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Abstract: Pneumococcal disease is a major cause of morbidity/mortality worldwide, and vaccination is
an important measure in its prevention. Despite European children being vaccinated with pneumococcal
conjugate vaccines (PCVs), pneumococcal infections are still a major cause of morbidity/mortality in
adults with risk conditions and their vaccination might be an important prevention strategy. New PCVs
have been approved, but information is lacking on their potential impact in European adults. In our
review, we searched PubMed, MEDLINE, and Embase for studies on the additional PCV20 serotypes
(concerning incidence, prevalence, disease severity, lethality, and antimicrobial resistance) in European
adults, between January 2010 and April 2022, having included 118 articles and data from 33 countries. We
found that these serotypes have become more prevalent in both invasive and non-invasive pneumococcal
disease (IPD and NIPD), representing a significant proportion of cases (serotypes 8, 12F, 22F) and more
serious disease and/or lethality (10A, 11A, 15B, 22F), showing antimicrobial resistance (11A, 15B, 33F),
and/or affecting more vulnerable individuals such as the elderly, immunocompromised patients, and
those with comorbidities (8, 10A, 11A, 15B, 22F). The relevance of pneumococcal adult carriers (11A, 15B,
22F, and 8) was also identified. Altogether, our data showed an increase in the additional PCV20 serotypes’
prevalence, accounting for a proportion of approximately 60% of all pneumococcal isolates in IPD in
European adults since 2018/2019. Data suggest that adults, as older and/or more vulnerable patients,
would benefit from vaccination with higher-coverage PCVs, and that PCV20 may address an unmet
medical need.

Keywords: pneumococcal disease; PCV13; PCV15; PCV20; pneumococcal vaccination; public health;
systematic review; epidemiology; adults; Europe

1. Introduction

Streptococcus pneumoniae (pneumococcus) causes severe bacterial infections in humans,
manifesting either as invasive pneumococcal disease (IPD, such as bacteremic pneumonia,
bacteremia, and meningitis) or non-invasive pneumococcal disease (NIPD, such as acute
otitis media, sinusitis, and non-bacteremic pneumonia) [1]. Pneumococcal disease is
a major cause of morbidity and mortality worldwide, having caused 197 million episodes
of pneumococcal lower respiratory tract infection and 1.2 million deaths in 2016 [2]. Disease
burden (including higher incidence and mortality rates [2]) is greatest among children
under 5 years and adults over 65 years old, as well as in individuals with comorbidities,
such as immunosuppression or chronic medical conditions [3–5].

The capsular polysaccharide of the pneumococcus is its main virulence factor, and
more than 90 different capsular serotypes exist. These serotypes differ not only in their
structure but also in the disease severity and case fatality they are associated with, as
well as their invasiveness, antimicrobial susceptibility, and geographical areas and age
groups they affect [6–9]. These serotypes are also the basis of the current pneumococcal
vaccines. Vaccination is the most effective public health measure in the prevention of
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pneumococcal disease, being part of many European national immunization programs
(NIPs) for children [6]. Pediatric vaccination reduces nasopharyngeal carriage of the
vaccinal serotypes, preventing transmission to under- or unimmunized children and adults,
resulting in herd protection and overall disease reduction in all ages [9–11]. However,
pneumococcal infections are still a major cause of morbidity and mortality in adults over
65 years old and/or with risk conditions, with a significant proportion of infections being
caused by vaccinal serotypes [9], suggesting that pediatric immunization alone results
in indirect protection, important, albeit insufficient to protect this age group. Moreover,
some of the most prevalent serotypes (both vaccinal and non-vaccinal) often differ between
children and adult populations [12,13]. Thus, adult pneumococcal vaccination might be
an important prevention strategy against pneumococcal disease. Pneumococcal vaccination
is currently recommended in some countries for certain groups of adults at increased
risk of pneumococcal disease, including those over 65 years and immunocompromised
individuals [4–6,8,14]. Nonetheless, vaccination in this age group remains suboptimal [15].

Currently, two types of vaccines have been approved for the prevention of pneumococ-
cal disease: a 23-valent pneumococcal polysaccharide vaccine (PPSV23) and pneumococcal
conjugate vaccines (PCVs). The PPSV23 includes 23 purified capsular polysaccharide
antigens (serotypes: 1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 19F,
20, 22F, 23F, and 33F) and was licensed in the United States of America (US) in 1983 [16].
However, polysaccharide vaccines primarily induce B-cell-dependent immune responses,
limited in being long-lasting or anamnestic upon subsequent challenge with native polysac-
charides [17]. In order to stimulate a substantial immune response, vaccines conjugating
the pneumococcal capsular polysaccharides from frequent serotypes with a highly immuno-
genic protein, such as a non-toxic diphtheria toxoid (CRM197), were generated. These
vaccines (PCVs—pneumococcal conjugate vaccines) induce a B- and T-cell response, re-
sulting in mucosal immunity and effective protection against vaccine serotypes, thereby
reducing carrier rates and pneumococcal disease [16,17].

The first PCV, PCV7 (covering serotypes: 4, 6B, 9V, 14, 18C, 19F, and 23F), was li-
censed in 2000–2001 and was integrated into the NIPs of many European countries between
2006 and 2008. Pediatric immunization with PCV7 prevented pneumococcal disease caused
by the vaccinal serotypes as well as colonization and transmission to adults, leading to
an overall reduction in disease burden in all ages [18]. IPD incidence due to PCV7 serotypes
became very low in all age groups and almost absent in children, particularly in countries
with high vaccination rates [12]. However, a few years after PCV7, the epidemiology of
pneumococcal disease changed and non-vaccinal serotypes emerged as the most prevalent
ones, in a phenomenon designated ‘serotype replacement’ [19]. Two higher-valency PCVs,
PCV10 (covering PCV7 serotypes plus serotypes: 1, 5, and 7F) and PCV13 (covering PCV7
serotypes plus: 1, 3, 5, 6A, 7F, and 19A), replaced PCV7 in pediatric vaccination in Europe
between 2009 and 2011 [20]. Data collected over the past decade suggest that serotype
replacement has reoccurred, and that new vaccines will be necessary to prevent pneumo-
coccal disease caused by emergent serotypes, such as 8, 12F, and 22F [13,21]. In light of this
increase in the prevalence of non-vaccinal serotypes, the new PCV15 (covering the addi-
tional serotypes: 22F, and 33F) and PCV20 (covering the additional serotypes: 8, 10A, 11A,
12F, 15B, 22F, and 33F) have recently been approved for prevention of pneumococcal disease
in individuals aged 18 years old and above in Europe and the US [22–24], being likely to
replace PCV10 and PCV13 in NIPs over time, if also approved for use in children [6].

The currently available PCV of highest valency, PCV20 (comprising all serotypes
included in recent PCVs), has been found to be safe and well tolerated, eliciting robust
immunologic responses (including OPA—opsonophagocytic antibody responses) for its
20 serotypes one month after vaccination, in adults aged 18–49, 50–59, 60 years and
above [25], and over 65 years previously vaccinated with other pneumococcal vaccine
regimens [26].The 7 additional serotypes of PCV20 were selected based on their high preva-
lence as a cause of disease and pneumonia, their generalized geographical distribution,
and/or other factors, such as association with antibiotic non-susceptibility (serotypes: 11A,
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15B), outbreaks (serotypes: 8, 12F), and more severe disease or increased mortality rate
(serotypes: 10A, 11A, 22F) [27].

In this review, we have focused on the evolution of the prevalence and impact (in-
cidence, burden, lethality, and antibiotic resistance) of each additional PCV20 serotype
(which also include the additional PCV15 serotypes) in European adults. This review has
focused on PCV20′s added serotypes’ clinical and epidemiological value to help support
future decision making on adult pneumococcal vaccination policies.

2. Methodology

This systematic review was conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) reporting guidelines [28].

2.1. Search Strategy

The PubMed and MEDLINE databases were searched for relevant studies published
between January 2010 and April 2022. Only articles written in English and peer-reviewed
studies from indexed journals were considered. Several searches were conducted in order to
determine the best search strategy (Table S1). The ultimate searches included a combination
of MeSH and free search terms and were as follows: “Pneumococcal Infections [MeSH
Major Topic] AND Europe [MeSH Terms] AND (adult) AND (serotype)”, “Europe [MeSH
Terms] AND (adult) AND (pneumococcal serotype) NOT Pneumococcal Infections [MeSH
Major Topic]”, “Europe [MeSH Terms] AND (adult) AND (pneumococcal serotype 8) NOT
Pneumococcal Infections [MeSH Major Topic]”, and “Europe [MeSH Terms] AND (adult)
AND (pneumococcal serotype 11A) NOT Pneumococcal Infections [MeSH Major Topic]”.
Corresponding Emtree terms were used in Embase searches. Searches were designed
to maximize the information retrieved while also avoiding its duplication/overlap (see
Table S1).

2.2. Inclusion Criteria and Study Selection

This systematic review investigated the evolution of the prevalence and impact of
serotypes 8, 10A, 11A, 12F, 15B, 22F, and 33F on pneumococcal disease, both invasive
and non-invasive, in European adult populations (aged 18 to 64 years and aged 65 years
and over). This review included studies published in the past decade (January 2010 to
April 2022), including (but not limited to) observational studies, such as cross-sectional
studies, prospective and retrospective comparative cohort studies, time-series studies,
case–control studies, and randomized controlled trials. Reviews and systematic reviews
that contained data from European national registries on pneumococcal disease were also
included, provided their data did not overlap with other studies already included.

Studies were excluded if at least one of the following was applicable: having no
mention of at least one of the serotypes of interest (8, 10A, 11A, 12F, 15B, 22F, 33F); not
addressing epidemiological data on these serotypes (such as incidence, prevalence, burden,
lethality, antibiotic resistance); being performed in non-European populations; focusing
exclusively on children; or being published before 2010. Studies on mixed populations (e.g.,
all age groups—5–64 years, etc.) were included, being signalized as such in the results.

Study selection was performed by two different reviewers who screened the titles
and abstracts from the retrieved articles. If an abstract or title did not contain sufficient
information to determine eligibility, the full text was reviewed. The reviewers were not
blinded to each other’s decisions. Disagreements were resolved by discussion or with the
assistance of a third reviewer.

2.3. Outcome Measures

The outcomes of this review included pneumococcal disease incidence, burden, and
mortality associated with the additional PCV20 serotypes, as well as serotype prevalence,
lethality, carriage and resistance to antimicrobials. The outcomes also corresponded to
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a certain time frame, which altogether was used to study the evolution of the additional
PCV20 serotypes over time.

2.4. Data Extraction and Synthesis

The number of studies in each step of the process of study selection was represented
in a PRISMA flow diagram (Figure 1). Full-text articles that remained eligible for inclusion
were read by the investigators. Key study information such as the reference, country,
timeframe, population(s), pneumococcal disease studied (i.e., IPD, CAP—community-
acquired pneumonia), additional PCV20 serotypes reported, and outcomes of interest were
inserted into supplementary tables (Supplementary Tables S2–S5).

Microorganisms 2023, 11, x FOR PEER REVIEW 4 of 16 
 

 

2.3. Outcome Measures 
The outcomes of this review included pneumococcal disease incidence, burden, and 

mortality associated with the additional PCV20 serotypes, as well as serotype prevalence, 
lethality, carriage and resistance to antimicrobials. The outcomes also corresponded to a 
certain time frame, which altogether was used to study the evolution of the additional 
PCV20 serotypes over time. 

2.4. Data Extraction and Synthesis 
The number of studies in each step of the process of study selection was represented 

in a PRISMA flow diagram (Figure 1). Full-text articles that remained eligible for inclusion 
were read by the investigators. Key study information such as the reference, country, 
timeframe, population(s), pneumococcal disease studied (i.e., IPD, CAP—community-ac-
quired pneumonia), additional PCV20 serotypes reported, and outcomes of interest were 
inserted into supplementary tables (Supplementary Tables S2–S5). 

 
Figure 1. PRISMA flow diagram for literature review process and selected studies. 

These studies were also divided by timeframe according to the PCVs licensure dates 
and the PCV in use, in order to stratify collected data: pre-PCV7 (before 2001, Supplemen-
tary Table S2), PCV7 (2001–2009, Supplementary Table S3), PCV10/13 (2010–2015, Supple-
mentary Table S4), and post-PCV10/13 (2016–2022, Supplementary Table S5). If data cor-
responded to more than one timeframe, the outcomes were included in both tables. In 
some cases, the PCV era was adjusted if the individual study defined one of these periods 
with different dates. 

Each study’s internal validity was assessed independently by two reviewers. Disa-
greements were resolved by discussion or with the assistance of a third reviewer. 

  

Figure 1. PRISMA flow diagram for literature review process and selected studies.

These studies were also divided by timeframe according to the PCVs licensure dates and the
PCV in use, in order to stratify collected data: pre-PCV7 (before 2001, Supplementary Table S2),
PCV7 (2001–2009, Supplementary Table S3), PCV10/13 (2010–2015, Supplementary Table S4),
and post-PCV10/13 (2016–2022, Supplementary Table S5). If data corresponded to more than
one timeframe, the outcomes were included in both tables. In some cases, the PCV era was
adjusted if the individual study defined one of these periods with different dates.

Each study’s internal validity was assessed independently by two reviewers. Disagree-
ments were resolved by discussion or with the assistance of a third reviewer.

3. Results

A total of 359 papers were identified and screened, and 118, containing data from
33 different European countries, were included in this systematic review (Figures 2 and S1).

From the included papers, 28 represented data from the pre-PCV7 era, 85 from the
PCV7 era, 72 from the PCV10/13 era, and 33 from the post-PCV10/13 era (with several
papers spanning two or more PCV eras). Most of the data described the incidence and/or
prevalence and/or proportion of the different serotypes in IPD in different countries
or regions, followed by information of the severity and lethality of each serotype and, to
a lesser extent, data on the incidence and/or prevalence and/or proportion of each serotype
in NIPD and antimicrobial resistance. Data from studies included in this systematic review
are detailed in Supplementary Tables S2–S5, corresponding to each of the different PCV
eras, and the most relevant findings are summarized in the sections below.
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To enhance data visualization, we plotted the number of records in which each of the
serotypes was found to be important (either due to high incidence/prevalence, representing
more severe disease, or showing antimicrobial resistance) over the different PCV eras
(Figure S1). Since the eras showed an uneven number of records, we divided the number
of records of each serotype by the total number of records of each era and plotted it as
a proportion (e.g., serotype 8 was only found to be important in 29% of the pre-PCV era
studies, whereas it was important in 75% of the records from the post-PCV10/13 era).

3.1. Serotype Incidence and Prevalence (IPD)

IPD incidence and prevalence for each serotype varied greatly across Europe and, at times,
even regions within the same country, over time. Due to the extensive data set on IPD, only the
overall European proportion of each serotype over time is stated below. Detailed information
on each country and individual studies are presented in Supplementary Tables S2–S5.
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Serotype 8 displayed a 3–7% prevalence in IPD across Europe in the pre-PCV7 era
(Supplementary Table S2). By the PCV7 era, it corresponded to 3–10% (Supplementary Table S3),
with studies from some countries (such as Spain and England) showing 13.5% and 18.9% preva-
lence, albeit for the whole population [29,30]. In the PCV10/13 period, most countries displayed
a prevalence of serotype 8 between 4 and 8% (Supplementary Table S4): data from 2014–2015
being closer to 8–10% [31,32]; its proportion in IPD being generally higher in younger versus
older adults [31,33–35]; and being more prevalent in IPD than NIPD [36]. By the post-PCV10/13
era, serotype 8 emerged across Europe as the most prevalent serotype in IPD in adults in
most countries, identified in 15–30% of the IPD isolates (Supplementary Table S5). The rapid
emergence of serotype 8 among European adults (best exemplified by Spanish data where its
prevalence grew from 14% to 30% in adults aged 18–64 and 8.9% to 19% in adults≥65 years [37])
is worth concern.

Serotype 10A was identified in approximately 1–2% of the IPD isolates in the pre-
PCV7 era (Supplementary Table S2), varying between 1 and 4% in the following (PCV7 and
PCV10/13) eras (Supplementary Tables S3 and S4). By the post-PCV10/13 era, the prevalence
for this serotype was between 2 and 5% in Europe (Supplementary Table S5). As for serotype
11A, it went from 1–2% of all IPD isolates in the pre-PCV7 era (Supplementary Table S2), to
1–4% in the PCV7 and PCV10/13 eras (Supplementary Tables S3 and S4), and 2–7% in the
post-PCV10/13 era, albeit very variable between countries (Supplementary Table S5).

Serotype 12F was infrequently isolated in the pre-PCV7 era (2–3% prevalence,
Supplementary Table S2), reaching 2–5% in the PCV7 era (Supplementary Table S3), and
representing 3–8% of all IPD isolates in the PCV10/13 era (Supplementary Table S4)—
some studies finding it more prevalent in younger than older adults [34,38,39]. By the
post-PCV10/13 era, the prevalence of serotype 12F came close to 10% in several European
countries (Supplementary Table S5).

Serotype 15B was identified in 1% of all IPD isolates in the pre-PCV7 era
(Supplementary Table S2). In subsequent eras, it remained stable at approximately 1–3%
(Supplementary Tables S3–S5).

Serotype 22F displayed a prevalence of 1–4% in the pre-PCV7 era (Supplementary Table S2),
increasing to 2–6% in the PCV7 era (Supplementary Table S3). Some studies reported a signif-
icant increase in the incidence of serotype 22F between these eras [40–44], emerging among
the most prevalent serotypes in several countries [45,46]. By the PCV10/13 era, serotype 22F
was indeed identified in approximately 4–7% of all IPD isolates, although variable between
countries, remaining stable into the post-PCV10/13 era (Supplementary Tables S4 and S5).
Additionally, and contrary to serotypes 8 and 12F, the incidence of serotype 22F was higher in
older versus younger adults, something first reported in the PCV7 era [47,48], but also in later
PCV eras [31,34,35,39,48].

Lastly, serotype 33F was identified in 1–3% of IPD isolates in the pre-PCV7 and PCV7
eras (Supplementary Tables S2 and S3), 1–4% in the PCV10/13 era (Supplementary Table S4),
and 2–4% in the post-PCV10/13 era (Supplementary Table S5).

3.2. Serotype Incidence and Prevalence (NIPD and Carriage)

Although our search included all instances of pneumococcal disease, both IPD and
NIPD (and carriage studies in adults), much fewer records on NIPD (and carriage) were
available in the literature. These were also more frequent in the late PCV eras
(Supplementary Tables S4 and S5) and for specific serotypes, such as 11A.

Serotype 11A was found frequently in carriage, identified in 6.4% of carriers in an Eu-
ropean study with individuals of all ages (reaching approximately 11% in France and
Sweden) [49], in 8.3% of older adults that were carriers in Italy [50], in 7.7% of the carriers
among young adults in the UK [51], and in 6.4% of carriers over 60 years in Portugal in the
PCV10/13 era [52]. In addition to being one of the most frequent in carriage, serotype 11A
was found to be significantly associated with NIPD versus IPD in Portugal (in the PCV7 and
PCV10/13 eras) [53], showing 6.7% prevalence in NIPD in Portugal (adult population) [53],
5.3% in Spain (whole population) [54] and 3.9% in Greece (adult population) [55] in the
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PCV7 era. By the PCV10/13 era, this serotype represented 9.2% of NIPD in Portuguese
adults [56] and 9.3% in Spanish adults [57]. Furthermore, a study from Mallorca (Spain)
found serotype 11A in 14.3% of the isolates responsible for pneumococcal disease, but only
in 3.1% of the isolates causing invasive disease, suggesting again that this serotype asso-
ciates with NIPD [58]. Similar findings were published in a Danish study, in which serotype
11A had a prevalence of 7.7% in non-bacteremic pneumonia versus 1.1% in bacteremic
pneumonia [36].

As for the other additional PCV20 serotypes, in the PCV10/13 and post-PCV10/13
eras, serotype 8 was sometimes found as one of the most prevalent serotypes in adults
hospitalized with CAP, with prevalence rates approximately 7–8% [59–61], although it
varied in different countries, from 1.6% in Germany [62] to 18.3% in the UK [63]. Between
the PCV7 and post-PCV10/13 eras, serotype 12F was found to be an important contributor
to adult CAP in some countries, such as the Netherlands, Spain, and the UK (4–6% preva-
lence rates) [59,63,64]. Similar data were found for serotype 22F, which showed a 3–8%
prevalence rate in CAP in Spain, Belgium, the UK, Portugal, and Denmark (albeit these
data refer to all age groups) [64,65]. This serotype was also among the most prevalent ones
in NIPD in Portugal (4.8%) [56].

Regarding carriage, additional PCV20 serotypes were identified in a study involving
several European countries with individuals of all ages [49]. Serotype 10A was found in
carriage in approximately 3% (being lower in Austria, Croatia and Sweden and higher
in the UK at 13.9%), serotype 15B corresponded to 3.7%, and serotype 22F comprised
3.4% [49]. More importantly, some of these serotypes were also found in carriage in adults.
Serotype 15B represented 8.3% of the older adults that were carriers in Italy [50]. Serotype
22F was among the most prevalent serotypes in carriage (9%) in individuals over 60 years
in Portugal in the PCV10/13 era [52]. As for serotype 8, although in England it was found
to have a high case to carrier ratio (i.e., being very prevalent in IPD but not in carriage) [66],
studies in young adults in the UK [51] and older adults in Italy [50] found that this serotype
accounted for 7.7% and 16.7% of the carriers, respectively.

3.3. Serotype Associated Disease Severity and Lethality

Data on serotype associated disease severity and lethality were sometimes contra-
dictory in the studies included in our review. When this was the case, the results we
summarize aim at representing both perspectives, or, when several studies made the same
claim, these results were considered instead. Detailed information on individual studies is
presented in Supplementary Tables S2–S5.

Serotypes 8 and 12F were less common in a high-risk group of patients [67], and more
prevalent in individuals with no comorbidities comparing to the other serotypes [38]. How-
ever, Spanish studies found serotype 8 to be more frequent among HIV-infected patients
with IPD [29,31], and to be the most prevalent serotype in CAP in patients with chronic
renal failure, patients with asthma, tobacco cigarette smokers, and patients with diabetes
mellitus (33.3%, 14.6%, 14.2%, 8.7%) [61]. Regarding serotype 12F, it was often associated
with septicemia [68] and septic arthritis [69], as well as being among the serotypes most
associated with risk of ICU admission, both at admission and during hospitalization, due
to CAP [61].

As previously highlighted, serotype 8 was found to have enhanced propensity to
cause invasive disease—OR 46.2 [70]. On the other hand, serotypes 11A and 15B were
associated with carriage, having a lower invasive disease potential [70]. Serotype 8 also
showed higher incidence in younger adults versus older (15–64 vs. ≥65 years old), as did
serotype 12F [38]. Concomitantly, serotypes 11A and 22F were associated with significantly
older IPD patients [44,57,71].

Serotype 10A was found by multiple studies to be associated with a higher propensity
for meningitis [47,72,73] and septicemia [73] but not pneumonia [34]. Serotype 15B was
also more associated with meningitis and septicemia than with pneumonia [34,73], and
the same was found for serotype 22F, which showed significant lower OR for pneumonia
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but significantly higher OR for septicemia [68,69,73,74] and meningitis [47,72]. It was also
among the serotypes most associated with risk of sepsis/septic shock on admission or
during hospitalization due to CAP [61].

Serotype 22F was also frequently associated with comorbidity prevalence (68.7%) as was
serotype 33F (67.2%), both significantly higher than the other serotypes [71]. Serotypes 10A,
15B and 33F were also significantly more common in high-risk group patients (39%, 52% and
30% vs. 16%, respectively), associating significantly with IPD in this population [67].

Regarding the lethality associated with each serotype, serotype 11A was the one
most found to associate with higher risk of mortality and/or case fatality ratio (CFR) in
IPD [34,68,75,76]. Serotypes 15B and 22F were also found to be associated with higher CFR
in IPD [34,75], albeit to a lesser extent. Serotype 8 associated with lower OR for death [47,72]
and/or lower CFR [38,75], and so did serotype 12F [38,75]. Serotypes 10A and 22F showed
a high case fatality proportion in meningitis [77].

3.4. Serotype Associated Antimicrobial Resistance

Serotype 11A was the most associated with antimicrobial resistance. In the PCV7
era, it represented 14.3% of the IPD isolates resistant to erythromycin in Spain [78], while
representing 5.3% of the IPD isolates in Poland showing resistance to penicillin and ce-
fotaxime [79]. Concomitantly, serotype 11A isolates from NIPD in Spain showed non-
susceptibility rates of approximately 35% for several antimicrobials such as penicillin,
amoxicillin, erythromycin and cefuroxime [54]. In the PCV10/13 era, serotype 11A con-
tinued to emerge as associated with antimicrobial resistance in IPD isolates, being among
the most commonly showing resistance to erythromycin (in Poland [34] and Spain [31,80])
but also penicillin and cefotaxime (in Spain [31,80]). Serotype 11A was the only one in
reports of antimicrobial resistance in the post-PCV10/13 era, particularly in Spain, where
the proportion of penicillin- and/or penicillin and amoxicillin-resistant serotypes has been
increasing [57,81].

Serotypes 15B and 33F were also often associated with antimicrobial resistance. Ap-
proximately 20% of the serotype 15B IPD isolates in Poland were found to show resistance
to penicillin in the PCV7 era [79]. In the PCV10/13 era, 25% of the serotype 15B isolates
in IPD in Spain were found to show erythromycin non-susceptibility [31], a proportion
which was approximately 20% in Poland [34]. Serotype 33F displayed macrolide-resistant
isolates in Spain in the PCV7 era [82], and was among the most frequent serotypes showing
erythromycin resistance in this country both in the PCV7 and the PCV10/13 eras (12.9%
and 11.6% of the isolates, respectively) [80]. This serotype also emerged in Norway as
frequently displaying resistance to several antimicrobials in IPD (erythromycin, trimetho-
prim/sulfamethoxazole, and clindamycin), both in the PCV7 and the PCV10/13 eras [83].

Records of antimicrobial resistance in isolates from serotypes 8, 10A and 12F across
Europe were uncommon throughout the past decade. Some studies in the PCV7 era found
serotype 8 IPD isolates to show resistance to erythromycin [80], tetracycline, norfloxacin and
erythromycin [29], and norfloxacin and levofloxacin [84], but only in Spain. In the PCV10/13
era, another Spanish study reported that 19.3% of the serotype 8 IPD isolates showed non-
susceptibility to levofloxacin and 22.9% to erythromycin [31]. Only one study (also in Spain, in
the PCV10/13 era) reported that 31.8% of the serotype 10A IPD isolates showed erythromycin
non-susceptibility [31]. Similarly, another Spanish study (in the PCV7 era) found that 7.1% of
the serotype 12F IPD isolates were resistant to penicillin and 7.1% to erythromycin [78]. No
records of antimicrobial resistance were found for serotype 22F.

Detailed information on antimicrobial resistance is presented in Supplementary Tables S3–S5
(no records having been found for the pre-PCV7 era).

4. Discussion

Although pneumococcal disease burden in adults (particularly older adults) remains
rather high, with pneumococcus leading to approximately 30% of adults’ hospitalizations
due to CAP in Europe and 8–12% in the US [63], vaccination in this age group remains sub-
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optimal [15], and some debate subsists regarding optimal vaccination policies. Moreover,
the epidemiology of pneumococcal disease in Europe differs from that of the US, with CAP
caused by pneumococcus representing approximately 26% in Europe versus 11% in North
America [8]. In this systematic review, we aimed to assess the evolution in prevalence
and the impact of the additional PCV20 serotypes over the last decade in European adult
and elderly populations, in order to support efficient decision making and inform future
vaccination policies.

4.1. Findings of This Study—The Additional PCV20 Serotypes in European Adults in the Past Decade

In this work, we found evidence showing a great increase in the prevalence of serotypes
8, 12F and 22F in IPD over the past decade in European adults. In the most recent epidemi-
ological eras, serotype 8 showed an incidence of 15–30%, whereas serotypes 12F and 22F
accounted for 7–10% each. These serotypes were also important contributors to the burden
of CAP in several European countries [59–61,63–65,75].

Serotypes 8 and 12F were more prevalent in younger versus older adults [31,33–35,38,39],
whereas serotype 22F showed a higher prevalence in the elderly population [31,34,35,39,47,48].
Additionally, serotypes 8 and 12F appeared to be less present in patients with comorbidities and
associate with lower CFR [38,47,67,72,75], although some studies, particularly on immunocom-
promised patients and CAP, challenged this notion [29,31,61]. On the other hand, serotype 22F
was more often found in patients with comorbidities [71] and has been found to be associated
with septicemia [61,68,69,73,74], meningitis [47,72], and death [34,75].

Although some serotypes, particularly 8, show high propensity for causing invasive
disease [70], others, such as 11A (and to a lesser extent 15B), were significantly associated
with carriage and non-invasive pneumococcal disease [53,70]. Serotype 22F was found
in both IPD and NIPD (and carriage). We also found evidence that serotype 11A is asso-
ciated with older patients [44,57,71], antibiotic non-susceptibility [31,34,54,57,78–81], and
increased risk of death [34,44,68,75,76]. Since this is a prevalent serotype (2–7% in IPD and
9–10% in NIPD, in recent years), these data are worrisome.

Despite showing lower IPD incidence rates, serotypes 10A [47,72,73] and 15B were
associated with higher risk of meningitis and septicemia, but lower risk of developing
pneumonia [34,73], and serotypes 15B and 33F were also found to display antimicrobial
resistance [31,34,80,82,85]. Parallelly, serotype 15B was associated with higher CFR in
IPD [34,75] and serotype 33F was more often found in patients with comorbidities [71].
Serotypes 10A, 15B and 33F also associated with IPD in high-risk patients [67].

Altogether, over the past decade, the additional PCV20 serotypes have shown an in-
crease in prevalence, being associated with more serious disease, lethality, antimicrobial
resistance, and/or more vulnerable individuals (elderly, immunocompromised patients,
patients with comorbidities) in European adults. The emergence of PCV20 serotypes over
the last decade is displayed in Figure S1, where we plotted the number of records in which
each of the serotypes was found to be important (either due to high incidence/prevalence,
representing more severe disease, or showing antimicrobial resistance) over the differ-
ent PCV eras. It is shown in Figure S1 that the published records for PCV20 additional
serotypes, particularly serotypes 8, 12F, 22F and 11A (and to a lesser extent 33F, 15B, and
10A), have increased since the pre-PCV7 and PCV7 eras, suggesting the emergence of these
serotypes as important contributors to pneumococcal disease in the modern PCV eras.

4.2. The New Paradigm in Carrier Status: Pneumococcal Carriage in Adults

In our review, we found several studies showing carriage of the additional PCV20
serotypes in adults, namely 11A, 15B, 22F, and 8 [50–52], despite the latter having been re-
ported to be low in carriage, particularly in children [66]. The nasopharynx is stated as being
the main reservoir of pneumococcus, particularly in children under 5 years of age, which
are considered the main dissemination vector of this pathogen in the community [3,86]—
Streptococcus pneumoniae having indeed been detected in 60–90% of children, depending
on geographic location [87,88]. Nonetheless, recent studies revealed that approximately
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10% of adults aged 60–65 years are also pneumococcal carriers, and this proportion might
be even higher in populations with risk factors (e.g., residing in a nursing home) [86,89],
namely since data have pointed to a risk of pneumococcal colonization (at least once during
a period of one year) of 58% in healthy adults [90]. An important proportion of adult carri-
ers is likely to affect the overall reservoir of circulating pneumococcus at community levels,
impacting the magnitude of herd protection provided by pediatric vaccination. Moreover, it
can account for some of the serotype differences observed between populations of different
ages, for example serotypes 3, 8 and 19A, which are more prevalent in adults than children,
partly explaining the persistent circulation of serotypes 3 and 19A despite high pediatric
vaccinal coverage [12,13,86]. The carrier status new paradigm supports pneumococcal vac-
cination in older adults, potentially reducing adult pneumococcus carriage and protecting
certain groups of adults at increased risk of pneumococcal disease.

4.3. Adult Vaccination and the Additional Benefit of PCV20

Altogether, our data showed an increase in the additional PCV20 serotypes’ prevalence
in European adults in the past decade. In terms of vaccinal coverage, a European study on
adults found that in 2018, the serotypes included in PCV15 represented one-third of the IPD
cases, whereas serotypes included in PCV20 represented two-thirds of the IPD cases [21].
This is in line with data from Spanish adults, where in 2015–2016, the proportion of PCV20
additional serotypes causing IPD was 63.3% [91], remaining at 62% for adults ≥65 years in
2019 [37], and with a German study in which the coverage of PCV20 against pneumococcal
CAP in adults was 63.2% (versus 31.6% for PCV13 and 36.8% for PCV15) [62]. Although less
data were available for NIPD, a study from Spain on CAP in adults found that in 2017–2018,
CAP due to Streptococcus pneumoniae was caused by 34.9% of the PCV13 serotypes, 36.1%
of the PCV15 serotypes and 79.5% of the PCV20 serotypes in adults aged 18–64 years old,
and 40.2%, 46.4% and 66% for those aged 65 years and up, respectively [61].

The US Advisory Committee on Immunization Practices (ACIP) has, since October
2021, recommended the use of either PCV20 alone or PCV15 in series with PPSV23 for all
adults aged ≥65 years, and for adults aged 19–64 years with certain underlying medical
conditions or other risk factors who have not previously received a PCV or whose previous
vaccination history is unknown [22]. Although both immunization strategies were found
to be immunogenic, safe, and cost-effective [22], a previous study in adults over 65 years
old in the US, taking into account the pneumococcal vaccination recommendations at the
time (PCV13-PPSV23 or PPSV23-PCV13, per ACIP recommendation [5]), showed that only
16.8% had received the complete vaccination, with 34.3% receiving only one dose (11.6%
PPSV23, 22.7% PCV13) and 49% not receiving any pneumococcal vaccine, highlighting
the challenges of sequential vaccination [15]. Moreover, during an outbreak of serotype
8 in an elderly population previously vaccinated with PPSV23, researchers found that
the median number of years since PPSV was significantly higher for cases than non-cases,
suggesting waning immunity [92]. Furthermore, in adults aged 65 years and above, PPSV23
showed a modest trend towards avoidance of CAP-related hospitalization and prevention
of death or ICU admission in hospitalized CAP patients [93], whereas PCV13 ensured
protection against disease by vaccinal serotypes [94].

Altogether, these data suggest that the higher-coverage PCVs (namely PCV20) pose
advantages over the PCV15, PPSV23 and PCV15+PPSV23 schemes, and that improved
vaccination strategies should be considered in the future.

4.4. Strengths and Limitations

Our study has some inherent limitations. Although we defined PCV eras in order to
simplify the stratification of data (adjusting the results when the individual studies defined
one of our PCV eras with different dates), not all European countries implemented PCV7
and PCV10/13 simultaneously, the rates of pediatric vaccination vary greatly between
countries and even regions, and PCV10/13 only became widespread by late PCV10/13
era in some countries, all of which might shift the results in some regions considered.
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Moreover, although we grouped PCV10 and PCV13 in the same era, it is known that the
choice of vaccine influenced the evolution of serotype prevalence [21]. Moreover, the
epidemiology of pneumococcal disease has been changing rapidly, and thus data from the
early epidemiological years of a certain time period are often quite different from data from
the late years, which could account for some of the differences observed between countries.
Furthermore, some of the studies only presented data for the whole population or for
particular age groups (such as 5–64 years old), which we tried to mitigate by signalizing
these occurrences in Supplementary Tables S2–S5 and mostly including studies in adults in
our results sections. Additionally, differences in study size may have biased the importance
of certain serotypes in a given PCV era. Another limitation is that geographical differences
may exist in surveillance systems for IPD (countries with compulsory reporting and national
coverage, countries with voluntary sentinel systems), while surveillance for non-invasive
disease is limited and far more heterogeneous. Finally, it has to be noted that there may be
heterogeneity among the different studies in their definition of the clinical outcomes, but
data were reported as included in the relevant sources.

However, our study also has several strengths. It is an unbiased account of all the
records from the past 10–12 years regarding the incidence, prevalence, severity, lethal-
ity, and antimicrobial resistance of all the additional PCV20 serotypes. It answers the
need for an update on the changing epidemiology of invasive and non-invasive pneumo-
coccal disease in Europe (which, as noted, presents an epidemiological profile different
from that in the US [8]) and in adults/elderly (which represent a significant proportion
of the pneumococcal infections). Our collected and summarized data are presented in
Supplementary Tables S2–S5, becoming available to the scientific and medical community,
and potentially serving as basis for future health policies regarding pneumococcal disease
and vaccination in European adults.

5. Conclusions

In this systematic review, we found that the additional PCV20 serotypes have been
emerging in adults across Europe over the past decade, representing a significant proportion
of cases (8, 12F, 22F), more serious disease and/or lethality (10A, 11A, 15B, 22F), showing
antimicrobial resistance (11A, 15B, 33F), and/or affecting more vulnerable individuals such
as the elderly, immunocompromised patients, and patients with comorbidities (8, 10A, 11A,
15B, 22F). Importantly, out of these serotypes, only 22F and 33F are covered in the new
PCV15, and PPSV23 has showed limitations in prevention of non-bacteremic pneumonia;
therefore, PCV20 has the potential to address an unmet medical need. Altogether, our data
suggest that older and/or more vulnerable patients (and adults in general) would benefit
from vaccination with higher-coverage PCVs.
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unless stated otherwise by the authors of each paper).Table S5: Summary of the findings from the
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Gołębiewska, A.; et al. Recent trends in epidemiology of invasive pneumococcal disease in Poland. Eur. J. Clin. Microbiol. Infect.
Dis. 2015, 34, 779–787. [CrossRef] [PubMed]

35. Horácio, A.N.; Silva-Costa, C.; Diamantino-Miranda, J.; Lopes, J.P.; Ramirez, M.; Melo-Cristino, J.; Vaz, T.; Gião, M.; Ferreira, R.;
Fonseca, A.B.; et al. Population structure of Streptococcus pneumoniae causing invasive disease in adults in Portugal before
PCV13 availability for adults: 2008–2011. PLoS ONE 2016, 11, e0153602. [CrossRef] [PubMed]

36. Benfield, T.; Skovgaard, M.; Schønheyder, H.C.; Knudsen, J.D.; Bangsborg, J.; Østergaard, C.; Slotved, H.C.; Konradsen, H.B.;
Thomsen, R.W.; Lambertsen, L. Serotype Distribution in Non-Bacteremic Pneumococcal Pneumonia: Association with Disease
Severity and Implications for Pneumococcal Conjugate Vaccines. PLoS ONE 2013, 8, e72743. [CrossRef]

37. de Miguel, S.; Domenech, M.; González-Camacho, F.; Sempere, J.; Vicioso, D.; Sanz, J.C.; Comas, L.G.; Ardanuy, C.; Fenoll, A.;
Yuste, J. Nationwide Trends of Invasive Pneumococcal Disease in Spain From 2009 Through 2019 in Children and Adults During
the Pneumococcal Conjugate Vaccine Era. Clin. Infect. Dis. 2021, 73, e3778–e3787. [CrossRef]

38. Amin-Chowdhury, Z.; Collins, S.; Sheppard, C.; Litt, D.; Fry, N.K.; Andrews, N.; Ladhani, S.N. Characteristics of Invasive
Pneumococcal Disease Caused by Emerging Serotypes after the Introduction of the 13-Valent Pneumococcal Conjugate Vaccine in
England: A Prospective Observational Cohort Study, 2014–2018. Clin. Infect. Dis. 2020, 71, E235–E243. [CrossRef]

39. Slotved, H.C.; Dalby, T.; Hoffmann, S. The effect of pneumococcal conjugate vaccines on the incidence of invasive pneumococcal
disease caused by ten non-vaccine serotypes in Denmark. Vaccine 2016, 34, 769–774. [CrossRef]

40. Miller, E.; Andrews, N.J.; Waight, P.A.; Slack, M.P.E.; George, R.C. Herd immunity and serotype replacement 4 years after
seven-valent pneumococcal conjugate vaccination in England and Wales: An observational cohort study. Lancet Infect. Dis. 2011,
11, 760–768. [CrossRef]

41. Lamb, K.E.; Flasche, S.; Diggle, M.; Inverarity, D.; Greenhalgh, D.; Jefferies, J.M.; Smith, A.; Edwards, G.F.S.; Denham, B.;
McMenamin, J.; et al. Trends in serotypes and sequence types among cases of invasive pneumococcal disease in Scotland,
1999-2010. Vaccine 2014, 32, 4356–4363. [CrossRef]

42. van Deursen, A.M.M.; van Mens, S.P.; Sanders, E.A.M.; Vlaminckx, B.J.M.; de Melker, H.E.; Schouls, L.M.; de Greeff, S.C.;
van der Ende, A. Invasive pneumococcal disease and 7-valent pneumococcal conjugate vaccine, the Netherlands. Emerg. Infect.
Dis. 2012, 18, 1729–1737. [CrossRef] [PubMed]

https://doi.org/10.15585/mmwr.mm7104a1
https://www.ema.europa.eu/en/medicines/human/EPAR/apexxnar
https://www.ema.europa.eu/en/medicines/human/EPAR/vaxneuvance
https://www.ema.europa.eu/en/medicines/human/EPAR/vaxneuvance
https://doi.org/10.1093/cid/ciab990
https://doi.org/10.1016/j.vaccine.2021.10.032
https://www.ncbi.nlm.nih.gov/pubmed/34839993
https://doi.org/10.1016/j.vaccine.2019.08.048
https://www.ncbi.nlm.nih.gov/pubmed/31495592
https://doi.org/10.1111/j.1469-0691.2011.03495.x
https://www.ncbi.nlm.nih.gov/pubmed/21463396
https://doi.org/10.1093/infdis/jiu213
https://doi.org/10.1016/j.vaccine.2018.10.098
https://doi.org/10.1017/S0950268820001077
https://doi.org/10.1016/S1473-3099(15)70044-7
https://doi.org/10.1007/s10096-014-2283-8
https://www.ncbi.nlm.nih.gov/pubmed/25475124
https://doi.org/10.1371/journal.pone.0153602
https://www.ncbi.nlm.nih.gov/pubmed/27168156
https://doi.org/10.1371/journal.pone.0072743
https://doi.org/10.1093/cid/ciaa1483
https://doi.org/10.1093/cid/ciaa043
https://doi.org/10.1016/j.vaccine.2015.12.056
https://doi.org/10.1016/S1473-3099(11)70090-1
https://doi.org/10.1016/j.vaccine.2013.05.079
https://doi.org/10.3201/eid1811.120329
https://www.ncbi.nlm.nih.gov/pubmed/23092683


Microorganisms 2023, 11, 1376 14 of 16

43. van der Linden, M.; Perniciaro, S.; Imöhl, M. Increase of serotypes 15A and 23B in IPD in Germany in the PCV13 vaccination era.
BMC Infect. Dis. 2015, 15, 207. [CrossRef]

44. Galanis, I.; Lindstrand, A.; Darenberg, J.; Browall, S.; Nannapaneni, P.; Sjöström, K.; Morfeldt, E.; Naucler, P.; Blennow, M.;
Örtqvist, A.; et al. Effects of PCV7 and PCV13 on invasive pneumococcal disease and carriage in Stockholm, Sweden. Eur. Respir.
J. 2016, 47, 1208–1218. [CrossRef]

45. Richter, L.; Schmid, D.; Kanitz, E.E.; Zwazl, I.; Pöllabauer, E.; Jasinska, J.; Burgmann, H.; Kundi, M.; Wiedermann, U. Invasive
pneumococcal diseases in children and adults before and after introduction of the 10-valent pneumococcal conjugate vaccine into
the Austrian national immunization program. PLoS ONE 2019, 14, e0210081.

46. Ingels, H.; Rasmussen, J.; Andersen, P.H.; Harboe, Z.B.; Glismann, S.; Konradsen, H.; Hoffmann, S.; Valentiner-Branth, P.;
Lambertsen, L. Impact of pneumococcal vaccination in Denmark during the first 3 years after PCV introduction in the childhood
immunization programme. Vaccine 2012, 30, 3944–3950. [CrossRef]

47. Wagenvoort, G.H.J.; Sanders, E.A.M.; Vlaminckx, B.J.; Elberse, K.E.; de Melker, H.E.; van der Ende, A.; Knol, M.J. Invasive
pneumococcal disease: Clinical outcomes and patient characteristics 2–6 years after introduction of 7-valent pneumococcal
conjugate vaccine compared to the pre-vaccine period, the Netherlands. Vaccine 2016, 34, 1077–1085. [CrossRef] [PubMed]

48. Quirk, S.J.; Haraldsson, G.; Hjálmarsdóttir, M.Á.; van Tonder, A.J.; Hrafnkelsson, B.; Bentley, S.D.; Haraldsson, Á.; Erlendsdóttir, H.;
Brueggemann, A.B.; Kristinsson, K.G. Vaccination of Icelandic Children with the 10-Valent Pneumococcal Vaccine Leads to a Significant
Herd Effect among Adults in Iceland. J. Clin. Microbiol. 2019, 57, e01766-18. [CrossRef] [PubMed]

49. Yahiaoui, R.Y.; Bootsma, H.J.; den Heijer, C.D.J.; Pluister, G.N.; John Paget, W.; Spreeuwenberg, P.; Trzcinski, K.; Stobberingh, E.E.
Distribution of serotypes and patterns of antimicrobial resistance among commensal Streptococcus pneumoniae in nine European
countries. BMC Infect. Dis. 2018, 18, 440. [CrossRef] [PubMed]

50. Valdarchi, C.; Dorrucci, M.; Mancini, F.; Farchi, F.; Pimentel de Araujo, F.; Corongiu, M.; Ciervo, A.; Rezza, G.; Pantosti, A.;
Camilli, R. Pneumococcal carriage among adults aged 50 years and older with co-morbidities attending medical practices in
Rome, Italy. Vaccine 2019, 37, 5096–5103. [CrossRef]

51. Adler, H.; Nikolaou, E.; Gould, K.; Hinds, J.; Collins, A.M.; Connor, V.; Hales, C.; Hill, H.; Hyder-Wright, A.D.; Zaidi, S.R.; et al.
Pneumococcal colonization in healthy adult research participants in the conjugate vaccine era, United Kingdom, 2010–2017.
J. Infect. Dis. 2019, 219, 1989–1993. [CrossRef]

52. Almeida, S.T.; Nunes, S.; Santos Paulo, A.C.; Valadares, I.; Martins, S.; Breia, F.; Brito-Avô, A.; Morais, A.; de Lencastre, H.;
Sá-Leão, R. Low prevalence of pneumococcal carriage and high serotype and genotype diversity among adults over 60 years of
age living in Portugal. PLoS ONE 2014, 9, e90974. [CrossRef]

53. Horácio, A.N.; Lopes, J.P.; Ramirez, M.; Melo-Cristino, J. Non-invasive pneumococcal pneumonia in Portugal-Serotype distribu-
tion and antimicrobial resistance. PLoS ONE 2014, 9, e103092. [CrossRef] [PubMed]

54. Fenoll, A.; Aguilar, L.; Giménez, M.J.; Vicioso, M.D.; Robledo, O.; Granizo, J.J.; Coronel, P. Variations in serotypes and susceptibility
of adult non-invasive Streptococcus pneumoniae isolates between the periods before (May 2000–May 2001) and 10 years after
(May 2010–May 2011) introduction of conjugate vaccines for child immunisation in Spain. Int. J. Antimicrob. Agents 2012, 40,
18–23. [CrossRef]

55. Maraki, S.; Mantadakis, E.; Samonis, G. Serotype distribution and antimicrobial resistance of adult Streptococcus pneumoniae
clinical isolates over the period 2001–2008 in Crete, Greece. Chemotherapy 2010, 56, 325–332. [CrossRef]

56. Horácio, A.N.; Silva-Costa, C.; Lopes, E.; Ramirez, M.; Melo-Cristino, J. Conjugate vaccine serotypes persist as major causes of
non-invasive pneumococcal pneumonia in Portugal despite declines in serotypes 3 and 19A (2012–2015). PLoS ONE 2018, 13, e0206912.
[CrossRef] [PubMed]

57. Aguinagalde, L.; Corsini, B.; Domenech, A.; Domenech, M.; Cámara, J.; Ardanuy, C.; García, E.; Liñares, J.; Fenoll, A.; Yuste, J.
Emergence of amoxicillin-resistant variants of Spain9V-ST156 pneumococci expressing serotype 11A correlates with their ability
to evade the host immune response. PLoS ONE 2015, 10, e0137565. [CrossRef] [PubMed]

58. Payeras, A.; Peñaranda, M.; Iñigo, A.; Garau, M.; Luis Pérez, J.; Gallegos, C.; Riera, M. Pneumococcal infections in elderly patients
attending hospital since PCV-13 authorization in Spain. Infect. Dis. 2017, 49, 71–80. [CrossRef]

59. Vestjens, S.M.T.; Wagenvoort, G.H.J.; Grutters, J.C.; Meek, B.; Aldenkamp, A.F.; Vlaminckx, B.J.M.; Bos, W.J.W.; Rijkers, G.T.;
van de Garde, E.M.W. Changes in pathogens and pneumococcal serotypes causing community-acquired pneumonia in The
Netherlands. Vaccine 2017, 35, 4112–4118. [CrossRef]

60. Lawrence, H.; Pick, H.; Baskaran, V.; Daniel, P.; Rodrigo, C.; Ashton, D.; Edwards-Pritchard, R.C.; Sheppard, C.; Eletu, S.D.;
Litt, D.; et al. Effectiveness of the 23-valent pneumococcal polysaccharide vaccine against vaccine serotype pneumococcal
pneumonia in adults: A case-control test-negative design study. PLoS Med. 2020, 17, e1003326. [CrossRef]

61. Torres, A.; Menéndez, R.; España, P.P.; Fernández-Villar, J.A.; Marimón, J.M.; Cilloniz, C.; Méndez, R.; Egurrola, M.; Botana-Rial, M.;
Ercibengoa, M.; et al. The Evolution and Distribution of Pneumococcal Serotypes in Adults Hospitalized With Community-Acquired
Pneumonia in Spain Using a Serotype-Specific Urinary Antigen Detection Test: The CAPA Study, 2011–2018. Clin. Infect. Dis. 2021, 73,
1075–1085. [CrossRef]

62. Bahrs, C.; Kesselmeier, M.; Kolditz, M.; Ewig, S.; Rohde, G.; Barten-Neiner, G.; Rupp, J.; Witzenrath, M.; Welte, T.; Pletz, M.W.
A longitudinal analysis of pneumococcal vaccine serotypes in pneumonia patients in Germany. Eur. Respir. J. 2022, 59, 2102432.
[CrossRef]

https://doi.org/10.1186/s12879-015-0941-9
https://doi.org/10.1183/13993003.01451-2015
https://doi.org/10.1016/j.vaccine.2012.03.060
https://doi.org/10.1016/j.vaccine.2015.12.066
https://www.ncbi.nlm.nih.gov/pubmed/26778420
https://doi.org/10.1128/JCM.01766-18
https://www.ncbi.nlm.nih.gov/pubmed/30651396
https://doi.org/10.1186/s12879-018-3341-0
https://www.ncbi.nlm.nih.gov/pubmed/30157780
https://doi.org/10.1016/j.vaccine.2019.06.052
https://doi.org/10.1093/infdis/jiz034
https://doi.org/10.1371/journal.pone.0090974
https://doi.org/10.1371/journal.pone.0103092
https://www.ncbi.nlm.nih.gov/pubmed/25075961
https://doi.org/10.1016/j.ijantimicag.2012.03.001
https://doi.org/10.1159/000320152
https://doi.org/10.1371/journal.pone.0206912
https://www.ncbi.nlm.nih.gov/pubmed/30388168
https://doi.org/10.1371/journal.pone.0137565
https://www.ncbi.nlm.nih.gov/pubmed/26368279
https://doi.org/10.1080/23744235.2016.1218044
https://doi.org/10.1016/j.vaccine.2017.06.049
https://doi.org/10.1371/journal.pmed.1003326
https://doi.org/10.1093/cid/ciab307
https://doi.org/10.1183/13993003.02432-2021


Microorganisms 2023, 11, 1376 15 of 16

63. Pick, H.; Daniel, P.; Rodrigo, C.; Bewick, T.; Ashton, D.; Lawrence, H.; Baskaran, V.; Edwards-Pritchard, R.C.; Sheppard, C.;
Eletu, S.D.; et al. Pneumococcal serotype trends, surveillance and risk factors in UK adult pneumonia, 2013–2018. Thorax 2020, 75,
38–49. [CrossRef] [PubMed]

64. Cillóniz, C.; Ewig, S.; Polverino, E.; Muñoz-Almagro, C.; Marco, F.; Gabarrús, A.; Menéndez, R.; Mensa, J.; Torres, A. Pulmonary
complications of pneumococcal community-acquired pneumonia: Incidence, predictors, and outcomes. Clin. Microbiol. Infect.
2012, 18, 1134–1142. [CrossRef] [PubMed]

65. Morrissey, I.; Leakey, A. Activity of ceftaroline against serotyped Streptococcus pneumoniae isolates from Europe and South Africa
associated with community-acquired bacterial pneumonia (2007-08). J. Antimicrob. Chemother. 2012, 67, 1408–1412. [CrossRef]

66. van Hoek, A.J.; Sheppard, C.L.; Andrews, N.J.; Waight, P.A.; Slack, M.P.E.; Harrison, T.G.; Ladhani, S.N.; Miller, E. Pneumococcal
carriage in children and adults two years after introduction of the thirteen valent pneumococcal conjugate vaccine in England.
Vaccine 2014, 32, 4349–4355. [CrossRef] [PubMed]

67. Wagenvoort, G.H.J.; Knol, M.J.; de Melker, H.E.; Vlaminckx, B.J.; van der Ende, A.; Rozenbaum, M.H.; Sanders, E.A.M. Risk and
outcomes of invasive pneumococcal disease in adults with underlying conditions in the post-PCV7 era, The Netherlands. Vaccine
2016, 34, 334–340. [CrossRef]

68. Browall, S.; Backhaus, E.; Naucler, P.; Galanis, I.; Sjöström, K.; Karlsson, D.; Berg, S.; Luthander, J.; Eriksson, M.; Spindler, C.; et al.
Clinical manifestations of invasive pneumococcal disease by vaccine and non-vaccine types. Eur. Respir. J. 2014, 44, 1646–1657.
[CrossRef] [PubMed]

69. Hyams, C.; Amin-Chowdhury, Z.; Fry, N.K.; North, P.; Finn, A.; Judge, A.; Ladhani, S.N.; Williams, O.M. Streptococcus
Pneumoniae septic arthritis in adults in Bristol and Bath, United Kingdom, 2006–2018: A 13-year retrospective observational
cohort study. Emerg. Microbes Infect. 2021, 10, 1369–1377. [CrossRef]

70. Sá-Leao, R.; Pinto, F.; Aguiar, S.; Nunes, S.; Carriço, J.A.; Frazao, N.; Gonçalves-Sousa, N.; Melo-Cristino, J.; de Lencastre, H.;
Ramirez, M. Analysis of invasiveness of pneumococcal serotypes and clones circulating in portugal before widespread use of
conjugate vaccines reveals heterogeneous behavior of clones expressing the same serotype. J. Clin. Microbiol. 2011, 49, 1369–1375.
[CrossRef]

71. Amin-Chowdhury, Z.; Groves, N.; Sheppard, C.L.; Litt, D.; Fry, N.K.; Andrews, N.; Ladhani, S.N. Invasive pneumococcal disease
due to 22F and 33F in England: A tail of two serotypes. Vaccine 2021, 39, 1997–2004. [CrossRef]

72. Oligbu, G.; Collins, S.; Djennad, A.; Sheppard, C.L.; Fry, N.K.; Andrews, N.J.; Borrow, R.; Ramsay, M.E.; Ladhani, S.N. Effect of
pneumococcal conjugate vaccines on pneumococcal meningitis, England and Wales, July 1, 2000-June 30, 2016. Emerg. Infect. Dis.
2019, 25, 1708–1718. [CrossRef] [PubMed]

73. Munson, S.; Gray, S.; Raluy Callado, M.; Lambrelli, D.; Wasiak, R.; Eriksson, D. Clinical burden of pneumonia, meningitis and
septicemia in Norway 2 years after 7-valent pneumococcal conjugate vaccine introduction. Scand. J. Public Health 2015, 43,
657–666. [CrossRef]

74. España, P.P.; Uranga, A.; Ruiz, L.A.; Quintana, J.M.; Bilbao, A.; Aramburu, A.; Serrano, L.; Ayarza, R.; Martinez, A.P.; Zalacain, R.
Evolution of serotypes in bacteremic pneumococcal adult pneumonia in the period 2001–2014, after introduction of the pneumococcal
conjugate vaccine in bizkaia (spain). Vaccine 2019, 37, 3840–3848. [CrossRef] [PubMed]

75. Vestjens, S.M.T.; Sanders, E.A.M.; Vlaminckx, B.J.; de Melker, H.E.; van der Ende, A.; Knol, M.J. Twelve years of pneumococcal
conjugate vaccination in the Netherlands: Impact on incidence and clinical outcomes of invasive pneumococcal disease. Vaccine
2019, 37, 6558–6565. [CrossRef]

76. Navarro-Torné, A.; Dias, J.G.; Hruba, F.; Lopalco, P.L.; Pastore-Celentano, L.; Amato Gauci, A.J.; Sabbe, M.; Detcheva, A.;
Georgieva, T.; Bagatzouni, D.P.; et al. Risk factors for death from invasive pneumococcal disease, europe, 2010. Emerg. Infect. Dis.
2015, 21, 417–425. [CrossRef]
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