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Future immunisation strategies to prevent 
Streptococcus pneumoniae infections in children and adults
Bernice Ramos, Nirma Khatri Vadlamudi, Crystal Han, Manish Sadarangani

Streptococcus pneumoniae is a major respiratory pathogen, causing 1·2 million deaths and 197 million pneumonia 
episodes globally in 2016. The spread of S pneumoniae to sterile sites, such as the blood and brain, leads to invasive 
pneumococcal disease. The best approach available for prevention of invasive pneumococcal disease in children and, 
more recently, adults is the use of pneumococcal conjugate vaccines (PCVs). PCVs are also highly effective at 
preventing colonisation and, thus, transmission, offering indirect protection to non-target immunisation groups such 
as adults—a characteristic that has been crucial in their success. However, PCVs only include and protect up to 20 of 
the 100 serotypes that can cause disease. The rise in adult cases of invasive pneumococcal disease from serotypes 
included in PCVs suggests indirect protection might be limited. Additionally, non-vaccine serotypes and some vaccine 
types that persist, some linked to antibiotic resistance, continue to cause disease. Future vaccine strategies include 
increasing the number of serotypes covered in PCVs for use in children and adults, broader vaccine use in adults, the 
development of adult-specific conjugate vaccines containing serotypes different from those covered in PCVs used in 
children, and protein vaccines, all of which will be explored in this Review. These strategies are expected to help 
mitigate the global burden of invasive pneumococcal disease in future years.

Streptococcus pneumoniae
Microbiology
Streptococcus pneumoniae is a Gram-positive bacterium 
characterised by the presence of lancet-shaped 
diplococci.1 S pneumoniae is encapsulated by a capsule 
polysaccharide that is attached to the outer surface of the 
bacterium’s cell wall peptidoglycan.2 The capsule 
polysaccharide is structurally and serologically distinct, 
and has been used to define S pneumoniae serotypes—
historically with the Quellung reaction test and more 
recently in the past decade with genome sequencing.3,4 
There are approximately 100 identified serotypes, all of 
which can cause disease. The capsule polysaccharide is 
also the most dominant virulence factor and plays a 
crucial role in pathogenesis and immune evasion.2,5

Surface-exposed pneumococcal proteins, such as 
LPxTG cell wall anchors, choline-binding proteins, and 
lipoproteins, aid S pneumoniae in colonising the 
nasopharynx and causing disease.6 Choline-binding 
proteins increase binding to nasopharyngeal epithelial 
cells. They have specific motifs that bind to receptors 
on the nasopharyngeal mucosa and the blood–brain 
barrier, enabling bacterial translocation into these 
sites.7,8 Surface proteins mediate bacterial binding to 
the nasopharyngeal mucosa and can also inhibit 
complement deposition and activation, interfering with 
phagocytosis.9,10 Furthermore, the composition of 
choline-binding proteins can change, a process known 
as phase variation. Bacteria with so-called transparent 
phenotypes commonly occupy the nasopharynx and are 
less virulent, expressing fewer capsule polysaccharide 
proteins and more choline-binding proteins, 
contributing to their adhesion to the nasopharynx.11 
Bacteria with opaque phenotypes are dominant in cases 
of invasive pneumococcal disease and have higher 
numbers of capsule polysaccharide and surface proteins 
and fewer choline-binding proteins, increasing their 

survival in the blood by helping them resist 
phagocytosis.11

Pathogenesis
Colonisation of the nasopharynx by S pneumoniae can be 
asymptomatic, often referred to as nasopharyngeal 
carriage.8 Upon infection, the bacteria can invade the 
upper respiratory tract, resulting in mild-to-moderate 
disease, such as middle ear infections (otitis media) and 
sinusitis.7,8 When bacteria enter the lower respiratory 
tract, they can migrate and adhere to the alveolar 
epithelium where they can secrete pore-forming 
cytotoxins, such as pneumolysin, leading to pneumonia, 
one of the major disease manifestations.12,13 Invasion of 
the respiratory epithelium, such as the alveoli, allows 
access to the bloodstream. Once in the bloodstream 
(bacteraemia), the bacteria can travel to other sterile sites 
of the body such as the brain, which can lead to 
meningitis, an infection of the lining around the brain.6 
Invasion from the blood into the cerebrospinal fluid is 
believed to occur through the choroid plexus or via the 
blood–brain barrier.14 Bacteria can also bind to receptors 
on the brain microvascular epithelium, facilitating 
penetration of the blood–brain barrier.15

Epidemiology
Invasive pneumococcal disease is commonly reported in 
children younger than 2 years and adults aged 65 years or 
older.16 In 2000, 600 000 deaths were estimated to have 
occurred in children younger than 5 years globally.17 
Following the introduction of pneumococcal vaccines, 
this number has decreased substantially. The 2016 Global 
Burden of Disease Study (GBD) estimated that 
S pneumoniae was responsible for 300 000 deaths in 
children younger than 5 years. Although the global 
incidences of infections and invasive pneumococcal 
disease in older adults in the early 1990s and 2000s vary 
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widely, invasive pneumococcal disease has been 
estimated to have been responsible for 50 or more cases 
per 100 000 adults aged 65 years or older in high-income 
countries (HICs).18 The 2016 GBD study reported that 
S pneumoniae was responsible for 29∙43 million 
pneumonia episodes and 494 340 deaths among adults 
older than 70 years, indicating that this infection remains 
a notable burden within this population. Despite vaccine 
efforts, overall S pneumoniae was the leading cause of 
lower respiratory tract infections, causing 1∙2 million 
deaths and 197 million pneumonia episodes in 2016.19 
Individuals with specific underlying health conditions 
such as immunosuppression (ie, transplant recipients or 
individuals with HIV, malignancies, or sickle cell disease) 
and chronic medical conditions (ie, chronic lung and 
heart disease) are also at higher risk for developing 
invasive pneumococcal disease.20,21

Current pneumococcal vaccines 
Current pneumococcal vaccines include the purified 
polysaccharide vaccine (PPV) and the pneumococcal 
conjugate vaccine (PCV), both of which target the capsule 
polysaccharide. Generally, bacterial polysaccharides such 
as the capsule polysaccharide are poor immunogens due 
to their inability to be processed and expressed adequately 
by antigen-presenting cells as they do not fit into the 
major histocompatibility complex.22 Thus, PPVs only 
engage B cells in a T-cell independent manner. In some 
instances, zwitterionic polysaccharides, a unique class of 
polysaccharides, can engage T cells as they can be 
processed by antigen-presenting cells, as has been found 
in the case of S pneumoniae serotype 1.23,24 PPVs such as 
PPV23 were developed in the 1970s and are moderately 
immunogenic in older children and adults and ineffective 
in young children.22 Antibody responses in immuno-
competent adults who receive PPVs are generally 
satisfactory, but protection can vary, as has been shown 
in cases of S pneumoniae-associated pneumonia. 
Distinguishing between primary S pneumoniae 
pneumonia, which is caused directly by the bacterium, 
and secondary pneumonia, which can arise from 
co-infections, such as with influenza, is important.25,26 A 
study of S pneumoniae infection in individuals with 
influenza found that S pneumoniae was the most 
common co-infection species at 35% of co-infections.26 A 
review of 25 randomised clinical trials showed strong 
evidence of the efficacy of PPVs against invasive 
pneumococcal disease and against all-cause pneumonia 
in low-income countries, but not in HICs.27 Although the 
results showed a protective effect against pneumococcal 
pneumonia, this conclusion was based on only two trials 
and seven events, resulting in wide confidence intervals 
and limiting the certainty of these findings.27 A meta-
analysis of 22 adult clinical trials reported statistically 
significant heterogeneity in protection against all-cause 
pneumonia from PPVs, a reduced risk of pneumococcal 
pneumonia, and some evidence of protection in adults 

aged 60 years or older or adults with chronic illness.28 
PPV23 has limited effectiveness and does not elicit a 
strong immune response in infants and immuno-
compromised individuals due to their under developed or 
compromised immune systems.22 A study looking at 
immune responses to a 14-valent PPV in children 
younger than 5 years showed that responses did increase 
with age, but were poor in children aged up to 4·5 years.29 
No notable anamnestic responses were observed in a 
subset of children aged 2 years or younger who received 
booster doses after 6 months.29

PCVs produce a more robust immune response than 
PPVs in all populations. PCVs covalently conjugate the 
capsule polysaccharide to a carrier protein, such as the 
non-toxic diphtheria toxin CRM197.30 When processed, 
the peptides from the carrier protein can be loaded onto 
the major histocompatibility complex and presented 
alongside the capsule polysaccharide to T cells.22 This 
T-cell activation, which provides the help necessary to 
start B-cell differentiation, affinity maturation, memory 
B-cell and T-cell responses, and production of plasma 
cells that produce capsule polysaccharide-specific 
antibodies, elicits an improved antibody response that is 
long lived.22 PCVs also prevent nasopharyngeal 
colonisation, lowering the carriage rate of bacteria and 
reducing transmission, providing indirect protection in 
unvaccinated individuals.22 The mechanisms behind 
colonisation prevention are not yet fully understood, but 
high levels of IgG in the nasopharynx have been 
postulated to reduce colonisation via bacterial 
agglutination.31,32 The primary considerations for new 
PCVs commonly involve assessing local and systemic 
reactions, immunogenicity, and correlates of protection 
to show non-inferiority or bioequivalence to existing 
vaccines. This assessment can include IgG geometric 
mean concentrations measured by ELISA and 
opsonophagocytic activity geometric mean titres.33 An 
IgG antibody concentration threshold of at least 
0∙35 µg/mL against capsule polysaccharide has been 
used globally as an accepted correlate of protection to 
support the licensure of PCVs.34

Impact of pneumococcal conjugate vaccines
The 7-valent vaccine (PCV7) includes capsule poly-
saccharides from seven S pneumoniae serotypes 
(serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F; figure 1A), and 
was the first PCV licensed (in 2000) for children younger 
than 5 years in the USA.35 After almost 10 years (by 
December 2009), PCV7 was licensed in 100 of 193 WHO 
member countries, the majority of which were HICs.36 
By 2012, a total of 33 low-income and middle-income 
countries (LMICs) had implemented PCV7 as part of 
their routine childhood immunisation schedules.37 PCV7 
led to a substantial decrease in invasive pneumococcal 
disease incidence rates due to PCV7 vaccine types in 
children younger than 5 years, including in the USA (a 
decrease of 100%), the UK, (a decrease of 95%), and 
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Canada (a decrease of 63%); overall invasive 
pneumococcal disease reductions were 76%, 52%, and 
47%, respectively.38–40 In adults aged 18 years or older, 
invasive pneumococcal disease incidence rates due to 
PCV7 vaccine types decreased between 87% and 92% in 
the USA, 74% and 83% in the UK, and 23% and 78% in 
Canada.38–40 Overall invasive pneumococcal disease rates 
declined by 18–40% in the USA and 19–42% in the UK, 
but in Canada, this decrease ranged from a 34% decrease 
in adults aged 65–84 years to a 73% increase in individuals 
aged 16–64 years. This finding was attributed to an 
outbreak of invasive pneumococcal disease due to 
serotype 5; when this serotype is excluded, the increase 
for all serotypes is 15%.38–40 Other countries have reported 

varying levels in the reduction of overall invasive 
pneumococcal disease following PCV7 introduction.41

The 10-valent (PCV10) and 13-valent (PCV13) vaccines 
were the next PCVs to be licensed. PCV10 includes the 
PCV7 serotypes plus serotypes 1, 5, and 7F, whereas 
PCV13 contains the PCV10 serotypes and adds 
serotypes 3, 6A, and 19A (figure 1A). Most countries 
opted to replace PCV7 with PCV13 (including the USA, 
the UK, and Canada) whereas others used PCV10 (eg, 
Brazil, the Netherlands, and Kenya).42–47 Countries 
differed in their vaccine schedules for PCV10 and PCV13, 
which can be used in different regimens (ie, 3+1, 3+0, 
2+1, and 2+0 dose schedules) and catch-up programmes, 
making direct comparisons between countries difficult.48 

Figure 1: Serotype coverage (A) and licensure or clinical trial stage (B) of pneumococcal conjugate vaccines in infants, children, and adults
PCV7=7-valent pneumococcal conjugate vaccine. PCV10=10-valent pneumococcal conjugate vaccine. PCV13=13-valent pneumococcal conjugate vaccine. PCV15=15-valent pneumococcal conjugate 
vaccine. PCV20=20-valent pneumococcal conjugate vaccine. PCV21=21-valent pneumococcal conjugate vaccine. PCV21-alt=21-valent pneumococcal conjugate vaccine with alternative serotypes. 
PCV24=24-valent conjugate vaccine.
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A study of direct vaccine effectiveness against invasive 
pneumococcal disease from various countries (including 
the USA, Germany, and Brazil) in children younger than 
5 years with a 3+1 dose schedule found vaccine 
effectiveness ranged between 86% and 96% for PCV13 
and between 73% and 100% for PCV10, but both were 
ineffective against serotype 3.49

Direct vaccination of children with PCV13 had variable 
indirect effects on invasive pneumococcal disease rates 
among adults older than 60 years globally. Initial studies 
indicated a substantial decline in cases of invasive 
pneumococcal disease among adults.50,51 In France, 
PCV13 vaccination in children showed a sub stantial 
decrease in invasive pneumococcal disease in adults 
from 67∙7% to 25∙2% from 2009 to 2015.50 In the UK, the 
incidence rate of invasive pneumococcal disease in adults 
aged 65 years or older decreased from 10∙3 cases per 
100 000 population during 2008–10 to 3∙7 cases per 
100 000 during 2013–14, but reductions were generally 
smaller when looking at each additional PCV13 serotype.51 
However, the indirect protection afforded by PCV13 in 
unvaccinated groups was poor in some countries. After 
PCV13 introduction in Germany in 2009, there was an 
initial decrease to 2∙4 cases per 100 000 adults older than 
60 years; this rate steadily increased to 3∙2 cases per 
100 000 in 2017–18 for PCV13 vaccine types.52 In Uruguay, 
the incidence of invasive pneumococcal disease due to 
PCV13 vaccine types in adults aged 60 years or older 
increased from 1∙6 cases per 100 000 in 2003–07 to 
5∙4 cases per 100 000 in 2011–12.53

Limitations of current pneumococcal conjugate 
vaccines
Emergence of non-vaccine serotypes
The emergence of non-vaccine serotypes has limited the 
overall impact of PCV programmes. After the 
introduction of PCV7 in the USA, invasive pneumococcal 
disease incidence rates due to non-vaccine serotypes 
increased from 16∙3 cases per 100 000 population in 
1998–99 to 19∙9 cases per 100 000 in 2004 in children 
younger than 5 years, and from 27∙0 cases per 100 000 in 
1998–99 to 29∙8 cases per 100 000 in 2004 in adults aged 
65 years or older, with substantial increases in serotypes 
3, 15, 19A, 22F, and 23F.54 Between 2000 and 2010 in 
the UK, there was a 68% increase in invasive 
pneumococcal disease due to non-vaccine serotypes in 
children younger than 2 years and a 48% increase in 
adults aged 65 years or older, with serotypes 7F, 19A, and 
22F as the key contributors.55 The number of invasive 
pneumococcal disease cases increased due to serotypes 1, 
7F, and 19A in Portugal from 2006 to 2008.56 In Canada, 
the incidence of invasive pneumococcal disease due to 
serotype 5 increased from 2005 to 2008.57 PCV7 was 
initially believed to provide cross-protection against 
serologically similar serotypes in the vaccine, such as 19F 
and 19A and 6A and 6B. However, the presence of 
serotype 19A increased considerably in the USA following 

the introduction of PCV7.54,58 Although serotype 6A 
decreased in the USA,59 the prevalence of 6A increased in 
Europe following this introduction.60

After introduction of PCV13, serotypes 22F and 33F 
accounted for 8% of invasive pneumococcal disease cases 
from 2010 to 2012 in Canada and 20% of cases from 2010 
to 2014 in the USA in children younger than 5 years.61,62 
From 2012 to 2015, Spain reported an increase in 
a multidrug-resistant serotype 8, accounting for 16% of 
invasive pneumococcal disease cases.63,64 An increase in 
serotype 8 was also reported in Denmark from 2011 to 
2019, particularly in adults older than 85 years.65 A study 
of the serotype distribution of invasive pneumococcal 
disease in the UK, France, Germany, Belgium, Sweden, 
and Israel reported increases in serotypes 15B/C, 10A, 
and 12F in children younger than 15 years.66 In Asian 
countries that implemented PCV13 (ie, South Korea, 
China, Malaysia, the Philippines, Singapore, and 
Thailand), there was an increase in multidrug-resistant 
non-vaccine serotypes, including serotypes 10, 11A, 15A, 
23A, and 35B.67 Newer PCVs have tried to address this 
issue by including some of these emerging serotypes: the 
15-valent vaccine (PCV15) includes serotypes 22F and 
33F, and the 20-valent vaccine (PCV20) includes 
serotypes 8, 10A, 11A, 12F, and 15B/C (figure 1A).

Persistence of vaccine types
There is increasing concern around vaccine types still 
capable of causing severe disease despite being included 
in PCVs, particularly serotypes 3, 19A (covered by 
PCV13), and 19F (covered by PCV7). In Canada, the 
proportion of cases of invasive pneumococcal disease 
due to serotype 3 has remained unchanged in children 
younger than 5 years (from 6·6% to 8·6% between 2016 
and 2019).68 Consequently, this trend has resulted in little 
indirect protection against serotype 3 in adults older than 
65 years, among whom the proportion of cases increased 
from 8∙6% to 12∙6% between 2016 and 2019.68 In the UK, 
serotype 3 incidence rates increased from 1∙6 per 
100 000 population in 2010–11 to 3∙6 per 100 000 in 
2014–15.69 Serotype 3 persistence could be due to the 
bacterium’s thick capsule surrounded by a mucoid layer 
or due to capsule polysaccharide ejection from the 
synthase, both of which can interfere with antibody-
mediated killing and opsonophagocytic activity, 
potentially reducing the protective effects of anti-capsule 
polysaccharide antibodies.70,71

Serotypes such as 19F and 19A have persisted despite 
their inclusion in PCVs.72 Between 2010 and 2015 in 
the UK, the incidence rate of invasive pneumococcal 
disease due to serotype 19F increased from 0∙3 cases per 
100 000 population to 1∙6 cases per 100 000 in children 
younger than 5 years and remained unchanged in adults 
aged 18–64 years.69 Serotype 19F was initially thought to 
provide cross-protection against serotype 19A. Although 
studies show some direct protection, this cross-protection 
was insufficient in preventing 19A colonisation and a net 
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decrease in invasive pneumococcal disease due to 19A in 
children.73,74 In Ireland from 2007–08 to 2017–18, 
serotype 19A was responsible for 10% of total invasive 
pneumococcal disease cases, with the highest number of 
cases observed in adults aged 65 years or older.75 The 
USA reported initial substantial declines in invasive 
pneumococcal disease due to serotype 19A,76 but a 
multicentre study of hospitalisation due to invasive 
pneumococcal disease between 2014 and 2017 showed 
that serotype 19A accounted for 33 (29%) of 115 PCV13 
serotypes.77 Serotypes 19A and 19F are challenging 
because they are highly resistant to antibiotics, which 
might contribute to their persistence.78

Poor geographic coverage and vaccine implementation
The largest impact of PCVs was observed in HICs in 
North America and Europe. The selection of serotypes 
was largely based on circulating serotypes in these 
regions, and as such, PCV coverage in other parts of the 
world differ.79 A systematic review on serotype 
distribution and vaccine coverage in the South Asian 
Association for Regional Cooperation countries reported 
that PCV13 serotypes accounted for only 55% of invasive 
pneumococcal disease cases in children.80 In nations 
supported by the Global Alliance for Vaccines and 
Immunizations (GAVI; including the countries with the 
lowest incomes globally), serotypes 2, 35B, and 15B were 
the most prevalent.81 Surveillance of invasive pneumo-
coccal disease isolates from a paediatric population in 
Argentina from 2006 to 2019 reported an increased 
proportion of serotype 24 post PCV13.82

There is interest in developing region-specific PCVs, 
but this approach might be hindered by the high cost of 
PCVs.83 This issue is particularly crucial in LMICs, where 
the disease burden is highest and serotype distribution 
differs. Although the countries with the lowest incomes 
receive financial support from GAVI, middle-income 
countries that are self-procuring or that have recently 
transitioned from low-income country status struggle to 
keep up with PCV costs.84 WHO’s Market Information 
Access for Vaccines reported that the high price of PCVs 
is a substantial barrier to the implementation of 
immunisation programmes in many middle-income 
countries.85 A study found that PCVs disproportionately 
benefit HICs, generating greater net economic benefits 
compared with LMICs, which face low health-care 
budgets and competing health-care needs.84 Tailoring 
PCVs to region-specific serotypes and establishing and 
promoting local vaccine manufacturing in LMICs could 
encourage their inclusion in childhood immunisation 
programmes to mitigate other related health-care costs.

Future conjugate vaccine strategies
Higher-valent conjugate vaccines in infants and 
children
Higher valent conjugate vaccines, including 15-valent, 
20-valent, and 21-valent PCVs for infants, were approved 

for use between 2021 and 2024 (figure 1B). The 24-valent 
PCV is still in clinical trials (figure 1B). Clinical trial 
studies for PCVs frequently report geometric mean titre 
ratios, the proportion of participants showing a 4-fold or 
greater increase from baseline for each serotype (table 1), 
and safety and tolerability (appendix p 1).

A PCV15 vaccine for infants was approved by the US 
Food and Drug Administration (FDA) for children aged 
6 weeks to 17 years on the basis of seven clinical trials.95 In 
one of the trials, adjuvanted and non-adjuvanted PCV15 
was evaluated as a four-dose series in infants and a single 
dose in children aged 2–17 years.96 Both formulations 
were non-inferior to PCV13 for ten of 13 shared serotypes 
but did not meet non-inferiority for serotypes 6A, 6B, and 
19A on the basis of the proportion of infants who had IgG 
concentrations of 0∙35 µg/mL or higher (table 1).96 PCV15 
also had a significantly increased antibody response to 
serotypes 3, 22F, and 33F compared with PCV13.96 As a 
catch-up series in children aged 7 months to 17 years, 
83–100% of participants met the 0∙35 µg/mL IgG 
concentration threshold, but the study was not powered 
to assess non-inferiority or superiority in immune 
responses.97 Most local and systemic reactions reported 
were injection site pain, erythema, and irritability.96,97

A 20-valent vaccine (PCV20) was assessed in a phase 2 
clinical trial in infants in the USA as a four-dose series.98 
PCV20 IgG geometric mean concentrations and 
opsonophagocytic activity geometric mean titres were 
generally similar to those with PCV13 for the 13 shared 
serotypes, although modestly numerically lower in the 
PCV20 group, but displayed a strong boosting response 
after dose four.98 Robust immune responses were 
observed after dose three for the additional 
eight serotypes. Local and systemic reactions were 
similar between PCV20 and PCV13.98

A 21-valent vaccine (PCV21) is being developed 
(NCT04398706 and NCT04583618) for infants aged 
42–49 days, children aged 12–15 months, and adults aged 
50–64 years in the USA and Canada, and will include the 
PCV20 serotypes and serotype 9N. Three formulations 
will be compared with PCV13 to assess the safety profile 
and immunogenicity of a three-dose versus four-dose 
schedule in infants and a one-dose schedule in toddlers.

Increasing serotype valency in new PCVs might reduce 
immunogenicity. Differences in immunogenicity have 
been observed for shared serotypes across various PCVs, 
which might stem from changes in the capsule 
polysaccharide–protein ratio.99 Increasing the number of 
serotypes in PCVs could lead to immune interference, in 
which capsule polysaccharide-specific B cells compete 
for T-cell help from the carrier protein, resulting 
in diminished immune responses.99 Additionally, 
carrier-induced suppression could occur if capsule 
polysaccharide-specific B-cell and antibody responses are 
hindered by anticarrier antibodies that compete for T-cell 
help.99 This risk might be heightened with an increase in 
carrier protein dose as the PCV valency is increased, and 

See Online for appendix
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if other vaccines share the same carrier protein as PCVs 
(ie, diphtheria toxin in diphtheria, tetanus, and pertussis 
vaccines) that are co-administered in childhood 
immunisation pro grammes.99,100 A possible solution is to 
adjust the capsule polysaccharide-to-carrier protein ratio 
to reduce immune interference or to use different carrier 
proteins, as in the case of PCV10 (protein D), or more 
conserved S pneumoniae proteins.99

Adult vaccination
The indirect protection of adults against invasive 
pneumococcal disease through vaccination of infants 

and children has plateaued both due to the moderate 
level of protection against vaccine types and also due to 
an increase in invasive pneumococcal disease and 
community-acquired pneumonia deaths due to non-
vaccine serotypes.101 A meta-analysis102 consisting of 
observational studies from countries across Europe, the 
Americas, Africa, and Australia assessed the impact of 
PCV13 in adults. The incidence rate ratio of overall 
invasive pneumococcal disease in adults older than 
18 years was 0∙82 (95% CI 0∙78–0∙86; p<0∙0001) 
following the introduction of PCV13.102 Thus, the direct 
vaccination of adults with PCVs is strongly recommended 

Location Vaccines Cohort Participants 
(n)

Dose Schedule Timepoints 
measured

Final dose IgG OPA GMTR for 
STs (investigational vaccine vs 
control)

Proportion of 
participants with 
≥4-fold IgG 
concentration increase

Platt 
et al 
(2022)86

USA, Japan, 
Spain, Canada, 
and Taiwan

PCV15 (PCV13 
control)

Adults ≥50 years 1202 1+0 Dose 1: day 0 Day 1 and 30 days 
post-D1

PCV15 >1·00: 3, 6B, 18C, 23F, 
22F, and 33F; PCV15 ≤1·00: 1, 4, 
5, 14, 19A, and 19F

PCV15: 52% (ST14) to 
85% (ST4); control: 6% 
(ST33F) to 81% (ST6B)

Hammitt 
et al 
(2021)87

USA PCV15 + PPV23 
(PCV13 + PPV23 
control)

Adults ≥18 years 1515 1+1 Dose 1: day 0 
(PCV15); dose 2: 
day 180 
(PPV23)

Pre-dose 1; 30 days 
post dose 1; 
pre-dose 2; and 
30 days post dose 2

PCV15 + PPV23 >1·00: 1, 5, 6A, 
6B, 14, 18C, 19A, 19F, and 23F; 
PVC15 + PPCV23 ≤1·00: 3, 4, 7F, 
9V, 22F, and 33F

PCV15 + PPV23: 8% 
(ST6A) to 88% (ST1); 
control: 60% (ST7F) to 
87% (ST5)

Stacey 
et al 
(2019)88

USA PCV15A and 
PCV15B (PCV13 
control)

Adults ≥50 years 690 1+0 Dose 1: day 0 Pre-dose 1 and 
30 days post dose 2

PCV15A >1·00: 1, 3, 4, 5, 6B, 9V, 
14, 18C, 19F, and 22F; PCV15A 
≤1·00: 6A, 7F, 19A, 23F, and 33F; 
PCV15B >1·00: 1, 3, 5, 6A, 6B, 
18C, 9A, 19F, 23F, and 22F; 
PCV15B ≤1·00: 4, 7F, 9V, 14, 33F

PCV15A: 54% (ST33F) 
to 87% (ST6B); PCV15B: 
50% (ST14) to 87% 
(6B); control: 9% 
(ST33F) to 87% (6B)

Mohapi 
et al 
(2022)89

France, Peru, 
South Africa, 
Thailand, and 
USA

PCV15 + PPV23 
(PCV13 + PPV23 
control)

Adults ≥18 years 302 1+1 Dose 1: day 0 
(PCV15); dose 2: 
day 60 (PPV23)

Pre-dose 1; 30 days 
post dose 1; and 
30 days post dose 2

PCV15 >1·00: 1, 3, 5, 6A, 6B, 7F, 
9V, 14, 18C, 19A, 19, 23F, 22, 
and 33F; PCV15 ≤1·00: 4

PCV15 + PPV23: 42% 
(ST9V) to 85% (ST4); 
control: 45% (ST9V) to 
81% (ST4)

Song 
et al 
(2021)90

USA, South 
Korea, Spain, 
and Taiwan

PCV15 + PPV23 
(PCV13 + PPV23 
control)

Adults ≥50 years 652 1+1 Dose 1: day 0 
(PCV15 or 
PCV13) ; dose 2: 
month 12 
(PPV23)

Pre-dose 1; 30 days 
post dose 1; 
pre-dose 2; and 
30 days post dose 2

PCV15 >1·00: 1, 3, 4, 5, 6A, 6B, 
7F, 9V, 18C, 19A, 19F, 23F, and 
22F; PCV15 ≤1·00: 33F

PCV15 + PPV23: 56% 
(ST44F) to 88% (ST1); 
PCV13 + PPV23: 51% 
(ST9V) to 84% (ST4)

Klein 
et al 
(2021)91

USA PCV20 (PCV13 
control)

Adults aged 
18–49 years

1710 1+0 Dose 1: day 0 Pre-dose 1 and 
30 days post dose 1

PCV20 >1·00: NR; PCV20 ≤1·00: 
1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 
18C, 19A, 19F, and 23F

PCV20: 42% (ST11A) to 
94% (12F); PCV13: 4% 
(ST12F) to 95% (ST6A)

Cannon 
et al 
(2021)92

USA and 
Sweden

Previous PPV23 
only + PCV20; 
previous PCV13 
only + PCV20; 
and previous 
PCV13 + PPV23 + 
PCV20

Adults ≥65 years 875 1+0 Dose 1: day 0 Pre-dose 1 and 
30 days post dose 1

NR Previous PPV23 only + 
PCV20: 15% (ST33F) to 
61% (ST6A); previous 
PCV13 only + PCV20: 
24% (ST14) to 82% 
(ST22F); previous 
PCV13 + PPV23 + 
PCV20: 14% (ST7F) to 
54% (22F)

Chichili 
et al 
(2022)93

USA PCV24*; PCV13; 
and PCV13 + 
PPSV23

Adults ≥18 years 271 1+0 Dose 1: day 0 Pre-dose 1; 20 days 
post dose 1; and 
180 days post 
dose 1

PCV24 >1·00: 3, 5, 7F, 9V, 15, 
18C, 19A, 19F, 2, 8, 9N, 10A, 
11A, 12F, 15B, 17F, 20B, 22F, and 
33F; PCV24 ≤1·00: 6A, 6B, and 
23F

NR

Platt 
et al 
(2023)94

USA PCV21 and 
PPV23

Adults ≥18 years 506 1+0 ·· Pre-dose 1 and 
30 days post dose 1

PCV21 >1·00: 3, 6A, 7F, 9N, 10A, 
11A, 12F, 15A, 15C, 16F, 17F, 
19A, 20, 22F, 23A, 23B, 24F, 31, 
and 35B; PCV21 ≤1·00: 33F

NR

NR=not reportable. OPA GMTR=opsonophagocytic activity geometric mean titre ratio. PCV=pneumococcal conjugate vaccine. PPV=purified polysaccharide vaccine. PPSV=pneumococcal polysaccharide vaccine. 
ST=serotype. *PCV24 was analysed in a dose escalation study (1 µg, 2 µg, and 5 µg) and only the highest dose was reported for this table.

Table 1: Clinical trial characteristics and immunogenicity results for pneumococcal conjugate vaccines
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in situations in which protection is needed (eg, in 
populations at high risk for invasive pneumococcal 
disease) and higher-valent PCVs have been approved or 
are in clinical trials. However, the high cost of PCVs 
might preclude universal use in publicly funded 
programmes for all adults.

In July, 2021, PCV15 was approved for use in adults 
aged 18 years or older in the USA on the basis of data 
from seven randomised, double-blind clinical trials in 
healthy adults aged 18 years or older.86–89,90,103,104 In one trial, 
one dose of PCV15 was assessed in adults older than 
50 years. The non-inferiority criteria for all 13 shared 
serotypes were met according to opsonophagocytic 
activity geometric mean titre ratios, ranging from 
0∙68 to 1∙60, and superiority was shown for serotypes 
22F and 33F.86 A study comparing PCV15 plus PPV23 
versus PCV13 plus PPV23 in PCV-naive adults older than 
50 years87 reported that PCV15 plus PPV23 resulted in 
similar immune responses to PCV13 plus PPV23 at 
30 days post PPV23 vaccination. Opsonophagocytic 
activity geometric mean titre ratios ranged from 
1∙03 to 1·38, and opsonophagocytic activity geometric 
mean titre ratios were 1∙63 for serotype 22F and 0∙95 for 
serotype 33F.87 From these studies, most reported local 
and systemic reactions for PCV15 included injection site 
pain and fatigue. 86,87

A PCV20 vaccine was approved by the FDA in 2021 and 
Health Canada in 2022 for use in adults aged 18 years or 
older on the basis of three clinical trials.105,106 A phase 3 
study in vaccine-naive adults aged 18–49 years assessed 
PCV20 versus PCV13.91 Opsonophagocytic activity 
geometric mean titres for all 20 vaccine serotypes showed 
robust immune responses; 42∙2–94∙5% of participants 
had a 4-fold rise from baseline across three PCV20 lots.91 
For shared PCV13 serotypes, opsonophagocytic activity 
geometric mean titre ratios were similar, ranging from 
0∙71 to 1∙00.91 Opsonophagocytic activity geometric mean 
titres were significantly higher for the additional 
seven PCV20 serotypes. Most local and systemic 
reactions to PCV20 were mild and similar to those of 
PCV13.91 In adults older than 65 years receiving PCV20 
who had previously received PCV13, PPV23, or PPV23 
plus PCV13, opsonophagocytic activity geometric mean 
titres were numerically higher in an initial PCV13 
vaccination cohort following PCV20 vaccination for the 
shared 13 serotypes, and participants who had PCV13 
plus PPV23 vaccination had higher opsonophagocytic 
activity geometric mean titres for the additional 
seven serotypes, followed by those who had an initial 
PCV13 vaccination.92

A phase 1/2 study in vaccine-naive adults aged 
18–64 years and 65–85 years assessed a 24-valent vaccine 
(PCV24) containing serotypes shared between PCV13 
and PPV23 plus serotype 20B.93 This formulation also 
contains a unique carrier fusion protein consisting of 
rhizavadin fused to two protein segments from 
genetically conserved surface protein genes sp1500 and 

sp0785.93 Adults aged 18–64 years had significantly greater 
opsonophagocytic activity geometric mean titres for the 
shared PCV13 serotypes and all unique PCV24 serotypes; 
those who received 2 µg and 5 µg of PCV24 had 
statistically significantly greater titres.93 For adults aged 
65–85 years, all three PCV24 doses were significantly 
greater for the PCV13 shared serotypes and unique 
PCV24 serotypes, with significant increases reported for 
serotypes 5 and 19F in the 5-µg-dose group.93

A complementary approach could involve pairing 
infant PCVs with adult-specific PCVs that contain 
serotypes specific to the adult population. A 21-valent 
pneumococcal vaccine with alternative serotypes (PCV21-
alt) containing serotypes specific to the adult population 
was recently approved in the USA.107 In a phase 2 study in 
the USA, which compared PCV21-alt with PPV23,94 
PCV21-alt met the non-inferiority opsonophagocytic 
activity geometric mean titre ratios for the 11 (of 12) 
serotypes shared with PPV23, ranging from 1∙00 to 2∙57. 
Opsonophagocytic activity geometric mean titre ratios 
were also superior for the nine unique serotypes, ranging 
from 3∙00 to 34∙90.94 Injection site pain (118 [46%] of 
254 participants) and fatigue (49 [19%] of 254 participants) 
were the most common local and systemic reactions, 
respectively.94

Future purified protein vaccine strategies
Pneumococcal protein vaccines use highly conserved 
protein sequences across all serotypes, offering a 
serotype-independent strategy, in contrast to 
capsule polysaccharide-based vaccines. A study of 
25 S pneumoniae strains from different phylogenetic 
lineages and serotypes found up to 26 (40%) of the 
65 identified highly conserved genes encoding for 
virulence factors were being constitutively expressed 
without substantial sequence variation in all strains.108 
The overwhelming success of PCVs is due to their 
prevention of bacterial colonisation, leading to lower 
nasopharyngeal carriage. The success or failure of protein 
vaccines might therefore depend on their ability to 
prevent colonisation and invasive pneumococcal disease. 
Surface-based proteins and cytolysins are current vaccine 
candidates that have been heavily studied in preclinical 
studies.109–111 Few have progressed to clinical trials (figure 2) 
and been studied and little knowledge exists on whether 
protein vaccines prevent nasopharyngeal carriage.

Monovalent protein vaccines
Monovalent protein vaccines use a single protein and 
served as the basis for early clinical trials (table 2; 
appendix p 4). Pneumococcal surface protein A (PspA) is 
a highly variable surface protein. Despite this highly 
variable nature, antibody responses in mice have been 
shown to offer cross-protection irrespective of capsule 
type.120 In a phase 1 study of recombinant attenuated 
Salmonella enterica serovar Typhimurium vectors 
expressing heterologous S pneumoniae PspA, 0% showed 
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a 4-fold or greater increase for IgG and 3% showed this 
increase for IgA.121

Pneumococcal histidine triad protein D (PhtD) is 
expressed on the surface of S pneumoniae and is involved 
in the inhibition of the complement system and 
adherence of bacteria to host epithelial cells.122 In a 
phase 1 study of a two-dose PhtD vaccine in healthy 
adults in Switzerland, 14 (82%) of 17 participants in the 
25-µg and 14 (82%) of 17 participants in the 100-µg 
group had a 4-fold rise post dose 2 from baseline, 
whereas only seven (35%) of 20 participants showed this 
rise in the 6-µg group.112 Two phase 1/2 studies in 
healthy young (ie, aged 18–45 years) and older (ie, older 
than 65 years) adults evaluated a PhtD vaccine with or 
without an adjuvant.123 AS02V or aluminum phosphate 
(alum) was given with either two doses of 10 µg or 30 µg 
of PhtD compared with PPV23. Solicited local and 
general adverse events were more commonly observed 
in young participants and in those who received 
adjuvanted vaccines. PhtD-specific antibodies’ geo-
metric mean concentrations were consistently lower in 
older adults than younger adults. In younger adults, 
geometric mean concentrations were higher in 
participants who received PhtD with the AS02V adjuvant 
compared with those who received PhtD alone or 30 µg 
PhtD with alum.123

Pneumolysin (Ply) is an exotoxin integral in the early 
pathogenesis of invasive pneumococcal disease. It has 
also been well studied in clinical trials.124 In a phase 1 
study, a genetically mutated Ply protein candidate (PlyD1) 
was evaluated in 100 adults in a two-dose series.113 The 

vaccine was safe and well tolerated. Antibodies were 
functional, as confirmed in an in-vitro assay by 
neutralising wild-type Ply activity. Furthermore, geometric 
mean concentrations were substantially higher in 
participants who received the 25 µg dose than those who 
received the 50 µg dose after injections one and two.

Multivalent protein vaccines
Although monovalent protein vaccines served as the 
foundation to establish safety and reactogenicity, 
variability at the amino acid sequence level expressed 
among different serotypes is a concern.125 Some regions 
within a protein have sequence variability and 
heterogeneity, making them less than ideal for use in 
routine vaccination as they might not be able to provide 
higher serotype coverage.125 Multivalent vaccines use 
different proteins simultaneously to address the issue of 
heterogeneity and variability, thus broadening their 
coverage against different serotypes.

A recombinant trivalent candidate vaccine (PPrV) that 
combined PhtD, Ply, and pneumococcal choline-binding 
protein A (PcpA) has been evaluated.121 PcpA mediates 
the adherence of S pneumoniae to nasopharyngeal and 
lung epithelial cells and has also been found to elicit 
functional antibody responses in humans.122 This was a 
phase 1 study that included infants, toddlers, and adults 
receiving different doses of the vaccine with or without 
an adjuvant.114 At least 75% of participants in the PPrV 
plus adjuvant groups experienced a 2-fold or greater 
increase in antibody concentrations against PhtD, Ply, 
and PcpA. The safety profile of each group was acceptable, 

Figure 2: Protein vaccines in clinical trials in infants and children
dPly=detoxifed Ply variant. PcpA=pneumococcal choline binding protein A. PCV10=10-valent pneumococcal conjugate vaccine. PhtD=pneumococcal histidine triad 
protein D. Ply=pneumolysin. PlyD1=detoxifed Ply variant. PspA=pneumococcal surface protein A.
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with most reactions being mild or moderate, resolving 
within 3 days. These were adjuvant and dose independent. 
Immunogenicity in infants was improved when 
adjuvanted without changing the safety profile, and 
antibody concentrations were higher at three vaccinations. 
No statistically significant differences in nasopharyngeal 
carriage were observed between vaccinated and 
unvaccinated groups.114

Another trivalent vaccine (HiP) with Ply, PhtD, and a 
non-typeable Haemophilus influenzae protein D was 
assessed in a phase 1 study in adults with or without an 
adjuvant in a two-dose series.115 Statistically significant 
increases in anti-protein D and anti-Ply geometric mean 
concentrations were observed after dose one and dose 
two, respectively. Furthermore, the two doses of HiP with 
an adjuvant induced humoral immunity and CD4+ T-cell 
responses for each antigen versus the non-adjuvanted 
vaccine.115 However, this formulation appeared to be 
reactogenic—the frequency and intensity of local and 
systemic reactions increased after the second dose of HiP 
with an adjuvant.115

Conjugate and protein vaccine combinations
The combination of PCVs and protein vaccines is a 
compelling avenue to explore as such formulations have 
the potential to target nasopharyngeal carriage through 
PCVs while offering broader protection through protein 
vaccines. To date, four clinical trials have assessed the 
combination of PCVs and protein vaccines.

A phase 2 clinical trial in toddlers aged 12–23 months 
in the Czech Republic assessed a Ply–PhtD vaccine given 
alone or in combination with PCV10 at either 10 µg or 
30 µg doses.116 Rates of local and systemic reactions were 
similar between the investigational group and PCV10. 
Despite toddlers displaying seropositivity for PhtD and 
Ply prevaccination, those who received the investigational 
vaccine had an 8-fold to 16-fold anti-PhtD and 8-fold to 
34-fold anti-dPly geometric mean concentration increase 
from baseline.116 This vaccine candidate was also assessed 
in adults aged 18–40 years, showing immunogenicity in 
both formulations.117 PhtD and Ply geometric mean 
concentrations increased after each vaccination, with 
notably higher responses observed in the 30 µg cohort.117 
Irrespective of vaccine formulation, 9% or fewer doses 
administered during primary and booster vaccination 
were followed by local pain, redness, swelling, or 
systemic reactions, such as headache and fatigue.117

Studies in The Gambia are the only trials to date that 
have included nasopharyngeal carriage as a primary 
outcome.118,119 A phase 2 pilot assessment was conducted 
in toddlers aged 2–4 years. A single dose of 30 µg PhtD–
dPly–PCV10 was administered and compared with 
PCV13, but was not powered to detect differences in 
immune responses between the study groups.118 Due to 
high S pneumoniae carriage rates in The Gambia, 
measurable dPly and PhtD antibody titres were detected 
prevaccination.118 There was a substantial increase in 

anti-dPly and anti-PhtD geometric mean concentrations 
after PhtD–dPly–PCV10 administration, whereas no 
increase was observed with PCV13.118 Overall, vaccine 
tolerability was similar for PhtD–dPly–PCV10 and 
PCV13, and no safety concerns were raised.118 PhtD–
dPly–PCV10 has also been given as a three-dose series 
together with the WHO Expanded Program on 
Immunization in healthy infants aged 8–10 weeks in The 
Gambia.119 When looking at non-PCV10 vaccine type 
nasopharyngeal carriage, there was no difference 
between groups receiving PhtD–dPly–PCV10 and the 
control group beyond the protection provided by PCV10, 
regardless of dose or schedule.119 Acquisition of 
non-PCV10 vaccine types was higher than clearance after 
primary vaccination, suggesting an increase in 
non-PCV10 vaccine type prevalence.119

Conclusion
Current PCVs have been successful in reducing the 
burden of invasive pneumococcal disease caused by 
vaccine types, but the emergence of non-vaccine 
serotypes and persisting vaccine types has limited their 
effectiveness in some populations and the ability to 
provide comprehensive indirect protection. Increasing 
the valency of PCVs for routine use in children could 
help reduce the invasive pneumococcal disease burden 
caused by circulating non-vaccine serotypes. Direct 
vaccination in adults can help reduce invasive 
pneumococcal disease burden in this population. Protein 
vaccines are composed of highly conserved antigens have 
the potential to overcome some of the limitations of 
PCVs. However, future studies should aim to include 
evaluation of amino acid heterogeneity and variation to 
establish the potential effectiveness of protein vaccines 
against different serotypes. If protein vaccines were to 
replace PCVs, assessing how they and their dosing 
regimens fit into existing immunisation strategies to 
minimise health-care visits and potential immune 
interference with other co-administered vaccines should 
be considered.

In general, future clinical studies should aim to include 
further evaluation and standardised methods for 
correlates of protection. These methods could include 
opsonophagocytic killing assays or serum bactericidal 
assays, which could measure the killing of multiple 
S pneumoniae serotypes by immune cells.126,127 Opsono-
phagocytic killing assays and serum bactericidal assays 
can be used to test against multiple S pneumoniae 
serotypes. Another key consideration, especially in the 
case of protein vaccines, is to evaluate the ability of future 
vaccines to prevent nasopharyngeal colonisation, which 
can be done through swab collections and measuring 
bacterial load pre-immunisation and post-immunisation 
or through mucosal assays.119,128 The expansion of 
correlates of protection measures does require rigorous 
discussion by developers, regulators, and policy makers 
to identify and prioritise the most important roles these 
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methods could add.128 Developing a serotype-independent 
vaccine while also reducing nasopharyngeal carriage is a 
challenging but important goal that could lead to 
substantial global invasive pneumococcal disease 
reductions and associated health-care costs.
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