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Abstract: The importance of Streptococcus pneumoniae has been well established. These bacteria can
colonize infants and adults without symptoms, but in some cases can spread, invade other tissues
and cause disease with high morbidity and mortality. The development of pneumococcal conjugate
vaccines (PCV) caused an enormous impact in invasive pneumococcal disease and protected unvacci-
nated people by herd effect. However, serotype replacement is a well-known phenomenon that has
occurred after the introduction of the 7-valent pneumococcal conjugate vaccine (PCV7) and has also
been reported for other PCVs. Therefore, it is possible that serotype replacement will continue to
occur even with higher valence formulations, but the development of serotype-independent vaccines
might overcome this problem. Alternative vaccines are under development in order to improve
cost effectiveness, either using proteins or the pneumococcal whole cell. These approaches can be
used as a stand-alone strategy or together with polysaccharide vaccines. Looking ahead, the next
generation of pneumococcal vaccines can be impacted by the new technologies recently approved for
human use, such as mRNA vaccines and viral vectors. In this paper, we will review the advantages
and disadvantages of the addition of new polysaccharides in the current PCVs, mainly for low- and
middle-income countries, and we will also address future perspectives.

Keywords: Streptococcus pneumoniae; pneumococcus; vaccine; PCV; PPV; whole cell; recombinant
protein; new technologies

1. Introduction

Streptococcus pneumoniae (Spn, the pneumococcus) is a frequent component of the hu-
man nasopharyngeal microbiota, but it is also an important pathogen, especially in children
under five years of age and the elderly, as it is responsible for several hospitalizations and
deaths [1,2]. Pneumococci cause several diseases ranging from sinusitis and otitis media
to life-threatening diseases such as pneumonia, bacteremia and meningitis. The majority
of the strains express a capsule, the most important virulence factor, which is associated
with escape from opsonophagocytosis and other immune responses [3–5]. The capsule is
composed of polysaccharides (PS) that can be chemically and immunologically classified
into 100 serotypes [6]. Spn is genetically highly variable, especially in loci related to PS
production and antibiotic resistance. In fact, Spn has mechanisms to rapidly adapt and
evolve through recombination [7–11].

Lower respiratory tract infections (LTRI) have been the fourth leading cause of death
in the world since 2000, but a reduction from 3.1 million in 2000 to 2.6 million in total
deaths caused by LRTI was observed in 2019 [12]. Pneumonia cases alone were responsible
for 15% of all deaths in children under 5 years of age [13]. The World Health Organization
(WHO) denoted Spn as an important human pathogen, as it is responsible for more than
50% of all deaths caused by LTRI [2,13,14]. The WHO also established that vaccination is
the most important policy to control pneumococcal disease [15].

The first pneumococcal vaccine dates back to 1909 in the United States, where a
whole cell vaccine was first licensed [16]. Between 1923 and 1925, the characteristics of
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the PS, initially named soluble specific substance of pneumococcus (SSS), were described
from some serotypes [17–19]. Based on that discovery, many groups started to work with
pneumococcal PS as vaccines, even in the wartime period [20–23]. Additionally, during
this time, two pneumococcal polysaccharide vaccines (PPV) with six different serotypes in
two different formulations based on the prevalence of the serotypes in adults and infants,
were licensed in the United States, but they were later removed from the market due to
skepticism from physicians on the implementation of vaccines in clinics [24]. In the 1970s,
new efforts for the development of pneumococcal vaccines were made, especially by Robert
Austrian, who was responsible for cataloguing serotypes from pneumococcal diseases and
leading clinical trials with 7-valent and 12-valent vaccines which later evolved to include
14 different serotypes. In 1983, some companies started to produce the 23-valent PPV
(PPV23), composed of purified PS from 23 different serotypes, after a position of WHO
supporting its use [16]. PPV23 induces a T-cell independent response, and for this reason,
it is not indicated for children under two years. Even in people older than 60, the age
group for which this vaccine is indicated, it presents a lower response when compared with
young adults [25–27]. After 2000, another generation of vaccines became important: the
pneumococcal conjugate vaccines (PCV). PCVs were developed by the conjugation of PS to
carrier proteins, which rendered a T-cell-dependent response to PS with the induction of
memory T-cells and protection of infants [28–31]. After the introduction of these vaccines,
a huge decrease in pneumococcal disease and colonization was observed, as was reflected
by the reduction of the circulation of vaccine serotypes and the protection of unvaccinated
people through the herd effect [30–34]. On the other hand, in the period after introduction
of PCVs in immunization programs, an increasing trend in the incidence rate of serotypes
not included in the vaccines was observed. This phenomenon led to concerns regarding
vaccine efficacy, especially when an increasing prevalence in serotypes more related to
strains resistant to antibiotics was observed [34,35].

In this review, we aim to explore and exemplify the importance of pneumococcal
vaccines and expose the necessity of exploring next generation strategies. We present
here a variety of models and platforms to produce and design new vaccines to fight
pneumococcal disease.

2. Inclusion of New Polysaccharide Serotypes into PCVs

Licensed PCVs have been extremely important in reducing pneumococcal disease
worldwide. These vaccines included 7 to 13 PS from different pneumococcal serotypes
conjugated to carrier proteins [36]. After the introduction of PCV7 in the immunization
program of several countries, a high rate of protection of vaccinated children has been
demonstrated, with reductions in cases of pneumonia and invasive pneumococcal disease
(IPD) [37–41]. However, a few years after the introduction of these vaccines, serotype
replacement was observed, with previously circulating serotypes included in the vaccine
being substituted by non-vaccine serotypes [42–45].

Most countries have no indication for PCV use in young adults or the elderly, and
some studies show a decline in cases of IPD caused by some vaccine serotypes in people
over 65 years of age by herd immunity [43,46]. However, it is still difficult to clearly
confirm the effect of herd immunity on community-acquired pneumonia (CAP) due to the
routine use of bacterial isolation to determine pneumococcal serotypes [47]. More sensitive
techniques, such as qPCR, would be required for a better evaluation. Regardless of indirect
protective capacity, adults and the elderly are usually colonized and have pneumococcal
disease caused by a wider variety of serotypes than children [48,49]. Therefore, current
PCVs do not meet the specific needs of these populations.

Currently, new vaccines are being studied which aim at broader protection for
serotypes not included in licensed PCVs. Vaccines with 11, 12, 15 and 20 serotypes are
in advanced stages of clinical trials in humans, having already demonstrated safety and
tolerability in addition to non-inferior induction of antibodies and opsonophagocytosis of
pneumococci compared to results obtained with PCV10 and PCV13. Moreover, promising
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results for the new serotypes included were obtained for children, adults and elderly
people [50–57]. In the pre-clinical phase, several other conjugate vaccines, with up to
30 serotypes, are under study [58,59].

In order to predict the formulation of new PCVs, it is possible to propose the inclusion
of serotypes with the highest probability to increase their incidence in diseases according
to PS characteristics. For example, capsule monosaccharides with lower carbon content
or molecules with a pronounced negative charge are able to better evade the immune
system [60]. However, several other variables can interfere with this prediction. For
example, it is not possible to guarantee that new PCVs will have the same impact in
serotype reduction and replacement as vaccines already in use in the population. For these
reasons, new PCVs would need to constantly increase their valence, which leads to the
question of if developing and using these vaccines is applicable in the long term.

The need for continuous increases in PCV valence also involves a problem with
conjugation. The crucial issue of a PCV is the binding process of a PS to a carrier protein that
can induce a more effective immune response than the PS alone [61]. The qualitative and
quantitative increase of these molecules in the immunizing formulation can cause immune
response interferences, both in the vaccine itself, and in other vaccines administered
previously, jointly, and subsequently. These interferences can cause an imbalance in several
arms of the immune response, so they must be readjusted to each new vaccine formulation.
Therefore, the continuous addition of new PS in pneumococcal vaccines may be limited by
potential interference in childhood vaccine schedules [62,63].

The most obvious difficulty about PCV manufacturing is the complexity and the high
process cost. These issues lead to insufficient vaccination coverage in low- and middle-
income countries (LMIC), such as African and Asian countries, which in 2009 accounted
for 95% of pneumococcal deaths [1]. More than ten years after PCV licensure, sub-Saharan
African countries still have the highest mortality rate in children under five years old,
with the lowest decrease in trends of pneumonia, morbidity and mortality among all
countries [64]. These data are also a direct consequence of vaccines based on Northern
Hemisphere-prevalent serotypes that do not fully represent the needs of countries with a
wider spectrum of serotypes causing disease, such as low-income countries (LIC) [65].

Simpler and cheaper new vaccine strategies based on more conserved antigens could
provide serotype-independent protection. These vaccines would provide protection from
the early stages of pneumococcal carriage to the stages of invasive disease through strate-
gies that induce different immune responses.

3. New Perspectives in Classical Vaccines

A vaccine based on protein antigens would be able to protect against all Spn con-
sidering the selection of highly conserved proteins that must be present in most clinical
isolates [66]. In addition, the manufacturing process should be simpler and cheaper than
for PCV [67], providing broad access to populations from LMIC.

Their potential benefits depend on the ability to induce antibody production and cellu-
lar immune responses that will prevent carriage and disease [68,69]. The first step towards
the selection of protein antigens is the extensive knowledge of the role of virulence factors
of Spn [70]. The first virulence mechanism during the infection process is the reversible
phase variation between transparent and opaque phenotypes, which occurs during carriage
and invasion. The transparent phase predominates and seems to be required for carriage
in the nasopharynx, where capsule expression is reduced to facilitate adhesion to epithelial
cells, promoting colonization and expansion of the colonies. The expected response of
protein vaccines is based on the recognition of the exposed molecules at this stage by
antibodies and Th17 cells, leading to reduced colonization and, consequently, invasive
diseases. It is also expected that they induce herd effect in the population [3,69,71,72]. The
opaque phase predominates during invasion, with increases in capsule thickness promoted
by higher production of PS. This mechanism protects bacteria from opsonophagocytosis by
covering most of the epitopes and avoiding antibody attachment to the cell surface [73–75].
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Protection against pneumococcal diseases is mainly mediated by high levels of antibodies
and is also dependent on the recruitment of immune cells, especially neutrophils [76–78].
Some protein antigens can be recognized by the immune system independently of phase
variation, and several have been considered as potential antigens for a new generation
of vaccines:

• Pneumococcal histidine triad protein D (PhtD) is a highly conserved surface pro-
tein [79] involved in metal ion homeostasis, avoidance of complement deposition,
adherence to host cells [80,81], and other virulence mechanisms in the lungs [82];

• Pneumolysin (Ply) is a cytolysin released by Spn during autolysis which leads to
proliferation in the lungs and invasion of the bloodstream [81]. Ply induces formation
of pores in cholesterol-rich membranes and activates the complement system, inducing
a high inflammatory response [66], which may lead to lung injury and neuronal
damage [80]. Its application in vaccines is proposed with its detoxified form (PdT)
with the aim of inducing antibodies that neutralize Ply activity and inhibit its adhesion
to epithelial tissue [81];

• Pneumococcal surface protein A (PspA) is a choline-binding protein responsible
for inhibiting the activation and deposition of complement C3 component and for
inhibiting apolactoferrin bactericidal activity [83,84]. It is a protein present in virtually
all Spn isolates, and variations in their amino acid sequence classify it into six clades
and three families [85]. Its N-terminal region is exposed on the capsule surface and
exhibits a high degree of cross-reactivity [86,87];

• Pneumococcal choline-binding protein A (PcpA) is a surface protein with a role in
adhesion, mainly to lung epithelial cells [88].

Recently, several proposals of protein-based vaccines have advanced from the pre-
clinical phase to clinical trials in humans (Table 1). Here, we review strategies that have
thus far undergone clinical trials, but it is important to remember that there are many other
proteins that were tested only in animal models. A phase I study used a vaccine based on
several pneumococcal surface antigens, including PspA, pilus proteins and PdT, obtained
by purification from bacteria that were cultivated in conditions leading to upregulated
expression of these proteins. This non-adjuvanted vaccine was considered safe in adults
and demonstrated a significant increase in IgG titers against several Spn antigens. In
addition, serum from immunized individuals was capable to neutralize Ply hemolytic
activity in different serotypes [89].

The safety and tolerability of PdT and PhtD were evaluated in two separate studies
with single-antigen formulations adjuvanted with aluminum hydroxide in adults. Both
works showed promising results regarding the safety profile. PdT proved to be highly
immunogenic, and serum from immunized individuals was able to neutralize Ply activ-
ity [66]. PhtD immunization was also safe and immunogenic; however, adverse reactions
and induction of antibodies proved to be dose-dependent [67].

Other formulations containing two or three antigens have also been extensively tested
in phase I clinical trials. The administration of PcpA + PhtD in two doses with three
concentration levels for each protein, combined or not with aluminum hydroxide, were
tested. All formulations proved to be safe with a considerable increase in antibody levels,
which reached a plateau with the intermediate concentration of each protein. Furthermore,
the addition of an adjuvant was not able to increase the immune response and was shown
to be more reactogenic in adults [88]. Immune sera from volunteers were shown to protect
mice in a passive immunization model against serotype 3 Spn (strains A66.1 and WU2) [79].
In another study, PdT + PhtD + PcpA was administered to adults, toddlers, and infants,
with or without an adjuvant. All formulations were well tolerated in the three age groups
and capable of inducing antibodies against all antigens. In infants, the target population
of the vaccine, three doses with an adjuvant were necessary to obtain the best humoral
response [90].

Another promising strategy is to complement PCVs with protein candidates (Table 1).
This approach was performed using PdT and PhtD administered with PCV10 in phase
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I and II studies in adults, toddlers and infants with two doses and a booster dose. The
formulation proved to be safe and effective, inducing an increase in the levels of anti-Ply
and anti-PhtD antibodies and not negatively affecting the response to PS [81,82,91]. These
proteins were also co-administered with DTPa-HBV-IPV/Hib (Infanrix Hexa, GSK), a
vaccine commonly present in childhood vaccination schedules, and no differences were
observed in the immune response for this vaccine [91]. However, this formulation did
not lead to a reduction in nasopharyngeal carriage in infants in The Gambia [92]. In
another study, PdT and PhtD were co-administered with PCV13 in Native American
infants, generating a robust antibody response against the proteins used. However, efficacy
against acute otitis media and acute LRTI was not verified in this population [93].

PdT and PhtD were also used as PS carrier proteins in a phase I study with an elderly
population. For the 8 polysaccharides included in the formulation, only 2 (19A and 22F)
were conjugated to pneumococcal proteins. The results demonstrated the vaccine safety
in this age group and the ability to increase antibodies against the proteins. However,
the antibody induction was greater in the population immunized with the proteins alone.
Regarding the response to 19A and 22F conjugates, both were shown to be immunogenic,
with increased opsonophagocytic activity after two doses when compared to the PPV23,
indicating that PhtD and PdT can improve the response against pneumococcus [80].

An alternative to purified protein vaccines is live-vector based vaccines (Table 1), such
as the one that underwent a phase I study where live-attenuated Salmonella typhi strains
were used as vectors for oral PspA delivery in adults. Immunization was shown to be safe
and well tolerated; however, these vaccines were not able to induce anti-PspA antibodies,
probably due to pre-existing antibodies against the vector in participants [68].

A second alternative is the classic whole cell vaccine (Table 1), which presents a wide
variety of antigens in their native form, is self-adjuvanted by presenting toll-like receptor
agonist molecules, and is a good choice of vaccine for the immunization of children in LIC
due to its low manufacturing cost [69,94,95]. It is expected that in countries with a high rate
of colonization in early childhood, these vaccines could reduce pneumococcal colonization
in the nasopharynx, maintaining the bacterial density at a minimum [69] and preventing
the spread of new serotypes.

The first human trial was carried out to verify the safety, tolerability, and immuno-
genicity of a whole cell vaccine from a non-encapsulated strain, adsorbed on aluminum
hydroxide and administered in three doses in adults. The results demonstrated that the
vaccine was well tolerated and induced B and T cell responses as well as antibodies against
Ply and PspA in 75% of the participants who received the highest dose used in the study.
Furthermore, the antibodies demonstrated a protective capacity through the neutraliza-
tion of Ply toxicity and by passive immunization of mice challenged with Spn serotype
3 (A66.1) [95].

The generalization of results obtained from clinical trials should be done with cau-
tion, as differences between populations can lead to different vaccine efficacy results. In
LMIC, differences in nutrition and basic sanitary and living conditions can modify the
response to vaccines [69,81], as in the case of children from The Gambia, who present with
pneumococcal carriage since early infancy, a situation that does not occur in European
children [92]. In the elderly, immunosenescence is a widely known condition that reduces
vaccine effectiveness in this population [80,96].

New generations of vaccines that are not based on PS will have important regulatory
barriers to overcome, as the ideal endpoints and correlates of protection for these studies
have not yet been defined [97]. These new vaccines may not have their protection based
on antibodies that induce opsonophagocytosis, such as PCV, but on several other immune
responses that would also be able to reduce carriage and/or pneumococcal disease [69].
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Table 1. Pneumococcal vaccines: vaccines licensed and in clinical trial.

Vaccine Type Adjuvant Manufacturer Clinical Trial
Fase

PPV23 [98] PS None Merck 1 4 (licensed)
Synflorix (PCV10) [99] Conjugated PS Aluminum phosphate GSK 2 4 (licensed)

Prevnar 13 (PCV13) [100] Conjugated PS Aluminum phosphate Pfizer 3 4 (licensed)
Ply (PlyD1) [66] Recombinant protein Aluminum hydroxide Sanofi Pasteur 4 1

PhtD [67] Recombinant protein Aluminum hydroxide Sanofi Pasteur 4 1

PhtD [96] Recombinant protein None, aluminum
phosphate or AS02V GSK 2 1/2

PcpA + PhtD [79,88] Recombinant protein Aluminum hydroxide Sanofi Pasteur 4 1

Ply + PcpA + PhtD [90] Recombinant protein None or aluminum
hydroxide Sanofi Pasteur 4 1

Ply + PhtD PCV10/PCV13
[81,82,91–93,97]

Recombinant protein
administered with PCV10

or PCV13

None or aluminum
phosphate GSK 2 1/2

Ply + PhtD PCV8 [80] Recombinant protein as PS
carrier

AS02V or aluminum
phosphate GSK 2 1

Salmonella Typhi expressing
PspA [68] Live vector None

Arizona State
University/Saint Louis

University
1

PnuBioVax [89] Subunit inactivated None ImmunoBiology Ltd. 1
wSp [95] Inactivated whole cell Aluminum hydroxide PATH 1

1 Merck Sharp & Dohme Corp; 2 GlaxoSmithKline plc; 3 Pfizer Inc.; 4 Sanofi-Aventis Group.

4. Future Strategies for Vaccine Development

In 2019, the world observed the spread and the magnification of SARS-CoV-2 epidemic.
In response to that, many groups started to use technologies they have been working on
for years to fight the virus. Some first in-human approved technologies got more attention,
such as the mRNA-based vaccines that received the Emergency Use Listing between
December 2020 and April 2021, but there are several other candidates at different stages
of clinical trials [101,102]. Additionally, in this period, vaccines based on non-replicating
viral vectors containing recombinant DNA received the same approval, becoming another
important option for vaccine technology [103]. These important advancements brought
us new opportunities to facilitate development and approval of new vaccines against
different pathogens. Emergency use of vaccines based on these new technologies will
certainly impact the field of vaccine development against several pathogens, including
pneumococci. Protective responses against viral and bacterial pathogens usually differ,
but since most vaccines approved against SARS-CoV-2 rely on the induction of antibodies,
such technologies may be effective against extracellular bacteria as well.

Thinking about the development process of mRNA vaccines, the mRNA by itself
has low efficiency in inducing protection, but combined with other techniques, such as
polymer- or lipid-based nanoparticles, this kind of formulation can have a 60 to 95%
efficiency in transfection rates, with a peak of protein production around 5 h after the
administration [104]. Depending on the composition and route of administration, the
potential of expression of antigens at sites different from the inoculation can also lead to a
broad and long-lasting protection against diseases, especially in early stages of infection in
the mucosa, with a rapid response against the pathogen [105–108]. Data have indicated
that there is a similar immunological response induced by mRNA vaccines in both young
and older adults, and recent trials have further confirmed that an identical response
occurs in adolescents [109–112]. In recent clinical trials, this kind of vaccine has shown
the best effectiveness when compared to other vaccines used against COVID-19, with a
high antibody titer and stimulation of a cellular response polarized to Th1 [113,114]. The
induced immune response can also be improved by the employment of an amplifying
RNA sequence, which has a promoter sequence in the same molecule (self-amplifying
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RNA) or in another molecule at the same site (trans-amplifying RNA) that is responsible
for producing more RNA [115]. Another interesting point of mRNA vaccines is their
easy exchangeable application, exemplified by the announcement by Moderna TX of a
phase 1 clinical trial with two HIV vaccine candidates based on the successfully developed
platform (ClinicalTrials.gov Identifier: NCT05001373) [116]. Other groups are also working
on development of mRNA-based vaccines against HIV, influenza, Zika, chikungunya, and
other pathogens with promising results [108,117–119].

At the same level of importance of the mRNA application, nanotechnology applied to
protein antigens has been explored in vaccine development for a long time against several
pathogens, including pneumococci. The variety of components used to produce nanopar-
ticles (NP) is enormous, from biodegradable polymers and lipids to inorganic materials,
such as gold and silver NP [120,121]. The production of NPs has also many platforms to
work with: emulsions with natural or synthetic molecules, such as polymers and lipids;
self-assembling proteins particles (SAPP), which are protein monomers bound together
to form blocs at the nanoscale size; virus-like particles (VLP), which are capsid proteins
folded into a particle but without any genetic material; and inorganic NPs. Some of these
particles have been approved as therapeutic drugs for human use [120,122], but the first
vaccine using nanotechnology received its authorization during the COVID-19 pandemic.
This list can increase in upcoming months, with at least two other vaccines based on NPs
with recombinant proteins and five others based on VLP in different stages of clinical tri-
als [102]. There are many examples of nanovaccines that have been applied against several
pathogens, such as human papillomavirus, Ebola, influenza, Leishmania, Streptococcus
pyogenes, Mycobacterium tuberculosis, Streptococcus agalactiae, and many others [120,123–131].

In fact, a good effort has been applied to develop next-generation pneumococcal
vaccines based on many platforms, including NPs [132,133]. In one study, the process of a
mineralized Ply fused with the same protein without the inorganic component, forming a
calcium phosphate NP, substantially increased protein thermal stability and resistance to
proteases [134,135]. Nanotechnology formulation also makes it possible to work with more
than one antigen. Recently, a cationic cholesteryl pullulan nanogel encapsulating three
PspAs from clades 1, 2 and 3 was shown to induce a high antibody titer with the induction
of complement deposition on the surface of the bacteria; it was also shown to protect
against pneumococci in an animal challenge model [136]. Another work showed that a NP
synthesized with sorbitol diacrylate and polyethyleneimine adsorbed with PspA from clade
2 induced specific antibodies in serum and in the lungs, and this protection was highly
efficient and long-lasting against bacteria in a lethal challenge model. They also proved that
this NP leads to a Th2 response and the induction of protection is related to the interaction
of dendritic cells and T cells [137]. Another group showed that the encapsulation of
PspA from clade 2 in NP made with 1,8-bis-(p-carboxyphenoxy)-3,6-dioxaoctane (CPTEG)
copolymerized with 1,6-bis-(p-carboxyphenoxy)hexane (CPH) or CPH copolymerized
with sebacic acid (SA) induced an antibody response and protection in a lethal challenge
model, even after reduction of the administered dose. This formulation also preserved the
antigen characteristics, even when stored at room temperature [138]. It was also shown
that NP synthesized with the copolymer poly(glycerol adipate-co-ω-pentadecalactone)
(PGA-co-PDL) adsorbed with PspA from clade 4 induced an antibody response with some
cross-reaction with other clades as well as partial protection against pneumococci in a
lethal challenge [139,140]. The possibility to work with in silico strategies can also increase
the efficiency of these formulations; one example could be the development of an SAPP
designed to be better recognized by the immune system by using the sequences of four
different antigens [141].

Other technologies have also received attention after the COVID-19 pandemic, such as
non-replicating viral vector vaccines and DNA vaccines. The first one is already being used
in the population, and the second one is undergoing several clinical trials [101,102,142].
The diversity of vectors to be applied in vaccine development is enormous and, in fact,
at least 22 COVID-19 vaccine candidates currently in clinical trials are based on this
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approach [102]. This kind of platform has been studied for a long time against several
pathogens, and during the COVID-19 pandemic, it has been shown to be safe and capable
of inducing a good protection, despite some adverse reactions in some cases [143–147].
Among the COVID-19 candidate vaccine clinical trials, 10 of them are based on DNA
vaccine technology. Although some works have indicated this technology as an opportunity
to fight pneumococcal disease, there are no recent publications on that [148–152].

Recently, another possibility to produce vaccines has been raising attention, and
it is based on outer membrane vesicles (OMV). These particles are naturally formed in
Gram-negative bacteria and are composed mainly by LPS, an outer membrane, periplasmic
proteins, and phospholipids. It is also possible to induce the formation of OMVs through
sonication or detergent treatment [153]. Their application as vaccines can be improved
by genetic modifications to increase OMV production and protein expression, inducing
heterologous protection in animals [154]. In fact, OMVs from Escherichia coli presenting
glycans with similarity to PS from serotype 14 were already studied and found to induce
similar levels of antibodies and protection compared to PCV13 [155]. Another work showed
that OMV from Salmonella typhimurium expressing PspA and PdT from pneumococcal strain
TIGR4 were capable of inducing high levels of IgG and protecting against colonization [156].
Gram-positive bacteria were also shown to produce vesicles, specifically extracellular
vesicles (EV). EV formation has also been described for Spn, and EV from ATCCBAA255
Spn strain was shown to be rapidly engulfed by mammalian cells, including immune
cells, and to modulate cytokine responses [157]. Furthermore, immunization with EVs
was shown to induce protection against the homologous as well as against a heterologous
pneumococcal strain in mice [158].

5. Conclusions

Pneumococcal vaccines licensed up to the present time have greatly impacted human
health and their importance is unquestionable. However, this impact also induced changes
in bacterial population through the adaptation of Spn by selective pressure, leading to
serotype replacement. This fact, combined with the constant increase of multidrug resistant
bacteria, has raised Spn to the status of a major public health problem. It is imperative that
new vaccines which are effective against a broad spectrum of serotypes and affordable to
every country are developed. There are some possibilities for development on the horizon,
ranging from protein-based and whole-cell vaccines to mRNA and viral vector vaccines
that had their paths opened up by the COVID-19 pandemic. Therefore, it is possible to
expect a new generation of pneumococcal vaccines based on some of the technologies
presented here in the future.
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Burden of Streptococcus pneumoniae and Haemophilus influenzae type b disease in children in the era of conjugate vaccines: Global,
regional, and national estimates for 2000-15. Lancet Glob. Health 2018, 6, e744–e757. [CrossRef]

3. Weiser, J.N.; Austrian, R.; Sreenivasan, P.K.; Masure, H.R. Phase variation in pneumococcal opacity: Relationship between
colonial morphology and nasopharyngeal colonization. Infect. Immun. 1994, 62, 2582–2589. [CrossRef]

4. Geno, K.A.; Gilbert, G.L.; Song, J.Y.; Skovsted, I.C.; Klugman, K.P.; Jones, C.; Konradsen, H.B.; Nahm, M.H. Pneumococcal
Capsules and Their Types: Past, Present, and Future. Clin. Microbiol. Rev. 2015, 28, 871–899. [CrossRef]

5. Ramirez, M.; Carriço, J.A.; van der Linden, M.; Melo-Cristino, J. Molecular Epidemiology of Streptococcus pneumoniae. In
Streptococcus Pneumoniae; Brown, J., Hammerschmidt, S., Orihuela, C., Eds.; Academic Press: Amsterdam, The Netherlands, 2015;
pp. 3–19.

6. Ganaie, F.; Saad, J.S.; McGee, L.; van Tonder, A.J.; Bentley, S.D.; Lo, S.W.; Gladstone, R.A.; Turner, P.; Keenan, J.D.;
Breiman, R.F.; et al. A New Pneumococcal Capsule Type, 10D, is the 100th Serotype and Has a Large cps Fragment from an Oral
Streptococcus. mBio 2020, 11, e00937-20. [CrossRef]

7. Dopazo, J.; Mendoza, A.; Herrero, J.; Caldara, F.; Humbert, Y.; Friedli, L.; Guerrier, M.; Grand-Schenk, E.; Gandin, C.;
Francesco, M.D.; et al. Annotated Draft Genomic Sequence from a Streptococcus pneumoniae Type 19F Clinical Isolate. Microb.
Drug Resist. 2001, 7, 99–125. [CrossRef]

8. Tettelin, H.; Nelson, K.E.; Paulsen, I.T.; Eisen, J.A.; Read, T.D.; Peterson, S.; Heidelberg, J.; DeBoy, R.T.; Haft, D.H.;
Dodson, R.J.; et al. Complete Genome Sequence of a Virulent Isolate of Streptococcus pneumoniae. Science 2001, 293, 498–506.
[CrossRef]

9. Croucher, N.J.; Harris, S.R.; Fraser, C.; Quail, M.A.; Burton, J.; van der Linden, M.; McGee, L.; von Gottberg, A.; Song, J.H.;
Ko, K.S.; et al. Rapid Pneumococcal Evolution in Response to Clinical Interventions. Science 2011, 331, 430–434. [CrossRef]
[PubMed]

10. Hsieh, Y.-C.; Lin, T.-L.; Chang, K.-Y.; Huang, Y.-C.; Chen, C.-J.; Lin, T.-Y.; Wang, J.-T. Expansion and Evolution of Streptococcus
pneumoniae Serotype 19A ST320 Clone as Compared to Its Ancestral Clone, Taiwan19F-14 (ST236). J. Infect. Dis. 2013, 208, 203–210.
[CrossRef]

11. Tettelin, H.; Chancey, S.; Mitchell, T.; Denapaite, D.; Schähle, Y.; Rieger, M.; Hakenbeck, R. Genomics, Genetic Variation,
and Regions of Differences. In Streptococcus Pneumoniae; Brown, J., Hammerschmidt, S., Orihuela, C., Eds.; Academic Press:
Amsterdam, The Netherlands, 2015; pp. 81–107.

12. WHO. Leading Causes of Death and Disability 2000–2019: A Visual Summary. Nova York: World Health Organization. Available
online: https://www.who.int/data/stories/leading-causes-of-death-and-disability-2000-2019-a-visual-summary (accessed
on 6 October 2021).

13. WHO. Pneumonia. Nova York. Available online: https://www.who.int/news-room/fact-sheets/detail/pneumonia (accessed on
10 November 2021).

14. Troeger, C.; Forouzanfar, M.; Rao, P.C.; Khalil, I.; Brown, A.; Swartz, S.; Fullman, N.; Mosser, J.; Thompson, R.L.; Reiner, R.C.; et al.
Estimates of the global, regional, and national morbidity, mortality, and aetiologies of lower respiratory tract infections in 195
countries: A systematic analysis for the Global Burden of Disease Study 2015. Lancet Infect. Dis. 2017, 17, 1133–1161. [CrossRef]

15. WHO. Pneumococcal conjugate vaccines in infants and children under 5 years of age: WHO position paper. Wkly. Epidemiol. Rec.
2019, 94, 85–104.

16. Grabenstein, J.D.; Klugman, K.P. A century of pneumococcal vaccination research in humans. Clin. Microbiol. Infect. 2012, 18
(Suppl. S5), 15–24. [CrossRef]

17. Heidelberger, M.; Avery, O.T. The Soluble Specific Substance of Pneumococcus. J. Exp. Med. 1923, 38, 73–79. [CrossRef]
18. Heidelberger, M.; Avery, O.T. The Soluble Specific Substance of Pneumococcus: Second Paper. J. Exp. Med. 1924, 40, 301–317.

[CrossRef] [PubMed]
19. Heidelberger, M.; Goebel, W.F.; Avery, O.T. The Soluble Specific Substance of Pneumococcus: Third Paper. J. Exp. Med. 1925, 42,

727–745. [CrossRef]
20. Macleod, C.M.; Hodges, R.G.; Heidelberger, M.; Bernhard, W.G. Prevention of Pneumococcal Pneumonia by Immunization with

Specific Capsular Polysaccharides. J. Exp. Med. 1945, 82, 445–465. [CrossRef] [PubMed]
21. Heidelberger, M.; Mac, L.C.; Di Lapi, M.M. The human antibody response to simultaneous injection of six specific polysaccharides

of pneumococcus. J. Exp. Med. 1948, 88, 369–372. [CrossRef]
22. Kaufman, P. Pneumonia in old age; active immunization against pneumonia with pneumonococcus polysaccharide; results of a

six year study. Arch. Intern. Med. 1947, 79, 518–531. [CrossRef]
23. Ekwurzel, G.M.; Simmons, J.S.; Dublin, L.I.; Felton, L.D. Studies on Immunizing Substances in Pneumococci: VIII. Report on

Field Tests to Determine the Prophylactic Value of a Pneumococcus Antigen. Public Health Rep. 1938, 53, 17. [CrossRef]
24. English, P.C. Therapeutic strategies to combat pneumococcal disease: Repeated failure of physicians to adopt pneumococcal

vaccine, 1900–1945. Perspect. Biol. Med. 1987, 30, 170–185. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(09)61204-6
http://doi.org/10.1016/S2214-109X(18)30247-X
http://doi.org/10.1128/iai.62.6.2582-2589.1994
http://doi.org/10.1128/CMR.00024-15
http://doi.org/10.1128/mBio.00937-20
http://doi.org/10.1089/10766290152044995
http://doi.org/10.1126/science.1061217
http://doi.org/10.1126/science.1198545
http://www.ncbi.nlm.nih.gov/pubmed/21273480
http://doi.org/10.1093/infdis/jit145
https://www.who.int/data/stories/leading-causes-of-death-and-disability-2000-2019-a-visual-summary
https://www.who.int/news-room/fact-sheets/detail/pneumonia
http://doi.org/10.1016/S1473-3099(17)30396-1
http://doi.org/10.1111/j.1469-0691.2012.03943.x
http://doi.org/10.1084/jem.38.1.73
http://doi.org/10.1084/jem.40.3.301
http://www.ncbi.nlm.nih.gov/pubmed/19868919
http://doi.org/10.1084/jem.42.5.727
http://doi.org/10.1084/jem.82.6.445
http://www.ncbi.nlm.nih.gov/pubmed/19871511
http://doi.org/10.1084/jem.88.3.369
http://doi.org/10.1001/archinte.1947.00220110058004
http://doi.org/10.2307/4582686
http://doi.org/10.1353/pbm.1987.0058
http://www.ncbi.nlm.nih.gov/pubmed/3309878


Vaccines 2021, 9, 1338 10 of 16

25. CDC. Prevention of Pneumococcal Disease: Recommendations of the Advisory Committee on Immunization Practices (ACIP).
Morb. Mortal. Wkly. Rep. 1997, 1–24.

26. WHO. 23-valent pneumococcal polysaccharide vaccine: WHO position paper. Relev. Epidemiol. Hebd. 2008, 83, 373–384.
27. Huss, A.; Scott, P.; Stuck, A.E.; Trotter, C.; Egger, M. Efficacy of pneumococcal vaccination in adults: A meta-analysis. Can. Med

Assoc. J. 2009, 180, 48–58. [CrossRef] [PubMed]
28. Pelton, S.I.; Dagan, R.; Gaines, B.M.; Klugman, K.P.; Laufer, D.; O’Brien, K.; Schmitt, H.J. Pneumococcal conjugate vaccines:

Proceedings from an interactive symposium at the 41st Interscience Conference on Antimicrobial Agents and Chemotherapy.
Vaccine 2003, 21, 1562–1571. [CrossRef]

29. WHO. Pneumococcal conjugate vaccine for childhood immunization—WHO position paper. Relev. Epidemiol. Hebd. 2007, 82,
93–104.

30. Prymula, R.; Schuerman, L. 10-valent pneumococcal nontypeable Haemophilus influenzae PD conjugate vaccine: Synflorix.
Expert Rev. Vaccines 2009, 8, 1479–1500. [CrossRef]

31. Bryant, K.A.; Block, S.L.; Baker, S.A.; Gruber, W.C.; Scott, D.A.; PCV13 Infant Study Group. Safety and immunogenicity of a
13-valent pneumococcal conjugate vaccine. Pediatrics 2010, 125, 866–875. [CrossRef]

32. Whitney, C.G.; Farley, M.M.; Hadler, J.; Harrison, L.H.; Bennett, N.M.; Lynfield, R.; Reingold, A.; Cieslak, P.R.; Pilishvili, T.;
Jackson, D.; et al. Decline in invasive pneumococcal disease after the introduction of protein-polysaccharide conjugate vaccine. N.
Engl. J. Med. 2003, 348, 1737–1746. [CrossRef] [PubMed]

33. Bechini, A.; Boccalini, S.; Bonanni, P. Immunization with the 7-valent conjugate pneumococcal vaccine: Impact evaluation,
continuing surveillance and future perspectives. Vaccine 2009, 27, 3285–3290. [CrossRef]

34. WHO. Pneumococcal vaccines WHO position paper—2012. Relev. Epidemiol. Hebd. 2012, 87, 129–144.
35. Hicks, L.A.; Harrison, L.H.; Flannery, B.; Hadler, J.L.; Schaffner, W.; Craig, A.S.; Jackson, D.; Thomas, A.; Beall, B.; Lynfield, R.; et al.

Incidence of pneumococcal disease due to non-pneumococcal conjugate vaccine (PCV7) serotypes in the United States during the
era of widespread PCV7 vaccination, 1998–2004. J. Infect. Dis. 2007, 196, 1346–1354. [CrossRef]

36. Tin Tin Htar, M.; Christopoulou, D.; Schmitt, H.-J. Pneumococcal serotype evolution in Western Europe. BMC Infect. Dis. 2015,
15, 419. [CrossRef]

37. Andrade, A.L.; Minamisava, R.; Policena, G.; Cristo, E.B.; Domingues, C.M.; de Cunto Brandileone, M.C.; Almeida, S.C.; Toscano,
C.M.; Bierrenbach, A.L. Evaluating the impact of PCV-10 on invasive pneumococcal disease in Brazil: A time-series analysis.
Hum. Vaccines Immunother. 2016, 12, 285–292. [CrossRef]

38. Andrade, A.L.; Ternes, Y.M.; Vieira, M.A.; Moreira, W.G.; Lamaro-Cardoso, J.; Kipnis, A.; Cardoso, M.R.; Brandileone, M.C.;
Moura, I.; Pimenta, F.C.; et al. Direct effect of 10-valent conjugate pneumococcal vaccination on pneumococcal carriage in children
Brazil. PLoS ONE 2014, 9, e98128.

39. Afonso, E.T.; Minamisava, R.; Bierrenbach, A.L.; Escalante, J.J.; Alencar, A.P.; Domingues, C.M.; Morais-Neto, O.L.; Toscano,
C.M.; Andrade, A.L. Effect of 10-valent pneumococcal vaccine on pneumonia among children, Brazil. Emerg. Infect. Dis. 2013, 19,
589–597. [CrossRef] [PubMed]

40. Lewnard, J.A.; Givon-Lavi, N.; Dagan, R. Effectiveness of pneumococcal conjugate vaccines against community-acquired alveolar
pneumonia attributable to vaccine-serotype Streptococcus pneumoniae among children. Clin. Infect. Dis. 2020, 73, e1423–e1433.
[CrossRef] [PubMed]

41. Berman-Rosa, M.; O’Donnell, S.; Barker, M.; Quach, C. Efficacy and Effectiveness of the PCV-10 and PCV-13 Vaccines against
Invasive Pneumococcal Disease. Pediatrics 2020, 145. [CrossRef]

42. Weinberger, D.M.; Malley, R.; Lipsitch, M. Serotype replacement in disease after pneumococcal vaccination. Lancet 2011, 378,
1962–1973. [CrossRef]

43. Brandileone, M.C.; Almeida, S.C.G.; Minamisava, R.; Andrade, A.L. Distribution of invasive Streptococcus pneumoniae serotypes
before and 5years after the introduction of 10-valent pneumococcal conjugate vaccine in Brazil. Vaccine 2018, 36, 2559–2566.
[CrossRef]

44. Ciruela, P.; Izquierdo, C.; Broner, S.; Munoz-Almagro, C.; Hernandez, S.; Ardanuy, C.; Pallares, R.; Dominguez, A.; Jane, M.;
Catalan Working Group on Invasive Pneumococcal Disease. The changing epidemiology of invasive pneumococcal disease after
PCV13 vaccination in a country with intermediate vaccination coverage. Vaccine 2018, 36, 7744–7752. [CrossRef]

45. European Centre for Disease Prevention and Control. Invasive Pneumococcal Disease. In ECDC. Annual epidemiological report for
2017: European Centre for Disease Prevention and Control; ECDC: Stockholm, Sweden, 2019.

46. Tsaban, G.; Ben-Shimol, S. Indirect (herd) protection, following pneumococcal conjugated vaccines introduction: A systematic
review of the literature. Vaccine 2017, 35, 2882–2891. [CrossRef]

47. Isturiz, R.E.; Ramirez, J.; Self, W.H.; Grijalva, C.G.; Counselman, F.L.; Volturo, G.; Ostrosky-Zeichner, L.; Peyrani, P.; Wunderink,
R.G.; Sherwin, R.; et al. Pneumococcal epidemiology among US adults hospitalized for community-acquired pneumonia. Vaccine
2019, 37, 3352–3361. [CrossRef]

48. Azzari, C.; Cortimiglia, M.; Nieddu, F.; Moriondo, M.; Indolfi, G.; Mattei, R.; Zuliani, M.; Adriani, B.; Degl’Innocenti, R.;
Consales, G.; et al. Pneumococcal serotype distribution in adults with invasive disease and in carrier children in Italy: Should we
expect herd protection of adults through infants’ vaccination? Hum. Vaccines Immunother. 2016, 12, 344–350. [CrossRef]

http://doi.org/10.1503/cmaj.080734
http://www.ncbi.nlm.nih.gov/pubmed/19124790
http://doi.org/10.1016/S0264-410X(02)00681-3
http://doi.org/10.1586/erv.09.113
http://doi.org/10.1542/peds.2009-1405
http://doi.org/10.1056/NEJMoa022823
http://www.ncbi.nlm.nih.gov/pubmed/12724479
http://doi.org/10.1016/j.vaccine.2009.01.058
http://doi.org/10.1086/521626
http://doi.org/10.1186/s12879-015-1147-x
http://doi.org/10.1080/21645515.2015.1117713
http://doi.org/10.3201/eid1904.121198
http://www.ncbi.nlm.nih.gov/pubmed/23628462
http://doi.org/10.1093/cid/ciaa1860
http://www.ncbi.nlm.nih.gov/pubmed/33346348
http://doi.org/10.1542/peds.2019-0377
http://doi.org/10.1016/S0140-6736(10)62225-8
http://doi.org/10.1016/j.vaccine.2018.04.010
http://doi.org/10.1016/j.vaccine.2018.05.026
http://doi.org/10.1016/j.vaccine.2017.04.032
http://doi.org/10.1016/j.vaccine.2019.04.087
http://doi.org/10.1080/21645515.2015.1102811


Vaccines 2021, 9, 1338 11 of 16

49. Wyllie, A.L.; Rumke, L.W.; Arp, K.; Bosch, A.; Bruin, J.P.; Rots, N.Y.; Wijmenga-Monsuur, A.J.; Sanders, E.A.M.; Trzcinski, K.
Molecular surveillance on Streptococcus pneumoniae carriage in non-elderly adults; little evidence for pneumococcal circulation
independent from the reservoir in children. Sci. Rep. 2016, 6, 34888. [CrossRef]

50. Carmona Martinez, A.; Prymula, R.; Miranda Valdivieso, M.; Otero Reigada, M.D.C.; Merino Arribas, J.M.; Brzostek, J.;
Szenborn, L.; Ruzkova, R.; Horn, M.R.; Jackowska, T.; et al. Immunogenicity and safety of 11- and 12-valent pneumococcal
non-typeable Haemophilus influenzae protein D-conjugate vaccines (11vPHiD-CV, 12vPHiD-CV) in infants: Results from a phase
II, randomised, multicentre study. Vaccine 2019, 37, 176–186. [CrossRef]

51. McFetridge, R.; Meulen, A.S.; Folkerth, S.D.; Hoekstra, J.A.; Dallas, M.; Hoover, P.A.; Marchese, R.D.; Zacholski, D.M.; Watson,
W.J.; Stek, J.E.; et al. Safety, tolerability, and immunogenicity of 15-valent pneumococcal conjugate vaccine in healthy adults.
Vaccine 2015, 33, 2793–2799. [CrossRef]

52. Xie, J.; Zhang, Y.; Caro-Aguilar, I.; Indrawati, L.; Smith, W.J.; Giovarelli, C.; Winters, M.A.; MacNair, J.; He, J.;
Abeygunawardana, C.; et al. Immunogenicity Comparison of a Next Generation Pneumococcal Conjugate Vaccine in
Animal Models and Human Infants. Pediatric Infect. Dis. J. 2020, 39, 70–77. [CrossRef]

53. Hurley, D.; Griffin, C.; Young, M.; Scott, D.A.; Pride, M.W.; Scully, I.L.; Ginis, J.; Severs, J.; Jansen, K.U.; Gruber, W.C.; et al. Safety,
Tolerability, and Immunogenicity of a 20-Valent Pneumococcal Conjugate Vaccine (PCV20) in Adults 60 to 64 Years of Age. Clin.
Infect. Dis. 2020, 73, e1489–e1497. [CrossRef] [PubMed]

54. Rupp, R.; Hurley, D.; Grayson, S.; Li, J.; Nolan, K.; McFetridge, R.D.; Hartzel, J.; Abeygunawardana, C.; Winters, M.; Pujar, H.; et al.
A dose ranging study of 2 different formulations of 15-valent pneumococcal conjugate vaccine (PCV15) in healthy infants. Hum.
Vaccines Immunother. 2019, 15, 549–559. [CrossRef] [PubMed]

55. Peterson, J.T.; Stacey, H.L.; MacNair, J.E.; Li, J.; Hartzel, J.S.; Sterling, T.M.; Benner, P.; Tamms, G.M.; Musey, L.K. Safety and
immunogenicity of 15-valent pneumococcal conjugate vaccine compared to 13-valent pneumococcal conjugate vaccine in adults
≥65 years of age previously vaccinated with 23-valent pneumococcal polysaccharide vaccine. Hum. Vaccines Immunother. 2019,
15, 540–548. [CrossRef] [PubMed]

56. Thompson, A.; Lamberth, E.; Severs, J.; Scully, I.; Tarabar, S.; Ginis, J.; Jansen, K.U.; Gruber, W.C.; Scott, D.A.; Watson, W. Phase 1
trial of a 20-valent pneumococcal conjugate vaccine in healthy adults. Vaccine 2019, 37, 6201–6207. [CrossRef]

57. Stacey, H.L.; Rosen, J.; Peterson, J.T.; Williams-Diaz, A.; Gakhar, V.; Sterling, T.M.; Acosta, C.J.; Nolan, K.M.; Li, J.; Pedley, A.; et al.
Safety and immunogenicity of 15-valent pneumococcal conjugate vaccine (PCV-15) compared to PCV-13 in healthy older adults.
Hum. Vaccines Immunother. 2019, 15, 530–539. [CrossRef]

58. Fairman, J.; Agarwal, P.; Barbanel, S.; Behrens, C.; Berges, A.; Burky, J.; Davey, P.; Fernsten, P.; Grainger, C.; Guo, S.; et al. Non-
clinical immunological comparison of a Next-Generation 24-valent pneumococcal conjugate vaccine (VAX-24) using site-specific
carrier protein conjugation to the current standard of care (PCV13 and PPV23). Vaccine 2021, 39, 3197–3206. [CrossRef]

59. Vaxcyte Our Pipeline. Foster City. Available online: https://vaxcyte.com/pipeline/ (accessed on 6 November 2021).
60. Hausdorff, W.P.; Hanage, W.P. Interim results of an ecological experiment—Conjugate vaccination against the pneumococcus and

serotype replacement. Hum. Vaccines Immunother. 2016, 12, 358–374. [CrossRef]
61. Broker, M.; Dull, P.M.; Rappuoli, R.; Costantino, P. Chemistry of a new investigational quadrivalent meningococcal conjugate

vaccine that is immunogenic at all ages. Vaccine 2009, 27, 5574–5580. [CrossRef] [PubMed]
62. Dagan, R.; Poolman, J.; Siegrist, C.A. Glycoconjugate vaccines and immune interference: A review. Vaccine 2010, 28, 5513–5523.

[CrossRef] [PubMed]
63. Dagan, R.; Goldblatt, D.; Maleckar, J.R.; Yaich, M.; Eskola, J. Reduction of antibody response to an 11-valent pneumococcal

vaccine coadministered with a vaccine containing acellular pertussis components. Infect. Immun. 2004, 72, 5383–5391. [CrossRef]
[PubMed]

64. Marangu, D.; Zar, H.J. Childhood pneumonia in low-and-middle-income countries: An update. Paediatr. Respir. Rev. 2019, 32, 3–9.
[CrossRef] [PubMed]

65. Alderson, M.R. Status of research and development of pediatric vaccines for Streptococcus pneumoniae. Vaccine 2016, 34, 2959–2961.
[CrossRef]

66. Kamtchoua, T.; Bologa, M.; Hopfer, R.; Neveu, D.; Hu, B.; Sheng, X.; Corde, N.; Pouzet, C.; Zimmermann, G.; Gurunathan, S.
Safety and immunogenicity of the pneumococcal pneumolysin derivative PlyD1 in a single-antigen protein vaccine candidate in
adults. Vaccine 2013, 31, 327–333. [CrossRef]

67. Seiberling, M.; Bologa, M.; Brookes, R.; Ochs, M.; Go, K.; Neveu, D.; Kamtchoua, T.; Lashley, P.; Yuan, T.; Gurunathan, S. Safety
and immunogenicity of a pneumococcal histidine triad protein D vaccine candidate in adults. Vaccine 2012, 30, 7455–7460.
[CrossRef] [PubMed]

68. Frey, S.E.; Lottenbach, K.R.; Hill, H.; Blevins, T.P.; Yu, Y.; Zhang, Y.; Brenneman, K.E.; Kelly-Aehle, S.M.; McDonald, C.; Jansen,
A.; et al. A Phase I, dose-escalation trial in adults of three recombinant attenuated Salmonella Typhi vaccine vectors producing
Streptococcus pneumoniae surface protein antigen PspA. Vaccine 2013, 31, 4874–4880. [CrossRef] [PubMed]

69. Pichichero, M.E. Pneumococcal whole-cell and protein-based vaccines: Changing the paradigm. Expert Rev. Vaccines 2017, 16,
1181–1190. [CrossRef]

70. Fukuyama, Y.; Yuki, Y.; Katakai, Y.; Harada, N.; Takahashi, H.; Takeda, S.; Mejima, M.; Joo, S.; Kurokawa, S.; Sawada, S.; et al.
Nanogel-based pneumococcal surface protein A nasal vaccine induces microRNA-associated Th17 cell responses with neutralizing
antibodies against Streptococcus pneumoniae in macaques. Mucosal Immunol. 2015, 8, 1144–1153. [CrossRef]

http://doi.org/10.1038/srep34888
http://doi.org/10.1016/j.vaccine.2018.07.023
http://doi.org/10.1016/j.vaccine.2015.04.025
http://doi.org/10.1097/INF.0000000000002522
http://doi.org/10.1093/cid/ciaa1045
http://www.ncbi.nlm.nih.gov/pubmed/32716500
http://doi.org/10.1080/21645515.2019.1568159
http://www.ncbi.nlm.nih.gov/pubmed/30689507
http://doi.org/10.1080/21645515.2018.1532250
http://www.ncbi.nlm.nih.gov/pubmed/30427749
http://doi.org/10.1016/j.vaccine.2019.08.048
http://doi.org/10.1080/21645515.2018.1532249
http://doi.org/10.1016/j.vaccine.2021.03.070
https://vaxcyte.com/pipeline/
http://doi.org/10.1080/21645515.2015.1118593
http://doi.org/10.1016/j.vaccine.2009.07.036
http://www.ncbi.nlm.nih.gov/pubmed/19619500
http://doi.org/10.1016/j.vaccine.2010.06.026
http://www.ncbi.nlm.nih.gov/pubmed/20600514
http://doi.org/10.1128/IAI.72.9.5383-5391.2004
http://www.ncbi.nlm.nih.gov/pubmed/15322036
http://doi.org/10.1016/j.prrv.2019.06.001
http://www.ncbi.nlm.nih.gov/pubmed/31422032
http://doi.org/10.1016/j.vaccine.2016.03.107
http://doi.org/10.1016/j.vaccine.2012.11.005
http://doi.org/10.1016/j.vaccine.2012.10.080
http://www.ncbi.nlm.nih.gov/pubmed/23131206
http://doi.org/10.1016/j.vaccine.2013.07.049
http://www.ncbi.nlm.nih.gov/pubmed/23916987
http://doi.org/10.1080/14760584.2017.1393335
http://doi.org/10.1038/mi.2015.5


Vaccines 2021, 9, 1338 12 of 16

71. Moffitt, K.L.; Gierahn, T.M.; Lu, Y.J.; Gouveia, P.; Alderson, M.; Flechtner, J.B.; Higgins, D.E.; Malley, R. T(H)17-based vaccine
design for prevention of Streptococcus pneumoniae colonization. Cell Host Microbe 2011, 9, 158–165. [CrossRef] [PubMed]

72. Hammerschmidt, S.; Wolff, S.; Hocke, A.; Rosseau, S.; Müller, E.; Rohde, M. Illustration of Pneumococcal Polysaccharide Capsule
during Adherence and Invasion of Epithelial Cells. Infect. Immun. 2005, 73, 4653–4667. [CrossRef]

73. Ferreira, D.M.; Moreno, A.T.; Cianciarullo, A.M.; Ho, P.L.; Oliveira, M.L.S.; Miyaji, E.N. Comparison of the pulmonary response
against lethal and non-lethal intranasal challenges with two different pneumococcal strains. Microb. Pathog. 2009, 47, 157–163.
[CrossRef]

74. Athlin, S.; Kaltoft, M.; Slotved, H.-C.; Herrmann, B.; Holmberg, H.; Konradsen, H.B.; Strålin, K.; Pasetti, M.F. Association between
Serotype-Specific Antibody Response and Serotype Characteristics in Patients with Pneumococcal Pneumonia, with Special
Reference to Degree of Encapsulation and Invasive Potential. Clin. Vaccine Immunol. 2014, 21, 1541–1549. [CrossRef]

75. Hathaway, L.J.; Grandgirard, D.; Valente, L.G.; Täuber, M.G.; Leib, S.L. Streptococcus pneumoniae capsule determines disease
severity in experimental pneumococcal meningitis. Open Biol. 2016, 6, 150269. [CrossRef]

76. Marqués, J.M.; Rial, A.; Muñoz, N.; Pellay, F.-X.; Van Maele, L.; Léger, H.; Camou, T.; Sirard, J.-C.; Benecke, A.; Chabalgoity, J.A.
Protection against Streptococcus pneumoniae serotype 1 acute infection shows a signature of Th17- and IFN-γ-mediated immunity.
Immunobiology 2012, 217, 420–429. [CrossRef]

77. Richards, L.; Ferreira, D.M.; Miyaji, E.N.; Andrew, P.W.; Kadioglu, A. The immunising effect of pneumococcal nasopharyngeal
colonisation; protection against future colonisation and fatal invasive disease. Immunobiology 2010, 215, 251–263. [CrossRef]
[PubMed]
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