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Background. Monitoring changes in pharyngeal carriage of pneumococcus in children following 13-valent pneumococcal
conjugate vaccine (PCV13) introduction in the United Kingdom in 2010 informs understanding of patterns of invasive
pneumococcal disease (IPD) incidence.

Methods. Nasopharyngeal swabs from healthy children vaccinated with PCV13 according to schedule (2, 4, and 12 months) were
cultured and serotyped. Results for children aged 13-48 months were compared between 2014-2015 and 2017-2019 and with children
aged 6-12 months (2017-2020). Blood was obtained from a subset of children for pneumococcal serotype-specific immunoglobulin G (IgG).

Results.  Total pneumococcal carriage at 13-48 months was 47.9% (473/988) in 2014-2015 and 51.8% (412/795) in 2017-2019 (P =.10);
at age 6-12 months this value was 44.6% (274/615). In 2017-2019, 2.9% (95% confidence interval, 1.8%-4.3%) of children aged 13-48
months carried PCV13 serotypes (mainly 3 [1.5%] and 19A [0.8%]) and >20% carried the additional 20-valent PCV (PCV20) serotypes.
Similar proportions of children had IgG >0.35 IU/mL for each serotype in 2014-2015 and 2017-2019. Serotype 7C carriage increased
significantly (P <.01) between 2014-2015 and 2017-2019. Carriage of PCV20 serotypes 8 and 12F, both major causes of IPD, was rare.

Conclusions. Introduction of PCV20, if licensed for children, could significantly change the composition of pneumococcal serotypes

carried in the pharynx of UK children.
Clinical Trials Registration. NCT03102840.
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Despite the introduction of pneumococcal conjugate vaccines
(PCVs), Streptococcus pneumoniae remains a common cause
of pneumonia, meningitis, and septicemia (collectively termed
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invasive pneumococcal disease [IPD]), responsible for 318 000
deaths globally in children aged 1-59 months in 2015 [1].
Streptococcus pneumoniae is commonly carried in the naso-
pharynx of healthy children, who act as the main reservoir in
the community. There are currently around 100 recognized
pneumococcal serotypes [2], classified according to the poly-
saccharide capsule, with variable invasiveness (case-carrier ra-
tios) [3-5].

In 2006, 7-valent PCV (PCV7) was introduced into the
United Kingdom (UK) childhood vaccination program to pro-
tect against serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F, which
were then common causes of IPD in the UK [6]. A subsequent

The Journal of Infectious Diseases®

© The Author(s) 2022. Published by Oxford University Press on behalf of Infectious Diseases
Society of America.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs  licence  (https://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial reproduction and distribution of the work, in any medium, pro-
vided the original work is not altered or transformed in any way, and that the work is properly
cited. For commercial re-use, please contact journals.permissions@oup.com
https://doi.org/10.1093/infdis/jiac376

Pneumococcal Carriage in Young Children « JID « 1

220z Joquieidag 7 UO Jesn uopuoT jo Alsienun ‘s,261099 1S Aq 65201 £9/9.EOBIISIPIUIEGO L 0 L/I0P/B[oIE-80UBAPE/PIl/WOD dNO"olWapese)/:sdRy WOI) POPEOIUMOQ


https://orcid.org/0000-0003-2125-4125
https://orcid.org/0000-0001-6324-6559
mailto:karen.tiley@paediatrics.ox.ac.uk
mailto:karen.tiley@paediatrics.ox.ac.uk
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1093/infdis/jiac376

reduction in PCV7 IPD cases and nasopharyngeal carriage was
observed in the immunized cohort [7, 8], and a fall in PCV7
IPD in older age groups was observed due to reduced circula-
tion of these serotypes [7]. These gains were partially offset
by an increase in IPD due to other serotypes (“serotype replace-
ment”) [9] and in April 2010, PCV7 was superseded by
13-valent PCV (PCV13), which includes an additional 6 sero-
types (1, 3, 5, 6A, 7F, and 19A). Reductions in disease to near-
negligible levels across all age groups have been observed for 4
of these additional 6 serotypes, with the exceptions being 19A
(persisting at reduced levels), and 3 (no reduction observed)
[10]. Further serotype replacement has followed the introduc-
tion of PCV13; 7 years later, the 6 main replacement serotypes
were 8, 12F, 9N (together responsible for >40% of IPD cases in
2016-2017), 22F, 33F, and 15A [10]. Therefore, despite an es-
timated prevention (direct and indirect) of 28631 cases of
IPD between 2010-2011 and 2016-2017 in England and
Wales, and a reduction in IPD in children, overall IPD rates
(all ages) in 2016-2017 (10 per 100 000) were no lower than
in 2010 [10]. Accordingly, PCVs against 15 (PCV15, additional
22F and 33F) and 20 (PCV20, additional 8, 10A, 11A, 12F, 15B)
serotypes have been developed [11, 12].

The reduction of PCV13 impact by serotype replacement,
and imminent availability of these novel vaccines, emphasizes
the importance of understanding the distribution of serotypes
circulating within a community.

Given the primary role young children have in pneumo-
coccal transmission [13], understanding carriage in this
group is important for understanding IPD epidemiology
across all ages [14, 15].

Here we compare carriage and serotype-specific immunoglob-
ulin G (IgG) concentrations in children at 2 time points following
PCV13 introduction, and explore longer-term carriage and IPD
trends over the past 12 years. Furthermore, we assess carriage
and serotype-specific IgG concentrations in children aged 6-12
months to provide baseline data prior to the change in the UK vac-
cination schedule from 2, 4, and 12 months (2+1) to 3 and 12
months (1 + 1) in early 2020 [16, 17]. Together, these allow evalu-
ation of potential indirect benefits to older age groups of introduc-
ing PCV15 and PCV20 into the UK infant schedule.

METHODS

Study Design

A cross-sectional observational study to establish the point
prevalence of pneumococcal nasopharyngeal carriage in chil-
dren from the UK Thames Valley region was conducted be-
tween June 2017 and March 2020.

Following informed consent, children were included in the
study if they were in good health and had received 3 doses (chil-
dren aged 13-48 months) or 2 doses (children aged 6-12
months) of PCV13, as per the UK infant immunization

schedule. Children who had not received a complete course
of PCV13, had received PCV 13 within the last 28 days, had tak-
en antibiotics in the preceding 30 days, were febrile, had a re-
spiratory illness, or had a health condition that may have
influenced the study were excluded. Demographic information
(age, sex, ethnicity, number and ages of siblings, pattern of day-
care attendance, and household smoking [living with an adult
who smoked at home]) was recorded.

Data collected in this study were compared with data from a
carriage study in children aged 13-48 months, vaccinated with
PCV13 according to the same schedule, conducted in the
Thames Valley between February 2014 and August 2015 [18].

All clinical investigation was conducted according to the prin-
ciples expressed in the Declaration of Helsinki. Written ethics ap-
proval for the study was obtained from the Nottingham Research
and Ethics Committee (identification number 17/EM/0158).

The study was registered at ClinicalTrials.gov (identifier
NCT03102840).

Sample Size

A sample size of 1600 children aged 13-48 months was calculated
to provide 80% power to detect an approximately 2-fold increase
in serotype 19A point prevalence from 0.91% (2014-2015) to
1.62% at a significance of P <.05 (1-sided a). A futility analysis
was planned when 750 participants had been enrolled; if the
number of 19A-positive samples was <5 at this point, consider-
ation would be given to stopping recruitment as it would be un-
likely this degree of increase in serotype 19A carriage would be
observed. Furthermore, a sample size of 813 children aged 6-12
months, based on serotype 19A carriage rate of 2.2%, was calcu-
lated to allow a subsequent study with the same sample size to be
80% powered to detect a doubling of serotype 19A carriage at a
significance of P <.05 (1-sided a) in this age group.

Outcomes

The primary outcome was the presence of serotype 19A pneu-
mococci. Secondary outcomes included the presence of (any)
pneumococcal serotypes on swabs, molecular serotype of naso-
pharyngeal carriage isolates, and serotype-specific antibody
concentrations.

Nasopharyngeal Swab Analysis
Swabs were collected and processed according to World Health
Organization guidelines [19]. A single flexible aluminium shaft
with rayon tip (MWE, Wiltshire, UK) was passed through the an-
terior nares as far as the posterior pharynx, rotated 360 degrees
before removal, and placed into a tube of 0.5-1 mL of skim
milk-tryptone-glucose-glycerin (STGG) transport medium.
Swabs were frozen on arrival at —80°C, before subsequent
thawing, plating on Columbia blood agar, and overnight incu-
bation to identify pneumococcal-positive samples, based on
optochin susceptibility and bile solubility. “Sweeps” were
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2017-2019

807 children

aged 13-48
months enrolled

2017-2020
618 children
aged 6-12
months enrolled

12 children 13-48 months withdrawn
* 11 withdrew consent

1 on a course of antibiotics

k.

3 children 6-12 months withdrawn

* 1 following a different
immunization schedule

* 2 on a course of antibiotics

2014-2015 Nasopharyngeal swabs from Nasopharyngeal swabs from 615
Nasopharyngeal swabs from 988 795 children aged 13-48 months children aged 6-12 months
children aged 13-48 months processed processed processed
y " Y
220 serum samples 498 serum 249 serum
analyzed 2014-2015 PCV13 serotypes only, samples samples
195 retested for 19A and 19F) analyzed analyzed

+

521 serum samples collected and stored in

2014-2015 (not previously analyzed) were
also analyzed

Figure 1.  Overview of study recruitment. Abbreviation: PCV13, 13-valent pneumococcal conjugate vaccine.

performed of streptococcal selective culture plates from serial
dilutions of STGG from swabs with pneumococcal-
presumptive growth, which underwent DNA extraction fol-
lowed by molecular serotyping using the Senti-SPv1.5 microar-
ray (BUGS Bioscience, UK).

To enable comparisons between time periods, this approach
was applied to both this study and a reanalysis of sweeps taken
from cultures of stored swabs from 2014-2015 (previously an-
alyzed as single isolates from each culture [18]). Based on sec-
ondary phenotyping conducted in 2014-2015 where all 24B/F
isolates were confirmed to be 24F, all isolates identified as
24B/F in 2017-2020 were considered 24F. After review, given
that 15B and 15C may switch, they were considered 15B/C
and not distinguished further.

To resolve uncertainty regarding serotype 33A and 33F iden-
tification, secondary phenotyping by Quellung reaction
(Statens Serum Institut, Denmark) was performed on a subset
of 33A and 33F isolates from 2014-2015 and 2017-2020 which,
along with analysis of genome sequences, confirmed identifica-
tion of all 33A/F isolates as 33F [20].

Blood Collection and Measurement of Serum Pneumococcal
Serotype-Specific IgG

Blood from capillary sampling was collected in a microtube
(Multivette 600, Sarstedt, Leister, UK) from a subset of children
whose parents gave consent. Pneumococcal serotype-specific
serum IgG against PCV13 serotypes and 12 additional

nonvaccine serotypes (2, 8, 9N, 10A, 11A, 12F, 15B, 17F, 20,
22F, 23B, 33F) was measured by multiplex immunoassay
(Bio-Rad Laboratories, Hercules, California) with Luminex
technology by the National Institute for Public Health and
the Environment, the Netherlands [21].

As well as data collected in this study, stored sera from 2014-
2015 (batch 2, 521 samples) were tested at the same time
(Figure 1).

Identification of Data for Carriage Study Trends

To explore longer-term trends, we searched PubMed for
published data from other UK carriage studies conducted
since 2006 in children aged <5 years using the terms
(pneumococc*[Title/Abstract]) AND (carriage[Title/ Abstract])
AND (England[Title/Abstract] OR Wales[Title/Abstract] OR
Scotland[Title/Abstract] OR Northern Ireland[Title/Abstract]
OR United Kingdom|Title/Abstract] OR UK][Title/Abstract]).
Carriage studies from Southampton (Southampton University,
7 studies) [22], Gloucestershire and Hertfordshire (Public
Health England [now UK Health Security Agency], 3 studies)
[3, 4, 23] and Thames Valley (Oxford Vaccine Group, 3 studies)
[8, 18] were included.

IPD Data

Serotype-specific IPD data for England and Wales collected by
Public Health England were extracted from published tables, or
figures using WebPlotDigitizer [24] for children <5 years and
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Table 1. Characteristics of Carriers and Noncarriers by Age Cohort, 2017-2020

Multivariable Analysis

Univariate Analysis

Characteristic All Carriers Noncarriers P Value Odds Ratio (95% Cl) P Value
13-18 mo, No. 795 412 383
Age 7397 0.84 (.70-1.00) .053
Mean age, y (SD) 2.4(0.9) 2.4(0.9) 2.4(0.8)
Sex (female, reference group) 971° 1.02 (.76-1.36) 914
Male sex, No. (%) 425 (63.5) 220 (563.3) 205 (53.5)
Race/ethnicity, No. (%) <.001° <.001
White (reference group) 668 (84.0) 367 (89.1) 301 (78.6)
African heritage/Afro-Caribbean 19 (2.4) 4(1.0) 15(3.9) 0.24 (.08-.73)
Asian 42 (5.3) 11(2.7) 31(8.1) 0.30 (.15-.62)
Mixed/other 66 (8.3) 30 (7.3) 36 (9.4) 0.63 (.38-1.07)
Household size .665° 1.07 (.78-1.46) .678
Mean (SD) 3.9(0.9) 3.9(0.9) 3.9(0.9)
Median (min, max) 4(2,8) 4(2,8) 4(2,8)
No. of siblings .978° 1.00 (.71-1.40) .997
Mean (SD) 0.9 (0.8) 0.9(0.8) 0.9(0.9)
Median (min, max) 1(0, 5) 110, 5) 10, 5)
Smoker in household (nonsmoker, reference group) .665° 0.97 (.567-1.65) .903
Children with a smoker in the house, No. (%) 63 (7.9) 31(7.5) 32 (8.4)
Daycare or preschool attendance per week <.001° 1.03 (1.02-1.04) <.001
Mean, h (SD) 17.2(13.8) 19.6 (13.6) 14.6 (13.6)
Median, h (min, max) 16 (0, 60) 20 (0, 50) 14 (0, 60)
6-12 mo, No. 615 274 341
Age .005% 2.42 (.69-8.50) .168
Mean age, y (SD) 0.82 (0.1) 0.84 (0.1) 0.81 (0.1)
Sex (female, reference group) .398P 1.21 (.86-1.69) .256
Male sex, No. (%) 325 (52.8) 150 (54.7) 175 (51.3)
Race/ethnicity, No. (%) 726° .600
White (reference group) 536 (87.2) 242 (88.3) 294 (86.2)
African heritage/Afro-Caribbean 12 (2.0) 4(1.5) 8(2.3) 0.57 (.16-2.00)
Asian 28 (4.6) 13 (4.7) 15 (4.4) 1.00 (.44-2.27)
Mixed/other 39 (6.3) 15 (5.5) 24 (7.0) 0.69 (.34-1.39)
Household size <.001? 0.89 (.63-1.25) 491
Mean (SD) 3.7 (0.9) 3.8(0.9) 3.56(0.9)
Median (min, max) 3(2,8) 4(2,8) 3(2,8)
No. of siblings <.001? 2.11(1.43-3.11) <.001
Mean (SD) 0.6 (0.8) 0.8(0.8) 0.5(0.8)
Median (min, max) 0(0, 4) 1(0, 4) 01(0, 4)
Smoker in household (nonsmoker, reference group) 555° 0.68 (.37-1.26) 215
Children with a smoker in the house, No. (%) 54 (8.8) 22 (8.0) 32(9.4)
Daycare or preschool attendance per week .002% 1.03 (1.01-1.05) .001
Mean, h (SD) 4.9 (10.5) 6.7 (12.0) 3.4 (8.8)
Median, h (min, max) 0 (0, 45) 0 (0, 45) 0 (0, 42)

P values < .05 are in bold font.
Abbreviations: Cl, confidence interval; OR, odds ratio; SD, standard deviation.
#Mann-Whitney U test.

52 test; multivariable analysis includes all variables.

adults >65 years of age [7, 9, 10, 18, 25, 26]. Where necessary,
rates were calculated using Office of National Statistics popula-
tion data denominators [27].

Statistical Analysis
Pneumococcal carriage rates and 95% confidence intervals
(CIs) were calculated using a binomial exact method.

Associations between demographic features and carriage were
explored with logistic regression.

Serotype-specific comparisons of carriage between time
periods and age cohorts were performed using Fisher exact
test, reported as odds ratios (ORs) with 99% CIs. P values
< .01 were considered significant to allow for multiple
comparisons.
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Figure 2. Serotypes isolated from nasopharyngeal swabs in 2014-2015 (4), 2017-2019 (B), and 2017-2020 (C). Month and year in parentheses refers to the date of in-
troduction into the UK schedule. PCV15 and PCV20 are newly approved higher-valency vaccines. Abbreviations: NT, nontypeable; PCV7, 7-valent pneumococcal conjugate
vaccine; PCV13, 13-valent pneumococcal conjugate vaccine; PCV15, 15-valent pneumococcal conjugate vaccine; PCV20, 20-valent pneumococcal conjugate vaccine.

Geometric mean concentrations (GMCs) of serotype-specific
IgG and the proportion of children with IgG >0.35 ug/mL were
compared for each age group and time period.

Serotype-specific IgG GMCs were calculated for carriers and
noncarriers of pneumococcus and for carriers of particular se-
rotypes. Log-transformed serum antibody concentrations were
compared between children carrying different serotypes by cal-
culating the geometric mean ratio adjusted for age and sex us-
ing linear regression.

Serum anti-pneumococcal IgG was analyzed to explore current
and previous exposure to particular vaccine serotypes, which may
have resulted in natural boosting. Three approaches were ex-
plored; Gaussian 2-component mixture models, best fit model,
and linear regression mixture model (Supplementary Methods).

To fit long-term trends in overall pneumococcal carriage ac-
counting for different carriage rates between studies, we calculated
the percentage of each serotype as the proportion of total isolates
for each study and found the best-fitting binomial regression
model (Supplementary Methods, Supplementary Table 1).

All statistical analyses were performed using Stata version 17
software.

RESULTS

Following screening and informed consent, 1425 children were
enrolled between June 2017 and August 2019 (children aged 13-
48 months) and June 2017 and March 2020 (children aged 6-12
months, Figure 1). Following the withdrawal of 15 children,
1410 swabs were available for analysis. A further 988 stored naso-
pharyngeal swabs were reanalyzed from 2014-2015. Blood sam-
ples from 747 children in 2017-2020 were tested for
pneumococcal antibodies.

Nasopharyngeal Carriage

Overall

Pneumococci were isolated from 473 of 988 swabs collected in
2014-2015 (47.9% [95% CI, 44.7%-51.0%]) and 412 of 795 chil-
dren aged 13-48 months in 2017-2019 (51.8% [95% CI, 48.3%-
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Figure 3.  Serotype-specific odds ratios of nasopharyngeal carriage of pneumococci in children aged 13—48 mo in 2014-2015 (n = 988) compared to 2017-2019 (n =795).
Six main replacement serotypes for invasive pneumococcal disease (IPD) in 2016-2017 were 8, 12F, 9N, 22F, 33F, 15A[10]. Increase in IPD due to 7C was seen from 2016 to
2017 [26]. Lines denote 99% confidence intervals around each odds ratio. Due to multiple comparisons, P< .01 is considered significant. PCV15 and PCV20 are newly ap-
proved higher-valency vaccines. Abbreviations: Cl, confidence interval; NT, nontypeable; OR, odds ratio; PCV7, 7-valent pneumococcal conjugate vaccine; PCV13, 13-valent

pneumococcal conjugate vaccine; PCV15, 15-valent pneumococcal conjugate vaccine; PCV20, 20-valent pneumococcal conjugate vaccine.

55.3%]), with no significant change in carriage (P=.10). In
2014-2015, 481 carriers had been identified using a single-
isolate approach, a similar proportion of carriers to this reanal-
ysis (P=.72).

Carriage of pneumococci was lower in children aged 6-12
months (274/615, 44.6% [95% CI, 40.6%-48.6%]) in 2017-
2019 compared with those aged 13-48 months (P=.01).

Risk Factors for Carriage
Carriers aged 13-48 months in 2017-2019 were similar to non-
carriers in terms of age, sex, household size, number of siblings,
and prevalence of smoking (Table 1). Mean hours per week of
daycare or preschool attendance was significantly higher (P <
.001) for carriers compared with noncarriers and remained sig-
nificant after adjustment for other factors (P <.001; Table 1).
The odds of carriage was significantly higher for White versus
African heritage/Afro-Caribbean or Asian children, in those
aged 13-48 months only, after adjustment for other factors.
Household characteristics were more important for children
aged 6-12 months, with significantly higher mean household
size and number of siblings for carriers compared with

noncarriers, in addition to higher mean age and number of
hours per week of daycare or preschool attendance. However
only increased number of siblings and hours of daycare or pre-
school attendance remained significant after adjustment for
other factors (Table 1).

Serotype-Specific Carriage
In 2017-2019, 23 of 795 children aged 13-48 months (2.9%
[95% CI, 1.8%-4.3%]) were carrying a PCV13 serotype, most
commonly serotypes 3 (12/795, 1.5% [95% CI, .8%-2.6%])
and 19A (6/795, 0.8% [95% CI, .3%-1.6%]) (Figure 2). The
odds of carriage of individual serotypes in children aged 13-
48 months were unchanged between 2014-2015 and 2017-
2019 for all serotypes except for an increase in 7C (OR, 5.70
[95% CI, 1.87-23.22], P <.001; Figure 3). There was no signifi-
cant difference in the odds of carriage for each individual sero-
type across the 2 age cohorts (Supplementary Figure 1).

The 5 most frequently isolated serotypes were 15B/C, 23B,
21, 10A, and 11A, though the order of prevalence varied be-
tween the 2 age groups and time periods (Figure 2).
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Serotypes 22F and 33F (contained in PCV15) were carried by
4.5% (44/988) and 3.8% (30/795) of children aged 13-48
months 2014-2015 and 2017-2019, respectively. A further
17.5% (173/988) and 16.9% (134/795) of children aged 13-48
months were carrying serotypes 8, 10A, 11A, 12F, and 15B/C
(also contained in PCV20) in 2014-2015 and 2017-2019, re-
spectively. Invasiveness of these serotypes varies widely
(Supplementary Figure 2).

Carriage of Multiple Serotypes

Opverall, across all cohorts 2014-2015 and 2017-2020, the ma-
jority (83.4% [967/1159]) of pneumococcal carriers were carry-
ing 1 serotype only, with the remaining carrying 2 (14.4% [167
children]), 3 (2.1% [24 children]), or 6 (0.1% [1 child])
serotypes.

Carriers of serotypes included in PCV13 were more likely to
be carrying multiple serotypes; 47.5% (28/59) of vaccine-type
carriers were carrying multiple pneumococcal serotypes com-
pared with 16.9% (191/1127) of non-vaccine-type carriers (P
<.001). A higher proportion of vaccine serotypes (36.7% [22/

60]) compared with nonvaccine serotypes (15.8% [209/1319])
were minor serotypes in a mixed culture (as opposed to single
serotype, or major serotype in a mixed culture) (P <.001).
Vaccine serotypes had a lower median colony density overall
(4850  colony-forming units [CFU]/mL; serotype 3,
2100 CFU/mL; serotype 19A, 9250 CFU/mL) than nonvaccine
serotypes (10000 CFU/mL) (Supplementary Figure 3).

Serology
IgG GMCs were significantly higher (P <.002, Bonferroni cor-
rection 0.05/25) for children aged 13-48 months in 2017-2019
compared with 2014-2015 for PCV13 serotypes 5 and 19A and
for nonvaccine serotypes 10A and 20 (Figure 4A), but there
were no significant differences (P > .002, Bonferroni correction
0.05/25) in the proportion of children with IgG titer >0.35 pg/
mL in 2017-2019 versus 2014-2015 for any serotypes
(Figure 4B).

As expected, given receipt of an additional dose of PCV13,
serotype-specific IgG GMCs were significantly higher (as op-
posed to no difference) for children aged 13-48 months
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compared with children aged 6-12 months for 10 of 13 vaccine
serotypes (Figure 4A); however, this was also observed for 11 of
12 nonvaccine serotypes. The proportion of children with
serotype-specific IgG concentrations >0.35 pg/mL was signifi-
cantly higher for children aged 13-48 months compared with
children aged 6-12 months for 6 of 13 vaccine serotypes and
9 of 12 nonvaccine serotypes (Figure 4B).

There was no difference in serotype-specific IgG GMCs for
carriers (any pneumococci) and noncarriers in either age cohort
in 2017-2020. Carriers of vaccine serotypes 3 and 19A aged 13-
48 months or 6-12 months (19A only) in 2017-2019 had higher
serotype 3 or 19A IgG GMCs, respectively, compared with non-
carriers and/or non-vaccine-type carriers after adjusting for age
and sex, suggestive of natural boosting (Supplementary Figures
4 and 5, Supplementary Tables 2 and 3). Natural boosting of
serotype-specific IgG was also observed for carriers of some

nonvaccine serotypes in both age groups (Supplementary
Tables 4 and 5, Supplementary Figures 6 and 7). There was no
change in the proportion of natural boosting events identified
for any vaccine serotypes between 2014-2015 and 2017-2019
across any of the 3 approaches (Supplementary Table 6).

Long-term Trends in Individual Serotypes as a Proportion of Total
Isolates

Trends in carriage generally aligned with trends in IPD for vac-
cine serotypes (PCV7, additional 6 PCV13 serotypes, and
cross-reactive 6C), and showed reductions in carriage following
vaccine introduction to low/negligible levels (Supplementary
Figures 8-10). However, serotypes 3 and 19A can be seen per-
sisting (albeit reduced for 19A) in both carriage and IPD
(Figure 5A and 5B). Serotypes 10A and 23B have consistently
increased in carriage and disease since 2007 (Figure 5C and
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5D), with serotypes 15B/C and 35B showing similar trends with
some fluctuation (Supplementary Figure 12E and 12H).
Serotype 7C shows a more recent increase in both carriage (de-
tected in this study) and IPD in the age group >65 years
(Figure 6A). In contrast, carriage trends for serotypes 8, 12F,
and 9N do not mirror upward IPD trends (particularly in those
aged >65 years; Figure 6B-D). Most other serotypes appeared
to stabilize, or had decreasing trends, following earlier increases
during the time period (Supplementary Figures 8-13).

DISCUSSION

This is the second study in the UK Thames Valley to assess pneu-
mococcal nasopharyngeal carriage in young children following
PCV13 introduction in 2010. Key findings include a recent in-
crease in serotype 7C carriage and disease, longer-term upward

trends in carriage and disease of serotypes 10A, 23B, 15B/C, 35B,
and low-level carriage of PCV13 serotypes 3 and 19A (and to a
lesser extent, PCV7 serotypes 19F and 23F and PCV13 6A). The
newly available PCV15 and PCV20 vaccines contain additional
serotypes carried by 3.8% (22F and 33F) and 20.6% (22F, 33F, 8,
10A, 11A, 12F, 15B) of healthy children aged 13-48 months, re-
spectively. Approximately 10% of total IPD cases in England and
Wales are caused by 22F and 33F [25], and 40% by the additional
5 PCV20 serotypes (33% by 8 and 12F alone) [10], suggesting
that PCV20 may have the potential to approximately halve
IPD cases should distributions remain similar and there is no
further rise in non-PCV15/20 types.

Overall pneumococcal carriage remained stable (around
50%) in children aged 13-48 months between 2014-2015 and
2017-2019, consistent with earlier UK carriage studies [3, 8].
Non-PCV13 serotypes continued to comprise the vast majority
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(>95%) of pneumococci isolated from PCV13-vaccinated chil-
dren, in particular serotypes 23B, 21, 15B/C, 10A, and 11A
(>49% of isolates in 2017-2019).

Carriage Prevalence

Vaccine Serotypes

Persistence of serotype 3 in carriage and disease is also seen in
other countries with established PCV13 programs [28-30], im-
plying low vaccine efficacy against this serotype.

The higher 19A-specific IgG concentrations in this study
compared with 2014-2015 may indicate increased circulation
of this serotype. However, the absence of significant increases
in serologically defined natural boosting events, or nasopha-
ryngeal carriage between the 2 time periods, and the relatively
stable trend in carriage and IPD from 2015 onward, leaves un-
certainty around interpretation of this result. Nevertheless,
there is ongoing low-level circulation of 19A despite PCV13 in-
troduction, a phenomenon that has also been reported in
Sweden, France, and Ireland [31-33].

Serotype 5 has not been detected in carriage in this study or
in the past decade [3, 4, 8, 18, 22, 23], suggesting that the in-
crease in IgG between 2014-2015 and 2017-2019 may be a test-
ing artefact.

Nonvaccine Serotypes

In the past 10 years, 7C carriage has been very low/negligible in
England [8, 22, 23]; however, a sudden rapid increase in IPD
cases in England and Wales caused by 7C was reported recently
when cases increased from an average of 3 cases per year be-
tween 2000-2001 and 2015-2016 to 29 cases in 2016-2017,
with the increase continuing into 2017-2018 [26]. This coin-
cides with the increase in carriage seen in our study. The
longer-term upward carriage trends observed for serotypes
10A and 23B (also seen in disease) were not detected by com-
paring 2 relatively close study time points.

Although serotypes 8 and 12F (responsible for 24% of cases
<5 years and 25% of cases >65 years in 2016-2017 [10]) were
infrequently carried, this does not rule out indirect protection
from routine pediatric PCV20 introduction given that child-
hood PCV13 immunization against serotype 1 (also infre-
quently carried but highly invasive) reduced IPD incidence in
both children and adults [7]. However, PCV20 also contains
commonly carried, less invasive serotypes (10A, 11A, 15B),
and the impact of reducing circulation of these serotypes, pro-
viding an ecological niche that other serotypes could fill, should
also be considered [5, 33].

Strengths and Limitations of the Study

The cross-sectional design could only provide a point in time
measurement; however, we have also explored long-term car-
riage study trends. To be comparable with previous studies,
we selected a fully vaccinated cohort that may not fully

represent carriage in the community. The sample size for the
6- to 12-month cohort was smaller than planned due to coro-
navirus disease 2019 (COVID-19)-related premature recruit-
ment termination.

Strengths of the study were the large sample size overall, a
3-year study period reducing any potential impact of seasonal-
ity, the sensitivity of sweep and microarray approaches, and use
of the same laboratories and methods throughout.

Methods used to explore natural boosting were experimental
and results are taken in the context of other analyses presented
here. However, it was reassuring that in general the serotypes
with the greatest numbers of boosting events corresponded to
the isolates detected in carriage.

Lockdown and other measures to prevent transmission of
COVID-19 had a significant impact on IPD globally (reported
across all age groups and serotypes in England, with a specific
reduction in serotype 12F in children [34, 35]). Relatively stable
carriage rates during the pandemic period (eg, in Belgium and
Israel) suggest that disease reductions may have been due to
suppression of viruses that can increase S. pneumoniae viru-
lence/spread rather than reductions in carriage [36, 37]. Our
data provide an important prepandemic baseline, though dis-
entangling the impact of the pandemic from the change in
schedule will be challenging.

CONCLUSIONS

The persistence of vaccine serotypes 3 and 19A in carriage and
disease suggests that pediatric PCV13 immunization cannot
further reduce disease due to these serotypes. Increased car-
riage of serotype 7C between 2014-2015 and 2017-2019, along
with more gradual increases in serotypes such as 10A and 23B,
highlights the need for ongoing monitoring.

The finding that 20% of children carry the additional 7 sero-
types included in PCV20 suggests that introduction of this vac-
cine, if licensed in this age group, could significantly change the
composition of pneumococcal serotypes carried in the pharynx
of UK children, knowledge that is crucial for modeling the po-
tential direct and indirect effects of PCV15 and PCV20

introduction.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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