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Streptococcus pneumoniae (pneumococcus) most frequently resides in the 
human nasopharynx asymptomatically. However, if the interplay between the 
host and bacterium allows the bacterium to spread to other anatomical locations, 
it can cause a range of diseases including otitis media, pneumonia, bacteremia 
and meningitis. Otitis media is largely a childhood disease, the incidence of which 
peaks between six and 18 months of age 63. In the United States otitis media is the 
second most frequent reason for physician office visits of children under 12 year 
olds, resulting in greater than 11 million visits per year 23. In children under 1 this 
equates to 62 visits per 100 individuals. Although otitis media is not normally life 
threatening, complications of otitis media include mastoiditis, meningitis, hearing 
loss and developmental delays 10, 119, 133, 134. In addition, the economic costs of otitis 
media are high. It is estimated that healthcare costs resulting from otitis media 
cases in the United States exceed four billion dollars per year 11. The indirect 
costs are likely much higher in large part due to parental time off. Otitis media is 
a leading reason for childhood prescription of antibiotics and as such is a major 
contributor to antimicrobial resistance 36. This increased antimicrobial resistance 
has made otitis media increasingly difficult to treat. As a result, there has been 
an intense interest in the development of vaccines that prevent pneumococcal 
diseases including otitis media. 

The aim of this chapter is to provide the reader with information 
about the currently licensed pneumococcal vaccines, their efficacy against 
otitis media, and future directions for new vaccines. There is a paucity of 
studies investigating the efficacy of new vaccine strategies against otitis media, 
so therefore, that section of the chapter will focus on pneumococcal disease in 
general. Due to the large number of publications examining the suitability of 
protein vaccine candidates, this chapter by no means contains an exhaustive 
list of all such studies. The chapter will however provide the reader with an 
understanding of the strengths and possible limitations of the current vaccines, 
the challenges for development of future pneumococcal vaccines and the possible 
approaches for future vaccines. 
Current pneumococcal vaccines 

All currently licensed vaccines are based on pneumococcal capsular 
polysaccharides. Each pneumococcal isolate expresses one of the more than 90 
capsular polysaccharides 20. This capsular polysaccharide is an important virulence 
factor. Acapsular strains colonize less efficiently than encapsulated strains and the 
capsule is considered essential for pneumococci to cause invasive disease 3, 86. 
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Some capsular types have an increased propensity to cause disease, though the 
distribution varies with age and geographical location 53, 97. The immune response 
to specific capsular polysaccharides is largely type specific. There are some 
examples of limited cross protection, but generally speaking, immunization only 
provides protection against the capsular types included in the vaccine.

The 23-valent pneumococcal polysaccharide vaccine (PPV-23) includes 
purified capsule polysaccharide from serotypes 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 
11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F. The capsular types 
included in this vaccine include a high percentage of disease causing strains in the 
United States and world-wide 104. Studies have demonstrated that immunization 
with pneumococcal polysaccharide vaccines (PPVs) can protect against invasive 
disease in adult populations, although there have been contradictory data as to 
whether PPVs can provide protection against pneumonia in adults 72, 76, 90, 104, 111, 

112, 114. PPVs are not recommended for children under two years because efficacy 
has not been demonstrated. In fact, the response to many capsular polysaccharides 
does not reach adult levels until 8-10 years of age 92. This lack of efficacy in 
infants is almost certainly because these carbohydrates are T-cell independent 
antigens that do not induce a memory response 31, 64. Polysaccharides are 
thymus-independent type 2 antigens that activate B lymphocytes independently 
of CD4+ cells by directly binding and cross linking antigen receptors on the 
B-cell surface. The interaction of pneumococcal polysaccharides with the 
immune system does not elicit a memory response and the antibodies generated 
are mainly immunoglobulin G2. Given the poor response of young children to 
polysaccharides, it is not surprising then that PPVs have low efficacy against acute 
otitis media 30, 58, 118. 

The limited efficacy of PPVs in the populations most at risk and the success 
of other conjugate vaccines such as the meningococcal vaccine have led to 
the development of pneumococcal conjugate vaccines. As early as 1931 it was 
known that conjugation of pneumococcal polysaccharide to a carrier protein could 
increase the immunogenicity of carbohydrates 3. Conjugation to a protein coverts 
the polysaccharide to a T-cell dependent antigen for which a memory response is 
generated. 

The seven-valent pneumococcal conjugate vaccine (PCV-7) includes 
capsular polysaccharide from serotypes 4, 6B, 9V, 14,18C, 19F and 23F 
conjugated to CRM197, a mutated diphtheria toxin. This vaccine was predicted to 
provide coverage for more than 65% of pnemococcal otitis media cases and 80% 
of pneumococcal invasive disease cases in children under two years of age in the 
United States 19, 105. Introduction of PCV-7 to the United States in 2000 has been 
highly efficacious in reducing colonization and invasive disease due to vaccine 
serotypes 127. PCV-7 vaccination was reported to result in a reduction in doctors 
visits, risk of recurrent otitis media and tube placements 44, 93. 

Trials indicated only a small reduction, 6-8%, in the total number of otitis 
media cases 8, 32, 37, however as predicted, a much larger reduction, 57-67%, was 
observed in vaccine type pneumococcal otitis media in infants. It has since been 
reported that there has been a near elimination of vaccine serotypes in otitis 
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media 21. There was also a smaller but significant reduction observed in otitis 
media cases caused by cross-reactive serotypes, for example 6A and 19A, which 
are not included in the vaccine but are related to vaccine types 32. As the capsular 
types included in the vaccine included a high proportion of all antibiotic resistant 
isolates, a reduction in antibiotic resistant strains casing otitis media was also 
detected 9, 22. 

In the first few years following PCV-7 introduction there was a decrease 
in the percentage of otitis media cases where S. pneumoniae was isolated from 
the middle ear fluid and a concurrent increase in percentage of cases where non-
typeable Haemophilus influenzae (NTHi) was isolated 9, 22. As a result during this 
period of time NTHi was the predominant cause of otitis media. However, over 
time an increase in pneumococcal colonization and disease due to non-vaccine 
serotypes has been observed. Although relatively modest increases in invasive 
pneumococcal disease have been detected, there have been greater increases in 
cases of pneumococcal otitis media and some studies indicate the levels have risen 
to again be similar to that of NTHi 21, 32, 77. 

PCV-7 was designed primarily to reduce invasive pneumococcal disease 
in North America, but as the distribution of serotypes varies geographically, the 
coverage provided by PCV-7 also varies. A recent world-wide study concluded 
that capsular types 1 and 5 are amongst the five serotypes that most commonly 
cause invasive disease world-wide 53. PCV-10 includes three capsular types 1, 5 
and 7F in addition to those included in PCV-7. The vaccine was licensed for use 
in Canada, Australia and Europe in late 2007 or early 2008. Licensing was mainly 
based on non-inferiority in generation of serotype specific antibodies and safety as 
compared to PCV-7 96. The inclusion of these additional capsular types will likely 
increase the world-wide protection of pneumococcal vaccines. 

In PCV-10, eight of the ten capsular polysaccharides are conjugated to NTHi 
protein D. 18C capsular polysaccharide is conjugated to tetanus toxoid and 19F to 
diphtheria toxoid. The safety and efficacy of the vaccine is comparable to that of 
PCV-7 96. The conjugation of capsular polysaccharides to an NTHi protein has the 
added advantage of reducing otitis media caused by this organism 95. As a result, 
initial trials with a related 11-valent vaccine demonstrated a similar reduction in 
vaccine type otitis media to PCV-7, but an overall reduction in otitis media of 
34%. 

Prevnar 13® (PCV-13) includes polysaccharide from capsular types 3, 6A 
and 19A in addition to those contained in PCV-10. This vaccine is an extension 
of PCV-7 and the capsular polysaccharides are conjugated to CRM197. The 
vaccine was licensed in the United States early in 2010 on the basis of safety and 
immunogenicity alone 33, 60. The addition of the six polysaccharide capsules over 
those included in PCV-7 will likely reduce pneumococcal colonization and disease, 
including otitis media. Studies indicate that these six capsular types constitute 
23% of pneumococcal nasopharyngeal isolates and 47% of pneumococcal isolates 
from middle ear fluids 21. Decision analytical modeling suggests that introduction 
of PCV-13 would prevent 16.3 million otitis media cases in the United States over 
a 10 year period 108.
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The relatively short period of time that has passed since the introduction of 
PCV-13 vaccine means that it is difficult to determine the efficacy of the vaccine 
and if it will wane over time. It is possible that an increase in otitis media due to 
non-vaccine serotypes will be observed. One of the most common pneumococcal 
serotypes currently isolated from middle ear fluid is 6C which is not included in 
any of the conjugate vaccines to date 21. Although some cross-protection from the 
inclusion of 6A in PCV-13 might also provide protection against this particular 
serotype, it is still possible we will observe an increase in the incidence of serotype 
6C, as well as other non-vaccine isolates 24. It is not known if non-vaccine serotypes 
can cause otitis media as efficiently as vaccine strains. However, epidemiological 
data suggest that all pneumococcal serotypes have essentially the same propensity 
to cause otitis media and that the serotypes most commonly isolated merely reflect 
the frequency of colonization with these strains 45. If this were true, to prevent 
pneumococcal otitis media, vaccines would either need to be redesigned to target 
all strains or they would need to be designed for specific geographical areas and 
redesigned over time in order to protect against the majority of invasive disease. 
It is clear that continued monitoring of the number of otitis media cases and the 
serotypes responsible for disease will be required.

A general disadvantage of PCVs is their relatively high manufacturing 
complexity and costs. This has typically limited the availability of the vaccine 
world-wide. Studies are underway to make the next generation of conjugate 
vaccines more cost effective. This would allow an increasing number of 
conjugated capsular polysaccharides to be included in vaccines. Alternatively, 
new vaccines could be designed that include a component(s) that would provide 
protection against all pneumococcal strains.
Other vaccine approaches

Several pneumococcal vaccine strategies that would potentially generate 
protection against all pneumococcal strains have been investigated in animal 
models. The effectiveness of any of these strategies to prevent pneumococcal 
disease in humans is yet to be demonstrated. 
Whole-cell killed bacteria. 

This vaccine strategy utilizes killed pneumococci. It has been known since the 
1920s that immunization with killed pneumococci can provide protection against 
infection 18. More recent studies have utilized unencapsulated strains to maximize the 
exposure of antigens which are more likely to be in a native configuration 73. When 
mice were challenged following immunization with intranasal inoculation of whole-
cell killed bacteria plus the adjuvant cholera toxin there was a significant reduction in 
nasopharyngeal colonization, presence of pneumococci in the middle ear and sepsis 73, 

74. An independent study demonstrated that parenteral or mucosal immunization with 
killed bacteria provided protection against bacteria inoculated into the rat middle ear 26. 
Evidence suggests that unlike the licensed vaccines that have antibody mediated effi-
cacy, the protection resulting from intranasal inoculation of whole-cell killed bacteria 
is CD4+ T cell dependent, not antibody independent 75. Immunity was unaffected in 
the absence of antibodies, but was abrogated in mice lacking CD4 or IL-17A receptor, 
suggesting that protection is mediated by CD4+ TH17 cells 69, 75. 
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Initial studies of whole-cell killed vaccines were performed using a 
pneumolysin expressing strain and adjuvants not suitable for use in humans. As 
pneumolysin is cytotoxic further studies were performed to demonstrate that 
bacteria expressing an inactive derivative could still offer protection against 
pneumococcal colonization 71. In addition, other adjuvants and other routes of 
immunization have since been shown to be effective 47, 65, 70, 71. The protection 
provided by use of whole-cell killed bacteria is observed even when animals are 
challenged with pneumococci of different capsular types 73. This protection is 
probably due to the presentation of multiple conserved antigens. While the presence 
of multiple conserved antigens is likely an advantage, it is possible that some of 
these antigens may actually interfere with protection by being immunodominant 
but not protective. A further concern is that many pneumococcal gene products 
are highly conserved in related streptococcal species. Several of these species 
are human commensals and it is unknown if the use of whole-cell pneumococcal 
vaccines will affect the distribution of these species and if as a result, they will 
have unanticipated effects on human health. 

Despite these potential issues there is still interest in developing a whole-cell 
killed pneumococcal vaccine at especially for use in the developing world. This 
interest is driven by the relatively low cost and potential species wide protection 
of these vaccines. There is a partnership between the research group conducting 
the studies, the Program for Appropriate Technology in Health (PATH) and the 
Instituto Butantan (Brazil) to bring a whole-cell heat killed vaccine to human trials 
71. A GMP-grade whole cell vaccine has been manufactured and Phase I trials may 
begin by the end of 2011 81.
Live-attenuated vaccines. 

This strategy would immunize individuals by intentionally inoculating them 
with an attenuated strain that could colonize the airway but not progress to cause 
disease. Administration of a single dose of an attenuated strain with no adjuvant to 
mice provided significant protection against sepsis following intranasal challenge 
106. Furthermore, immunization significantly reduced the bacterial burden in the 
nasopharynx. The protection observed was still significant following challenge 
with a strain of a different genetic background 106. As pneumococci are naturally 
transformable a valid concern for use of a live attenuated vaccine is that a 
virulent strain could be generated by recombination between the vaccine strain 
and DNA from resident streptococci. This problem could be circumvented by use 
of a non-transformable mutant. Some of the same concerns surround the use of 
live-attenuated vaccines as whole-cell killed vaccines, including possible non-
protective antigens and the high conservation of immunogenic molecules between 
streptococcal species. In addition, despite the early success with this vaccine 
strategy in animals, it may be challenging to convince regulatory bodies that 
inoculation with live pneumococci, even if attenuated, is a safe strategy.
Pneumococcal protein candidates

The most intense effort has focused on assessing the ability of pneumococcal 
proteins to protect against colonization and disease. Several vaccine strategies 
would utilize pneumococcal proteins: a combination of pneumococcal proteins 
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could be used as a vaccine, a protein(s) could be conjugated to capsular 
polysaccharide in much the same way as CRM197 and NTHi protein D are used 
in the currently licensed vaccines, or a live recombinant vaccine could deliver 
pneumococcal proteins. Proteins are considered T-cell-dependent antigens and 
as a result should be highly immunogenic and are likely to elicit immunological 
memory even in infants. 

Any protein target selected must be immunogenic, however, there are 
several other factors to consider when selecting pneumococcal proteins for 
inclusion in a vaccine. It would clearly be advantageous to use surface associated 
pneumococcal proteins in a vaccine, as this would allow clearance of the 
bacteria by opsonophagocytosis. Selection of proteins that play a critical role in 
pneumococcal pathogenesis as vaccine candidates may provide the advantage 
of neutralizing activity of the molecules. One of the major limitations of the 
current pneumococcal vaccines is that they provide largely serotype specific 
protection. To ensure that protein based vaccines provide species wide protection 
it is important with any candidate protein that antigens included in a vaccine are 
expressed by all pneumococcal strains and that they are sufficiently conserved to 
allow cross protective antibodies to be raised. As discussed with regard to whole-
cell vaccines, many pneumococcal gene products are highly conserved in related 
streptococcal species, therefore, use of these gene products in vaccines may lead to 
clearance of commensals which may have unanticipated effects on human health 
(54). In addition, if there are different alleles of these loci in related streptococci 
recombination events could lead to generation of pneumococci to which vaccine 
generated antibodies do not bind. Proteins that are reported to be encoded by other 
streptococci include many under consideration as vaccine candidates, including 
pneumolysin, PspA, PspC, PhtD, MalX, PsaA, PiaA, PiuA and NanA. 

There is some debate in the field as to whether prevention of all pneumococcal 
colonization, as the result of vaccination, would be a benefit or a detriment to the 
human host. Some see the bacteria as a commensal that occasionally cause disease 
and are concerned that complete eradication of pneumococcus would open the 
niche to other pathogenic bacteria. Others believe that pneumococcal colonization 
serves no purpose and that if the bacteria were eradicated from the airway other 
true commensals would occupy the niche. 

There are a multitude of pneumococcal proteins that have been investigated 
as potential vaccine candidates in animal models. Here we provide a brief 
overview of the most comprehensively studied targets. It is hard to directly 
compare the potential efficacy of the different targets due to, amongst other things, 
use of different mouse strains, different immunization routes and protocols, and 
different challenge strains and doses. Furthermore, while rodent studies provide 
important indications of the potential effect of immunizing with selected protein 
antigens, this will not necessarily translate into protection in humans.
Pneumolysin. 

Pneumolysin is a thiol activated hemolysin, which is antigenic in humans 
and expressed by the majority of pneumococcal strains 56, 83. The best characterized 
property of pneumolysin is its ability to form pores in cell membranes 12; however, 
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the protein contributes to pathogenesis by multiple mechanisms, including 
activation of complement, disruption of tight junctions between epithelial cells 
and inhibition of ciliary beating 91, 100, 115. Pneumolysin is secreted during certain 
growth conditions and has been reported to be non-covalently linked to the 
cell wall 94. As the protein lacks any recognizable signal sequence or cell wall 
attachment motif, the mechanisms of secretion and cell association are currently 
unknown. Due to the importance of pneumolysin as a pneumococcal virulence 
determinant, this antigen has been widely analyzed in vaccination studies. 

The majority of experiments using intranasal or intraperitoneal challenge 
demonstrate significant increases in survival times, but whether pneumolysin 
provides a significant increase in survival is less clear 116. In contrast, intravenous 
challenge models have shown immunization with pneumolysin provides no 
significant protection. Due to the toxicity of pneumolysin, an inactive toxin would 
have to be used for vaccination; however, these molecules are still immunogenic 
2. One potential problem with utilization of pneumolysin as a vaccine antigen is 
the potential for autoimmune disease due to the sequence similarity with human 
C-reactive protein 79.
Choline binding proteins. 

Choline binding proteins are a family of modular proteins located on the 
pneumococcal cell surface, several of which have been considered as vaccine 
candidates. Pneumococcal surface protein A (PspA) has received perhaps the 
most intensive consideration as a protein vaccine candidate. PspA plays a part in 
pneumococcal pathogenesis by contributing to inactivation of complement 101, 102, 

110. The gene encoding PspA is present in all strains and the protein is antigenic 
in humans 15, 42. In fact, it is known that immunization of humans with PspA can 
generate protective antibodies as serum from immunized individuals can protect 
mice from disease 15, 84. Immunization of rats with PspA was shown to elicit 
significant protection against challenge in a otitis media model 126. Furthermore, 
immunization with PspA can provide significant protection against colonization 
and invasive disease upon challenge with homologous strains 129. While studies 
have demonstrated that protection against challenge with a homologous strain can 
provide significant protection, the protection against challenge with heterologous 
strains is variable 117. This is presumably due to the high level of sequence 
variation observed in PspA 48. 

The inability of one PspA allele to provide cross protection for all other 
alleles suggests that if PspA were included in a pneumococcal vaccine, it would be 
necessary to include multiple alleles. Another issue that might limit the inclusion 
of PspA in a pneumococcal vaccine is the structural similarity to myosin and other 
eukaryotic proteins 49. In fact, it has been reported that antibodies to PspA cross 
react with human tissue.

Pneumococcal surface protein C (PspC – alternate names include CbpA, 
SpsA, PbcA, Hic) plays a role in bacterial adherence to activated endothelial cells 
and evasion of complement 50, 52, 107, 131, 132. Immunization of mice with PspC offers 
significant protection against death in a sepsis model and reduces the bacterial 
burden in the nasopharynx 4, 16; although, immunization may not provide protection 
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against all strains 34. The gene encoding PspC is present in all pneumococci and the 
protein is antigenic in humans 42, 50, however, PspC is highly diverse. In all strains it 
is predicted to be surface attached, though, the mechanism of adherence varies. The 
C-terminal region of some PspC molecules contain choline rich repeats, while in 
others it is attached to the bacterial surface through a sortase dependent mechanism. 
As a result of the sequence diversity it is unknown if antibodies will be cross protec-
tive against all sequence variants 51. Furthermore, it is unknown whether the interac-
tion of PspC with components of the immune system (C3, Factor H and pIgR) will 
cause adverse effects if the protein is used as a vaccine in humans 116.

Recent data suggest that a region of conservation between PspA and PspC 
could be used as a vaccine antigen. This is a proline rich repeat found in the C-ter-
minal region of all PspA and most PspC proteins. This region is more conserved 
than the N-terminal alpha helical regions of either protein and is immunogenic in 
humans 42, 84. Immunization with this proline rich region provided significant pro-
tection against invasive pneumococcal disease 27. Studies support the hypothesis 
that PspA acts as an effective target of protective antibody, but it is not yet clear 
whether the same is true of PspC. These data might also explain why immuniza-
tion with PspC is not always protective. The initial studies that demonstrated sig-
nificant protection used a protein molecule which included the proline rich repeat, 
whilst the experiment showing no protection against a heterologous strain used 
only the N-terminal region lacking the proline rich repeat as an antigen 16, 34. The 
use of this conserved proline rich region as an antigen may alleviate the concern 
that multiple alleles of PspA would have to be used as a vaccine antigen. 
Protein required for cell separation B (PcsB). 

PcsB is a surface protein essential for proper cell division in pneumococci 
40, 42. The presence of conserved motifs suggests that PcsB plays a role in 
peptidoglycan metabolism, but while data suggest that there are changes in the 
cell wall structure the precise function of PcsB remains to be elucidated. The gene 
encoding PcsB is part of the core genome, highly conserved, and expressed by all 
strains tested 42. Furthermore, studies suggest that PcsB is the most immunogenic 
protein during pneumococcal infection in humans 42. Immunization of mice with 
PcsB provided significant protection against invasive disease and reduced the 
bacterial burden in the lung 42. In addition, it significantly lowered the bacterial 
burden in the lung in a pneumonia model. 
Pneumococcal histidine triad (Pht) family proteins. 

This protein family is comprised of four pneumococcal surface proteins 
(PhtD, PhtE, PhtB and PhtA) that are immunogenic in humans 1. These proteins 
are named for the five to six histidine triad motifs that they each contain 
(HxxHxH) 1. The function of these proteins is not clearly defined, however, 
genome wide screens suggest they may play a role during infection of the lung 
and molecular studies indicate they might scavenge zinc and iron 46, 103. Only PhtD 
is highly conserved and encoded by all pneumococcal strains, as such is the most 
logical vaccine candidate 6, 103. Immunization with PhtD protects against lethal 
intraperitoneal and intranasal challenge with multiple strains. It also significantly 
reduces the bacterial load during colonization and focal pneumonia 1, 43.
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Serine/threonine protein kinase P (StkP). 
StkP is a highly conserved surface protein expressed by all pneumococcal 

strains tested and immunogenic in humans 42. The protein and its cognate 
phosphatase PhpP form a functional pair and are involved in phosphorylation 
and dephosphorylation of several pneumococcal proteins 87. StkP mutants have 
an elongated shape and less prominent septa, suggesting the protein plays a role 
in cell division 42. Further studies demonstrated that StkP localizes to the septa 
and phosphorylates FtsZ 41. Immunization with StkP provides variable protection 
against sepsis, but significantly increases the time to death 42. Furthermore, 
immunization significantly reduces the bacterial burden in the lungs. In fact, 
three days after challenge pneumococci were below the limit of detection in at 
least 50% of animals, which was at least as effective as PCV-7 in this model 42. In 
contrast, immunization with StkP provided no protection against colonization 80.
ATP-binding cassette (ABC) transporter proteins. 

The pneumococcal ABC transporters form part of one of the largest and 
most widely distributed protein families. The family includes both importers and 
exporters of a wide range of substrates. ABC importers in Gram positive bacteria 
have a surface associated substrate binding protein. Several pneumococcal 
substrate binding proteins have been investigated as putative vaccine candidates. 
MalX. MalX is the substrate binding of the maltooligosaccharide transporter. 
This protein is expressed by all pneumococci and is immunogenic in humans 42. 
One study demonstrated that immunization with MalX was not protective against 
invasive disease 42, but another study demonstrated that immunization provided 
significant protection against colonization 80. This protection is mediated by a 
CD4+ and IL-17 dependent mechanism. Although the ideal vaccine will protect 
against colonization and invasive disease, prevention of colonization would 
undoubtedly reduce rates of pneumococcal disease and it is possible that MalX 
could be a component of a pneumococcal vaccine. 
Pneumococcal surface adhesin A (PsaA). 

All pneumococci encode the highly conserved protein PsaA which is the 
substrate binding protein of the pneumococcal manganese transporter 29, 109. As 
the name suggests, this protein is also proposed to play a role in pneumococcal 
adherence 7. Immunization with PsaA provides significant protection against 
colonization 14, but studies investigating protection against invasive disease show 
variable results 116. These data might reflect differences in PsaA exposure on the 
bacterial cell surface due to differences in capsule expression. Whether a target 
is exposed on the pneumococcal surface is of particular concern for substrate 
binding proteins as they are located very close to the cell wall. No studies have 
investigated if immunization with PsaA can protect against otitis media; however, 
higher titers of anti-PsaA antibodies in children over nine months correlates with 
lower risk of colonization progressing to otitis media. In contrast, higher PsaA 
antibody levels in children under six months were associated with an increased 
risk of developing otitis media 98, 99.

Two iron transporter substrate binding proteins, PiaA and PiuA have 
also been considered as vaccine candidates. These proteins are encoded by all 
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pneumococcal strains, are highly conserved and immunogenic in humans 55, 124, 

125. Immunization with a combination of PiuA and PiaA provided significant 
protection against challenge in a pneumonia model 55. Brown et al (2001) 
demonstrated that immunization with these proteins can provide significant 
protection against systemic infection (PiuA > PiaA) 17. However, further studies 
suggest that this protection may be strain dependent and that despite the high 
sequence conservation immunization may not provide cross protection 89.
Glycosidases. 

S. pneumoniae is adept at manipulating host glycan structures through the 
activity of surface associated glycosidases (for review see King 2010 61). Several 
of these glycosidases have been investigated as possible vaccine candidates. The 
glycosidase that has arguably received the most attention is the neuraminidase 
NanA. NanA cleaves terminal sialic acid from host glycan structures and has been 
proposed to play a role in adherence, interspecies competition, growth and evasion 
of the immune system 61. The gene encoding NanA is present in all pneumococci 
and the protein is immunogenic in humans 62, 135. Immunization of chinchillas 
with recombinant NanA reduced the bacterial load and time of colonization 121. 
The same trend was observed in pneumococcal otitis media but the reduction was 
not significant 68. A significant reduction was observed in the bacterial load in the 
middle ear following immunization with purified native NanA, but contaminating 
proteins could have contributed to this protection. 

Studies in infants demonstrated no correlation between the levels of anti-
NanA antibodies and the risk of developing otitis media 113. In a lethal intranasal 
mouse model a small, but significant, increase in survival time following 
intranasal challenge was observed 67. Although the gene encoding NanA is present 
in all strains, there are regions of extensive variation 62. It is currently unknown 
whether immunization with a single allele would provide protection against all 
pneumococcal strains. A further concern is that there is a truncation in nanA in the 
genome sequenced strain TIGR4 which results in expression of a truncated and 
secreted protein 120. Although this same alteration was not observed in 100 other 
clinical isolates, it is not known if this mutation is present in other strains or if it 
compromises the ability of TIGR4 to colonize or cause disease in humans 62. If 
surface association is not required, use of NanA as a vaccine antigen may lead to 
a selective pressure for strains that lack surface associated NanA.
Recombinant live vaccines. 

An alternative approach to protein vaccines is to deliver recombinantly 
expressed pneumococcal proteins in other live bacteria. Two approaches have 
been taken to generate recombinant live vaccines. Lactococcus lactis has been 
engineered to express pneumococcal proteins and studies have demonstrated 
that immunization with this recombinant live vaccine can provide significant 
protection against pneumonia and invasive disease 78, 122. Importantly, although 
antibodies were generated to the pneumococcal protein, no antibody response to 
Lactococcus was observed. The second strategy uses live attenuated Salmonella 
expressing pneumococcal proteins. A recombinant avirulent Salmonella enterica 
strain expressing PspA was shown to provide mice with significant protection 
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against intraperitoneal challenge with a homologous strain 85. Studies with a 
related construct also provided significant protection against pneumonia 130. The 
Salmonella strains used have been modified to provide more efficient delivery 
of antigen. These modifications include delayed attenuation of the strain to 
allow higher levels of antigen expression, secretion of the pneumococcal protein 
for improved antigenicity, delayed antigen synthesis and generation of an 
antibiotic independent mechanism of plasmid maintenance 39, 57, 66, 123. A Phase 
I trial investigating the safety and tolerability of PspA expressing Salmonella 
is currently underway 81. Outer membrane vesicles are secreted by most Gram 
negative bacteria including Salmonella enterica. Vesicles from Salmonella strains 
that express a periplasmic derivative of PspA contain this protein in the lumen 
82. Intranasal inoculation of these vesicles provided significant protection against 
lethal challenge with pneumococci. The protection observed was much greater 
than that with equivalent amounts of free PspA administered via the same route. 
These data suggest that vesicles could be used to deliver a pneumococcal vaccine. 
Combinations of pneumococcal proteins. 

Studies have shown that a single pneumococcal protein is rarely as efficacious 
as PCV-7. Many studies have demonstrated that combinations of pneumococcal 
proteins have increased efficacy 14, 17, 88, 89. For example, the combination of pneu-
molysin toxoid, PspA and PspC provided significantly greater protection against 
intraperitoneal challenge than any of the individual proteins 89. A recent study 
demonstrated that immunization with a pneumolysin toxoid and PhtD provided 
significantly increased survival in a pneumonia model in macaques 28. Together 
these studies suggest that a protein based vaccine will include multiple proteins. 
The incorporation of multiple proteins may help prevent any vaccine escapes due to 
genetic diversity of the proteins or recombination of the genes with those in related 
streptococci. Furthermore, the generation of antibodies to multiple pneumococcal 
proteins may inactivate multiple virulence factors. The expression of different pneu-
mococcal proteins varies in distinct host environments so the inclusion of several 
protein antigens may aid protection against multiple disease states. An additional 
benefit of including multiple antigens is that they could be selected to protect by 
different mechanisms, specifically IL-17 responses or antibodies mediated. 
Will a new pneumococcal vaccine provide protection against recurrent otitis media? 

As there is some evidence suggesting immune dysfunction in otitis media, it 
is unclear whether a pneumococcal protein based vaccine will provide protection 
for otitis media prone children. There are conflicting results as to whether otitis-
prone children have lower titers to pneumococcal protein virulence determinants 
and capsular polysaccharides following natural infection 25, 38, 59, 128. Therefore, it 
remains possible that exposure to S. pneumoniae in otitis-prone children elicits 
a less robust adaptive immune response. As at least some studies demonstrate 
that adequate responses occur in otitis-prone children following immunization 
with conjugate vaccines, it seems reasonable to hypothesize that a generation of 
pneumococcal vaccinations with wider coverage may provide protection for this 
population 5, 13, 25. 
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Summary
It is clear that new vaccines will be required to prevent or more significantly 

reduce pneumococcal otitis media. If it is true that pneumococcal strains causing 
otitis media are merely a reflection of the strains colonizing the nasopharynx, we 
may have to prevent pneumococcal colonization in order to prevent otitis media. 
Multiple avenues are being explored for the next generation of pneumococcal 
vaccines. Although otitis media is not the most serious pneumococcal disease, 
it causes extensive morbidity and high economic costs world-wide. Despite the 
interest in developing a pneumococcal vaccine that provides protection against 
otitis media, there are few studies being performed to determine the efficacy 
of vaccine candidates in relevant models. This is likely in part due to the 
difficulties associated with these animal models. As PCVs are used extensively 
in the developed world, it would likely be easier to license modifications of the 
existing formulation. In fact a collaboration between GlaxoSmithKline and PATH 
is working to determine the efficacy of a PCV-10 vaccine where the conjugate 
is an undisclosed pneumococcal protein 81. These vaccines would only require 
demonstration of equivalent safety and immunogenicity to existing vaccines, 
whereas other vaccines would likely have to show efficacy in individuals already 
immunized with PCVs. Due to the low number of events very large cohorts would 
be required and it would be hard to demonstrate increased efficacy. It is likely 
therefore that the next generation of vaccines will be pneumococcal capsular 
polysaccharides conjugated to pneumococcal proteins. Alternatively, use of 
experimental human carriage models to assess protection against pneumococcal 
carriage would allow testing of new vaccines in reasonably sized cohorts 35. It is 
as yet unclear what pneumococcal proteins will be selected and if the protection 
observed in rodent models will extend to humans. A problem with many of these 
protein antigens is that they may affect colonization by related streptococci and 
this disturbance of the normal flora could have unanticipated effects on human 
health. Although work is ongoing to make PCVs more cost effective and available 
to a larger number of countries, there may be a market for a more affordable 
and easier to administer vaccine. This could be a whole-cell killed vaccine 
or a protein antigen based vaccine. Despite many unknowns in the realm of 
pneumococcal vaccine development, it is clear that if we are to reduce the burden 
of pneumococcal otitis media there is still extensive work to be done.
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