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Abstract: In 2017, Poland introduced the 10-valent pneumococcal conjugate vaccine (PCV) into
its national immunization schedule. This prospective study was conducted between March and
June 2020 to determine the impact of vaccination on prevalence of the nasopharyngeal carriage of
S. pneumoniae in 176 healthy children and to determine how conjugate vaccines indirectly affect
colonization of nasopharyngeal microbiota. Pneumococcal isolates were analyzed by serotyping
and antimicrobial resistance tests. Nasopharyngeal microbiota were detected and identified using
the culture method and real-time PCR amplification primers and hydrolysis-probe detection with
the 16S rRNA gene as the target. In the vaccinated group of children, colonization was in 24.2% of
children, compared to 21.4% in the unvaccinated group. Serotypes 23A and 23B constituted 41.5% of
the isolates. Serotypes belonging to PCV10 and PCV13 constituted 4.9% and 17.1% of the isolates,
respectively. S. pneumoniae isolates were resistant to penicillin (34.1%), erythromycin (31.7%), and co-
trimoxazole (26.8%). Microbial DNA qPCR array correlated to increased amounts of Streptococcus mitis
and S. sanguinis in vaccinated children, with reduced amounts of C. pseudodiphtericum, S. aureus, and
M. catarrhalis. Introduction of PCV for routine infant immunization was associated with significant
reductions in nasopharyngeal carriage of PCV serotypes and resistant strains amongst vaccine
serotypes, yet carriage of non-PCV serotypes increased modestly, particularly serotype 23B.

Keywords: Streptococcus pneumoniae; pneumococcal conjugate vaccine; serotypes; nasopharyngeal
microbiota; antibiotic resistance patterns

1. Introduction

Streptococcus pneumoniae is one of the major bacterial pathogens colonizing the na-
sopharynx, mainly asymptomatically; colonization usually precedes infection. Nasopha-
ryngeal carriage in healthy children is a major factor in the horizontal transmission of pneu-
mococcal strains, especially in children attending daycare centers (DCCs), or to other family
members [1]. Moreover, pneumococcal nasopharyngeal isolates reflect the strains currently
circulating in the community. Pneumococcus is also an important human pathogen re-
sponsible for severe infections: meningitis, bacteremia, and pneumonia with bacteremia
classified as an invasive pneumococcal disease (IPD) as well as relatively mild upper respi-
ratory tract infections, such as acute otitis media (AOM), both in children and adults [2].
This duality of commensalism and pathogenicity is why S. pneumoniae is alternatively
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defined as a pathobiont [3]; 100 pneumococcal serotypes based on the capsular polysac-
charide have been identified and have spread worldwide. These serotypes vary in terms
of incidence, disease manifestation, antibiotic resistance, and activate the host immune
system. Several of them, so-called ‘pediatric serotypes’, 6A, 6B, 9V, 14, 15A, 19F, 19A, 23F,
were most often detected in serious infections in children [4–6].

Previous studies have highlighted a number of risk factors for S. pneumoniae carriage
in children, including DCC attendance, exposure in the family, number of siblings, passive
smoking, age, and the female gender [5,7]. Current pneumococcal conjugate vaccines
(PCVs) only target a limited number of serotypes, especially those commonly causing IPD in
young children. The WHO recommends that all countries introduce PCVs, which interrupt
the transmission of antibiotic-resistant pneumococci and, thus, decrease the burden of
disease caused by antibiotic-resistant isolates in immunized children [8]. Therefore, studies
on the impacts of these vaccines on antibiotic resistance and serotype distribution should
focus on pneumococci from nasopharyngeal carriage [9]. Before PCVs were introduced in
2000, the global annual number of serious pneumococcal disease cases in children under five
years of age was around 14.5 million [10]. When PCVs were implemented in 129 countries,
this number decreased to 9.2 million in the 2015 cases, caused by vaccine serotypes in
vaccinated children and other age groups due to herd immunity [8,11]. However, shifts
in colonization and disease toward non-vaccine serotypes and other potential pathogens
have been described [12–14]. Due to the dynamically changing epidemiological status
across the world, epidemiological data, such as serotype variability, serotype replacement,
and antibiotic resistance of pneumococci should be monitored. Recent studies indicate
that the carriage rates of other co-colonizing pathogens, such as Staphylococcus aureus and
nontypeable Hemophilus influenzae, may also be changed after PCV introduction [15,16].

In 2017, Poland introduced the 10-valent PCV (PCV-10) into its national immunization
schedule. For approximately a decade prior to this introduction, PCV was recommended
to all children (for a fee) and was given free-of-charge to high-risk groups. The 13-valent
pneumococcal conjugate vaccine (PCV-13) was made available for the private market and
often used [17]. The basic vaccination schedule consists of three or four doses, according to
the country’s recommendation. In Poland, it consists of two primary doses followed by a
supplementary dose of the PCV-10, with some modifications in case of specific risk factors.

Poland was one of the last countries in Europe to introduce free-of-charge, manda-
tory vaccinations against pneumococcal disease. The introduction of routine childhood
immunization schedules of PCV10 or PCV13 imposes the need for monitoring the utility
of PCV vaccines as an effective prevention of pneumococcal colonization and infections.
The aim of the study was to determine the prevalence of nasopharyngeal carriage of
S. pneumoniae in children aged 1–6 years who were vaccinated with PCVs in comparison
to non-vaccinated children and how conjugate vaccines indirectly affect colonization of
nasopharyngeal microbiota.

2. Materials and Methods
2.1. Patients

This prospective, multi-center, cross-sectional observational study was conducted
over the winter and spring seasons between March and June 2020, involving 176 children
between 1 and 6 years old (mean 4.1 ± SD 1.4) who belonged to different social groups
in Lublin Voivodship. They were selected from two location types: pediatric ambulatory
care clinics (n = 104) and kindergartens (n = 72). Considering that the size of the children’s
population (between 1 and 6 years old) in the tested region is approximately 200,000, the
margin of error of the measured value at the 95% confidence interval was ±7.38% when
testing 176 children. The protocol was reviewed and approved by the Bioethics Committee
of the Medical University of Lublin (KE-0254/45/2020) and performed in compliance with
the Helsinki declaration. Written informed consent was received from each patient.
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2.2. Laboratory Procedures

A nasopharyngeal sample using a sterile swab with Amies medium (Swabs®, DELTA-
LAB, Barcelona, Spain) was obtained from each child who participated in the study. Swabs
were inoculated on the selective Mueller-Hinton agar with 5% sheep blood and 5 mg/L of
gentamicin for selective cultivation of streptococci. The streaked agar plates were incubated
aerobically at 35 ◦C in 5% CO2 enriched atmosphere for 24 to 48 h. Pneumococci were
identified by colony morphology, susceptibility to optochin (5 µg), and bile solubility;
identification was confirmed by a slide agglutination test DrySpot™ Pneumo Test (Oxoid
Ltd., Hampshire, UK). All isolates were serotyped by means of the Quellung reaction using
antisera provided by Statens Serum Institute (Copenhagen, Denmark) and confirmed by
a sequential multiplex PCR according to CDC recommendations [18]. The isolates were
confirmed by the restriction digest (BsaAI) of the PCR product of a lytA gene encoding the
autolysin enzyme specific to S. pneumoniae [19]. Susceptibility of the isolates to oxacillin,
erythromycin, tetracycline, clindamycin, norfloxacin (isolates categorized as screen nega-
tive can be reported susceptible to moxifloxacin and as “susceptible increased exposure”
(I) to levofloxacin), vancomycin, and trimethoprim–sulfamethoxazole was determined by
the disk diffusion method of Bauer and Kirby on Mueller-Hinton agar with 5% mechanically-
defibrinated horse blood and 20 mg/L β-NAD. Results were interpreted according to the
European Committee on Antimicrobial Susceptibility Testing recommendations (EUCAST,
2020). Isolates exhibiting a zone of >20 mm around a 1 µg oxacillin disk were reported
as penicillin susceptible S. pneumoniae (PSSP); isolates exhibiting a zone of ≤20 mm were
further tested by the E-test (AB Biodisk, Sweden), following the manufacturer’s instruc-
tions, to determine minimal inhibitory concentration (MIC) for benzylpenicillin. Isolates
with MIC ≤ 0.064 mg/L were considered as fully susceptible to benzylpenicillin; isolates
with MIC > 0.064 mg/L were called penicillin non-susceptible S. pneumoniae (PNSSP).
Multidrug-resistant isolates of S. pneumoniae (MDR-SP) were defined as having resistance
to at least three different classes of antibiotics. S. pneumoniae ATCC 49619 was used as a
control strain in the antimicrobial susceptibility tests.

2.3. Real-Time PCR Analysis

The nasopharyngeal samples were stored at −70 ◦C until RT-PCR could be performed.
DNA from samples were extracted using Genomic DNA purification with QIAamp DNA
Mini Kit (Qiagen, Germantown, MA, USA) according to the manufacturer’s instructions
and analyzed with the Custom Microbial DNA qPCR Array (Qiagen, Germantown, MA,
USA). Real-Time PCR assays were performed (Light Cycler 96, Roche, Basel, Switzerland)
using the 16S rRNA gene as the target, and we used PCR amplification primers and
hydrolysis-probe detection, which increased the specificity of each assay. Each Microbial
DNA qPCR Array plate analyzed one sample for 21 species (NCBI Tax ID)/gene at a time.
Pan-bacteria assays that detect a broad range of bacterial species were included to serve as
positive controls for the presence of bacterial DNA. Relative profiling applications were
measured for host genomic DNA and overall bacterial load. Inclusion of these analyses
allows the user to normalize sample input using ∆∆CT.

2.4. Statistical Analysis

The statistical analysis was performed with Tibco Statistica 13.3 (StatSoft, Palo Alto,
CA, USA). The values of the parameters are presented as median, minimum, and maximum
values. Normal distributions of continuous variables were tested using the Shapiro–Wilk
test. The Mann–Whitney U-test was used for independent variable comparisons. Kruskal–
Wallis ANOVA and multiple comparisons of mean rank (as post-hoc analysis) were applied
to analyze differences between more than two groups. The power and direction of asso-
ciation between pairs of continuous variables (studied groups) were determined using
Spearman’s coefficient of rank correlation. The distribution of discrete variables in groups
were compared with Pearson’s chi-square test or the Fisher’s exact test. The multivariate
data analyses were carried out using the SIMCA 16 (v16.0.2, Umetrics, Sweden). Relative
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bacterial species abundance in the nasopharynx were calculated according to the real-time
PCR data analyzing protocol [20]. Principal component analysis (PCA) was used to identify
similarities and differences between analyzed samples. Data were scaled to unit variance
and centered. The hierarchical cluster analysis (HCA) and partial last square discriminant
analysis model (PLS-DA) were used for root sample classification and predictions.

3. Results

A total of 176 children were enrolled in the study, 97 boys and 79 girls. Among them,
25 children aged 1–2 years old, 75 aged 3–4 years, and 76 aged 5–6 years. Demographic
data of the studied children are shown in Table 1.

Table 1. Demographic and clinical characteristics of 176 healthy children.

Parameters Sp Colonized
(n = 41)

Sp
Uncolonized

(n = 135)
OR (95%CI) p Value

Age (years)
1–2 6 (14.6%) 19 (14.1%) 2.0 (0.7–6.5) 0.22
3–4 25 (61.0%) 50 (37.0%) 3.3 (1.4–7.5) 0.0038
5–6 10 (24.4%) 66 (48.9%) referent

Sex
Female 16 (39.0%) 63 (46.7%)

0.7 (0.4–1.5) 0.47male 25 (61.0%) 72 (53.3%)

Siblings
No 15 (36.6%) 45 (33.3%) Referent
1 15 (36.6%) 72 (53.3%) 0.6 (0.3–1.4) 0.30

>2 11 (26.8%) 18 (13.3%) 1.8 (0.7–4.7) 0.22

Passive smoking 3 (7.3%) 19 (14.1%) 0.5 (0.1–1.7) 0.42

Place of residence
Rural 12 (29.3%) 36 (26.7%)

1.1 (0.5–2.5) 0.84urban 29 (70.7%) 99 (73.3%)

DCC/orphanage attendance 34 (82.9%) 118 (87.4%) 0.7 (0.3–1.8) 0.45

Antibiotic therapy

AM/AMC 4 (9.8%) 28 (20.7%) Referent
Macrolides 1 (2.4%) 9 (6.7%) 0.3 (0.07–1.4) 0.14

Co-
trimoxazole 1 (2.4%) 2 (1.5%) 0.2 (0.02–2.5) 0.35

Cephalosporins 5 (12.2%) 11 (8.1%) 1.1 (0.08–15.2) 1.0

Number of antibiotic therapy
0 28 (68.3%) 85 (63.0%) Referent
1 9 (22.0%) 22 (16.3%) 1.2 (0.5–3.0) 0.65

>2 3 (7.3%) 26 (19.3%) 0.4 (0.1–1.2) 0.13

RTIs

Pharyngitis 11 (26.8%) 35 (25.9%) Referent
Otitis media 1 (2.4%) 24 (17.8%) 0.3 (0.04–2.6) 0.46

Sinusitis 0 (0) 13 (9.6%) 0.3 (0.02–5.0) 0.35
Laryngitis 3 (7.3%) 9 (6.7%) 2.6 (0.6–11.0) 0.19

Number of URTIs
0 12 (29.3%) 36 (26.7%) Referent
1 9 (22.0%) 28 (20.7%) 0.96 (0.4–2.6) 1.0

>2 19 (46.3) 65 (48.1%) 0.9 (0.4–2.0) 0.83

Hospitalization 10 (24.4%) 25 (18.5%) 1.4 (0.6–3.3) 0.50

Anti-pneumococcal vaccination

total 29 (70.7%) 91 (67.4%) 1.2 (0.5–2.5) 0.85

PCV 10 10 (24.4%) 37 (27.4%)
0.9 (0.4–2.3) 1.0PCV13 15 (36.6%) 51 (37.8%)

No data 4 (9.8%) 3 (2.2%)

Abbreviations: DCC: daycare center; Sp: Streptococcus pneumoniae; RTIs: respiratory tract infections; URTIs:
upper respiratory tract infections; PCV: pneumococcal conjugate vaccine; OR: odds ratio; CI: confidence interval;
AM/AMC: ampicillin/amoxicillin + clavulanic acid. Variables in groups were compared with the Fisher’s
exact test.
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3.1. Serotype Distribution and Vaccine Coverage

A total of 41 isolates were recovered from the nasopharynx of 176 healthy children aged
1 to 6. Pneumococcal colonization was observed in 23.3% children. In the vaccinated group,
colonization was in 24.2% children, compared to 21.4% in the unvaccinated group. Carriage
increased from 13.2% among 5–6-year-old children to 33.3% in 3–4-year-old children (p = 0.0038).

Eleven different serotypes were found. Serotypes 23A and 23B constituted 41.5% of
the isolates (Figure 1). Serotypes belonging to pneumococcal conjugated vaccines—PCV10
and PCV13—constituted 4.9% and 17.1% of the isolates, respectively. Among pneumococci
isolated from vaccinated children, none belonged to PCV10 serotypes and 10.3% of isolates
belonged to PCV13 serotypes, whereas pneumococci isolated from the unvaccinated group
in 16.7% and 33.3% belonged to PCV10 and PCV13 serotypes, respectively, with insignifi-
cant differences when compared to the coverage of PCV10 and PCV13 serotypes between
vaccinated and unvaccinated groups (p = 0.08 and p = 0.16).
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Figure 1. Serotype-specific prevalence (A) and antibiotic resistance (B) among pneumococci carriage
isolates in unvaccinated and in vaccinated children, 1–6 years old in Poland.
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3.2. Antimicrobial Susceptibility

The pneumococcal isolates were susceptible to all tested antimicrobial agents in 41.5%
of children. These strains belonged to serotype 23A (4 isolates), serotypes 10A, 35F/47F
(2 isolates), and 6A, 15B, 23B, 35B, (1 isolate per each serotype). Among all of the strains,
34.1% showed decreased susceptibility to penicillin. S. pneumoniae isolates were resistant to
co-trimoxazole (26.8%), tetracycline (26.8%), erythromycin (31.7%), and clindamycin (14.6%)
(Figure 1B). All isolates were susceptible to vancomycin and moxifloxacin. Multidrug
resistance was present in 14.6% of the isolates. All MDR-SP were non-susceptible to
penicillin. Antibiotic resistant pneumococci were mostly distributed among serotypes
not belonging to PCV10 and PCV13 (Figure 1B). PNSSP and MDR-SP strains represented
PCV10 serotypes in 4.9% and PCV13 serotypes in 9.8%, respectively. Colonization with
PNSSP and MDR-SP strains was found in 13 (31.7%) and 6 (14.6%) children, respectively.

3.3. Nasopharyngeal Microbiota by Real-Time PCR

In a molecular analysis with real-time PCR, from the 176 patients studied, 643 species/genes
of 21 various microbial species were retrieved. In one sample, 0–14 (mean 3.65± 2.96) species/genes
were detected; 145 (82.4%) children were positive for at least one of the tested microorganisms.
The most frequent bacterial species in all groups were Streptococcus infantis, S. mitis, S. pneumoniae,
Granulicatella adiacens, and C. pseudodiphtericum. A difference in the mean numbers of the bacterial
species detected in one sample in the vaccinated (3.92 ± 3.054 range 0–14) and non-vaccinated
(3.08 ± 2.7, range 0–12) children was observed without statistical significance (p = 0.076). Figure 2
presents the bacterial frequency analysis in the vaccinated and unvaccinated groups.
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Figure 2. Bacterial frequency analysis in the vaccinated and unvaccinated groups.

The prevalence of URTI pathogens in children, namely S. pneumoniae, H. influenzae,
M. catarrhalis, and S. aureus was 30.1%, 9.1%, 0.6%, and 18.2%, respectively. The statistical
analysis revealed the differences in prevalence of several species in vaccinated and unvacci-
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nated children. Kocuria kristinae (p = 0.0046), S. sanguinis (p = 0.028), and H. parainfluenzae (p
= 0.048) were significantly more frequently present in the vaccinated group, whereas LS.
aureus (p = 0.0062) was significantly associated with the unvaccinated group. Microbial
profiles showing bacterial composition and relative abundance of nasopharyngeal samples
are presented in Figure 3. The ∆∆CT method was used for the relative profiling and com-
parison between two populations from vaccinated and unvaccinated children. Microbial
DNA qPCR array correlated with increased amounts of Streptococcus mitis and S. sangui-
nis in vaccinated children, with reduced amounts of C. pseudodiphtericum, S. aureus, and
M. catarrhalis (Figure 4).
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Figure 4. Accurate profiling of pathogenic and commensal microbes in vaccinated and unvacci-
nated children. Foldchange in microbial species abundance (vaccinated/unvaccinated groups) was
calculated by the ∆∆CT method using the Pan Bacteria 1 genomic DNA to normalize. At least
a 5- to 10-fold increase or decrease in relative abundance may be considered significant.

The relative abundance of bacterial species was found to be similar between the
vaccinated and unvaccinated groups for the majority of the species. Mann–Whitney tests
showed significantly different relative abundance in both groups and were confirmed with
positive associations of K. kristinae (p = 0.0063) and S. sanguinis (p = 0.016) in the vaccinated
group as well as a negative association of S. aureus (p = 0.0088) in this group.

3.4. Prediction of Bacterial Communities Profile

The principal component analysis (PCA) was applied to compare the overall structure
of nasopharyngeal microbiota of all samples using data scaled to UV (Figure 5). The built
model explains 48.9% of the variations. The first principal component explained 31.3% of the
overall variability, whereas the second principal component explained 11.0% of the variability.
Clustering by vaccination status was not observed for tested nasopharyngeal samples. As
shown in Figure 5, the variables placed closer to the circle were more correlated with the
component. Most observations are close to the plot origin, showing rather average properties.
The first PC was significantly positively correlated with G. adiacens, N. subflava, S. infantis,
and S. pneumoniae. A significant positive correlation of the second PCs with S. pyogenes, S.
mutans, S. sanguinis, and M. catarrhalis was observed. PCA identified four distinct clusters of
microbiota profiles correlating strongly with a predominance of species, respectively, as well
as connected by a group of community profiles representing mixed microbiota.
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A hierarchical cluster analysis based on the relative abundance of species revealed
a separation of four groups of samples (red group, violet group, blue group, and yellow
group, Figure 5) on the basis of the first two principal component (PC) scores. This
discrimination was also confirmed by a discriminant analysis (PLS-DA). According to
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PLS-DA, species, such as H. influenzae, K. kristinae, N. mucosa, and S. infantis were markedly
high in the red group, with N. sicca, S. anginosus, and S. pyogenes negatively correlated. The
blue group of patients had abundance of different microbial species in the nasopharynx;
S. gordonii, S. anginosus, S. epidermidis, N. mucosa, N. sicca, K. kristinae, M. catarrhalis, and
H. influenzae. S. australis contributed mainly to the yellow group of patients but S. aureus
was negatively associated. The violet group of patients was markedly colonized by low
amounts of bacteria tested, reported by a negative association of most of them.

4. Discussion

Our research study is the first of its kind in Poland and one of the few in the world, as it
concerns pneumococcal carriage in healthy children in the PCV era. In Poland, data regarding
the influence of vaccination on prevalence, antibiotic resistance, and serotype distribution of
S. pneumoniae isolates are limited [21,22]. We have shown the impact of the introduction of
PCVs on nasopharyngeal SP carriage in young children, with serotype distribution after a
3-year period of PCV implementation in a national immunization schedule.

Our data from the pre-vaccination sampling period presented the rate of presence of
S. pneumoniae, ranging from 33% to 44% (2002–2003) in healthy preschool children [23,24]
and from 64.1% to 70.2% (2011–2012) in children with recurrent upper respiratory tract
infections [25,26]. In this study, pneumococcal colonization in healthy children aged 1–6
years was at least two times lower (23.3%), but no difference in carriage prevalence in
vaccinated and unvaccinated groups was observed due to replacement with non-vaccine-
type (NTV) pneumococci. In England, however, the prevalence of pneumococcal carriage in
children <5 years studied in 2012 and 2013 after the PCV13 implementation and compared
with that in two previous periods, 2001–2002 before the PCV7 introduction and 2008–2009
after the PCV7 introduction, was highly similar—47.7%, 51.0%, and 48.4%, respectively [27].
Since the introduction of PCVs, a global reduction in vaccine-type pneumococci carriage
has previously been demonstrated elsewhere among the vaccinated and the unvaccinated
populations following PCV vaccination [28,29]. We found a major reduction in the PCV
serotype carriage in vaccinated children from 1 to 6 years old. In our study, we also
observed a cohort effect, showing reductions in the PCV serotype carriage independent of
PCV vaccination, which may indicate herd immunity. Moreover, the non-vaccine serotype
carriage rate was high, independent of PCV vaccination (89.7% and 66.7% in vaccinated
and unvaccinated groups, respectively).

In our pre-vaccination carriage studies, 51.0–73.4% and 62.7–80.4% of the isolates be-
longed to serotypes present in the 10- and 13-valent conjugate vaccine, respectively [23,25].
These percentages of PCV serotypes decreased spectacularly to 4.9% and 17.1% of the iso-
lates, respectively.

The introduction of PCV13 was monitored in several studies in the nasopharyngeal
carriage, showing temporal reduction trends in the nasopharyngeal carriage of PCV13
serotypes in PCV13-vaccinated children compared with PCV13-unvaccinated individuals
within 1 year of PCV13 introduction [30]. A report from England about observations made
for the first three study winters during which only PCV7 had been introduced, through
two further winters surrounding PCV13 introduction, showed a stable overall prevalence
of pneumococcal carriage (30%). Vaccine serotypes decreased (p < 0.0001) with concomitant
increases in non-vaccine serotypes. Significant decreases for vaccine serotypes 6B, 19F,
23F (PCV7), and 6A (PCV13), and increases for non-vaccine serotypes 21, 23B, 33F, and
35F, were detected [31]. In a study from Greece, carried out in 2010–2011, non-PCV13
serotypes accounted for 73.1% of the isolates; 23B, 15B/C, 16F, 21, 11A, 15A, 6C, 10A, 22F,
and 23A were the most common [32]. The impact on NP carriage and invasive disease of
S. pneumoniae was estimated after the introduction of the 13-valent PCV in March 2010 in
Atlanta, GA, USA [33]. The proportion of pneumococcal carriage accounted for by non-
PCV13 serotypes (excluding 6C) increased from 68.4% to 96.9% (p < 0.0001). Non-PCV13
serotypes 35B, 15B/C, 11A, 21, 23B, and 15A were the most commonly carried serotypes
during the last two study periods. Carriage of serotype 35B significantly increased during
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the six study periods from 8.9% to 25.3% (p < 0.05). In our study, 23B was dominated
serotypes followed by 23A, 10A, 6A, and 35B.

Epidemiological studies suggest that such a change in serotype frequencies is often con-
nected with an increase of antibiotic resistance among nonvaccine serotypes. Obolski et al. [34]
built multi-locus models for the bacterial pathogen population structure and developed a
theoretical framework incorporating variations of serotype and antibiotic resistance to ex-
amine how their associations may be affected by vaccination. Using this framework, they
found that vaccination could result in a rapid increase in the frequency of preexisting re-
sistant variants of nonvaccine serotypes due to the removal of competition from vaccine
serotypes [34]. The results reported antibiotic resistance in S. pneumoniae in nine European
countries, showing that pneumococcal vaccination was associated with an increase in the
prevalence of pneumococcal antimicrobial resistance [35]. This was proof that vaccination
might facilitate the appearance of new pneumococcal serotypes, which are more resistant to
antimicrobial agents [36] due to the replacement of vaccine serotypes [37]. In a study carried
out within 3 years after introduction of PCV-13 in USA Serotype 35B, 6C and nontypeable
isolates demonstrated moderate nonsusceptibility to the selected antibiotics. A total of 30%
of isolates tested were resistant to erythromycin, followed by 26% resistant to cefuroxime
and 12% resistant to clindamycin. The overall penicillin and ceftriaxone nonsusceptibility
rates were 10% and 8%, respectively, but 83% and 81% for serotype 19A [33]. In our studies
provided in 2002–2003, high penicillin, erythromycin, clindamycin nonsusceptibility was
detected (39.2, 29.5%, 29.2%, respectively [24]. Multidrug resistance was common (35.7%);
97.5% of drug-resistant isolates represented serotypes, including the 10- and 13-valent con-
jugate vaccines [23]. Similar findings were shown in 2011–2013 where PNSSP and MDR-SP
strains represented PCV10 serotypes in 83.9% and 80.3%, respectively, and PCV13 serotypes
in 89.3% and 88.5%, respectively [38,39]. In this study, PNSSP and MDR-SP strains belonged
to non-PCV10 serotypes in 95.1% and non-PCV13 serotypes in 90.2%, respectively. Moreover,
in this study, nonsusceptibility to penicillin (34.1%) and erythromycin (31.7%) was not any
lower. The high rates of resistance to erythromycin were similar to the other studies [33,40,41].
This has strong clinical implications as many GPs prescribe macrolides for the treatment of
upper respiratory infections in children. All isolates were susceptible to vancomycin and
levofloxacin in our study population, as in the others [33,40].

The rates of asymptomatic carriage markedly varied between different age groups in
our study (p = 0.0038). These findings were previously observed by others [42,43]. However,
in other studies, the highest rates of asymptomatic colonization and the widest range of
serotypes were expressed in groups of young children aged 1.5–3 years [41,42], in our study,
this finding was shown in a group of children aged 3–4 years. This could be due to the
difference of percentage of vaccinated children in the three tested group, which were 84%,
70.7%, and 60.5% for groups of 1–2 years, 3–4 years, and 5–6 years old children, respectively.
In the youngest group, the pneumococcal carriage was the least.

PCVs may alter nasopharyngeal bacterial composition and diversity; however, these
findings have not been consistent [44–47]. A Dutch study reported that the PCV7 was asso-
ciated with shifts in microbial composition and increases in bacterial diversity in children
at 12 months of age but not at 24 months of age [45]. The study in healthy infants over the
first year of life in Switzerland determined that children vaccinated in the PCV13 era had
higher microbial diversity and microbiota stability than children vaccinated in the PCV7
era and that lower pneumococcal carriage prevalence in the PCV13 era was detected [44].
In Swiss children younger than 2 years old, with acute otitis media, PCV7 reduced the
prevalence of commensal families [48]. However, no effect on the microbiome of Kenyan
children (aged 12–59 months) 180 days after PCV10 vaccination was observed [47]. In
our study, microbiota of vaccinated children was more diverse with dominance of the
commensal species.

Some studies have reported an inverse correlation between the nasopharyngeal car-
riage of S. pneumoniae and S. aureus [26,49]. Positive associations were reported between
pair-wise combinations of S. pneumoniae and H. influenzae and between S. pneumoniae and
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M. catarrhalis but not for S. pneumoniae and S. aureus, or H. influenzae and S. aureus [16,26].
A previous study indicated that vaccination against a common colonizer affects micro-
biota composition and structure [45]. We observed a significant reduction in carriage by
S. aureus among PCV-vaccinated children. A negative association between pneumococci
(both PCV-7 serotypes and non-PCV-7 serotypes) and S. aureus was also found in a ran-
domized controlled trial on the effect of PCV7 on nasopharyngeal carriage [50]. We found
slightly higher rates of pneumococcal carriage among unvaccinated children but the differ-
ence was not significant. Nasopharyngeal samples of PCV-vaccinated children detected
significantly higher abundances of Streptococcus spp. (S. mitis/sanguinis). It seems that the
vaccination acts strongly at the herd immunity level, which decreases the S. pneumoniae pool
in the population and pneumococcal carriage in unvaccinated children. Data presented in
this study can help to assess the effectiveness of the PCV vaccine and can be used to help
guide and establish recommendations for antibiotic therapy for pneumococcal disease in
the future. This study also showed that the introduction of PCV13 instead of PCV10 into
the national immunization program would decrease the circulation more of the vaccine
serotypes. Information about the carriage rate and serotype distribution among Polish
children obtained during this study can be used as a baseline in future carriage projects,
including these evaluating the influence of mass migration to Poland.

Our study has some limitations. First, we swabbed 176 participants and the power to
detect the carriage of serotypes with a low prevalence was limited. The second limitation
is that we only recruited participants from one Polish region and, therefore, cannot be
certain that they are representative of the whole country. On the other hand, conducting
repeated carriage studies in the same regions using a comparable methodology provides
longitudinal carriage data for the same population, which should allow a more accurate
assessment of vaccine impact over time.

5. Conclusions

Introduction of PCV for routine infant immunization was associated with significant
reductions in the nasopharyngeal carriage of PCV serotypes and resistant strains amongst
vaccine serotypes. However, carriage of non-vaccine pneumococcal serotypes increased
modestly, particularly serotype 23B. Moreover, the antibiotic resistance of isolated pneumo-
coccal strains was not much lower, showing PNSSP strains equally reported in vaccinated
and unvaccinated children. Further investigation is necessary to determine whether nonva-
ccine pneumococcal serotypes carried in the nasopharynx are associated with a significant
increase of antibiotic resistance and domination in pneumococcal diseases.
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22. Patrzałek, M.; Kotowska, M.; Goryński, P.; Albrecht, P. Indirect effects of a 7 year PCV7/PCV13 mass vaccination program in

children on the incidence of pneumonia among adults: A comparative study based on two Polish cities. Curr. Med. Res. Opin.
2016, 32, 397–403. [CrossRef]

23. Korona-Glowniak, I.; Malm, A. Characteristics of Streptococcus pneumoniae Strains Colonizing Upper Respiratory Tract of Healthy
Preschool Children in Poland. Sci. World J. 2012, 2012, 732901. [CrossRef] [PubMed]

24. Korona-Glowniak, I.; Niedzielski, A.; Malm, A. Upper respiratory colonization by Streptococcus pneumoniae in healthy pre-school
children in south-east Poland. Int. J. Pediatr. Otorhinolaryngol. 2011, 75, 1529–1534. [CrossRef]

http://doi.org/10.1086/345556
http://www.ncbi.nlm.nih.gov/pubmed/12447737
http://doi.org/10.1038/s41579-018-0001-8
http://doi.org/10.1371/journal.ppat.1005633
http://www.ncbi.nlm.nih.gov/pubmed/27389401
http://doi.org/10.1097/00006454-199907000-00016
http://www.ncbi.nlm.nih.gov/pubmed/10440444
http://doi.org/10.1016/S1473-3099(04)00938-7
http://doi.org/10.1093/jac/dkf511
http://doi.org/10.1097/MCP.0b013e3283385653
http://doi.org/10.1016/j.vaccine.2020.11.044
http://doi.org/10.1016/S1473-3099(01)00063-9
http://doi.org/10.1016/S0140-6736(09)61204-6
http://doi.org/10.1016/S1473-3099(14)71081-3
http://doi.org/10.3390/vaccines9010014
http://www.ncbi.nlm.nih.gov/pubmed/33379235
http://doi.org/10.1016/j.vaccine.2021.03.028
http://www.ncbi.nlm.nih.gov/pubmed/33741188
http://doi.org/10.1016/j.vaccine.2016.07.031
http://doi.org/10.1371/annotation/2b5d32c3-808f-4759-8207-0a953e4ad01d
http://doi.org/10.1080/22423982.2017.1309504
http://www.ncbi.nlm.nih.gov/pubmed/28467237
http://szczepieniainfo.testa.com.pl/en/stories/introduction_of_pcv_2016/
http://doi.org/10.1128/JCM.01876-13
http://doi.org/10.1128/JCM.44.4.1250-1256.2006
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1007/s10096-012-1656-0
http://doi.org/10.1185/03007995.2015.1119676
http://doi.org/10.1100/2012/732901
http://www.ncbi.nlm.nih.gov/pubmed/22927787
http://doi.org/10.1016/j.ijporl.2011.08.021


Vaccines 2022, 10, 791 14 of 15

25. Niedzielski, A.; Korona-Glowniak, I.; Malm, A. High prevalence of Streptococcus pneumoniae in adenoids and nasopharynx in
preschool children with recurrent upper respiratory tract infections in Poland—Distribution of serotypes and drug resistance
patterns. Med. Sci. Monit. 2013, 19, 54–60. [CrossRef] [PubMed]

26. Korona-Glowniak, I.; Niedzielski, A.; Kosikowska, U.; Grzegorczyk, A.; Malm, A. Nasopharyngeal vs. adenoid cultures in
children undergoing adenoidectomy: Prevalence of bacterial pathogens, their interactions and risk factors. Epidemiol. Infect. 2014,
143, 821–830. [CrossRef] [PubMed]

27. 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]

28. Løvlie, A.; Vestrheim, D.F.; Aaberge, I.S.; Steens, A. Changes in pneumococcal carriage prevalence and factors associated with
carriage in Norwegian children, four years after introduction of PCV13. BMC Infect. Dis. 2020, 20, 29. [CrossRef] [PubMed]

29. Danino, D.; Givon-Lavi, N.; Ben-Shimol, S.; Greenberg, D.; Dagan, R. Understanding the Evolution of Antibiotic-nonsusceptible
Pneumococcal Nasopharyngeal Colonization Following Pneumococcal Conjugate Vaccine Implementation in Young Children.
Clin. Infect. Dis. 2019, 69, 648–656. [CrossRef]

30. Torres, A.; Bonanni, P.; Hryniewicz, W.; Moutschen, M.; Reinert, R.R.; Welte, T. Pneumococcal vaccination: What have we learnt
so far and what can we expect in the future? Eur. J. Clin. Microbiol. Infect. Dis. 2015, 34, 19–31. [CrossRef]

31. Gladstone, R.A.; Jefferies, J.M.; Tocheva, A.S.; Beard, K.R.; Garley, D.; Chong, W.W.; Bentley, S.D.; Faust, S.N.; Clarke, S.C.
Five winters of pneumococcal serotype replacement in UK carriage following PCV introduction. Vaccine 2015, 33, 2015–2021.
[CrossRef]

32. Grivea, I.N.; Priftis, K.N.; Giotas, A.; Kotzia, D.; Tsantouli, A.G.; Douros, K.; Michoula, A.N.; Syrogiannopoulos, G.A. Dynamics of
pneumococcal carriage among day-care center attendees during the transition from the 7-valent to the higher-valent pneumococcal
conjugate vaccines in Greece. Vaccine 2014, 32, 6513–6520. [CrossRef] [PubMed]

33. Desai, A.P.; Sharma, D.; Crispell, E.K.; Baughman, W.; Thomas, S.; Tunali, A.; Sherwood, L.; Zmitrovich, A.; Jerris, R.;
Satola, S.W.; et al. Decline in Pneumococcal Nasopharyngeal Carriage of Vaccine Serotypes After the Introduction of the
13-Valent Pneumococcal Conjugate Vaccine in Children in Atlanta, Georgia. Pediatr. Infect. Dis. J. 2015, 34, 1168–1174. [CrossRef]
[PubMed]

34. Obolski, U.; Lourenço, J.; Thompson, C.; Thompson, R.; Gori, A.; Gupta, S. Vaccination can drive an increase in frequencies of
antibiotic resistance among nonvaccine serotypes of Streptococcus pneumoniae. Proc. Natl. Acad. Sci. USA 2018, 115, 3102–3107.
[CrossRef] [PubMed]

35. Yahiaoui, R.Y.; Bootsma, H.J.; den Heijer, C.D.J.; Pluister, G.N.; Paget, W.J.; 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]

36. Farrell, D.J.; Klugman, K.P.; Pichichero, M. Increased Antimicrobial Resistance Among Nonvaccine Serotypes of Streptococcus
pneumoniae in the Pediatric Population After the Introduction of 7-Valent Pneumococcal Vaccine in the United States. Pediatr.
Infect. Dis. J. 2007, 26, 123–128. [CrossRef]

37. Leibovitz, E. The effect of vaccination on Streptococcus pneumoniae resistance. Curr. Infect. Dis. Rep. 2008, 10, 182–191. [CrossRef]
38. Korona-Glowniak, I.; Maj, M.; Siwiec, R.; Niedzielski, A.; Malm, A. Molecular Epidemiology of Streptococcus pneumoniae

Isolates from Children with Recurrent Upper Respiratory Tract Infections. PLoS ONE 2016, 11, e0158909. [CrossRef]
39. Korona-Glowniak, I.; Zychowski, P.; Siwiec, R.; Mazur, E.; Niedzielska, G.; Malm, A. Resistant Streptococcus pneumoniae strains

in children with acute otitis media– high risk of persistent colonization after treatment. BMC Infect. Dis. 2018, 18, 478. [CrossRef]
40. Wouters, I.; Desmet, S.; Van Heirstraeten, L.; Blaizot, S.; Verhaegen, J.; Van Damme, P.; Malhotra-Kumar, S.; Theeten, H.;

NPcarriage Study Group. Follow-up of serotype distribution and antimicrobial susceptibility of Streptococcus pneumoniae in
child carriage after a PCV13-to-PCV10 vaccine switch in Belgium. Vaccine 2019, 37, 1080–1086. [CrossRef]

41. Assefa, A.; Gelaw, B.; Shiferaw, Y.; Tigabu, Z. Nasopharyngeal Carriage and Antimicrobial Susceptibility Pattern of Streptococcus
Pneumoniae among Pediatric Outpatients at Gondar University Hospital, North West Ethiopia. Pediatr. Neonatol. 2013, 54,
315–321. [CrossRef]

42. Harboe, Z.B.; Slotved, H.-C.; Konradsen, H.B.; Kaltoft, M.S. A Pneumococcal Carriage Study in Danish Pre-school Children before
the Introduction of Pneumococcal Conjugate Vaccination. Open Microbiol. J. 2012, 6, 40–44. [CrossRef] [PubMed]

43. Jensen, V.V.S.; Furberg, A.-S.; Slotved, H.-C.; Bazhukova, T.; Haldorsen, B.; Caugant, D.A.; Sundsfjord, A.; Valentiner-Branth,
P.; Simonsen, G.S. Epidemiological and molecular characterization of Streptococcus pneumoniae carriage strains in pre-school
children in Arkhangelsk, northern European Russia, prior to the introduction of conjugate pneumococcal vaccines. BMC Infect.
Dis. 2020, 20, 279. [CrossRef]

44. Vestrheim, D.F.; Høiby, E.A.; Aaberge, I.S.; Caugant, D.A. Phenotypic and Genotypic Characterization of Streptococcus pneumoniae
Strains Colonizing Children Attending Day-Care Centers in Norway. J. Clin. Microbiol. 2008, 46, 2508–2518. [CrossRef] [PubMed]

45. Biesbroek, G.; Wang, X.; Keijser, B.J.F.; Eijkemans, R.M.J.; Trzciński, K.; Rots, N.Y.; Veenhoven, R.H.; Sanders, E.A.M.; Bogaert, D.
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