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Review article

A narrative review of genomic
characteristics, serotype,
Immunogenicity, and vaccine
development of Streptococcus
pneumoniae capsular
polysaccharide

This narrative review describes genomic characteristic, serotyping, immunogenicity, and
vaccine development of Streptococcus pneumoniae capsular polysaccharide (CPS). CPS is
a primary virulence factor of S. pneumoniae. The genomic characteristics of S. pneumoniae
CPS, including the role of biosynthetic gene and genetic variation within cps (capsule poly-
saccharide) locus which may lead to serotype replacement are still being investigated. One
hundred unique serotypes of S. pneumoniae have been identified through various methods of
serotyping using phenotypic and genotypic approach. The advantages and limitations of each
method are various, emphasizing the need for accurate and comprehensive serotyping for ef-
fective disease surveillance and vaccine targeting. In addition, we elaborate the critical role of
CPS in vaccine development by providing an overview of immunogenicity, ongoing research
of pneumococcal vaccines, and the impact on disease burden.

Keywords: Streptococcus pneumoniae, Capsular polysaccharide, Serotyping, Immunogenic-
ity, Vaccine development

Streptococcus pneumoniae is an opportunistic bacterium which cause various clinical
manifestation such as otitis media, meningitis, septicemia, sinusitis, and pneumonia
[1]. Primarily affected individuals are children, the elderly, and the immunocompro-
mised [2]. In the United States, pneumococcal meningitis and bacteremia killed ap-
proximately 3,250 people in 2019 [3]. The prevalence of at least one chronic condition
was 11% in adults aged 18-49 years, 25% in adults aged 50-64 years, and 51% in adults
aged >65 years or older in the United States from 2013 to 2015 [4]. Based on Centers
for Disease Control and Prevention in 2022, the number of deaths caused by pneumo-
nia was 41,309 [5].

Capsular polysaccharide (CPS) has been regarded as the main virulence factor of S.
pneumoniae. The basis of CPS are polymers with repeat units composed of more than
two monosaccharides [6]. CPS also classifies S. pneumoniae into numerous serotypes.
Several S. pneumoniae serotypes are implicated with severe infection, but only a few
serotypes cause pneumococcal infections [7]. Serotypes associated with high preva-
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lence of case fatality rate in various countries are 3, 11A, 9N,
19A, 16F, 19F and 6A in adult’s cases and 6A, 3, and 19F in
children’s cases [8]. However, the serotype distribution of S.
pneumoniae has shown dynamic changes over the years. A
study in Southampton, United Kingdom analyzed the sero-
type distribution of S. pneumoniae in children between 2006
and 2018. The introduction of pneumococcal conjugate vac-
cine (PCV), PCV13 in 2010 had a significant impact on sero-
type prevalence. The study found that proportion of PCV13
serotypes decreased, while non-PCV13 serotypes increased
over time [9]. Recent study in Urumgqi, China analyzed the
serotype distribution and drug resistance of S. pneumoniae in
children aged 8 years and under between 2010 and 2021. The
introduction of PCV13 in 2013 led to a significant decrease in
PCV13 serotypes and an increase in non-PCV13 serotypes
(10].

In general, pneumococcus CPS are synthesized via a Wzx/
Wzy-dependent pathway, except for serotypes 3 and 37
which use synthase-dependent pathway [11]. The capsule
polysaccharide (cps) locus contains the majority of the genes
for S. pneumoniae capsular biosynthesis. cps locus is flanked
between dexB and aliA genes. The upstream region (5’ end)
of cps locus started with the main regulatory genes, including
wzh, wzg wze, wzd, and (cpsABCD). These genes were found
highly conserved in all pneumococcus serotypes [12].

Pneumococcal capsular serotyping helps to determine the
pathogenicity of S. pneumoniae and important for evaluation
and monitoring the emergence of serotype replacement, non-
vaccine type (NVT), and novel serotype [12]. The Quellung re-
action method is known as the gold standard for serotyping S.
pneumoniae. However, it can only be performed on viable iso-
lates and relatively expensive. Bentley et al. [11] in 2006 found
that the cps locus of S. pneumoniae associated to biochemical
structure and immunological patterns and made a break-
through for molecular serotyping assays. Afterwards, molecu-
lar typing methods continue to performed, including multiplex
polymerase chain reaction (PCR), whole-genome sequencing,
and microarray [13]. Recently, there are 101 serotypes based
on diversity of capsular types [14]. As the study of pneumococ-
cal strains progressed, distinction among serotypes emerged
as an essential key for the development of the vaccines [15].

Pneumococcal vaccinations aim to reduce number of cas-
es, complications, and mortality from pneumonia and inva-
sive pneumococcal disease (IPD) [16]. Recently, the available
vaccines for prevention of S. pneumoniae infections are
PCV7, PCV10, PCV13, PCV15, and PCV20 and 23-valent

pneumococcal polysaccharide vaccine (PPSV23) [17]. The
introduction of PCV had a positive impact on reducing the
burden of pneumococcal disease worldwide, including in
low-income and middle-income countries [18]. However,
current vaccine provide protection against many, but not all,
types of pneumococcal bacteria. The high number of sero-
types and the emergence of non-vaccine serotypes pose chal-
lenges in achieving broad coverage [19].

In this review, we focused on overview of literature related
to S. pneumoniae including genomic features, gene expres-
sion in biosynthesis of CPS, serotyping method of S. pneu-
moniae, and current insight of pneumococcal vaccine devel-
opment. We also explore epidemiology and pathogenesis of
pneumococcus infection related to the diversity of its sero-
types. Furthermore, we would discuss the medications to
treat and prevent pneumococcal disease and the implica-
tions of pneumococcal disease in the future.

S. pneumoniae is one of the commensal floras. Unfortunately,
this bacterium can turn into pathogen when it invades inter-
nal organs [20]. The pneumococcus is responsible for several
infection disease including pneumonia, meningitis, otitis
media, sinusitis, and bronchitis [21,22]. Infections of pneu-
mococcal are thought to spread via aerosol or droplets. A na-
ive immune system tends to make young infants more vul-
nerable to infection. Otherwise, in healthy young children
and adults, mutations in genes cause innate or adaptive im-
mune system defects that can lead to severe recurring infec-
tions [23].

The beginning of life cycle S. pneumoniae in the host usu-
ally precedes progression to invasive disease. In the coloniza-
tion phase, pneumococci are threatened not only by the
host’s immunological defenses but also by the other mem-
bers of the nasopharyngeal flora. Avoiding mucosal clearance
and adhering to the epithelium are crucial elements in the
formation of carriage conditions [23]. The pathogenicity of
pneumococcus is primarily caused by CPS, a polysaccharide
layer that surrounds the bacterial cell [6].

S. pneumoniae CPS have a major influence in pneumococ-
cal pathogenesis [11,24]. Most CPS serotypes has positive
charge to aid colonization by preventing these bacteria from
mucus trap [25]. CPS S. pneumoniae permitting bacteria to
escape from nasal mucus and inhibit innate immune cells,
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avoids bacteria recognition by host receptors, and evade
phagocytosis by host immune cells [26]. Moreover, it can in-
hibit complement and recognition by immunoglobulins and
elude the neutrophil traps [27].

The immunochemical differences between CPS classifies
them into many serotypes [11]. Recently, at least 100 sero-
types have been identified [15]. Serotype S. pneumoniae plays
an important role in monitoring and evaluating the patho-
genesis of pneumococcal infection. Recent study has also
shown that S. pneumoniae can persist intracellular, which
may contribute to its ability to evade host immune responses
and cause chronic infections [23]. Monitoring the prevalence
and distribution of different S. pneumoniae serotypes is also
important for evaluating the effectiveness of pneumococcal
vaccines, which target specific serotypes [20].

S. pneumoniae CPS plays critical role for colonization and
immune evasion [28]. To avoid being trapped by the mucus
in the nasopharynx, bacteria must express CPS during initial
colonization. Pneumococcal capsule expression levels have
been shown to vary greatly between sites, suggesting that S.
pneumoniae regulates capsule expression to achieve optimal
fitness [29]. The regulation of capsular production is essential
for S. pneumoniae to survive in different niches of their hosts
[30]. Elevated production of capsule is necessary for systemic
virulence, but decrement of capsule production is beneficial
for the adherence and colonization in the nasopharyngeal
tract of the host [6].

Pneumococcus CPS is synthesized by genes located in cps
locus. Genes that are involved for the capsular biosynthesis
regulation are located at cps locus, between dexB and aliA
(except serotype 37 and serotype 3 which regulated by #ts
gene) which ranges from 2.2 to 30 kb. Diversity in coding re-
gion of the cpslocus is responsible for the enormous diversity
of CPSs in chemical structure and antigenic property [28].
This arrangement facilitates genetic exchange of CPS genes
by homologous recombination, particularly under stress en-
vironment such as antibiotic treatments [22,31].

The cps locus in S. pneumoniae is co-transcribed as an op-
eron from a common promoter upstream of cpsA gene. The
core promoter of the capsule operon of S. pneumoniae is nec-
essary for colonization and invasive disease. The approxi-

mately 250 bp region located immediately upstream of cpsA
is relatively conserved in most S. pneumoniae isolates syn-
thesizing their capsular through a Wzx/Wzy-polymerase-de-
pendent pathway [29,30].

Except for serotypes 3 and 37, which are regulated by the
synthase-pathway, most biosynthesis of S. pneumoniae using
Wzx/Wzy-dependent mechanism. Highly conserved genes
(cpsA, cpsB, cpsC, cpsD, and cpsE/wchA) are located up-
stream of ¢ps loci in the Wzx/Wzy-dependent pathway [32].
In contrast to serotype 3, which has its #s gene in the cps lo-
cus, serotype 37 has its tts synthase genes located near gpmA
[32,33].

CPS biosynthetic transcription may be regulated by the cp-
sA genes [1]. The phosphoregulatory system is comprised of
¢cpsBCD genes. The N-terminal integral membrane activation
domain and the C-terminal cytoplasmic kinase domain, re-
spectively, are found in cpsCD [34]. Transphosphorylation
between CpsD proteins does not necessitate CpsC, although
CpsC is needed for the first tyrosine autophosphorylation of
CpsD. Dephosphorylating CpsD necessitates the presence of
CpsB, a manganese-dependent phosphotyrosine protein
phosphatase that is a group of the PHP. Transphosphoryla-
tion of CpsD proteins is inhibited by CpsB, which has been
shown to bind CpsD [35].

Several transcriptional regulators have been identified that
control the expression of the cps operon in S. pneumoniae
[29,32]. These regulators include CpsR, CpsY, and CpsEm
among others. They bind to specific regions of the cps operon
and either activate or repress its transcription, thereby influ-
encing capsule synthesis and expression [36].

The cps loci are thought to be serotype specific since the
downstream areas do not demonstrate similar sequence
conservation or grouping as the upstream regions. These do-
mains encode enzymes involved in polymer-specific pro-
cesses like flippase (wzx), polymerase (wzy), glycosyltransfer-
ases, and O-acetylases. These genes encode proteins like gly-
cosyltransferases and acetyltransferases, as well as enzymes
involved in the synthesis of nucleotide-activated sugar pre-
cursors, and are serotype-specific. Wzy polymerase activity,
modification enzymes that impact O-acetylation, or substitu-
tion of glycosyltransferases are all possible causes of cross-re-
active but different serotypes [1]. Capsule production relies
on the activity of sugar-synthesis genes (e.g., rhamnose gene)
located at the very ends of the locus. Comparing the DNA of
different serotypes, however, revealed that the formation of
numerous serotypes was due to the acquisition and loss of
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genes in the capsid [31].

Several recent findings about S. prneumoniae capsular syn-
thesis have been investigated at genomic and proteomic lev-
els. Recent research by Glanville et al. [36] showed that two
highly conserved factor of transcription, CpsR and SpxR.
Pneumococcus can be rendered avirulent by changing three
nucleotides in that sequence, which raises the possibility that
molecular switch plays a significant role in the development
of serotype-specific illness consequences [36].

In 2020, Zheng et al. [37] discovered that multiple differen-
tially expressed proteins, including, Cps2D Cps2L, Cps2M
Cps2E, Cps2T, and Cps2C, contribute in CPS synthesis. A study
by Zheng et al. [30] also discovers comE plays critical role in
capsular production level. Additionally, a study revealed that
ComX, RegM, CopY, GInR, CpsR, ComE, and RitR are a num-
ber of potential transcriptional regulators of the cps gene [30].
Through horizontal gene transfer mediated by natural trans-
formation, the locus of cps undergoes significant changes. Ac-
cording to Wen et al. [28], the cps promoter sequence poly-
morphisms indicate a unique method for regulating the de-
gree of encapsulation and pathogenicity in S. pneumoniae
strains.

Serotype is an important factor in determining the potential
and prevalence of IPD. In early 2000, PCV7 was released, and
surveillance data revealed a decrement of vaccine-type (VT)
S. pneumoniae while nasopharyngeal carriage and disease
rise in NVT S. pneumoniae. This phenomenon is known as
serotype replacement. Serotype replacement can occur due to
selective pressures such as vaccination or antibiotic use that
influence changes in prevalence of certain serotypes over
others [38].

The key genomic factors influencing serotype replacement
within cps loci are mainly caused by high diversity of genetic
makeup within these loci. The presence of these diversity and
low percentage of G+C content of the region suggests that
these gene have been acquired into pneumococci (or their
ancestors) on multiple occasions [11]. S. preumoniae may
acquires new genetic material through horizontal gene trans-
fer, which can lead to the emergence of novel serotypes. The
emergence of novel serotypes may influence the prevalence
of circulating serotypes, leading to serotype replacement.
This genetic event can occur through transformation, trans-
duction, or conjugation, mediated by bacteriophages or con-

jugative plasmids [38]. In addition, minor genetic changes
such as point mutation, deletion, and insertion within cps lo-
ci may alter the CPS chemical structure to change serotype
and alter sensitivity to complement [39,40].

Genomic factors may contribute to the development of ef-
fective pneumococcal vaccines by highlighting the need for
vaccines that target a broader range of serotypes and protein
antigens of the pneumococci since the introduction of the
PCV may eliminated VT, thus NVT are subsequently in-
creased in carriage and disease [41].

Genomic structure modification within cps loci may result
changes in antigenicity of the bacteria, which leads to the
emergence of novel serotype or serotype prevalence alteration
within population. Different serotypes of S. pneumoniae CPSs
may have varying immunogenicity, even when conjugated to
identical carrier proteins, since the host-immune system rec-
ognizes and responds specific to each serotype, leading to dif-
ferent antibody titers and memory T cell responses [42].

Capsular switching also refers to the process by which pneu-
mococcal bacteria can change the type of capsule surrounding
them. This can occur through the acquisition of new genetic
material from other bacteria, which can result in changes in
the serotype distribution of pneumococcal populations. Both
serotype replacement and capsular switching can contribute
to changes in the serotype distribution of pneumococcal pop-
ulations over time [38].

Whres et al. [38] analyzed serotype and multilocus sequence
typing data for 426 pneumococci dated from 1937 through
2007 to investigate the contribution of serotype replacement.
The researchers identified 36 independent capsular switch
events, 18 of which were explored in detail with whole-genome
sequence data. Recombination fragment lengths were esti-
mated for 11 events and ranged from approximately 19.0 kb to
>58.2 kb. Recombination of large DNA fragments sometimes
including the cps locus and penicillin-binding protein genes,
predated both vaccine introduction and widespread antibiotic
use. This type of recombination has likely been an intrinsic
feature throughout the history of pneumococcal evolution [38].

Serotype replacement can reduce overall effectiveness of
pneumococcal vaccines. If the replacing serotypes are more
virulent or antibiotic-resistant, they may pose challenges in
maintaining long-term protection against pneumococcal
disease [43]. This phenomenon also highlights the impor-
tance of developing vaccines that provide broader serotype
coverage [44].
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In order to create a lipid-linked repeat unit, CPSs are typically
made by first transferring a monosaccharide phosphate from
a nucleotide diphosphate sugar to a lipid carrier coupled
with a membrane. The flippase then transports this to the
outer membrane, polymerizes it to create the mature CPS,
and attaches it to the pneumococcal cell wall [11].

Wzx/Wzy-dependent pathway

Beginning with the assembly of sugar repeat units on the inner
side of the cell membrane, Wzx/Wzy-dependent synthesis in-
volves the flippase transporting those units to the outer side of
the membrane and the Wzy polymerase polymerizing them.
The reversible conversion of sugar phosphate to undecapre-
nol phosphate through pyrophosphate bond leads to the cre-
ation of an undecaprenyl phosphate (UndP)-sugar (Fig, 1) [45].
UndP involved in peptidoglycan synthesis as well. The initial
sugar in most pneumococcal serotypes is Glc-1-P, and the
process is catalyzed by the membrane-integral glycosyltrans-
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ferase CpsE. The oligosaccharide chain expands when more
monosaccharide subunits, either identical or different, are
added by other glycosyltransferases encoded by the cps locus.
The expanding chain is subsequently transferred to the outer
membrane by flippase (Wzx). In conclusion, Wzx/Wzy-de-
pendent pathway needed cpsE for initiation, Wzy for polymer-
ization, and Wzx for transport to produce capsule. Additional-
ly, discrete repeat units are added block by block before the
capsule is covalently bonded to the cell wall [1].

Synthase-dependent pathway

Serotypes 3 and 37 use a synthase-dependent biosynthetic
mechanism that is very different from the Wzx/Wzy-depen-
dent pathway [1]. In the synthase-dependent pathway, cap-
sular production is initiate by a single enzyme that transfers
carbs to expand the polysaccharide [45]. Instead of being at-
tached to the cell wall through a covalent bond, CPSs are
found connected to the cell via a phosphatidylglycerol mem-
brane anchor or interactions with the synthase enzyme (Fig.
2) [45].

Polymerization

Flipping \_-)’
......................................... < »
Wazd § z
Wee D000 00000005 § y

ATP  ADP

Fig. 1. The Wzx/Wzy-dependent pathway of capsular polysaccharide biosynthesis [45]. Biosynthesis begins with the synthesis of the O-antigen
repeat unit in the cytoplasm. The repeat unit is then transferred to a lipid carrier undecaprenyl phosphate (UndP) (A). Glycosyl-transferase will
be assembling the repeat unit of monosaccharide (B) before the UndP flipped across the inner membrane to the periplasmic side by Wzx/flip-
pase (C). Wzy polymerase catalyzes the polymerization of the repeat units to form the polysaccharide chain (D), Wzy polymerase adds repeat
units one by one to the growing chain and acetyl-coA will be added (E). UDP, uridine diphosphate; dTDP. deoxythymidine diphosphate.
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Transferring glucose from UDP (uridine diphosphate)-Glc
to the production of serotype 3 CPS began with the produc-
tion of a phosphatidylglycerol membrane anchor. The follow-
ing section describes how the synthesis proceeds by alternat-
ing the addition of glucuronic acid and glucose from their re-
spective NDP-sugars. The rate of this reaction is determined
by the accessibility of the sugars. Around eight sugars in
length, a tipping point occurs where lipid-linked sugars are
bound to the synthase. The polysaccharide is reoriented and
undergoes processive polymerization at high molecular
weight after binding, allowing it to pass through the cell
membrane. This is yet another difference from Wzy-reliant
capsule synthesis. The capsule stays attached to the cell with-
out being linked to the peptidoglycan, instead interacting
with phosphatidylglycerol or the synthase [1].

Traditional serotyping methods classify pneumococci into

subgroups defined by the type of capsule [46]. Neufeld first
characterized the capsular reaction test, also known as the
Quellung reaction, in 1902 as the gold standard method for
pneumococcal typing [47]. A type-specific of antibodies will
bind to the pneumococcus cell wall and change the refractile
index of light and make the capsule look enlarged or “swol-
len” under a microscope if they recognize a certain capsule
epitope [48].

The sequencing of an individual’s entire genome is becom-
ing increasingly commonplace for medical purposes. When
compared to the conventional procedures, this diagnostic
technology’s advantageous characteristics—including its low
price and quick response time—make it a viable and promis-
ing option. In comparison to more traditional approaches to
DNA sequencing, next-generation sequencing is distin-
guished by its better throughput, longer read lengths, de-
creased sequencing times, and lower total costs [46]. Whole-
genome sequencing has emerged as an alternative to multi-
plex PCR for serotyping. Although the primer specificity in

Polymerization
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Fig. 2. Synthase-dependent biosynthesis pathway [45]. Serotype 3 PS is created by the Cps3S synthase (structure indicated in the inset). The
synthesis is started by Cps3S that transferring glucose (Glc) from uridine diphosphate (UDP)-glucose to a phosphatidyl glycerol (PG) acceptor (A),
glucuronic acid (GlcUA) from UDP-GIcUA to the PG-linked Glc (B), Cps3S transport the polysaccharide chain to the outer membrane (C) and
added chain length through polymerization (D). UndP, undecaprenyl phosphate; dTDP, deoxythymidine diphosphate.
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multiplex PCR is adequate for serotyping in clinical samples,
the development of primer pairs has been hindered by high
sequence homology in the pneumococcal capsule region, re-
sulting in insufficient characterization of the isolates [48].

Kapatai et al. [13] and Public Health England devised the
PneumoCaT (https://github.com/ukhsa-collaboration/
PneumoCaT), an automated bioinformatics pipeline in 2016
to predict the serotype level for 94 types of S. pneumoniae.
PneumoCaT was able to predict 99.0% of non-UK and 99.1%
of typable UK isolates, according to their research. In addi-
tion, the results of retesting demonstrated an increase in con-
cordance from 91.5% to 99.3% [13].

The quick, high-throughput approach of serotyping S. preu-
moniae called SeroBA (https://github.com/sanger-patho-
gens/seroba) was developed by Epping et al. [49] in 2018. By
adopting a k-mer-based technique, SeroBA can accurately
predict serotypes from raw whole-genome sequencing read
data with a concordance of 98%, proceed 10,000 samples in
less than a day on a typical server, and designate serotypes at
coverages as low as 15-20x. SeroBA’s cps locus sequence as-
sembly results are also very helpful for downstream analysis.
To explore the evolution of the cps locus across a collection of
S. pneumoniae samples, or to find novel mutations within a
serogroup, a phylogenetic tree can be constructed using this
data. Using negative S. mitis and S. pseudopneumoniae control
samples, Epping et al. [49] showed that SeroBA had a 100%
specificity while PneumoCaT only had a 92% specificity. Sero-
BA and PneumoCaT can identify serotypes in sequencing data
reads using Illumina platform [13,49]. These algorithms will
report “mixed” for sample that contains multiple serotypes. To
determine the serotype composition from mixed samples,
Knight et al. [50] develop SeroCall (https://github.com/
knightjimr/SeroCall). SeroCall is a software tool that can iden-
tify and quantitate the serotypes present in samples, even
when several serotypes are present. It is designed to work with
samples that may contain multiple serotypes, which is a com-
mon occurrence in pneumococcal infections [50].

Although SeroBA provides faster serotyping, it has no ad-
vantage over PneumoCaT in mixed serotype detection and
may be more limited in detection of mixed types due to the
partial assembly-based approaches used. SeroCall provides
very accurate mixed serotype detection, the use of mapping
for serotype screening lengthens the run time compared to
SeroBA’s k-mer-screening method. As a result to help deter-
mine multiple serotypes in pneumococcal carriage samples
in a lightweight tool, Sheppard et al. [51] develop PneumoKI-

Ty in 2022 (https://github.com/CarmenSheppard/PneumoK-
ITy/actions).

PneumoKITy uses the effective mash k-mer for serotyping
that is significantly faster than PneumoCaT. When compared
to the current FastQ version of PneumoCaT, PneumoKITy
uses up to 11 MB less RAM and is up to 29 times faster. In sit-
uations when many serotypes are present, such as in naso-
pharyngeal carriage studies [51].

The bioinformatic challenge in serotyping is based on the
similarity of segments of the capsular biosynthetic cassette in
various serotypes. A bioinformatic pipeline offers a signifi-
cant benefit in obtaining detailed information on serotype
drift and might be used to target future phenotypic investiga-
tion of potential novel serotypes [13,49].

S. pneumoniae CPS is a T-cell-independent antigen, which
means it is poorly immunogenic in young children. Vaccina-
tion with PCVs has shown effectiveness in reducing pneumo-
coccal disease in children. However, multiple colonization
events in an individual lifetime result in serum antibody re-
sponses to the CPS. Antibodies play a crucial role in protect-
ing against pneumococcal infections. CPS inhibits both the
classic and alternative complement pathways by limiting
binding of immunoglobulins, complement components, and
C-reactive protein to the bacterial surface. This inhibition
helps S. pneumoniae evade the host immune system [6].

Natural acquired immunity to pneumococcal CPSs devel-
ops during childhood, robust in young adults and deterio-
rates in the elderly. The reduction in natural acquired immu-
nity also results in suboptimal functional antibody responses
to current pneumococcal vaccines. While PCV13 has over-
come some of the immunological limitations of PPSV23, re-
duced antibody functionality combined with limited sero-
type coverage means that pneumococcal vaccination in the
elderly does not deliver as substantial a benefit as would be
expected [52].

Adler et al. [52] also found that improvements in the func-
tionality of aged antibodies, particularly immunoglobulin M,
will need to be induced if anti-CPS antibodies remain the
mediator of protection. A mucosal vaccine, with an appropri-
ate adjuvant, might be an alternative strategy. Furthermore,
vaccination strategies also focused to exploit noncapsular
antigens or T cell-mediated immunity that have shown a de-
gree of promise in early-phase studies of young adults. Future
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studies should investigate the dynamics of colonization and
mechanisms of natural acquired immunity in the elderly in
greater detail, as well as explore the nature of respiratory mu-
cosal immunity in the elderly to better inform vaccine devel-
opment for this growing and vulnerable population [52].

A systematic review and meta-analysis found that pneumo-
coccal vaccines are immunogenic in patient co-infected with
human immunodeficiency virus (HIV) [53]. HIV-infected chil-
dren have a markedly increased risk for pneumococcal infec-
tion compared to those who are not HIV-infected [54]. A study
found that HIV-infected infants had poorer immune respons-
es to pneumococcal conjugate vaccine compared to HIV-un-
infected infants. However, the study also found that the im-
mune response improved with antiretroviral treatment [55].

Current research on capsular immunogenicity is focused on
understanding the immune response to CPS and developing
effective vaccines against encapsulated bacteria. Thanawastien
et al. [56] discover that the protein capsular matrix vaccine
(PCMV) produced using poly-gamma-D-glutamic acid (PGA)
and the carrier/matrix protein dominant negative inhibitor
(DNI), derived from Bacillus anthracis has potential as a vac-
cine candidate. The PCMV was found to contain higher mo-
lecular weight material than the DNI control, indicating that
the DNI in the PCMV was cross-linked into higher molecular
weight forms. The slower electrophoretic mobility of both the
PGA and DNI components in the PCMV sample indicates that
the two components are likely associated in a macromolecular
complex. A capture-based enzyme-linked immunosorbent as-
say was used to demonstrate that PGA was entrapped in the
DNI protein matrix. These data indicate that PGA, in the PC-
MV sample, was associated with the bound DNI matrix [56].

Pneumococcal vaccines have been developed to provide pro-
tection against S. pneumoniae. Vaccines targeting specific se-
rotypes have substantially decreased the incidence of pneu-
mococcal disease. The first pneumococcal vaccine was devel-
oped in the 1980s and contained purified CPS antigen from 14
different types of pneumococci. PPSV23 was later developed
in 1983 to provide protection against 80%-90% of the pneu-
mococcal capsular serotypes. This review describes develop-
ment of currently available pneumococcal vaccines, provides
summary tables of current pneumococcal vaccine recom-
mendations in children and adults, and describes new poten-
tial vaccine antigens in the pipeline. S. pneumoniae, the bacte-

ria responsible for pneumonia, otitis media, meningitis, and
bacteremia, remains a cause of morbidity and mortality in
both children and adults. Introductions of unconjugated and
conjugated pneumococcal polysaccharide vaccines have each
reduced the rate of pneumococcal infections caused by the
organism S. pneumoniae. The first vaccine developed, the
23-valent pneumococcal polysaccharide vaccine (PPSV23),
protected adults and children older than 2 years of age against
invasive disease caused by the 23 capsular serotypes con-
tained in the vaccine. Because PPSV23 did not elicit a protec-
tive immune response in children younger than 2 years of age,
the 7-valent pneumococcal conjugate vaccine (PCV7) con-
taining seven of the most common serotypes from PPSV23 in
pediatric invasive disease was developed for use in children
younger than 2 years of age. The last vaccine to be developed,
the 13-valent pneumococcal conjugate vaccine (PCV13), con-
tains the seven serotypes in PCV7, five additional serotypes
from PPSV23, and a new serotype not contained in PPSV23 or
PCV7. Serotype replacement with virulent strains that are not
contained in the polysaccharide vaccines has been observed
after vaccine implementation and stresses the need for con-
tinued research into novel vaccine antigens. We describe eight
potential protein antigens that are in the pipeline for new
pneumococcal vaccines PPSV23 (covering serotypes 1, 2, 3, 4,
5, 6B, 7E 8, 9V, 9N, 10A, 11A, 12F 14, 15B, 17E 18C, 19A, 19E
20, 22F, 33F) [57].

In England and Wales, PPSV23 was 27% effective against
the vaccine serotypes causing IPD in older adults, irrespec-
tive of time since vaccination [58]. A study conducted in Den-
mark estimated the effectiveness of PPSV23 against all-sero-
type IPD and PPSV23 serotype IPD in individuals =65 years.
The adjusted vaccine effectiveness was 42% for all-serotype
IPD and 58% for PPSV23-serotype IPD [59].

PCV is a newer type of vaccine that consists of CPSs cova-
lently bound to a protein carrier, which is highly immunogenic
but non-toxic. PCVs have been developed to provide broader
protection against pneumococcal serotypes and have been in-
tegrated into national childhood immunization programs
worldwide. The first PCV, PCV7 was licensed for use in the
United States in 2000 and provided protection against sero-
types 4, 6B, 9V, 14, 18C, 19F and 23E Since then, PCV and
PPSV vaccines has already been adopted into national vacci-
nation programs in developed nations across Europe and the
United States, significantly decreasing IPD caused by serotypes
covered by these vaccines [60].

The effect PCV7 has been studied in various populations.
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In California, PCV7 protected more than nine in 10 babies
from invasive disease caused by vaccine serotypes. The vac-
cinated children also had fewer ear infections. Vaccination
with PCV7 was 88% effective in preventing IPD due to vac-
cine serotypes. The incidence of IPD caused by vaccine sero-
types decreased by approximately 80% among children <2
years However, other studies shown that vaccination with
PCV7 results in a decline in nasopharyngeal carriage of peni-
cillin-resistant S. pneumoniae, in carriage of VT S. pneumoni-
ae, and serotype replacement by NVT.

Since then, PCVs have progressed to PCV10 (covering PCV7
serotypes and serotypes 6A, 3, and 19A). Studies demonstrated
that direct effectiveness of PCV10 against all vaccine serotypes
was found to be 97% in Canada and 84% in Brazil [61]. PCV10
effectiveness of at least one dose was 84.8% against PCV10 se-
rotypes and showed varying effectiveness against specific sero-
types such as 1, 7F, 19A, and 6C [62].

In 2019, PCV15 was developed to provide protection against

an expanded range of pneumococcal serotypes compared to
PCV10 (including serotypes 22F and 33F). PCV15 has been
shown to be highly immunogenic and induces both IgG and
opsonophagocytic activity to all 15 serotypes included in the
vaccine at levels comparable to PCV13 for shared serotypes
and superior for serotypes unique to PCV15 [63].

The prevalence of serotype 8, 10A, 11A, 12F 15B, 22F and 33F
causing IPD varies by region and time. In high-income coun-
tries, some of these serotypes have been shown to cause more
severe clinical manifestations such as meningitis [64]. In Eu-
rope, a systematic review found that these seven serotypes have
an increasing trend in IPD incidence prevalence in adults [65].
PCV20 covers serotype 8, 10A, 114, 12E 15B, 22E and 33F was
licensed for adults >18 years in 2021 (Fig. 3) [11]. Unlike previ-
ous conjugate vaccine formulations, PCV20 was licensed for
adults before submission for licensure in children. However, the
Food and Drug Administration has accepted a supplemental
biologics license application for pediatric use of PCV20.
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Fig. 3. Represent genetic differences of vaccine-type cps (capsule polysaccharide) locus among serotypes that found high in prevalence after

introduction of pneumococcal conjugate vaccine (PCV)13, leading to development of new PCV [11]. dTDP, deoxythymidine diphosphate; CDP,
cytidine diphosphate; UDP, uridine diphosphate.
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PCV20 has been shown to induce antibody levels compara-
ble to those induced by PCV13. The immunogenicity and safe-
ty of PCV20 have been evaluated in phase II and phase III clin-
ical trials in adults aged 18 years and older. Phase Il and phase
III study compared the immunogenicity of PCV20 adults aged
18-49 years compared to adults aged 60-64 years. The study
found that PCV20 was well-tolerated and induced robust im-
mune responses for all 20 serotypes included in the vaccine
[66]. Comparison table of pneumococcal vaccine product,
composition, serotype coverage, and recommendation usage
are provided in (Table 1) [57,67].

The development of pneumococcal vaccines faces chal-
lenges related to the complex nature of the pneumococcal
pathogen, the need to identify the most appropriate protein
antigens to target, and the need to develop a vaccine that is
effective against most serotypes. Human challenge testing is a
complex and controversial issue that raises ethical concerns.
Further research is needed to evaluate the effectiveness of
pneumococcal vaccines in different populations and to de-
velop a vaccine that will retain its efficacy for most pneumo-
coccal serotypes [68]. However, current research on pneumo-
coccal vaccine is addressing serotype-independent vaccines,
which has been a challenging and elusive endeavor [69].

Furthermore, S. pneumoniae characteristic is capable of

intra- and interspecies DNA recombination, which modifies
capsule composition, and virulence factor, antibiotic resis-
tance, and molecular typing [70]. Therefore, pneumococcal
disease remains a formidable challenge in terms of both pre-
vention and treatment.

Following the introduction of PCV13 and PPSV23, serotype 3
remains a major cause of severe clinical manifestations such as
bacteremia-induced septicemia, meningitis, and pneumonia.
In some countries, serotype 3 has also been associated with
empyema [71]. Serotype 3 considered as a challenging target
for vaccines due to its ability to evade host’s immune system
through antigenic variation, clonal relationship, and vaccine
escape recombinants [71]. Study also found that Global Pneu-
mococcal Sequencing Clusters (GPSC), GPSC12 strain of sero-
type 3 S. pneumoniae is predominantly associated with vaccine
escape. The poor effectiveness of PCVs against serotype 3 is
likely due to the mucoid nature of the capsule, which hinders
the immune response [72].

The extent to which PCV13 protects against serotype 3 cap-
sule formation has been explored. According to Choi et al.

Table 1. Comparison table of pneumococcal vaccine product, composition, serotype coverage, and recommendation usage [57,67]

Product Vaccine based Serotypes coverage Age group recommended use
PPSV23 Purified capsular 1,2,3,4,5,6B, 7F, 9N, 9V, 10A, 11A, 12F, 14, o Adults =65 yr
(Pneumovax 23)  polysaccharide antigens 15B, 17F, 18C, 19A, 19F, 20, 22F, 23F, and 33F e Children 2-18 yr
PCV7 Purified capsular polysaccharide 4,68, 9V, 14, 18C, 19F, and 23F e Children <2 yr
(Prevnar 7) antigens conjugated to carrier protein o Children 24 yr
(CRM197, a non-toxic variant of diphteria toxin)
PCV10 Purified capsular polysaccharide 1,4,5,6B, 7F, 9V, 14, 18C, 19F, and 23F e Children <5yr
(Synflorix) antigens conjugated to carrier protein
(CRM197, a non-toxic variant of diphteria toxin)
PCV10 Purified capsular polysaccharide 1,5, 6A, 6B, 7F, 9V, 14, 18C, 19A,19F, and 23F e Children <5yr
(Pneumosil) antigens conjugated to carrier protein
(CRM197, a non-toxic variant of diphteria toxin)
PCV13 Purified capsular polysaccharide 1,3,4,5,6A, 6B, 7F, 9V, 14,18C, 19A, 19F, and 23F e Children <5yr
(Prevnar 13) antigens conjugated to carrier protein e Adult >19 yr with certain medical
(CRM197, a non-toxic variant of diphteria toxin) conditions (HIV infection, chronic
heart, lung, or liver disease)
e Adults >65yr
PCV15 Purified capsular polysaccharide 1,3,4,5,6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 22F, 23F, e Children <2 yr
(Vaxneuvance)  antigens conjugated to carrier protein and 33F e Adults >65yr
(CRM197, a non-toxic variant of diphteria toxin)
PCV20 Purified capsular polysaccharide 1,3,4,5,6A, 6B, 7F, 8,9V, 10A, 11A, 12F, 14, 158, e Adults >65yr
(Prevnar 20) antigens conjugated to carrier protein 18C, 19A, 19F, 22F, 23F, and 33F

(CRM197, a non-toxic variant of diphteria toxin)

HIV, human immunodeficiency virus.
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[73], the protective capacity of the antibody elicited by the
vaccine is overwhelmed by the serotype 3 capsule produced
and released, and even a small amount of serotype 3 culture
supernatant containing the respective capsule was found to
abolish the vaccine’s antibody-mediated protection. Based
on this finding, it was estimated that approximately eight
times more antibodies were needed to provide protection
against serotype 3 compared to other serotypes. In addition
to inhibiting interactions of the bacteria with phagocytes, se-
rotype 3 can evade capsular antibody because the capsule is
not covalently attached to the bacterial surface. Instead, the
capsule antibody binds to shed capsule and neutralized in its
capacity to opsonize the bacteria itself. Antibodies bound to
the capsule on the bacterium’s surface would also be eventu-
ally released. Hence, the mechanism of vaccine escapes by
serotype 3 highlights the challenges in developing effective
vaccines against pneumococcal disease [71,73].

This intensive review concludes by emphasizing the complex
relationship between the genomic characteristics of S. pneu-
moniae CPSs, serotyping methods, immunogenicity, and vac-
cine development. The diversity and plasticity of the pneu-
mococcal genome have contributed to the diversity of capsu-
lar serotypes, posing challenges for disease surveillance and
vaccine effectiveness. However, advances in serotyping meth-
od, including molecular and genomic approaches, have facili-
tated the identification of pneumococcus serotype precisely.

Extensive research has been conducted on the function of
CPSs in the pathogenesis of pneumococcal infections and
their immunogenicity. The development and use of polysac-
charide-based and conjugate vaccines have substantially de-
creased the global incidence of pneumococcal diseases. None-
theless, the ongoing emergence of non-vaccine serotypes un-
derscores the need for sustained vigilance and the develop-
ment of next-generation vaccines able to provide broader pro-
tection.

Future research should concentrate on elucidating the in-
tricate genetic mechanisms underlying CPS synthesis and
serotype switching. A greater comprehension of these pro-
cesses will facilitate the creation of novel strategies to combat
the adaptability of S. pneumoniae. In addition, efforts should
be made to increase vaccine coverage by incorporating a
wider range of serotypes and investigating alternative immu-
nization approaches, for instance, protein-based vaccine.
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