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Skin infection boosts memory B-cells specific for a cryptic
vaccine epitope of group A streptococcus and broadens the
immune response to enhance vaccine efficacy
Manisha Pandey1, Victoria Ozberk1, Emma L. Langshaw1, Ainslie Calcutt1, Jessica Powell1, Michael R. Batzloff1,
Tania Rivera-Hernandez2 and Michael F. Good1

Antigenic diversity of the M protein is a major constraint to the development of immunity to group A streptococcus (GAS). We
demonstrate that a conserved cryptic epitope that is unrecognized by the host immune system following infection can protect
mice following vaccination, and that immunity is strengthened and broadened following successive infections. The observation
that infection can boost and broaden, but cannot prime immunity to a cryptic epitope, may be exploited for vaccines for other
pathogens.
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INTRODUCTION
The immune system evolved to provide life-long protection from
repeated infections; however, induction of immunity to group A
streptococcus (GAS) is very inefficient, taking up to 20 years to
develop.1 Consequently, this organism is responsible for signifi-
cant morbidity and mortality, particularly among Indigenous and
impoverished communities.2 Streptococcal pyoderma is respon-
sible for invasive GAS disease and may be responsible for
Australia’s Indigenous populations suffering the highest rates of
rheumatic heart disease worldwide.3 Other Indigenous popula-
tions such as New Zealand Maoris, South Pacific Islanders, and
First Nations people of Canada also suffer very high rates of
streptococcal skin disease.4,5 Globally, GAS is responsible for the
loss of over 500,000 lives per year.2,6 A vaccine is urgently needed.
The immunopathogenesis underlying the slow acquisition of

immunity is not understood, but attributed to specific virulence
factors impeding innate immunity and significant antigenic
diversity of the type-specific M protein.7,8 Recently, we demon-
strated that GAS infection of the skin leads to B-cell responses to
serotypic M-protein determinants and strain-specific protective
immunity; however, these are rapidly lost.9 Nevertheless, if re-
infected with the same strain, persisting immunity and memory B-
cells (MBCs) develop to type-specific epitopes and these are able
to adoptively transfer strain-specific protection to naïve recipi-
ents.9 Thus, unless re-infected with the same strain, long-lasting
protective MBCs may never develop to that strain, which, together
with the enormous diversity of the M protein, contributes to
streptococcal endemicity in at-risk populations. Furthermore, even
with repeated infections of mice, antibodies do not develop to a
conserved Mprotein epitope, defined by “J8”,10 that by itself is
able to induce strong immunity following vaccination.9,11,12 This
“cryptic” epitope is essentially invisible to antigen-inexperienced
B-cells following infection. While J8-vaccine-induced antibodies
can protect against multiple strains, these observations raised

questions as to whether J8-specific MBCs would persist and be
boosted following infection or whether the epitope would also
remain invisible to the MBCs leading them to diminish over time
with loss of immunity.
Here, we asked if immunity induced by J8 conjugated to

diphtheria toxoid (J8-DT) would persist following infection. We
further asked whether sequential infections would broaden and
strengthen the immune response of vaccinated mice by enlisting
protective B-cells of other specificities. Various other streptococcal
proteins and sugars have been identified as the targets of
protective antibodies and some are considered as vaccine
candidates.13 One candidate is streptococcal cell envelope
protease (SpyCEP), which is a CXC chemokine-cleaving protease
that is upregulated in hyper-virulent organisms as a result of
mutations within the two-component negative transduction
system, covR/S. SpyCEP blocks the chemotaxis of neutrophils to
the site of infection. As a result, such organisms are resistant to J8-
vaccine-mediated protection. However, J8-mediated protection is
restored if an immunogenic fragment of SpyCEP is included in the
vaccine.12,14,15

We demonstrate here that not only do J8-specific MBCs persist
following infection of J8-vaccinated mice, but that they are
significantly boosted. Furthermore, the immune response of J8-
vaccinated mice is broadened as a result of infection to include
SpyCEP-specific B-cells, which renders J8-vaccinated mice now
resistant to a hyper-virulent covR/S mutant strain. This mechanism
of “infection-mediated vaccine enhancement” (IMVE) may be
relevant to other organisms that currently challenge vaccine
development.

RESULTS AND DISCUSSION
We previously showed that infection does not lead to the
development of antibodies nor antibody secreting cells (ASCs)
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to J8.9 This raised doubt as to whether J8-vaccine-induced
antibodies would be boosted as a result of new infections. We
studied the responses of J8-vaccinated and non-vaccinated mice
following sequential GAS infections. Again we observed that non-
vaccinated mice did not generate antibodies to J8 following
infection (Fig. 1a). Surprisingly, however, we observed that
repeated infection of J8-DT-vaccinated mice with either NS27
GAS or four different emm type strains sequentially, while not
increasing the J8-specific IgG titers (Fig. 1a), did lead to a
significant increase in J8-specific splenic ASCs (Fig. 1b). Cryptic
epitopes such a as J8 are not recognized following natural
infection; however, such targets when presented out of context
(such as a peptide), can induce antibodies that recognize the
native antigen and destroy the organism.16 Our data suggest that
this epitope is presented during infection. Priming and boosting
mice with three immunizations of J8-DT resulted in J8-specific

MBCs which underwent rapid expansion following infection. ASC
boosting mirrored the significantly enhanced immunity in the skin
observed following each sequential infection (Fig. 1c). By linear
regression analysis we observed a significant trend between: (i)
the number of infections and the percentage reduction in GAS
bioburden following the next infection (R2= 0.7844, p < 0.001); (ii)
the number of GAS infections and the number of ASCs (R2=
0.6896, p < 0.001); and (iii) the number of ASCs and percent
reduction in GAS bioburden (R2= 0.7942, p < 0.001) (Supplemen-
tary Fig. 1a–c). The failure of the J8-specific antibody titers to
increase following infection of vaccinated mice is likely due to the
titers already being very high and with some antibodies being
removed by the ongoing infections, as we observed previously.11

Thus, while infection cannot induce a J8-specific immune
response in naïve mice, it can boost an established memory

Fig. 1 a Effect of J8-DT vaccination on immune responses following multiple sequential GAS infections. J8-DT-vaccinated (s.c. immunization x
3) or naïve BALB/c mice (n= 15/group) were sequentially infected with the same NS27 or four different GAS strains. Vaccinated-uninfected
mice were also included. On days 6 and 21 post each infection, sera were collected and J8-specific IgG were measured via ELISA. Sera from the
naïve-uninfected mice were used as a control in ELISA. Data are mean ± SEM. b Quantification of antibody secreting cells post vaccination
and/or infection. Cohorts of J8-DT-vaccinated or naïve (n= 15/group) mice were sequentially infected multiple times with the same NS27 or
four different GAS strains. To assess the development of memory, a designated number of mice were culled on day 6 post each infection and
spleens were harvested. The numbers of ASCs specific for J8 were enumerated using ELISPOT. To assess the effect of multiple infections on
boosting of ASC response, vaccinated-uninfected mice were used as controls. The data are mean ± SEM. Statistical analysis was performed
using one-way ANOVA with Dunnett's multiple comparison test to compare numbers of ASCs post first infection with numbers of ASCs
following each sequential infection. **p < 0.01 and ****p < 0.0001. c Protective efficacy of J8-DT following sequential infections with multiple
GAS strains. Cohorts of BALB/c mice (n= 20–25/group) were immunized subcutaneously with J8-DT/Alum. Two weeks post last immunization
mice were sequentially infected with four different GAS strains (NS27, NS1, 88-30, and BSA-10) via the skin. For each infecting GAS strain, naïve
mice were also included as a challenge control. Each sequential infection was 3 weeks apart. On day 6 post infection, five mice each from
immunized and control groups were sacrificed and skin samples collected to determine bacterial burden. Percent reduction in skin bacterial
burden was calculated by taking into account the corresponding naïve challenge controls and is shown as mean ± SEM. The GAS burden
(mean CFU) in control mice ranged between 747,800 and 915,280. Statistical analysis was performed using one-way ANOVA with Dunnett’s
multiple comparison test to compare percent reduction in GAS burden post first infection with percent reduction in GAS burden following
each sequential infection. **p < 0.01, ***p < 0.001, ****p < 0.0001
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response that significantly enhances the level of vaccine-induced
protection over time.
We were particularly surprised that sequential infection of

vaccinated mice would lead to protection against the hyperviru-
lent covR/S mutant strain, BSA-10, which was the last strain in
sequence used to challenge the mice (Fig. 1c). If the primary
infection of J8-DT-vaccinated mice was BSA-10, we observed only
limited protection12 (Supplementary Fig. 2a). Likewise, a single co-
infection of J8-DT-vaccinated mice with multiple strains, including
BSA10, resulted in only limited protection (49%) in skin to BSA-10
while offering >90% reduction in bacterial loads for NS27, NS1,
and 88-30 (Supplementary Fig. 2b). To induce protection against
hypervirulent covR/S mutant strains it is necessary to co-vaccinate
mice with both J8-DT and a recombinant or synthetic fragment of
SpyCEP.12,14,15 This has been shown for other covR/S mutant
strains and here we show this for BSA-10 (Supplementary Fig. 2a).
We were curious as to whether sequential infections of J8-DT-

vaccinated mice with multiple GAS strains had induced and
boosted the immune response to SpyCEP, thus generating natural
resistance to covR/S mutants in the presence of J8-specific
antibodies. We observed that SpyCEP-specific antibodies and
ASCs increased during the course of sequential skin infections of
J8-DT-vaccinated mice commensurate with the increase in the
level of protective immunity (Figs. 1c, 2a–b). The increased level of
protection is significant and can be attributed to boosting of J8-
specific memory and partially to the development of an immune
response to SpyCEP during the course of the infections. Sequential
infection of naïve mice with multiple GAS strains also induced
similar levels of SpyCEP antibodies, but as these mice did not have
J8-specific antibodies they did not develop immunity following a
single infection (Supplementary Fig. 3a, c). Nevertheless, sequen-
tial infections with the same strain induced serotype-specific IgG
and protection12 (Supplementary Fig. 3a, c).
Collectively, these data demonstrate that broadening of the

host immune repertoire in vaccinated mice as a result of infection
rendered the mice capable of resisting a subsequent infection
with a highly virulent covR/S mutant strain that J8-DT alone could
not accomplish. The enhanced protection correlated with a rise of
antibodies and ASCs to SpyCEP, in keeping with the known
synergistic requirement for both anti-J8 and anti-SpyCEP anti-
bodies for protection against covR/S mutants.12,14 SpyCEP is highly
conserved (>98% identity)17 and as such the broadening of the
immune response as a result of infection has profound

implications for vaccine coverage. However, SpyCEP-specific
antibodies alone cannot provide protection to covR/S mutants,
but only work in synergy with M protein-specific antibodies.14,15

Thus, sequential infection of naïve (unvaccinated) mice with
different strains does not lead to protection. Our data do not
exclude the likelihood that antibodies of other specificities arise as
a result of multiple infections and that these also contribute to the
enhanced level of protection.
These data have implications beyond streptococcus. A vaccine

against a given strain of an organism may be sub-optimal but
infection following vaccination may bring in immune responses to
other specificities shared between different strains leading to
enhanced protection. This model is consistent with a published
study of a malaria vaccine in which vaccination alone gave
minimal protection against infection but the level of protection
increased with subsequent infections.18 This effect relied on the
initial vaccination, as monkeys given an unrelated vaccine did not
develop enhanced immunity following sequential infections.
In conclusion, we have shown that streptococcal infection

boosts vaccine-induced immunity to a conserved cryptic epitope
that is not recognized following infection of naïve mice.
Furthermore infection broadens the immune repertoire resulting
in protection against a hypervirulent covR/S mutant strain for
which the vaccine alone does not protect and this correlates with
an expansion in SpyCEP-specific ASCs and a rise in SpyCEP-specific
antibodies. IMVE may be a general strategy for combatting other
highly variable organisms.

METHODS
Bacterial strains and generation of antibiotic resistance
All the GAS isolates were originally isolated from patients with skin
infections in the Northern Territory of Australia. The strains were
laboratory-adapted and grown on THB media.9 To allow for their selection
during co-infection experiments, each strain was made resistant to a
specific antibiotic as described previously.9

Animals
All studies were approved by Griffith University’s Animal Ethics Committee
in accordance with NHMRC guidelines. Specific pathogen-free 4–6-week-
old female BALB/c mice were sourced from the Animal Resource Centre
(Perth, Australia).

Fig. 2 Induction of SpyCEP-specific responses in J8-DT-vaccinated mice following sequential infections with multiple GAS strains. J8-DT-
vaccinated (s.c. immunization x 3) and naïve BALB/c mice (n= 15 mice/group) were sequentially infected multiple times with the same NS27
or four different GAS strains. Induction of SpyCEP-specific IgG (a) and ASC (b) was determined using ELISA or ELISPOT, respectively. J8-DT-
vaccinated-uninfected mice were used as controls. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple
comparison test to compare IgG titers or the numbers of ASCs post first infection with IgG titers or the numbers of ASCs following each
sequential infection. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001

Skin infection boosts memory B-cells specific for a cryptic vaccine
M Pandey et al.

3

Published in partnership with the Sealy Center for Vaccine Development npj Vaccines (2018)  15 



Peptides
J8 (QAEDKVKQSREAKKQVEKALKQLEDKVQ) and K4S2 (KKKKNSDNIKENQ-
FEDFDEDWENF) were synthesized and conjugated to DT as described.14,15

The recSpyCEP peptide was synthesized at GenScript (Piscataway).12 The
amino terminus serotypic peptides for each GAS strain are defined9 and
synthesized at China Peptides Co., Ltd. (Jiangsu, China).

Vaccination and sequential GAS infection protocol
BALB/c mice were either immunized s.c. on days 0, 21, and 28 with 30 μg of
J8-DT/Alum or left untreated. Serum samples were taken prior to and
1 week after each immunization. Three weeks after the last boost, mice
were sequentially infected with various GAS strains, at 1 × 106 CFU/mouse,
via the skin as described.9 Each infection was followed for up to 3 weeks to
confirm the clearance of bacteria from the skin prior to subsequent
infection. J8-DT immunization was followed by co-infection with different
strains. Age-matched naïve mice were used as challenge controls.

Sample collection, antibody, and CFU determination
Following vaccination, 6 days after each sequential infection or co-
infection, five mice were euthanized to obtain skin samples for CFU
quantification. To allow for detection of current and previous GAS infection
and different GAS strains following co-infection experiments, specific
antibiotic-laced blood agar plates were used. Serum samples were
collected at various time points post each infection and serum IgG levels
specific for J8, SpyCEP, or N-terminal peptides from the M protein were
quantified as described previously.9

Detection of ASCs with ELISPOT
Splenocytes were analyzed at specific time points by ELISPOT as
described.9 The use of J8 or SpyCEP peptides allowed quantification of
specific ASCs.

Statistical analysis
Data were analyzed using GraphPad PRISM version 6.0 for Macintosh.
Statistical analysis was performed using ANOVA with a Tukey or Dunnett’s
post hoc method for multiple comparisons. A p-value < 0.05 was
considered statistically significant.

Data availability
The authors declare that data supporting the findings of this study are
available within the paper and its Supplementary Information files.

ACKNOWLEDGEMENTS
We thank Dr. Stephanie Yanow (Universiy of Alberta) for critically reviewing the
manuscript. We acknowledge funding support from the National Health and Medical
Research Council (NHMRC, Australia), National Foundation of Medical Research and
Innovation (NFMRI, Australia), and the Australian Tropical Medicine Commercialisa-
tion grant.

AUTHOR CONTRIBUTIONS
M.P. and M.F.G. conceptualized and designed the experiments, analyzed the data,
and wrote the manuscript. M.P., V.O., E.L.L., A.C., J.P., T.R.H. performed in vitro and
in vivo animal studies. M.B. provided technical support and all authors reviewed the
manuscript. This work was supported by the National Health and Medical Research
Council (NHMRC, Australia) project grant (APP1083548), Program grant
(APP1037304), National Foundation of Medical Research and Innovation (NFMRI,
Australia), the Australian Tropical Medicine Commercialisation grant (ATMC50301),
and an NHMRC Australia Fellowship grant to M.F.G. The funders had no role in study
design, in the data collection, analysis or interpretation of data, in the writing of the
report, and in the decision to submit the article for publication.

ADDITIONAL INFORMATION
Supplementary information accompanies the paper on the npj Vaccines website
(https://doi.org/10.1038/s41541-018-0053-9).

Competing interests: M.P. and M.F.G. are inventors on patents related to the
combination vaccine (J8-DT+K4S2-DT). These patents have been licenced to

Olymvax Biopharmaceuticals (China). The remaining authors declare no competing
financial interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Brandt, E. R. et al. Opsonic human antibodies from an endemic population

specific for a conserved epitope on the M protein of group A streptococci.
Immunology 89, 331–337 (1996).

2. Carapetis, J. R., Steer, A. C., Mulholland, E. K. & Weber, M. The global burden of
group A streptococcal diseases. Lancet Infect. Dis. 5, 685–694 (2005).

3. May, P. J., Bowen, A. C. & Carapetis, J. R. The inequitable burden of group A
streptococcal diseases in Indigenous Australians. Med. J. Aust. 205, 201–203
(2016).

4. Bowen, A. C. et al. The global epidemiology of impetigo: a systematic review of
the population prevalence of impetigo and pyoderma. PLoS ONE 10, e0136789
(2015).

5. Romani, L., Steer, A. C., Whitfeld, M. J. & Kaldor, J. M. Prevalence of scabies and
impetigo worldwide: a systematic review. Lancet Infect. Dis. 15, 960–967 (2015).

6. Watkins, D. A. et al. Global, regional, and national burden of rheumatic heart
disease, 1990-2015. N. Eng. J. Med. 377, 713–722 (2017).

7. Smeesters, P. R., Mardulyn, P., Vergison, A., Leplae, R. & Van Melderen, L. Genetic
diversity of group A streptococcus M protein: implications for typing and vaccine
development. Vaccine 26, 5835–5842 (2008).

8. Lancefield, R. C. Current knowledge of type-specific M antigens of group A
streptococci. J. Immunol. 89, 307–313 (1962).

9. Pandey, M. et al. Streptococcal immunity is constrained by lack of immunological
memory following a single episode of pyoderma. PLoS Pathog. 12, e1006122
(2016).

10. Hayman, W. A. et al. Mapping the minimal murine T cell and B cell epitopes
within a peptide vaccine candidate from the conserved region of the M protein
of group A streptococcus. Int. Immunol. 9, 1723–1733 (1997).

11. Pandey, M., Wykes, M. N., Hartas, J., Good, M. F. & Batzloff, M. R. Long-term
antibody memory induced by synthetic peptide vaccination is protective against
Streptococcus pyogenes infection and is independent of memory T cell help. J.
Immunol. 190, 2692–2701 (2013).

12. Pandey, M. et al. A synthetic M protein peptide synergizes with a CXC chemokine
protease to induce vaccine-mediated protection against virulent streptococcal
pyoderma and bacteremia. J. Immunol. 194, 5915–5925 (2015).

13. Steer, A. C. et al. Status of research and development of vaccines for Strepto-
coccus pyogenes. Vaccine 34, 2953–2958 (2016).

14. Pandey, M. et al. Combinatorial synthetic peptide vaccine strategy protects
against hypervirulent CovR/S mutant streptococci. J. Immunol. 196, 3364–3374
(2016).

15. Pandey, M. et al. Physicochemical characterisation, immunogenicity and pro-
tective efficacy of a lead streptococcal vaccine: progress towards phase I trial. Sci.
Rep. 7, 13786 (2017).

16. Good, M. F. & Yanow, S. K. Cryptic epitope for antibodies should not be forgotten
in vaccine design. Expert Rev. Vaccines 15, 675–676 (2016).

17. Rodriguez-Ortega, M. J. et al. Characterization and identification of vaccine
candidate proteins through analysis of the group A streptococcus surface pro-
teome. Nat. Biotechnol. 24, 191–197 (2006).

18. Mahdi Abdel Hamid, M. et al. Vaccination with Plasmodium knowlesi AMA1
formulated in the novel adjuvant co-vaccine HT protects against blood-stage
challenge in rhesus macaques. PLoS ONE 6, e20547 (2011).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2018

Skin infection boosts memory B-cells specific for a cryptic vaccine
M Pandey et al.

4

npj Vaccines (2018)  15 Published in partnership with the Sealy Center for Vaccine Development

https://doi.org/10.1038/s41541-018-0053-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Skin infection boosts memory B-cells specific for a cryptic vaccine epitope of group A streptococcus and broadens the immune response to enhance vaccine efficacy
	Introduction
	Results and discussion
	Methods
	Bacterial strains and generation of antibiotic resistance
	Animals
	Peptides
	Vaccination and sequential GAS infection protocol
	Sample collection, antibody, and CFU determination
	Detection of ASCs with ELISPOT
	Statistical analysis
	Data availability

	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS




