suleBe salpogiue [epidLa1Ie] PAYOAT —
ocodoing wnjy
Ul S3SBISIP SAISEAUL JO %8/ puB yum paje|nuio) (suswibeyy uerold
‘S’ Y} Ul S3SEISIP AISRAU] JO %06 - Bulu Jo 1yb1s buureiu) suisioid
S|opow [ewiue ul pue epeue) pue "5 ay3 uj siibukieyd uoIsn JUS[eAI}NW JURI3YIP 1IN0 *SYD
95't |ed1uip-ald pa1iodai Jou uoidaloid snobojosalaH — JO S3SED || JO 9486 10} JUNOIE SIAAI0IIS — 0 52dA10435 Q€ WOL) SHUNQNS [eUIWIR)-N |RUIWIRY-N JUS|RA-QE
c'c,ONSSI1 LBy uewny pue eias WNy Y1im pale|nuiioy
unww U3aMIDq AJIAIIORII-SSOID ON — (wapuey up paxuy) suswibedy uizl0id
<SHnpe 4 %6°€EC UOIBAI dYIdRY PUB 9%6¢€ BILIYY £cOUIDIRA Ul papnpul -|N U3ASS Jo XIs Bujuieiuod) suiarold
Ayyeay ui dusbounwiwi pue pajesa|or Ut 3updeA Jo 36eI9A0) [e133103Y] ~ J0u s3dA)-| dzluosdo-ssoud 03 ANy — JUBUIQUIOD3) JUBIJIP IN0S ‘SYD (xeayrdans)
— 1I9M :pa19]dwod [l [e21ul] || 9Seyd uoipayoid dypads-adAy Aq paulesisuo) — ¢cU19101d J311ed 341nb31 Jou s30Q - 40 s9dA10195 97 WoI) SHUNQGNS [RUIWIDI-N [eulWwI)-N JUS|eA-97
SauIIDA paspq-uiajoid-yy
"Joy sniels sabejueApesiq sabejuenpy uonisodwo) aweN

*S3UIDIBA YD) Paseq-Ula10id-|\-uou pue uraioid-}y Jo sniexs °| ajqel



2038 V. OZBERK ET AL.

(abpd 1xau uo panunuod)

sel'eL'es

1£-69'0S

08

T5'Ls

o€l

9’8y

|ed1uip-aid

|ed1ulp-aid

|ed1ul-a1d

|ed1ulp-aid

|ed1ulp-aid

|ed1ulp-aid

4615911 Db LgsS-hue Jo 3dussaid
9)1dsap ‘uoldUI SYD) IS 0}
sjenpialpul sasodsipaid ewsapoAd Syo —

og UORRUILLBSSIP pUB yImoib [ealeq
1WA Jsutebe AUl Sem
g1)/19JS YHM uoneziunwiwi [eseuesiuj—

19K paynuapl auoN

19K paynuapi suoN

anssi) uewiny pue ajeipAyogied

ceel-LEL
SYD UaMISQ ANAIDEDI-SSOI) —

19K paynuapl auoN

194 paynusp! suoN

¢ UOIIRJUI Sy [eauoypiadenul

1sujebe djw paalold Y4)/45d94
YUM uoleZIUNWWI SNO3ueINdgNS —

Db

wnias pue yb| Liearjes oyads-uabnue
:uoneziunwiwi [eseueslul/|e1o g15/v5dg94 -

2/(%86<) sutens 153} ||e buowe
panasuod Alybiy :auab ysdqgy ay) -

s2d£10195 SYO 6YIN puB LLIN

‘9IN ‘T ‘LI JO UOReSIUO|0d 3Y) PRdNpaY —
Vb

Kieaijes pue b| wnias ybiy jo uondnpu| —
59dA1013S S\YD) [RIDARS SS0.0R
uoinpazold dnpul Aew ‘sadAyoias

JudJaYIp buowe parIasuod Ajjedruabiuy —

|9pow uond3jul

J1WRIsAS duuNw Ul uodloid dAISsed —
sadAoias

SYD 3SISAIP Jo Bul||py pue uonesiuosdQ —
uleydepis SYNd|9
JO [eAOWII 0} NP suabiue delpied

uewny uaamiaq AHAIDRI-SSO0D ON —
suleils Sy

||B SSOIDB PAAISUOD :33RIPAYOCIRD SYD) —

,U0nes|u0|0d Jeoly}

SYD Ul uoipPnpal Juesyubls :(g1)
JOHD-SYD) uofiezjunwuwi |eseueyu| —
zsSHqqel

Bunowoud siso1f>06eyd jo uondnpu| -

(sSUIBLIS SYO [
5008 PIAIASUOD :3}RIPAYOQIeD SYD) —

sasuodsal
Apoqnue dyads- L[ pue ayeldn |3
131pusp uedyiubis bupnpul jo sjqede) —

SuI2104d-|l JO 95/6 Ul JUISAId —

10} [9POW 1BY SIM3T 3Y1 YHIM SDIPNIS
ul pa1da1ap sasuodsal sunwwiome oN —

abesanod upayoid
-|N papuaIxd apinoid Aew ‘syuerien L
U93M}3( UOIIUH0II-SSOID JO AUIPIAT —

uanbas bupjueyy 1oy pasu ayy
1NOYIIM IN1ONJIS [BDI[3Y- SUIRIUIR —

Ajjeseuesjul paIanljap pue

41D 03 pa1ebnfuod | gjs JueUIqUOIDY

‘A[jeseuelyul pue £jjeio paIaAIlRp

pue (g1D) g Hungns UIXo} BI30Yd YUM
pa|dnod (y$dg44) bSdgd JueuIquoddy

(LS 40 5dgd)
ut104d Buipuiq undsU0IqI4

0,cUOIIBZIUNWW SNO3URINIGNS
J0j WNjy Yum pajejnwioy pue 1dw
yum pauiquiod Jo . . (p31ueAnfpeun)
A||eseuesul paJanlRp

VdDS 2ADeUl A|jednewAzus “ueuiquioday (VdDS) asepndad eg) syo
(OVDV) DV9 9ANI9J9P-DYNIID uteyssplis
10RAIXS 0} Pash sem (YD) JUSPYIP JYN2ID 10} 3AIBBP

uleYIIPIS DYNI|D) B3R JURINW |deD) (OvyD) aeipAyogied syo

(L) (OHD
PIOX0} SNUR13) 0} Pa1ebN{uod OHD-SYD SyD) a1eipAyogled syo
SaUIIIDA Paspq-uld)oid-j-uoN

912-91D-giadeds-p L[ (1)
912-91)-ziddeds-| | D- L4ddeds-p L (1)
:S19NJ1SUOD SUIDIRA

(91D)

spie-oujweodi| pue || sopndad

Buiwioy |uqy yum pajesodiodul L1 L bunueanfpe-yss

12NJ1SU0D JURUIQUIODDI
9|buls e ul paulqwod suoibai
1eada.-) BuLIYIp WOy (SIueLeA

'y L[) s9duanbas pe-oulwe JaW-{| dAI4 LAS



HUMAN VACCINES & IMMUNOTHERAPEUTICS 2039

(IBAIAINS 95001) UONP304d PaLIBUOD
ey} aupdeA [ejuawadxd Aluo ay)
SeM dudeA (|0s3u0d aAsod) uRiold
LW "pasiwoidwod sem uoidajoid

abuajjeyd-unys Huimojjoy
pae04d Apuedyiubis asam DI\ —
Kj9Aadsas suiens Syo
8tiS pue 00z L sutebe djuosdo
sem 221w uaboujwseld paziuewny
pue 5/g7yg WoJj BI3S GHOQUIOD-NUY —

SYD 9AI| 01 pulq 01 3|qe 3IIM
1w uaboujwseld paziuewny pue

pue ‘(61,8-/T ee) 6920AdS ‘(LLS—TE ee
‘01S) O uisAj0adalis Jo Bunsisuod aupdeA

wnjy

yum pajueanfpe (vdds) asepndad eg)
1e330501d311s iy dnoib pue (d3)Ads)
aseuialold adojaaus |91 sausboAd
sn230203da13s “(01S) O ulsAjoadais
‘(Jgy) @seuiwiap auluibie jo

SUOISI9A pajenl}deul ‘(4]) Joyoey J1abbuy

- |ed1uip-ald ‘35e3SIP AISRAU JO) [SpOW B U] — 3/97v¥g WO} S3IPOqIUe WNJSS dULN|A — JO uoljeuIqwiod e Jo Bunsisuod aupdep G#OqWI0D)
c2PRI3A0D peouq Joy painbai suenea
J0 Jaquinu Bundusas ‘Abojowoy
yb1y aieys 1eyl sadAl-] swos usamiaq
g OUIDDRA Ul sjuelieA 31| paA3lyde 3q ued uo1d304d-5501) —
snjid uleyuod ey} suesys 03 dyPads /uoneziunwiwi buimoyjoy suayo4d shjid Jueuiquiodal (uabpue
6195 |edtuip-aid S| uondaloud ‘Aysianip adusnbas 1sep — UOI1I9JUI [ESOINW JSuUlehe uoIIR0Id — 0 uoljeulquiod e Jo buisudwod aupdep -1) 1jid [ea30>01dans
,,02ds 3dA1-piim
yam abua|eyd woiy suqgel paysioid
uoneundeA pue dlusbounwwi Ajybiy -
1/SS1S
JO S[9pow el oml Ul [eyld|-UoN —
9 3dS JO 2InPNIIS-E Woly
£/SJWdd ueuiny pue P312NJISUOD SIUBINW ABEN/YSEH/YSLA (D 3dS) D uxoloxe
" [edIuIp-1d 194 paynuapi suoy —  S2Mo0U(ds Jiqqel Joj dusbojul-uoN - ais-31d11 Y1 pUB Q8EN/VS LA d1s-3|gnoq s1uaboukd [erd0301dang
9 HIOUO3 JORUOD S Ul 1IW paziunwiwi
|BAIAINS 9487 03 Uosledwod Ul 101040 oM Pazl :
pazIunwiwi 3y} Ul [AIAINS 9505 U padnpaJ suois3] Upis 0 A1panas — (21€]08! [EDIUIP
y3m uodazoad |ensed pasiapuod ob| 5,02Y SYD Yyum abusjjeyd buimo|oy Bupnpoud aseajoud ) 0z-y sauaboAd (9 3dS) g uIX010Xd
o |ed1uip-aid g 3dS-11Ue Ylim uoneziunwwi aAissed — 9DIW PaIRUIIBA Ul [RAIMNS %00] — sn230203da3s woly payund sem g 3dS >1uabouAd [erd0301dang
4,V 3dS 2dA1-pjim yum K|snosueindgns
pabuajjeyd usym ssauji jo subis
OU pue [BAIAINS 0} P3| OS|e UOHeZIUNWIW| —
<,(SSLS) dwopuAs ypoys (¥ 3dS jo syuenw
31X0} [£330203da1)s Jo swoydwAs ou pie ouiwe-exay pue a|duy ‘d|gnop) (¥ 3dS) V uIxoloxa
e |ed1uip-ald 194 payiuap! auoN pue uoI3JUI SYD [eYId| WO UOIII0I] — snainb sn22020jAydp}s wouy payund v 345 >1uaboiAd [e330501dang
SYD SN 9AiebaU sadf1 SYO SZIN PU bIN ‘ZI dAmIsod SyD ¢ adAjoias-|\ aniisod
ol |ed1uip-ald 406G 40} BAIIIYIUI WNISS ZJOSIH-huY — 105 521u0sdo 0} S{GE WSS Z4OSH-IUY — 40S WoJj Z40S 1ueUIqWOD) payling (240S) 403284 AdRdO WINISS
S9BUR[BYD U Sy Jueinw pue QWN|Y
9dA1-p|Im 574402 1sutebe uodaioid yum Ajsnosuendgns pasalsiuiwpe
punojoud ui paynsal (d3DAds1+1a pue (1@-8r) usbnue apndad
-8[) UoljeudIBA UOfRUIqUIO) — [_UIWIRY-D) YHM pauIquiod d3dAds)
00'5s2U0R o UOIDRJUI DIWB)SAS 03 [e20) 10, ¥4D yum Ajjesusied pasaisiuiwpe
0008 paJaisiuiwpe uaym Adedy)s paywi — WO} SYD JO UOIRUIWISSIP 3Y} padnpay — (d3DAds1) d3DAds Jueuiquioday (d3DAds) asesroud aunas
£,U0NI34UI
SVD [_Y19] Isulebe ad1w pasiold
g1/194S Y3M uoneziunwiwi [eseuesiul—
JEN snyels sabejuenpesig sabejueapy uonisodwo) aweN

“(panupuo) 1 3|qeL



V. OZBERK ET AL.

o
<
o
o~

LrL

8€L

|ed1ulp-aid 194 paynuapi suoN -

ovge ONI101d
jou a1am uidjoid pajenosse
Sueiquiaw [edayiodAy pue
‘aseue|n|ind aaneind ‘uiayoid Buipuiq
-apndadobi|o d|IyMeg e, o, AOBIYD
aA13304d pamoys qyAds pue
‘uy04d 2deYNS |93 ‘asepndad eg)
‘asay3 JO "ApNis Iy} ul papnjaul 3soy}
Jo Xis buipnpul ‘sajepipued auiddeA se
|ed1up-aid UoI1e|oS| Ul Pa)sa) Uddq aney suabnuy —

|ed1ulp-aid 19K paynuapi suoN —

abuajjeyd Syo LN snosueindgns
|eya) 1sutebe uoidajoid Juedyiubis
Burayuod ‘AjjednsibisuAs 1oe 0}
PaAISSCO SeM 4] pue QY UORRUIqUIO) —
SYD LW Yum abuajjeyd esuoiuadesul
1sujebe pajesisuowap A3ed44d dA11I)04d —
sawiAzua 3say) aziubodas Jou
Op SuOo[3ed1|dWO0D SUNWIWIOINE JO S|IAIJ)
yb1y pue suondvyul YD pajeadas
Bunayns suonejndod uewny wouy e4S —
Auapi aduanbas
pIe oujwe 9%e6< Buniqiyxa sadA1oias
Sy a|dijnw ssoe passaidxa
e sawAzud pasodxa-adeuns asay] —

suablyue pay3|as

3y Jo Aue uiyum sadoyids snndeal

$s0J Jo duasqe ue bunsabbns ‘Aesse

paseq ys[13 ue buisn anssiy aAjeA Leay

uewINy yum A)A1DR3I 3qIUISISIP OU
pajesisuowsp wnuasnue ZAds suunpy —

sulels Sy

€N pue L 1sutebe £edyys aandaloid

pa1eJISUOWSP pUE SIIPOIIUR
1e320203d3415-13Ue JO UoNdNPU| —

$91€|0s! SYD

Jo uonpdely abie| e Aq passaidxa sio1dey

9du3|nJIA Jueuodwi om) Buizijennau
Jo 3|qeded sajpognue s1dI[S BUIeA —

uonda3jul

JO S|9POW 3SNOW JUIBYIP Ul Suless

SO Jo abues apim e jsujebe uodaloid
-$50.2 JUISISUOD PaLIBJU0D suabnuy —

(41) 103084 4366143 pue (Igv)
Sseulwidp aululbiy Jo Hunsisuod suddep

Qv Ads pue

uialoid adeyns |33 ‘utdjoid pajerdosse

aueiquiaw [ea1RYyI0dAY ‘uryoid

Buipuig-apisoapnu ‘aseuen|ind

anneind ‘uigoud Buipuig-apndadobijo

‘asepndad eg) — susabnue
JURUIGWOD34 USASS JO Bullsisuod aupdep

payund pue 40129 uoissaidx

110 3 +qpz13d 3Y1 Ui pauopd usm
SUOISI9A ss3|be} (£191-1€ ee ‘d3DAds)
aseajoid adojanua |19 sauaboAd g

41 pue gy

£ Kds

oquod uabnue-¢



sequence.”””*> Antibodies raised to SV1 were shown to bind to
each of the 5 J14; variants which are present in 97% of M-
proteins.*”*® The studies with the Lewis Rat model for valvulitis
suggested that the vaccine is safe and will elicit antibodies that
recognize a broad range of GAS serotypes.®> J14 has also been
combined synthetically with 7 amino-acid peptides from differ-
ent emm strains and induced protective antibodies in mice to
strains both represented by and not represented by the amino-
terminal sequences.®*

An experimental vaccine J8-DT, targeting the conserved
domain of M-protein and conjugated to diphtheria toxoid
(focus of this review) has shown efficacy against multiple GAS
strains. The efficacy of J8-DT was further improved to protect
against covR/S mutant hypervirulent strains by incorporation
of a SpyCEP epitope (S2) (see below). J8 conjugated to CRM
197 (enzymatically inactive non-toxic form of DT) in combina-
tion with K4S2-CRM is currently in preparation for a Phase I
clinical trial.*>*”

Non-M-protein-based vaccines

In recent years with the help of reverse vaccinology along with
proteomics, whole genome sequencing, bio-informatics and
microarray technology, a number of non-M-protein vaccine
candidates have been identified®® and are under pre-clinical
development. Their highly-conserved nature across various
serotypes and to date, no evidence of associated tissue cross-
reactivity, makes them an attractive target for vaccine
development.”® Non-M-protein-based vaccine candidates that
have been shown to play a role in immunity include C5a
peptidase,”*7! streptococcal fibronectin binding protein,”>”?
streptococcal pyrogenic exotoxins A,*”® B’® and C/7 S.
pyogenes cell envelope protease,””®® serum opacity factor,”®
streptococcal pili,”” and GAS carbohydrate.”"*>*" However, a
non-M-protein vaccine candidate has yet to progress into
human clinical trials. It is believed that despite the role that
non-M-protein antibodies play in GAS immunity, opsonic M-
protein specific antibodies will be critical for clearing GAS
infection.®’ A combination of M-protein and non-M-protein
antigens could be exploited to improve protection which has
been demonstrated with the MJ8CombiVax (J8-CRM-+K4S2-
CRM) vaccine.” A detailed analysis of each of these vaccine
candidates is provided in Table 1.

Identifying a cryptic target for a GAS vaccine

Bessen and Fischetti®* demonstrated the protective potential of
the conserved region of the M-protein against GAS. Mice were
immunized intranasally with synthetic peptides from the
highly-conserved C-repeat region of the M-protein, which had
been covalently linked to cholera toxin B subunit (CTB). These
peptides corresponded to antigenic epitopes shared by many
emm types. It was found that intranasal immunization with the
cross-reactive epitopes coupled to CTB led to significant pro-
tection against pharyngeal colonisation by GAS. In parallel,
Jones and Fischetti® showed that antibodies to the amino-ter-
minal region of the M-protein, but not the conserved central
region, were opsonic. Contrary to that, we demonstrated that a
conserved region peptide, pl145 (a 20-mer peptide from the
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‘C3-repeat’ region), was able to induce opsonic antibodies in
mice post-immunization.** The opsonization assay used sta-
tionary phase rather than log-phase organisms that are used in
the ‘classical’ Lancefield assay. It was hypothesized that the
diminished hyaluronic acid (HA) capsule associated with sta-
tionary phase GAS will allow better access of antibodies to the
C-repeat region of the M-protein.*” p145 peptide was identified
by scanning the conserved C- region of the M-protein of
GAS.*>* p145-specific affinity purified human antibodies col-
lected from a highly endemic region of Australia, were also
shown to be opsonic.** These findings suggested that p145
might be a suitable vaccine candidate. However, there were
concerns regarding host tissue cross reactivity. Human studies
suggested that while humoral responses may initiate RF/RHD,
the key mediators of heart lesions are auto reactive T-cells. By
molecular mimicry these T-cells also recognize heart tissue pro-
teins. Heart infiltrating T-cell clones isolated from RHD
patients have been shown to recognize GAS M5 protein and
heart tissue proteins/peptides.’”*® It was deemed prudent to
define the minimal epitope within p145 that was immunogenic
and able to induce opsonic antibodies.

The structure of the M-protein is a coiled-coil alpha helix
and it was critical that the minimal epitope maintains helical
folding in order to induce antibodies that recognize the native
protein. To promote alpha-helical coiled-coil confirmation,
small sequences (12 amino-acids in length) from p145 were
flanked with a GCN4 peptide (from a DNA binding protein of
yeast known to promote an alpha helical coiled-coil).*
Chimeric peptides designated J1 to J9 were used to map the
minimal epitope within p145 using age-stratified sera from
Indigenous Australians living in a highly streptococcal endemic
region®® (Table 2). Sera from over 90% of individuals in the
20+ years age group recognized peptides J1, J2, J7, and J8 but
the recognition of these peptides was much less in children
(approximately 20%).*® The epitopes were thus cryptic in that
many years of exposure were required to induce an antibody
response. Additional studies revealed that human antibodies to
pl45 could opsonize multiple serotypes of GAS including
strains that exhibited slight differences in the p145 minimal
epitope sequence.”” Monoclonal antibodies from mice immu-
nized with p145 recognized J7, J8 and J9.”' These three peptides
induced a significant antibody response to themselves (titre
>12,800), although only J8 could induce an antibody response
to pl45. Having noted the potential of J7, J8 and J9, an addi-
tional chimeric peptide, termed J14, was synthesized from
amino-acids 7-20 of pl45 (amino-acids found within J7, J8
and J9).>? pl45 antisera bound to J14 and antisera from mice
immunized with J14 recognized ]7, J8, J9 and p145. J8 and J14
did not induce p145-specific T-cell responses in mice, which
was seen as a bonus in terms of the safety profile of the
vaccine.”! Within p145, the T-cell epitopes were mapped to J2
and J3. This corresponds to residues 3-14 located at the
amino-terminal region of p145.”" Thus, a minimal cryptic B-
cell epitope (J8) was defined, and this did not contain a poten-
tially deleterious T-cell epitope from GAS, yet was able to stim-
ulate antibodies that could opsonize GAS.”" Although J8 did
not contain a GAS-derived T-cell epitope recognized by mice,
it does nevertheless contain one or more T-cell epitopes. J8 has
12 amino-acids copying the M-protein sequence, but also
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Table 2. List of synthetic peptides of p145.

P145: L RRDULDASUREAIKI KA QVEIKAILE

J1: Q LEDIKV KQLIRRDILUDA ASREAIKTETETLQDK VK

J2: L EDKV KQARRUDILUDA ASUR REA AIKI KTETLOQDIK V K AQ

J3: EDKV KQAEIRUDTILUDA AS SR REAIKI KN QLQDIKV KAQ'L

J4: DKV KQAEDUDILWDA ASI REAIKI KN QV QDK KV K QLE

J5: K v K QAEDJIKLDA ASI REAIKIKOQVEDI KV KQLETD

Jé6: V xQ AEDIKVDASR REAIKI KN QVEIKIKV KQLTETDK

J7: K Q AEDIKV KA ASR REAIKI KW QVEKA AV KQLETDKYV
J8: Q AEDK VK QSR REAIKI KW QVEIKA ALK KA QLTETDKVAQ
Jo: AE DKV K QLI REAIKI KA QVEIKALTEAOQLEDT KVQL
J14: K Q AEDIKV KA ASR REAIKI K QVE KA ALTEU QLETDK VK

Bold residues are those contained within p145.

Underlined residues represent the T-cell epitope contained within p145.
Highlighted residues represent the B-cell epitope contained within p145.
*Adapted from Hayman et al. 1997.°'

contains an additional 16 non-streptococcal amino-acids
(GCN4 protein) that form part of the T-cell epitope of J8.5>*!

The immunogenicity of the J8 peptide was determined using
different adjuvants.48 Quackenbush (outbred) and B10.BR mice
were immunized with J8 peptide and lymph node cell prolifera-
tion to the peptide was determined for each mouse. For the
Quackenbush mice, lymph node cells from only 2 of the 20
mice proliferated, whereas T-cells from 7 of the 8 immunized
B10.BR mice responded to the J8 peptide.*®

Development of a conjugate GAS vaccine

Immunological responsiveness to a vaccine is determined by T-
cells being able to recognize processed fragments of an antigen
(via the major histocompatibility molecule II [MHC IIJ).
Failure of J8 to stimulate T-helper cells in an outbred popula-
tion would limit its suitability as a vaccine. Therefore, J8 was
conjugated to the carrier protein, diphtheria toxoid (DT), and
the conjugate was used to immunize mice which were subse-
quently challenged via the skin or mucosal routes.*®

J8-DT administered subcutaneously with Alum protected
against streptococcal pyoderma and bacteraemia.®® In this
study, a scarification method was used to mimic superficial
skin infection. Vaccinated mice had significantly reduced bacte-
rial burden in the skin in comparison to non-vaccinated mice.
In addition, vaccinated mice either did not develop a systemic
infection or cleared infection significantly faster compared to
the non-immunized cohort.®® The vaccine was shown to induce
a memory response using an adoptive transfer assay. J8-DT-
immunized mice were rested for 10-12 weeks and splenocytes
or purified B or T-cells were then transferred to naive immuno-
deficient SCID mice. Adoptive transfer of splenocytes from
immunized mice or B-cells from immunized mice along with
T-cells from either immunized or naive mice resulted in the
recipients being immune and showing significantly reduced
bacterial burden in the skin and blood following challenge
infection. At the time of challenge, the reconstituted SCID mice
did not have detectable J8-specific antibodies in their serum.®®
These data thus demonstrated that mice could be protected
even if they did not have serum antibodies at the time of chal-
lenge, providing they had memory B-cells. Presumably the
memory B-cells responded quickly to the infection, producing
opsonizing antibodies.

Pre-clinical data on immunogenicity and safety of J8-DT
demonstrated no abnormal heart tissue pathology in a Lewis
rat model for cardiac valvulitis.”* In addition, a dose escalating
toxicology assessment of J8-DT in rabbits demonstrated no
treatment-related or toxicologically significant effects.”> The
vaccine has been tested in a pilot Phase I clinical trial and was
shown to be immunogenic with no serious adverse events
reported in the study (manuscript submitted).

J8-DT-mediated systemic protection required J8-specific
IgG to mediate GAS clearance from the site of infection.®>%>*?
However, protection against URT infection may require an IgA
response.”*”> We observed that intramuscular immunization
with J8-DT/Alum resulted in high serum J8-specific IgG titres
but no salivary ]8-specific IgA titres. Following intranasal
challenge there was minimal protection as demonstrated from
estimating bacterial burden in nasal secretions, throats and
Nasal Associated Lymphoid Tissue (NALT; a murine homolog
to human tonsils).”®

We explored different approaches to induce mucosal immu-
nity. Immunization of mice with J8-DT/CTB (cholera toxin B,
CTB) (and J14-DT/CTB) led to protection following challenge
via the URT route.”” However, CTB is not a suitable adjuvant
for human studies. We therefore explored other potential
approaches to induce mucosal immunity. Immunization with
J14 formulated with bacterial outer membrane proteins (J14/
proteosomes) and administered intranasally to outbred mice
resulted in J14-specific IgA in saliva and a decreased colonisa-
tion in mice post-challenge with GAS.” In a further study, J14
was incorporated into a lipopeptide construct to which a uni-
versal T-cell epitope and a self-adjuvanting lipid moiety, Pam
(2)Cys, were attached.”® This vaccine formulation (P25-P2C-
J14) induced salivary J14-specific antibodies, which coincided
with reduced throat colonisation post-intranasal GAS chal-
lenge.”” More recently we have explored the use of liposomes
composed of neutral lipids encapsulating DT and displaying
lipidated J8 on their surface (J8-Lipo-DT). This liposome con-
struct induced peptide-specific IgA and protected against intra-
nasal GAS challenge.”®

Anti-J8 antibodies are not observed following a GAS infec-
tion of mice. Additionally, there is a lack of anti-J8 antibody
secreting cells (ASCs) in the spleen and long lived plasma cells
(LLPCs) in the bone marrow.* In contrast, following immuni-
zation with J8-DT, significant numbers of J8-specific ASCs



were observed in the spleens of mice. Furthermore, following
sequential infections of J8-vaccinated mice with different
strains of GAS, the numbers of ]J8-specific ASCs increased sig-
nificantly and the degree of protective immunity similarly
increased. Thus, while J8 is cryptic following infection of naive
mice, J8-specific B-cells (induced by vaccination with a J8 con-
jugate vaccine) can nevertheless be boosted by infection®*"**

J8, being highly conserved and cryptic, overcomes the bar-
rier of antigenic variability found within circulating GAS
strains. In a recent study by Sanderson-Smith et al., 2014,” J8
was found to have high sequence homology among differing
emm types; 173 of the 175 emm types, collected globally, con-
tained either the J8 or J8.1 allele.”” These two J8 allelic sequen-
ces are immunologically cross-reactive. Antisera raised to both
allelic sequences recognize the parent peptide (p145) equally
(unpublished data). Further supporting these data is a study
from Cambodia where 28% and 69% of the isolates carried the
J8 or ]8.1 allele respectively, thus, predicting the theoretical cov-
erage of the vaccine to be 97%.'” Likewise, in another study
carried out in Lao, where among 124 GAS isolates, 34 emm
types were observed: 15% and 82% of the isolates predicted to
contain the J8 or J8.1 allele respectively and the theoretical cov-
erage of the J8 vaccine was predicted to be 97%.'" These stud-
ies provide encouraging data supporting the potential of
cryptic epitope J8 in combating one of the major impediments
to GAS vaccine development — antigenic strain variation. This
is further strengthened by extensive animal studies where
immunization with vaccines based on cryptic epitopes (J8-DT
or J8-DT+K4S2-DT) provided protection against GAS strains
from multiple emm types belonging to different clades and
emm clusters.®>’

Pathogenesis of covR/S mutant GAS strains

While J8-DT is a highly efficacious vaccine that protects against
multiple GAS strains of various emm types, its efficacy against
hyper-virulent covR/S mutant strains is compromised. The
covR/S system plays an important role in regulating ~15% of
the genome of which a majority includes virulence gene expres-
sion (mostly virulence factors responsible for invasiveness of an
isolate during infection).'®> Several virulence factor genes are
upregulated as a result of covR/S mutation including S.pyogenes
cell envelope proteinase (SpyCEP, cepA), streptodornase of
serotype 1 (Sdal, sdal), streptolysin O (SLO, slo), streptococcal
inhibitor of complement (SIC, sic) and the hyaluronic acid cap-
sule synthesis operon (HA, hasABC).'” SpyCEP, a CXC che-
mokine protease is a cell wall anchored serine protease that can
also be released as a soluble enzyme.'”* SpyCEP can cleave
human interleukin-8 (IL-8) and KC and MIP-2 in mice,
thereby disrupting neutrophil chemotaxis to the site of infec-
tion and assisting GAS to become systemic.'®* Invasive blood
isolates have been shown to have increased SpyCEP activity
compared to non-invasive isolates.'”® The role of neutrophils
in SpyCEP mediated pathogenesis of GAS was demonstrated
utilising human microvascular endothelial cells where infection
with GAS AcepA mutant (gene encoding SpyCEP, cepA,
deleted) led to significantly higher neutrophil chemotaxis in
comparison to a covR/S mutant GAS strain. In addition, it was
demonstrated that covR/S mutant GAS survived neutrophil
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killing significantly more than AcepA mutant bacteria.'”® Fur-
thermore, following subcutaneous skin-infection covR/S
mutant GAS demonstrated increased lesion size which corre-
lated with histopathological analysis where an impaired neutro-
phil recruitment to the site of infection was noted."*®

Hypervirulent covR/S mutant GAS have been associated
with reduced colonisation capacity.'”® However, covR/S mutant
GAS displayed enhanced ability to establish URT infection in a
mouse model when compared to a AcepA mutant.'” On the
contrary, in the same study the observations were reversed
when the contribution of SpyCEP to GAS adherence and inva-
sion was examined using HEp-2 human epithelial cells. The
AcepA mutant was found to be ~3 fold more adherent and ~2
fold more invasive than the covR/S mutant parent strain.'"
These data are supported by another study where covR/S
mutant GAS had significantly decreased adherence to HEp-2
cells and HaCaT keratinocytes in comparison to wild-type
GAS.'"” covR/S mutant GAS were found to have significantly
more hyaluronic acid capsule than wild-type GAS. Hypercap-
sulation was associated with impaired adherence through the
masking of GAS adhesins and extracellular binding proteins.'?’

SpyCEP is highly conserved between GAS isolates.'*'"”
Initial studies by Rodriguez-Ortega et al., 2006,°® using a whole
genome proteomic bioinformatic approach identified SpyCEP
(Spy0416) as a potential vaccine candidate that led to partial
protection following intranasal infection with M23 GAS. In
another study, SpyCEP immunization led to reduced dissemi-
nation of GAS to the blood and spleen following challenge.*
Similarly, intranasal immunization with rSpyCEP significantly
reduced covR/S mutant GAS dissemination from URT to blood
liver or spleen.”” Furthermore, SpyCEP vaccination has been
shown to reduce the intensity of intranasal infection with
bioluminescent GAS (covR/S wild-type).'”® However, bacterial
counts in nasal tissues on day-4 post-infection were not
significantly different between vaccinated and control groups,
indicating that SpyCEP alone was unlikely to be a viable vac-
cine candidate.'%®

Development of a combination vaccine to broaden
the scope of J8-DT

The data on the mechanism of J8-DT-mediated protection
highlighted a critical role of neutrophils.*® Following skin chal-
lenge with covR/S wild-type GAS, vaccinated neutrophil-
depleted mice suffered significantly higher bacterial burdens in
skin and blood when compared to vaccinated neutrophil-suffi-
cient mice.® These data suggested that J8-DT may have com-
promised efficacy against strains of GAS that have a mutation
in the covR/S regulon, preventing neutrophil ingress to the site
of infection and hampering phagocytosis. This was supported
by histological examination that demonstrated a lack of neutro-
phils at the site of infection.®® To protect neutrophil-attracting
CXC chemokines from degradation, antibodies were generated
using a truncated recombinant SpyCEP fragment (rSpyCEP:
amino-acid residues 35-587)*° combined with J8-DT. Vaccina-
tion with this combination vaccine (J8-DT+ rSpyCEP) led to
significant protection against pyoderma and bacteraemia.®® In-
vitro studies showed that anti-SpyCEP antibodies protected IL-
8 from degradation mediated by supernatants from covR/S
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mutant GAS strains.' These data demonstrated that J8-DT
and rSpyCEP act synergistically to opsonize GAS (with anti-J8
antibodies) and to block IL-8 degradation (with anti-SpyCEP
antibodies). The combination vaccine resulted in profound
protection against covR/S wild-type and mutant GAS skin
challenges.

The combination J8-DT+rSpyCEP is promising; however,
rSpyCEP is a large protein, which may have the ability to
induce an unwanted autoimmune response. Although rSpyCEP
has been previously used as a vaccine candidate with no known
side effects*’; to eliminate any potential risks that may impede
future vaccine progress, epitope mapping of rSpyCEP was
undertaken. Peptide S2 (AA 205-224) was recognized by anti-
sera from rSpyCEP-immunized mice. Antibodies generated to
S2 could completely protect IL-8 from SpyCEP-mediated pro-
teolysis.* We also demonstrated that human plasma samples
with a confirmed antibody response to GAS could only partially
protect IL-8 from degradation, suggesting that native SpyCEP
may be cryptic or subdominant conferring a survival advantage
to the organism.”” Like J8, S2 is highly conserved with 95%
homology found between the vaccine candidate S2 and S2.1
(Table 3), further suggesting that it is not under immune pres-
sure. Both rSpyCEP- and S2-antisera also protected the related
mouse chemokine, MIP-2, against degradation. Subsequently,
mice vaccinated with the combination vaccine (J8-DT+S2-DT)
and challenged via the skin route with stationary or log phase
covR/S mutant organisms had significantly reduced bacterial
burden in skin and blood when compared to PBS controls.*®
Furthermore, histological examination revealed that immu-
nized mice had a large influx of neutrophils to the site of infec-
tion. Mucosal immunity was also assessed in the context of J8
and S2 mediated protection. J8 and S2 expressed on the surface
of liposomes (J8/S2-Lipo-DT) and administered to mice intra-
nasally elicited J8- and S2-specific IgA titres that were compa-
rable to the titres induced by the individual vaccine constructs
(J8-Lipo-DT and S2-Lipo-DT respectively).”® Following intra-
nasal-challenge with 5448AP GAS (a covR/S mutant), immu-
nized mice had significantly reduced bacterial colonisation in
comparison to PBS controls in throat swabs and NALT.*
Recently a more soluble derivative of S2 (S2 with four Lysine
residues; K4S2) in combination with J8-DT has demonstrated
comparable efficacy.”” A comprehensive summary of cryptic/B-
cell epitopes utilized in vaccines designed by our group is pre-
sented in Table 4.

Animal models in GAS vaccine development

GAS is a human-specific pathogen; consequently, use of an ani-
mal model to study vaccine efficacy and immunopathogenesis
of the organism poses several challenges. GAS isolated from
humans rarely show natural virulence for mice and serial

Table 3. Multiple sequence alignment of S2 variants.

passaging is required to increase the virulence of the organism.
Additionally, lack of responsiveness to GAS superantigens fur-
ther limits the utility of animal models to assess vaccine efficacy
in the context of humans; colonization is often difficult to
achieve and true pharyngitis does not occur.'® A potential way
forward would be to develop a human GAS pharyngeal chal-
lenge model and efforts to implement this strategy are currently
underway.'"’

Despite these limitations, mouse models provide a com-
plex multi-factorial immune system that cannot be recapitu-
lated in an in-vitro environment. The recent emergence of
humanized mice is a pivotal step in the advancement of
translational vaccine research. Humanized mice expressing
human MHC recognize GAS superantigens''' and therefore
can be utilized to assess vaccine efficacy against clinical
GAS isolates that rarely show natural virulence in mice.
Humanized plasminogen mice can be used to model GAS
invasive disease in humans. Since GAS streptokinase has a
higher affinity for human plasminogen than mouse plas-
minogen, these mice can mimic the activation of human
plasminogen by streptokinase which is vital for systemic
dissemination.''? Another alternative would be to use non-
human primate (NHP) models that are biologically closer
to humans. Streptococcal pharyngitis has been previously
assessed in NHPs.''>''* In addition, different experimental
vaccine candidates inducing significantly different level of
protection in two different mouse models;''* suggests that
progression to human clinical trials requires standardisation
of animal models for the advancement of GAS vaccine
development.''? Overall, a combination of various readouts
(in-vivo protection studies in mouse and in-vitro opsono-
phagocytic assays) may provide valuable insight into the
mechanistic aspects as well as protective efficacy of vaccines
in humans.

Many pre-clinical studies in GAS vaccine development rely
on hypothesis-driven research in mice. Recently, the translation
of mouse data into humans has been questioned. A recent study
claimed that genomic responses in mouse models correlate
poorly with the human condition.'”> A subsequent report
reevaluated the same gene expression dataset in a more rigor-
ous and less biased manner and reported the exact opposite
findings."'® To combat the caveats associated with in-vivo
research, rigorous standards need to be implemented when
undertaking mouse studies. Proper use of controls, sufficient
statistical power to determine cohort sizes and attention to data
interpretation will improve the translational impact of these
experiments.''” Additionally, discounting the practicality and
the utility of mouse-based research may compromise future sci-
entific discoveries.''® Thus, an ongoing discussion on mouse
models in all disease states is necessary to advance translational
research in a more efficient and effective way.

S2: N S D N | K E N Q
S2.1: N S D N | K E N Q
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S$2 sequence alignment performed using bioinformatics program (Clustal Omega; http://www.ebi.ac.uk/Tools/msa/clustalo/). Data representing 95% homology between
S2 and S2.1. An * (asterix) indicates positions which have single, fully conserved residues. Single amino-acid polymorphism represented in bold. A total of 96 BLAST hits
returned with 62 hits containing 100% homology with S2 and 34 hits containing 100% homology with S2.1.
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Other cryptic vaccines in preclinical development

The implementation of cryptic epitopes as vaccine candidates is
not unique to GAS vaccine development and has been employed
in other fields as well. Plasmodium spp. parasites evade immu-
nity through switching antigen expression and/or by expressing
antigens that exist in multiple allelic forms. However, some
important antigens/epitopes are cryptic and such as not under
immune pressure. The circumsporozoite protein (CSP) protein
is found on the surface of sporozoites (introduced into the blood
stream following a mosquito bite). The amino-terminal region
of the CSP is responsible for liver invasion by sporozoites.'"> A
cryptic, 21 amino-acid epitope, from the amino-terminal region
of the CSP protein, was identified that induced antibodies
capable of blocking liver cell invasion.'*” However, in the native
state the epitope was not immunogenic, protecting the parasite’s
ability to invade hepatocytes.'*

Bacillus anthracis is the causative agent of anthrax in ani-
mals and humans. Anthrax toxin is composed of a protective
antigen (PA), a cell binding protein, and two enzyme compo-
nents. PA-based vaccination has shown protective efficacy
following anthrax challenge."”'"'** The licensed Bioanthrax/
AVA vaccine, composed predominantly of PA, requires mul-
tiple injections and yearly boosts to maintain immunity. It
has also demonstrated a high degree of reactogenicity.'** '
PA-specific neutralising antibody repertoire has been shown
to be limited to a few dominant specificities thus leaving the
vaccine vulnerable to B.anthracis strains resistant to PA-spe-
cific humoral immunity.'*”'*® A protective cryptic antigen
within PA was identified that could elicit humoral immunity
and potent neutralisation of lethal toxin in-vitro.'*® Immuni-
zation with full-length PA did not induce antibodies specific
for the epitope.'*®

Conclusion

Vaccine development strategies have primarily focused on dom-
inant epitopes; however, immunodominance can be a hindrance
to the progression of a vaccine due to its common association
with antigenic polymorphism. Therefore, a focus should be
placed on defining cryptic epitopes that induce protective
immune responses to a vast array of antigenically variable
organisms. While cryptic epitopes are not recognized, or recog-
nized poorly, as a result of natural infection,* they can induce
antibodies that may recognize the organism and induce strain-
transcending immunity.®>%

The cryptic epitope, J8, is minimal and this enhances its
safety profile, and S2 contains only 20 amino-acids. They
work synergistically to induce strain-transcending immunity
that prevents infection with virulent streptococci. This strat-
egy of identifying non-dominant/cryptic epitopes has been
successfully applied to a few organisms that readily evade
immunity and enable the design of highly immunogenic and
effective vaccines.
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