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Abstract

Introduction.—Epidemiologic evaluations of Streptococcus pneumoniae nasopharyngeal (NP)
colonization and pneumococcal disease suggest that newer serotypes in future formulations of
pneumococcal conjugate vaccines (PCVs) are needed and there may need to be continued
reformulations because there are many new emerging serotypes expressed by pneumococci.

Areas Covered: Mechanisms of protection by next-generation whole-cell vaccine (WCV)
and/or multi-component pneumococcal purified protein vaccines (PPVs) in development for
prevention of pneumococcal infections.

Expert Commentary: A long-term strategy for prevention of pneumococcal disease will likely
include WCV and PPVs. However these vaccines will impact disease pathogenesis in a different
manner than PCVs. Prevention of pneumococcal NP colonization should not be expected, nor is it
desirable because risks for NP colonization by other replacement organisms into the ecological
niche vacated by all pneumococci may have consequences. The expression biology of capsule and
surface protein antigens are phase dependent. Therefore, the immune response will be different
and the mechanism of protection divergent. WCVs and PPVs may be alternative strategies in low
income developing countries to protect against invasive disease and reduce NP carriage load.
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1 Introduction

Pneumococcal conjugate vaccines (PCVs) provide clear and tangible public health benefits
from direct effects on vaccinated persons and indirect effects from herd immunity, produced
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by elimination of nasopharyngeal (NP) colonization.[1] Early on, some experts envisioned
that a PCV that included the 7 most common serotypes would have the potential to prevent
up to 88% of invasive pneumococcal disease (IPD) in US children caused by the most
virulent pneumococci with a concomitant herd effect.[2-4] The prediction was based on the
notion that biologic fitness predominated among strains expressing the 7 most common
serotypes and was lacking in the strains expressing other capsular types. The events that
followed after PCV7 showed how rapidly bacteria adapted to vaccine-induced strain
selection pressure with an increase of replacement strains expressing non-vaccine serotypes
causing IPD.[5,6] As a consequence of emergence of new disease-causing strains of
pneumococci expressing capsules not included in PCV7, vaccine companies chose to expand
the number of serotypes included in PCVs to include additional strains expressing emergent
capsular types and thus PCV10 and PCV13 became available. In a 2012 WHO position
paper regarding IPD serotypes causing infection among children <5 years of age, PCV7 and
PCV13 accounted for 49-82% and 74-88% geographic region coverage, respectively (http://
www.who.int/wer/2012/wer8714.pdf). The Active Bacterial Core surveillance trends by
serotype group, 1998-2015 clearly shows a decrease in IPD associated with use of PCV7 &
PCV13 and a continued but constant level of IPD caused by non-PCV13 serotype groups in
both children and adults (https://www.cdc.gov/abcs/reports-findings/surv-reports.html).
WHO in their 2012 position paper state “for IPD caused by non-PCV serotypes, increases
were evident among hospitalized cases”. However, it is now realized that predicting the
overall impact of protection is more complex than knowing the number of pneumococcal
serotypes within PCVs and the serotypes causing disease in a region.[7] Indeed, the
pneumococcus has demonstrated remarkable biologic fitness along with an ability to
exchange DNA to allow capsular switching and acquisition of antibiotic resistance.[8]

However, a few years after PCV13, we are once again observing emergence of additional
strains expressing non-vaccine capsular serotypes.[9] The vaccine industry is responding by
development of a PCV15 and PCVs with higher multivalent formulations.[10]
Epidemiologic evaluations of pneumococcal NP colonization, IPD and acute otitis media
(AOM), already suggest an insufficient solution with PCV’s because new types being added
will not prevent infections by the many emerging serotypes expressed by pneumococci.[11-
15] Moreover, differences between IPD and AOM strains are being observed more
frequently and difference among countries are becoming more apparent. In addition, the
current high cost of PCVs makes them less likely to be used extensively in developing
countries where the need is the highest.[16] If one evaluates the report by Moore et al
regarding emerging serotypes causing IPD in US children, a need to add 5 new non-PCV13
serotypes to the current PCV13 formulation to yield a PCV18 is already needed and only 2
of the 5 are in Merck’s PCV15.[17] Where and when do we end with newer PCVs?

NP colonization has been one of the key aspects in evaluating the PCVs because elimination
of colonization provides a herd immunity effect. Most cost-effectiveness calculations take
into account the impact of herd protection, and in a varying degree the replacement of
disease. The bottom line from the public health perspective is the total disease burden has
declined following introduction of PCVs and herd protection is really important, but if it
comes with a cost of replacement disease, then it becomes less important.
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A long-term strategy for prevention of pneumococcal disease is next-generation multi-
component whole-cell vaccines (WCV) or purified protein vaccines (PPVs) as shown in
Table 1. We have previously described key features of PPVs [18], the most important of
which is selection of proteins shared by all or virtually all strains of the bacteria irrespective
of capsular polysaccharide. Many multi-component PPVs in development that target the
early stage of colonization include 1 or more surface-exposed, highly conserved proteins
expressed by pneumococci that anchor the organism to NP epithelial cells.[18] However, the
density of capsular polysaccharide on the surface of pneumococci during NP colonization is
very different than what occurs with proteins.

2 Capsular Polysaccharide Versus Protein-Directed Antibody Effects on

NP colonization

Pneumococci expresses various virulence factors making it a highly adaptable disease-
causing pathogen in man.[19] In the NP, the expression biology of capsule and surface
protein antigens are phase dependent (Figure 1). Therefore, it should be expected that raising
an immune response would be different and the mode of protection against NP colonization
and pathogenesis divergent. Specifically, while anti-capsular antibodies can prevent the
acquisition of a subsequent carriage event of the same serotype, they fail to protect against
already established NP colonization.[20] In contrast, antibodies to pneumococcal adhesins
can partly block initiation of colonization and also reduce the load of pneumococci in the
NP.[21] Several key points should be made:

1. Pneumococcal phase variation in the NP converts high capsule-expressing
pneumococci (opaque phenotype) into less capsule-expressing pneumococci
(transparent phenotype) and this process facilitates the establishment of
commensal carriage.[16]

2. Most anti-polysaccharide capsule antibodies, which are naturally acquired by
colonization or induced by PCVs, easily access their abundant target
polysaccharide antigens resulting in a decreased incidence of vaccine serotype
NP colonization (an exception is the lack or variable reduction of IPD caused by
serotype 3 observed in Denmark, UK and USA [17,22,23]), and thereby, reduced
rate of infection.[24 ] However, naturally acquired protection against IPD
depends on antibody to protein antigens rather than capsule as shown in a murine
model using human antibodies.[25]

3. While there is a significant difference in quantitative expression of capsule
between variants [26], it is unclear as to differences in expression of membrane
proteins between variants of the same strain.[27-29]

4. Transparent variants are selectively expanded during NP colonization [27,30] and
demonstrate an increased ability to adhere to human epithelial cells.[29,31].

5. Due to phase variation, transparent variants are less likely to evade the immune
system.[31] Therefore, antibodies to pneumococcal antigens are able to access
the bacterial surface of transparent variants and prevent colonization or escalated
growth of pneumococciin the NP resulting in IPD (Figure 1).[32-34]
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6. As a commensal during health, pneumococciinduce a greater rise in serum IgG
responses to pneumococcal capsule than surface proteins.[35] and higher serum
anticapsular polysaccharide antibodies are needed to prevent NP acquisition
versus prevention of IPD after PCV vaccination.[36] Transudation of antibodies
from serum into the nasal mucosa is minimal in times of health but increases
during viral URI-induced NP inflammation.

7. The best physiological and immunological state to assess correlation of vaccine-
induced anti-pneumococcal antibody levels and protection of pneumococcal
colonization by WCVs and PPVs is during a viral URI- the clinical setting for
development of pneumococcal infection.[18,37]

3 Pneumococcal colonization is an essential precursor to disease

pathogenesis and viral upper respiratory co-infection facilitates the

transition of commensal pneumococcal colonization to infection.

Pneumococcal colonization is asymptomatic and commonly followed by horizontal
dissemination.[38,39] In mouse studies, it elicits a mild NP inflammation that allows
controlled immune surveillance, leading to the clearance of colonization without developing
immunopathology.[40] It is an immunizing event that results in an antigen-specific immune
response.[41] Over time, repeated colonization is therefore protective against subsequent
colonization events.[42] Viral URI perturbs the host immune equilibrium in the NP and
makes NP epithelium permissive for increased pneumococcal colonization.[37] Although, it
remains to be understood how a sequentially protective immune response is mounted against
colonization, it may be that vaccines that modulate NP mucosal immune responses and
allow the persistence of low density NP colonization is a way forward. It is expected to
mitigate the rapid evolution of new pneumococcal clones and serotypes and to promote
antigen-specific immune priming to boost vaccine-induced immunity.

We recently studied healthy infants who had NP samples prospectively collected and
whenever a child was diagnosed with AOM, tympanocentesis was performed and middle ear
fluid samples collected to confirm the diagnosis by microbiologic culture. We found that NP
mucosal antibody levels to PPV components pneumococcal histidine triad protein D (PhtD),
pneumococcal choline-binding protein A (PcpA) and pneumolysin detoxified derivative
(PlyD1) correlated with protection against pneumococcal acute otitis media (AOM) but not
with protection against NP colonization.[43] Using a mouse model, we and others recently
showed that a quantitative increase in density of pneumococci in the NP is associated with
the transition of the organism from commensal to pathogen and that this occurs during a
viral URI co-infection.[21,37] Therefore, viral URI converts asymptomatic pneumococcal
colonization into a higher density pathogenic colonization. Moreover, in a mouse influenzae/
pneumococcal co-infection model we recently showed that vaccination with a PPV adhesin,
PhtD, can prevent pneumococcal density from reaching a pathogenic threshold during a viral
URI without elimination of the organism from the NP.[21] The ability of WCVs and PCVs
to maintain NP colonization below the pathogenic threshold during a viral co-infection
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might be considered an improved vaccination strategy to contain pneumococcal infections
by harnessing the beneficial aspects of asymptomatic colonization (Figure 2).

4 A shift in expectation must be made as the evaluation of next generation
WCVs and PPVs proceeds.

1. PCVs prevent pneumococcal NP colonization for the majority of vaccine
serotypes but not for nonvaccine serotypes. However, for vaccines that are
serotype independent such as WCVs and PPVs, complete pneumococcal NP
elimination may have consequences.[38,44]

2. Although antibody induction is the principal mechanism of protection induced
by PCVs, IL-17A has a role in protecting children from carriage[45] Likewise, in
mice, WCVs and lipidated PPVs also protect against invasive disease and
reducing carriage by inducing antibody and CD4+ Th17 cytokines[46,47]. Our
work using a mouse influenzae/pneumococcal co infection model suggests CD4+
T cells are the principle modulators of protection against pneumococcal
progression from colonization to invasive infection whereas infants require both
CDA4+ T cells and antibody.[21]

3. From a public health perspective the impact of PCVs on transmission and herd
immunity is equally (or more) important as reduction of disease in the individual.
Whether a similar effect can be achieved with WCVs or PCVs remains to be
studied.

5 Pneumococcal whole cell vaccine

Historically vaccines were developed using methods that reduced or inactivated a pathogen’s
virulence; such as attenuation or chemical treatment or preparations of whole-cell crude
extracts. For example, whole-cell pertussis vaccines are suspensions of crude extracts of
heat-killed B. pertussis.[48] An advantage of whole-cell vaccines is that they include
molecules that act as pathogen-associated molecular patterns (PAMPS) such as
lipopolysaccharide (LPS), which are recognized by host antigen presenting cells, and present
antigens in their natural configuration.[49,50] Children immunized with the whole-cell
pertussis vaccine mainly generate a Thl response that may in part be due to the presence of
LPS and/or peptidoglycan, TLR agonists.[49] Therefore, it is no surprise that whole-cell
pertussis vaccines induce immune responses similar to what is observed during natural
infection.[51] Although both whole-cell and acellular purified protein-based pertussis
vaccines provide good protection, whole-cell pertussis vaccine are more efficacious and
produce longer lasting immunity than acellular vaccines.[52,53] Importantly for this
discussion, whole cell vaccines are more effective than protein-based acellular pertussis
vaccines in developing countries and remain the choice for national childhood
immunizations in many low-income countries.[54-56] The superiority of WCVs for
pertussis prevention in developing countries over purified protein multicomponent vaccines
is an important lesson in vaccinology that should be considered as relevant to clinical trial
results using pneumococcal WCVs vs. PPVs.
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Based on the observations regarding whole cell pertussis vaccines, a pneumococcal WCV
may be the best strategy for developing countries. One such vaccine being tested is a non-
capsulated pneumococcal strain. Protection against NP colonization and sepsis was
demonstrated in mice immunized with the pneumococcal WCV.[57] and protection against
NP colonization was shown to be CD4* IL-17A dependent and non-capsular antibody
mediated.[57,58]

The pneumococcal WCV was used in two clinical trials to study safety, dose tolerance and
immunogenicity.[59] In healthy US adults (NCT01537185) WCV was shown to be safe and
well tolerated; significant 1gG responses to pneumococcal antigens were elicited, including
PspA and pneumolysin, and functional antibody responses were detected in a pneumolysin
toxin neutralizing assay.[60] Significant increases in T-cell cytokine responses, including
IL-17, were measured among subjects receiving the highest dose of WCV. Passive transfer
of human immune sera protected mice against fatal sepsis when challenged intravenously
with a virulent strain of pneumococci.[61]

6 Pneumococcal Protein Vaccines

6.1 PPV designed to elicit Th17 responses

A PPV containing three pneumococcal Th17-stimulating antigens that protected mice from
pneumococcal NP colonization via a CD4+ T-cell and IL-17A dependent manner has
entered human clinical testing.[46,62] These proteins were identified as being recognized by
Th17 cells from healthy humans.[63] Two of the proteins, SP_2180 and SP_0148, are
lipoproteins and lipid moieties enhance the immunogenicity and protective efficacy through
activation of TLR2.[46] This vaccine was tested in a Phase | clinical study of adults in the
US (NCT01995617) and found to be safe and immunogenic although due to high pre-
existing IL-17A levels, vaccine-induced increases were not observed.[59] A Phase Il trial
evaluated the efficacy of the vaccine on NP colonization of adults intranasally challenged
with S. pneumoniae serotype 6B in the UK (NCT02116998). Consistent reductions versus
placebo in the pre-specified endpoints of the rate and density of pneumococcal colonization
were measured, but neither of the endpoints achieved statistical significance. Unfortunately,
the study was powered for 50% or higher reduction in carriage and they only found a 25%
reduction. How this would translate in young children is unknown.

6.2 Conserved proteins

PhtD + Pneumolysoid—Clinical studies of PhtD and chemically detoxified pneumolysin
(dPly), were shown to be safe and immunogenic in young and old adults, toddlers and
infants in Europe.[64—67] In Africa where PCV coverage is less than in the US or Europe,
the PhtD-dPly vaccine was tested in 2—4 year old children not previously vaccinated with
PCV in The Gambia. A single dose of PhtD-dPly combined with 10-valent polysaccharide
conjugate was immunogenic.[68] A larger trial in Gambian infants (NCT01262872)
assessed the impact of the PhtD-dPly vaccination on NP colonization While the vaccine
raised serum antibodies to the vaccine components a reduction in NP colonization by
pneumococci was not observed. (ISPPD 2016, NCT01262872)
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PhtD + PcpA + Pneumolysoid—A pneumococcal protein recombinant vaccine (PPrV)
containing PhtD, PcpA and genetically detoxified pneumolysin (PlyD1) was evaluated in
Dhaka, Bangladesh (NCT01446926, NCT01764126).[69] Adults (18-50 yrs) and toddlers
(12-13 mos.) received a single high dose injection of aluminum-adjuvanted PPrV. Infants
(6-7wks) received 3 injections of high or middle or low doses of aluminum-adjuvanted
PPrV; an additional infant cohort received 3 injections of middle dose unadjuvanted PPrV.
The vaccine was safe and well tolerated and 75% or more of all PPrV + adjuvanted subjects
had a =2-fold increase in serum antibody to all three antigens.[69]

6.3 Factors impacting pneumococcal vaccine trial results

There are many factors that may affect the immunogenicity and efficacy of pneumococcal
vaccines

1. In many developing countries, general nutrition is poor and this adversely
impacts both innate and adaptive immune responses. Differences in gut IgA
levels are reported between healthy Bangladeshi versus UK adults [70] and
microbiome diversity differences between healthy Bangladeshi versus US
children[71].

2. Risk factors for high density pneumococcal NP colonization all prevail in The
Gambia and Bangladesh such as high frequency of viral URI, high number of
siblings in a family, smoke exposure and crowding.

3. High density NP pneumococcal colonization occurs in the first weeks of life
among infants in developing countries[72] and early NP colonization may
adversely impact immune responses to vaccines.[73,74]

4, Non-anticapsular antibodies and IL-17A production provide natural immunity to
pneumococcus and these immunity mechanisms are different in children and
adults in developing vs. developed countries.[75]

7 Pneumococcal Protein Vaccines to Prevent Acute Otitis Media

AOM is the best type of pneumococcal infection to be used in assessing efficacy of WCVs
and PPVs because the etiology of AOM can be proven using tympanocentesis and because
of higher costs and longer time to accumulate a sufficient number of subjects to prove
efficacy of invasive pneumococcal disease with concurrent PCV administration. Prevention
of AOM based on clinical diagnosis is an alternative study design. However, clinical
diagnosis is challenging and over-diagnosis will reduce the ability to detect a true
therapeutic benefit of vaccination. Diagnostic confirmation by tympanocentesis and specific
otopathogen identification reduces the necessary sample size but involves the challenge of
identifying clinical sites capable of performing tympanocentesis.

Study of populations that have a high incidence of AOM is appealing because total sample
sizes needed to show differences induced by WCVs and PPVs are smaller. Such a clinical
efficacy study is underway in a Native American population that is otitis-prone
(NCTO01545375). However, there are special risks in studying AOM in otitis-prone children.
By microbiologically diagnosing every child with AOM by culture of middle ear fluid,
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collection of NP secretion samples and blood, our group found that susceptibility to
recurrent AOM arises primarily from broad immunological defects. In fact, our published
studies show that about 90% of otitis prone children have inadequate innate responses and
diminished quantity and function of antibody generated to pneumococcal proteins,
diminished memory B- and T-cell generation, and specific deficits in activation of B-cells
and helper T-cells.[76] Many of these children also show an increased propensity to viral
URI and fail to generate protective anti-viral antibody following infection[77] indicating
broad immunologic defects. About 25% of otitis-prone children fail to produce immune
responses when antigen is presented by injection of routine pediatric vaccines.[78]
Therefore, while the sample size benefits are clear it should be realized that the response to
PPVs in otitis-prone populations may not be of the same magnitude as the general
population.

Indeed, our group studied 6 prneumococci antigens (PhtD, PhtE, LytB, PcpA, PspA and Ply)
and showed an immune response to natural exposure through NP colonization and children
with higher levels of mucosal antibodies are with reduced risk of AOM.[41,43,79] However,
otitis-prone children produced lower levels of serum and mucosal antibody to most of these
candidate protein vaccines compared to non-otitis-prone children.[80,81]

We also showed that otitis-prone children have dysregulated mucosal cytokine levels during
viral URI, creating a permissive environment for bacterial colonization and invasion as well
as increased expression of TLR2/4 on the surface of epithelial and innate immune cells
present in the nasal mucosa at onset of AOM.[82] Higher TLR2 expression and signaling
could significantly increase the production of IL-17A/IL-23 in the NP, which enhance
pathogen clearance but may cause immunopathologic epithelial cell damage.[82] Based on
our research, otitis-prone children display a complex of dysfunctional innate immune
responses in the NP depending on the bacterium and virus, resulting in an altered cytokine
milieu that contributes to the pathogenesis of recurrent AOM.[82]

8 Conclusion

PCVs are highly effective in reducing the incidence of IPD and AOM caused by vaccine
serotypes in developing and developed countries. PCVs eliminate from the NP most strains
expressing the included serotypes thereby producing highly cost-effective indirect herd
immunity effects. However, risks for NP colonization by non-vaccine serotypes or other
replacement organisms into the ecological niche vacated by the vaccine type pneumococci is
high and raises concern. As discussed in this review, new pneumococcal WCVs are self-
adjuvanting containing many antigens necessary for broad protection while PPVs are more
likely to require an adjuvant and contain far less bacterial antigenic targets than WCVs.
Effectiveness of both types of vaccines will depend on subject health issues such as
nutrition, early and high NP colonization rates, gut and NP microbiome homeostasis, etc., all
of which will impact immune response and consequent protection from pneumococcal
diseases. The quest for developing a non-PCV vaccine is difficult but not insurmountable
with already promising results.
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9 Expert commentary

We are approaching a cross road regarding further testing of WCVs and PPVs. The results of
phase | testing have shown the new vaccines are safe, well tolerated and immunogenic.
However, comparisons with PCVs, with an expectation of eliminating NP carriage of
pneumococci, have caused much discussion and concern about proceeding further with the
development of WCVs and PPVs.[44] The vaccine industry has many targets and choices to
consider including newly emerging pathogens such as Zika virus where no vaccine is
available.[83] So a risk averse industry, concerned that the scientific community, regulators
and agencies that endorse use of vaccines may not accept new pneumococcal vaccines that
do not eliminate carriage, may cause a pause in further studies for now. In my opinion, a
paradigm shift in expectations will be needed among scientists, regulators and industry if
further evaluation of WCVs and PPVs is to proceed. These newer vaccines likely will not
prevent NP colonization by pneumococci and the disadvantages of complete elimination of
these organisms from their ecological niche should be viewed with a need for caution.[44]
The vaccines may reduce the density of colonization and their mechanism of protection may
come from maintaining the inocula of pneumococci in the NP below a pathogenic threshold,
thereby preventing disease without preventing NP colonization. It is also possible that in
more developed countries and in developing country populations where pneumococcal
colonization occurs at a later time in childhood, with fewer organisms, less frequently and in
settings where additional risk factors for high density colonization do not occur, WCVs
and/or PPVs may be capable of preventing colonization similar to PCVs.

The key weaknesses in development of WCVs and PPVs so far has been the selection of the
most challenging sites for phase | and Il testing. Testing in The Gambia and Bangladesh
where pneumococcal colonization and disease is highly prevalent and well above other
developing countries [84—86] offered the vaccine industry an opportunity to study fewer
subjects to provide efficacy results. However, the same health and epidemiology factors that
cause such a high pneumococcal disease burden also create a very high bar to prove efficacy
that may not be representative of other developing countries or developed countries.

Further research is needed to test the WCVs and PPVs in additional populations. Sensitive
assays capable of detecting a one log drop in density of pneumococci in the nasopharynx
during a viral URI will be needed to validate the hypothesis that protection against
pneumococcal disease with WCVs and PPVs is associated with prevention of an inocula
threshold that causes disease during a viral URI. The PPVs may need to include novel
adjuvants with greater potency than aluminum salts. Particularly adjuvants that target
stimulation of both antibody and cellular immunity would be desirable.

The ultimate goal in this field is to develop novel vaccines that are not serotype specific
because the experience with PCVs has shown that the pneumococcus is a highly adaptable
organism and emergence of replacement organisms expressing capsular polysaccharides not
included in PCVs and/or nonencapsulated bacteria is almost a certainty. It is likely
impossible to manufacture a 96 valent PCV.
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The new knowledge needed to achieve this goal is defining correlates of protection with
WCVs and PPVs. The biggest challenge for this goal to be achieved involves the acceptance
by stake holders that the “rules” surrounding development and licensure of PCVs may not
apply to WCVs and PPVs. Specifically, PCVs were licensed with a correlate of protection
measured by an opsonophagocytic assay. WCVs and PPVs may not produce protection from
disease by induction of antibody that promotes opsonophagocytic activity. The correlate of
protection may be in prevention of sufficient adherence to nasopharyngeal epithelia cells so
that a pathogenic inoculum is not achieved during a viral URI.[37] Or the correlate of
protection may be the induction of sufficient Th17 cells to modulate neutrophil recruitment
to the nasopharynx.[45]

The particular areas of the research our group is finding of interest at present includes
defining the pneumococcal pathogenic inoculum in young children during viral URI,
identifying a correlate of protection for PPVs, and understanding the immune defects in
young children that permit pneumococcal infections to occur. Over the past 10 years, we
have studied a large population of children during their first 3 years of life who experience
repeated pneumococcal infections in the middle ear, sinuses and lungs.[76,87] Our research
has identified deficiencies in T and B cell immunity in response to pneumococcal infections.
[88,89] The deficiencies resemble a neonatal immunity response, giving our group reason to
propose a new type of immunodeficiency termed “Prolonged Neonatal-Like Immune
Profile” (PNIP).[76] We have shown that young children with PNIP do not respond with
protective antibody titers to PCVs.[90] Although this population of young children is small
(<10% of all young children), they experience the highest burden of pneumococcal disease.
Our work suggests that specific pneumococcal proteins, such as PcpA, are more
immunogenic than others in stimulating an immune response in PNIP young children when
PCVs do not.[76,81,90] Currently, we are exploring novel adjuvants that facilitate immune
responses in children especially prone to pneumococcal infections. Our early findings
involving novel adjuvants have been encouraging.

10 Five-year view

Current pneumococcal conjugate vaccines have been highly successful in reducing the
incidence of invasive pneumococcal diseases due to vaccine serotypes included in the
product but the emergence of strains expressing other capsular polysaccharides to replace
those eliminated by PCVs has been a consistent, recurring theme and there are 96 capsular
types of pneumococci. The manufacturing challenges to produce a 13-valent PCV are well
known so the expansion to 96 types is not likely possible in the next 5 years.. A PCV15,
PCV16, PCV18 or even a PCV23 may be achievable but regulators may require each new
product to be tested for efficacy for at least one disease state. Such studies are not feasible
for IPD or pneumonia so that disease state will likely be AOM. AOM trials would be
feasible because tympanocentesis derived cultures can document serotype-specific vaccine
efficacy. However, to do such field testing of new PCVs the prevalence of the target
serotype-specific strains in the new formulations will need to be known in order to calculate
sample size of test children. About 2 years of data to justify sample size may be needed to
secure investigational review board approvals to proceed with such clinical trials in young
children. WCVs and PPVs will face the same challenge in phase 111 testing, i.e., clinical field
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testing of the vaccines with AOM the likely disease state to target. Yet there are very few
sites globally that have expertise in AOM diagnosis, tympanocentesis and clinical trials. In
the next 5 years investment is needed to prepare more investigators and sites to do such
vaccine testing.

In the next 5 years it will likely become increasingly apparent that PCV efficacy erodes over
time and that new vaccines based on alternative formulations will be necessary to prevent
pneumococcal infections. WCVs and PPVs can confer serotype-independent protection and
be cost-effective. Whole-cell vaccines may represent a path forward in developing countries
but in developed countries regulators have become disinclined to approve whole cell
vaccines and have shown a preference for component vaccines with demonstrated purity and
consistency with manufacturing. PPVs have shown promise and may become the preferred
pneumococcal vaccines in the next 5 years. At this writing the results of a phase 111 trial in
American Indians of the GSK 2-componnet vaccine have not become publicly available. If
the trial demonstrates efficacy in preventing AOM then further tests of that vaccine and other
PPVs becomes more likely. If that trial fails to demonstrate efficacy then reformulations with
novel adjuvants may become the primary activity for PPV development in the nearer term.

In the next 5 years additional clinical testing sites for pneumococcal vaccines will need to be
identified and preliminary epidemiologic studies conducted. Further studies regarding
determinants of protection from NP colonization vs. protection against pneumococcal
disease should be done. Further work on cell-mediated vs. antibody mediated protection
induced by WCVs and PPVs should occur. Development of /i vitro assays to measure
correlates of protection for WCVs and PPVs will be needed. We may also see newer
technologies tested, such as reformulation of protein based pneumococcal vaccines into
nanoparticles, another path forward. Nanoparticle presentation of antigens offers the ability
to formulate vaccines containing multiple proteins and adjuvants targeting specific immune
cells, and more effective uptake by antigen presenting cells.[91-94]
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Key issues

There are many risk factors such as health status, epidemiologic risk factors
and NP pneumococcal colonization density that may influence the outcome of
a pneumococcal vaccine trial

Newer vaccines are needed to target emerging serotypes of S. pneumoniae
escaping from PCVs

Concern about eliminating all pneumococci rom the nasopharynx should be
high

Adjuvants are needed for protein-based vaccines to elicit better and long
lasting immunological memory

Newer assays to measure tvhe correlates of protection for WCVs and PPVs
are needed
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Figure 1.
Spn capsule phase variants and antibody to surface antigens. During invasive infection, Spn

produces a thick capsule, preventing host antibodies from accessing surface proteins. In the
nasopharynx, Spn undergoes a phase shift, where capsule is much thinner, rendering surface
proteins accessible.
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Figure 2.
Spn NP bacterial threshold during a co-infection with influenza virus and after phtD

vaccination: Six week old naive mice (C57BL/6) were i.n. inoculated (10 pl) with Spn
serotype 6a (1 x 106 CFUs). 24 h later mice were inoculated i.n. (10 pl) with different
infection doses of HLIN1 PR8 influenza (PR8 1=20 x TCID50, PR8 2=25 x TCID50, PR8
3=10 x TCID50, PR8 4=5 x TCID50). Six days later, mice were euthanized and the Spn
bacterial burden was ascertained in the NP (A), blood (B) and lings (c). PhtD vaccinated or
adjuvant control mice (6 weeks old) were i.n. inoculated (10 pl) with 1106 s Spn. 24 h later,
mice were inoculated i.n. with HIN1 PR8 (20 x TCID50. Six days later mice were
euthanized and span bacterial burden was ascertained in Np (D) and blood (E).
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