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ages (the PSERENADE project): a global surveillance analysis
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Summary
Background Pneumococcal conjugate vaccines (PCVs) that are ten-valent (PCV10) and 13-valent (PCV13) became
available in 2010. We evaluated their global impact on invasive pneumococcal disease (IPD) incidence in all ages.

Methods Serotype-specific IPD cases and population denominators were obtained directly from surveillance sites
using PCV10 or PCV13 in their national immunisation programmes and with a primary series uptake of at least 50%.
Annual incidence rate ratios (IRRs) were estimated comparing the incidence before any PCV with each year post-
PCV10 or post-PCV13 introduction using Bayesian multi-level, mixed-effects Poisson regressions, by site and age
group. All site-weighted average IRRs were estimated using linear mixed-effects regression, stratified by product and
previous seven-valent PCV (PCV7) effect (none, moderate, or substantial).

Findings Analyses included 32 PCV13 sites (488758 cases) and 15 PCV10 sites (46 386 cases) in 30 countries, primarily
high income (39 sites), using booster dose schedules (41 sites). By 6 years after PCV10 or PCV13 introduction, IPD
due to PCV10-type serotypes and PCV10-related serotype 6A declined substantially for both products (age <5 years:
83-99% decline; =65 years: 54-96% decline). PCV7-related serotype 19A increases before PCV10 or PCV13
introduction were reversed at PCV13 sites (age <5 years: 61-79% decline relative to before any PCV; age =65 years:
7-26% decline) but increased at PCV10 sites (age <5 years: 1-6-2-3-fold; age =65 years: 3-6—4-9-fold). Serotype 3
IRRs had no consistent trends for either product or age group. Non-PCV13-type IPD increased similarly for both
products (age <5 years: 2-3-3-3-fold; age =65 years: 1-7-2.-3-fold). Despite different serotype 19A trends, all-serotype
IPD declined similarly between products among children younger than 5 years (58-74%); among adults aged 65 years
or older, declines were greater at PCV13 (25-29%) than PCV10 (4-14%) sites, but other differences between sites
precluded attribution to product.

Interpretation Long-term use of PCV10 or PCV13 reduced IPD substantially in young children and more moderately
in older ages. Non-vaccine-type serotypes increased approximately two-fold to three-fold by 6 years after introduction
of PCV10 or PCV13. Continuing serotype 19A increases at PCV10 sites and declines at PCV13 sites suggest that
PCV13 use would further reduce IPD at PCV10 sites.

Funding Bill & Melinda Gates Foundation as part of the WHO Pneumococcal Vaccines Technical Coordination
Project.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0
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Introduction

Streptococcus pneumoniae causes substantial morbidity
and mortality among children and adults globally."?
Currently, five pneumococcal conjugate vaccines (PCVs)
are available for infant immunisation. The first PCV,
licensed in 2000, covered seven serotypes. In 2007,
WHO recommended that a seven-valent PCV (PCV7;

Prevenar, Pfizer, New York, NY, USA) be included in
national infant immunisation programmes for pre-
vention of pneumococcal disease.’

Subsequently, in 2009-10, PCVs with additional
serotypes were licensed, including a ten-valent vaccine
(PCV10; Synflorix, GSK, Coleford, UK) covering PCV7
serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) plus serotypes
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Research in context

Evidence before this study

Many countries have published country-specific impact studies
evaluating the effect of introducing ten-valent (PCV10) or
13-valent (PCV13) pneumococcal conjugate vaccines (PCVs)
into their national infant immunisation programmes on
invasive pneumococcal disease (IPD) incidence. Although all of
these studies showed declines in vaccine-type IPD, the
magnitude of those declines, increases in non-vaccine
serotypes, and net effect on overall IPD varied between sites,
and serotype-specific analyses were restricted by sample size.
Differences in study context and design, including in PCV use
(eg, number of years PCVs were in use, immunisation coverage,
dosing schedules, and previous seven-valent PCV use before
switching to PCV10 or PCV13), case definitions, and surveillance
or analytical methods, contributed to variability. Additionally,
multicountry comparisons are needed to assess differences
between vaccine formulations and schedules. We searched
PubMed without language restrictions for studies published
between Jan 1, 2010, and March 3, 2024, reporting global
analyses of changes in IPD incidence after PCV10 or PCV13
introduction relative to before PCV using the search terms
"PCV", "IPD", "impact OR effect*”, AND “NOT cost". 15 previous
multicountry impact assessments were published between
2016 and 2024; analyses were restricted to specific regions,
high-income countries, certain serotypes (including
antimicrobial-resistant), or certain populations, or did not
evaluate long-term effects in settings of mature PCV10 or
PCV13 use (ie, >5 years of PCV10 or PCV13 use with high
uptake) relative to the pre-PCV period. Most analyses also used
only data available in the published literature, which restricts
analyses in both scope and ability to reduce bias by
standardising methodology across sites.

Added value of this study
We aimed to describe the full direct and indirect impact of
PCV10 or PCV13 after long-term use on incidence of IPD due to

1,5, and 7F, and a 13-valent vaccine (PCV13; Prevenar 13,
Pfizer), which replaced PCV7 and included PCV10
serotypes plus serotypes 3, 6A, and 19A. About 10 years
later, three additional PCVs became available: a second
ten-valent vaccine (Pneumosil, Serum Institute of India,
Pune, India) in 2020, which included the serotypes in
Synflorix except with serotypes 4 and 18C replaced with
6A and 19A; a 15-valent PCV (PCV15; VAXNEUVANCE,
Merck, Darmstadt, Germany) in 2022, which included
the serotypes in PCV13 plus 22F and 33F; and a 20-valent
PCV (PCV20; Prevenar20, Pfizer) in 2023, which included
the serotypes in PCV15 plus 8, 10A, 11A, 12F, and 15BC.
To date, PCVs have been introduced into 170 national
infant immunisation programmes.* Many countries also
have an adult pneumococcal vaccine programme using
pure polysaccharide or conjugate vaccines, although
recommendations vary and uptake is generally low.’

any serotypes or vaccine or non-vaccine serotypes only, and to
assess whether the effects differed by product, schedule, or
serotype, for all ages globally. Sites collaborated to share their
data using a common data collection template, which
facilitated evaluation of surveillance data for potential biases,
standardisation in methods and definitions across sites, robust
analytical methods, and a broad range of detailed analyses.
This analysis also described impact in all ages, specifically for
age groups younger than 5 years, 5-17 years, 18-49 years,
50-64 years, and 65 years or older.

Implications of all the available evidence

The totality of evidence shows that long-term use of PCV10 and
PCV13 reduced vaccine-serotype IPD (responsible for most IPD
in children) and, despite increases in non-vaccine serotypes,
resulted in reduction of overall IPD in all ages. Serotype 19A
increased with PCV10 use and decreased with PCV13 use,
suggesting that PCV10 sites could expect a greater effect by
using a formulation that includes serotype 19A; otherwise, the
effect was similar between PCV10 and PCV13 and between
different schedules. Further reductions are anticipated with
higher-valency PCVs for the serotypes they cover—with the
exception of serotype 3, which does not appear to be affected
by PCV use—and cross-protection for some related serotypes
might be expected. Immunising infants reduces IPD in all ages,
but because indirect effects can take many years to maximise,
immunising older, at-risk individuals in the early years after
introduction could accelerate reductions in IPD. Although
differences in overall effect between PCV10 and PCV13 and
dosing schedules appeared minimal, local serotype distribution
should be considered for product and schedule choice.

A 2013 global analysis of PCV7 impact in 16 countries
for up to 7 years after PCV7 use found substantial
declines in invasive pneumococcal disease (IPD) caused
by PCV7 serotypes for both children and adults. Declines
were partly offset by increases in incidence of non-
vaccine-type IPD, including serotype 19A, to levels above
those seen before PCV introduction and what would
have been expected in the absence of pneumococcal
conjugate vaccination, a phenomenon called serotype
replacement.® Subsequent wide use of PCV10 and PCV13
raised questions regarding their effect on the additional
serotypes they include, cross-protection of PCV10
against serotype 6A, and non-vaccine-type replacement,
especially for serotype 19A following PCV10 introduction.
The degree of heterogeneity between countries is also of
interest, including net indirect effects among adults, in
whom some countries have seen a near return to
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pre-PCV incidence by 6-8 years following PCVI10 or
PCV13 introduction, whereas others have experienced
sustained reductions in all-serotype IPD.”* Differences
are possibly due to a combination of differential
surveillance practices, pre-PCV serotype distributions,
transmission dynamics, underlying population risk
factors, PCV products, vaccine uptake, and immunisation
schedule, among other factors.”” Multisite analyses
using standardised methods might reduce some
confounding and statistical heterogeneity by increasing
sample size, another challenge for some countries. These
analyses also allow examination of differences between
settings and products. Previous multisite surveillance
studies estimating the impact of PCV10 and PCV13 on
IPD incidence aimed to address some of these issues but
only included high-income countries in Europe, North
America, and Australia and two or fewer PCV10 sites." "

A more globally representative evaluation of the
long-term impact of PCV10 (Synflorix) and PCV13 in
national infant immunisation programmes on IPD
incidence in all ages is needed to address the remaining
questions to inform vaccine policy and development of
future vaccines. As part of the Pneumococcal Serotype
Replacement and Distribution Estimation (PSERENADE)
project’ we sought all available published and
unpublished population-based IPD surveillance data
globally from 1991 to 2019 to estimate the change in
vaccine-type, non-vaccine-type, and all-serotype IPD
incidence by age group following introduction of PCV10
or PCV13 compared with the period preceding any PCV
use.

Methods

Data collection and eligibility criteria

As described elsewhere,> IPD surveillance sites in
countries where PCV10 or PCV13 was universally
recommended for all infants in the national infant
immunisation schedule were identified by contacting
known surveillance networks, a systematic literature
review, and review of results from previous PCV reviews,
conference abstracts, and citations. Invited sites had
primary PCV series uptake of at least 50% at age
12 months in at least one year after PCV10 or PCV13
introduction and at least one complete year of data after
PCV10 or PCV13 introduction, excluding the year of
introduction.

In 2018-19, sites with annual serotype-specific IPD
case data and population denominators in either
aggregated or case-based format by age group were
invited to contribute. IPD was defined as isolation of
S pneumoniae from normally sterile fluids or detection
using either lytA-based polymerase chain reaction or
antigen testing in cerebrospinal fluid or pleural fluid.
Sites meeting eligibility criteria in at least one age group
with 2 years or more of data (to assess change), including
sites without pre-PCV data, were included in analyses
(appendix 2 pp 13-15, 18-21).

Investigators also described their site’s PCV
programme and surveillance methods. This activity was
reviewed by the Johns Hopkins Institutional Review
Board and US Centers for Disease Control and
Prevention, deemed research not involving human
subjects and exempt from institutional review board
oversite, and conducted consistent with applicable
federal law and US Centers for Disease Control and
Prevention policy.

Two PSERENADE coordinators evaluated each site for
unanticipated patterns in IPD incidence rates to rule out
influence from factors other than PCV introduction,
including possible changes to the PCV programme or
surveillance system and other concurrent events affecting
risk of IPD. After discussion with site investigators,
affected site-year-age group data that could not be
accounted for were excluded (appendix 2 pp 13-15). For
US sites, analyses were restricted to individuals
hospitalised with IPD because of a large decline in
outpatient surveillance after PCV7 introduction,
consistent with another analysis,” probably due to
changes in outpatient blood culturing practices.”**”

The PCV7, PCV10, or PCV13 introduction year was the
year in which the vaccine was recommended for all age-
eligible children if introduced in January—September, or
the following year if introduced in October—December.
For data submitted in epidemiological years, the
introduction year was defined accordingly. For sites with
partial PCV introduction (eg, private market use before
universal introduction), year of introduction was defined
by the site. Year 0 is the year PCV10 or PCV13 was
introduced. PCV10 refers to Synflorix (GSK) unless
otherwise specified.

Adjustments for missing data

Within site—year—age group strata, cases missing serotype
information were excluded from analyses, other than for
all-serotype IPD, if evidence suggested preferential
selection for serotyping (eg, based on severity) or if fewer
than 50% of individuals had reported serotypes
(appendix 2 pp 13-15). To account for not-serotyped cases
in vaccine-type, non-vaccine-type, and serotype-specific
analyses, population denominators were adjusted by the
proportion of «cases serotyped, as opposed to
reapportioning unknown serotypes, to weight sites in the
model on the basis of the actual serotype data reported.
Detailed methods to account for partly serotyped cases,
including serogrouped only or undistinguished (eg, 6A
or 6C), typed but serotype not identified, untypeable,
two serotypes reported, and serotype pool, are described
in appendix 2 (pp 7-8).

For individuals with unknown age, population
denominators were adjusted by the proportion of
individuals with known age for each year and age group.
Minor changes were made to age group cutoffs when
standardised age categories used for analyses were not
available.
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55 sites contributed annual IPD incidence
data to the PSERENADE project

2 excluded due to surveillance data being
restricted to pneumococcal meningitis
1 Brazil
1 Greece

4 excluded due to concurrent PCV10 and PCV13 use
1 Czech Republic
1 Poland
1 Slovakia
1Sweden

2 excluded due to bias in the surveillance system or
changes other than PCV introductions over time
affecting estimates of IPD incidence that could
not be accounted for
1 Mirzapur, Bangladesh
1 Blantyre District, Malawi

.

A

47 sites included in analyses of
all-serotype IPD
32 PCV13sites
15 PCV10 sites

Figure 1: Sites that contributed IPD incidence data to the PSERENADE project
and reasons for exclusion from present analysis

IPD=invasive pneumococcal disease. PCV=pneumococcal conjugate vaccine.
PCV10=ten-valent PCV (Synflorix, GSK). PCV13=13-valent PCV (Prevenar 13,
Pfizer).

Statistical analysis
Annual IPD incidence rate ratios (IRRs) comparing the
period before universal introduction of any PCV
(pre-PCV period) with each year after PCV10 or PCV13
introduction were estimated by age group (<5, 5-17,
18-49, 50-64, and =65 years) for all-serotype IPD and
select vaccine-type and non-vaccine-type serotype
groupings using a three-step process. In the first step,
incidence rate curves were estimated over time by site
using a Bayesian multi-level, mixed-effects Poisson
regression using the MCMCglmm package in R
version 4.4.0.® The model included an offset for
population denominator and random effects for all site-
specific regression coefficients, allowing heterogeneity
among sites’ incidence curves. The regression modelled
pre-PCV incidence rates with a linear slope. A non-linear
break was included 1 year before PCV7 (if used) and
1 year before PCV10 or PCV13 introduction for children
younger than 5 years; for older individuals for whom
indirect PCV effects are not immediate, non-linear
breaks were included at the year of PCV introduction.
For all ages, cubic spline knots were included for each
site at years 1and 3 after PCV7 (if used) and years 1and 3
after PCV10 or PCV13 to allow flexibility in incidence
rates over time. Site-specific modelled incidence rate
curves were visually inspected for reasonableness of
model fit and approved by site investigators with expertise
in the site’s IPD surveillance.

In the second step, a counterfactual incidence rate (ie,
expected incidence rate had PCV not been introduced)
was estimated for sites with both pre-PCV and post-PCV

data by extending the modelled pre-PCV incidence rate
slope for 3 years after PCV introduction, then flattening
to zero slope assuming any pre-PCV trends would
stabilise thereafter. Site-specific modelled and counter-
factual incidence rates were used to estimate site-specific
annual IRRs in each post-PCV year, reported as the
mean of the posterior distribution of rate ratios.
Credibility intervals (Bayesian analogue of a 95% CI)
were estimated using the 2-5th and 97-5th percentiles
of the incidence rates’ posterior distribution (appendix 2
P9).

In the third step, all site-weighted average IRRs were
estimated for each year after PCV introduction for
six strata defined by product (PCV10 and PCV13) and
previous PCV7 impact (none, moderate, and substantial).
PCV7 impact strata were defined by the modelled site-
specific reduction in PCV7-type IPD among children
younger than 5 years in the year before PCV10 or PCV13
introduction: no PCV7 impact (ie, PCV7 not used),
substantial impact (PCV7-type IRR =<0-05), or moderate
impact (all others; appendix 2 pp 10-11). Modelled site-
specific IRRs from the second step were used to estimate
annual all site-weighted average IRRs for the six strata
using linear mixed-effects regression, including a
three-way interaction between year since PCV10 or PCV13
introduction, previous PCV7 impact, and product, with a
random intercept for site. Year since PCV10 or PCV13
introduction was modelled with interior cubic spline
knots at the observed 25th, 50th, and 75th percentiles to
allow flexibility in the curve over time. The model was
weighted by the inverse of posterior variances, which
gives more weight to sites with smaller IRR standard
errors.

To check parametric assumptions underlying the
linear mixed-effects model fit simultaneously for all
strata, we fit analogous models separately by stratum.
For all site-weighted average IRRs estimated using data
from a single stratum only, estimates for separate and
simultaneous models were similar but CIs differed
because uncertainty is assumed to be constant across
strata in the simultaneous model but not in the separate
models (appendix 2 pp 106-07). Note, however, that all
site-weighted average IRRs were estimated in the
simultaneous model including data from all PCV7
impact and product strata, instead of generating
estimates for each stratum individually, in order to
borrow evidence across strata and more robustly
estimate uncertainty around all site-weighted average
IRR estimates. All analyses were conducted in R
version 4.4.0.

Role of the funding source

The funder was provided with the opportunity to review
and comment on the manuscript, but otherwise had no
role in the study design, data collection, data analysis,
data interpretation, writing of the manuscript, or the
decision to submit for publication.
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Figure 2: All-site weighted average IRRs for PCV10-type IPD by age group

Site-specific annual incidence rates of IPD following PCV10 or PCV13 introduction were compared to the site’s average incidence rate before PCV introduction to

compute site-specific IRRs; all-site-weighted average IRRs are an average of the sites’

IRRs. PCV10 types include serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F.

Cross-protection from serotype 6A was not included. The shaded area indicates the year of PCV10 or PCV13 rollout. Estimates at year 0 indicate the change in
incidence after the first year of PCV10 or PCV13 use. In individuals aged 5 years or older, the model that best fit the data was one that shifted the first year of estimated
effect to the year after the first year of PCV introduction, not the year of PCV rollout as for children younger than 5 years. For sites with moderate or substantial PCV7

impact, the first year of estimated effect occurred at PCV7 introduction (not shown).

For sites with no PCV7 impact, the first year of estimated effect can be seen for

the first point estimate, indicating the pre-PCV period (ie, IRR=1), which occurs at year -1 for children younger than 5 years and at year 0 for all other age groups.
IPD=invasive pneumococcal disease. IRR=incidence rate ratio. PCV=pneumococcal conjugate vaccine. PCV7=seven-valent PCV (Prevenar, Pfizer). PCV10=ten-valent

PCV (Synflorix, GSK). PCV13=13-valent PCV (Prevenar 13, Pfizer).

Results
30 countries contributed 527692 IPD cases (median
per site 2981, range 19-115393) between 1991 and 2019
from 47 surveillance sites; 32 (68%) sites had both pre-PCV
and post-PCV data (table, appendix 2 pp 18-21). Eight
ineligible sites were excluded (figure 1, appendix 2
pp 13-15). Although all global regions were represented,
Latin America and the Caribbean and Northern Africa and
Western Asia had only two sites each (table). The European
region (18 sites) contributed most cases (n=331026, 63%),
whereas Asia (four sites) contributed fewest (n=3185, <1%).
Few sites were from low-income and middle-income
countries (two upper-middle income, five lower-middle
income, and one low income) or countries eligible for
support from Gavi, the Vaccine Alliance (five sites).
PCV13 sites contributed more data (32 sites,
488758 cases) than PCV10 sites (15 sites, 46386 cases)

and more had previously used PCV7 (26 [81%] vs six
[40%)]; table). Most sites’ PCV schedules included a
booster dose (30 [94%] PCV13 sites and 11 [73%] PCV10
sites). 12 (38%) PCV13 and three (20%) PCVI0 sites
introduced PCV10 or PCV13 with a catch-up campaign.
Median PCV10 or PCV13 uptake was high (91%, range
across sites 55-99); three sites had median uptake of less
than 70% (appendix 2 p 26). Although 38 (81%) sites
recommended pure polysaccharide or conjugate vaccines
for atrisk or all age-eligible adults, where data were
available, vaccine uptake was low (data not shown).
Before PCV introduction among children younger than
5 years, the median proportion of IPD due to PCV10
types at PCVIO sites was 77% (range 67-90) and the
median proportion due to PCV13 types at PCV13 sites
was 91% (81-100). Among 44 sites included in vaccine-
type, non-vaccine-type, and serotype-specific analyses,

www.thelancet.com/infection Published online December 17,2024 https://doi.org/10.1016/51473-3099(24)00665-0
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Figure 3: All-site weighted average IRRs for IPD due to any serotype or specific serotypes or serotype groups for children younger than 5 years
Site-specific annual incidence rates of IPD following PCV10 or PCV13 introduction were compared to the site’s average incidence rate before PCV introduction to

compute site-specific IRRs; all-site weighted average IRRs are an average of the sites’ IRRs. The y-axis scale changes between figures. PCV13 types include serotypes 1,
3,4,5,6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F. The shaded area indicates the year of PCV10 or PCV13 rollout. Estimates at year 0 indicate the change in incidence
after the first year of PCV10 or PCV13 use. In individuals aged 65 years or older, the model that best fit the data was one that shifted the first year of estimated effect
to the year after the first year of PCV introduction, not the year of PCV rollout as for children younger than 5 years. For sites with moderate or substantial PCV7
impact, the first year of estimated effect occurred at PCV7 introduction (not shown). For sites with no PCV7 impact, the first year of estimated effect can be seen for
the first point estimate, indicating the pre-PCV period (ie, IRR=1), which occurs at year -1 for children younger than 5 years and at year 0 for all other age groups.
Similar figures for age groups 5-17 years, 18-49 years, and 50-64 years are in appendix 2 (pp 23-25). IPD=invasive pneumococcal disease. IRR=incidence rate ratio.

PCV=pneumococcal conjugate vaccine. PCV7=seven-valent PCV (Prevenar, Pfizer). PCV10=ten-valent PCV (Synflorix, GSK). PCV13=13-valent PCV (Prevenar 13,

Pfizer).

the median proportion of IPD cases serotyped was 89%
(68-99).

Declines in PCV7 and PCV10 types appeared to plateau
by year 6 after introduction (ie, 7 years of PCVIO or
PCV13 wuse) in children younger than 5 vyears
(figures 2A, 3B), so impact is described at year 6 after
introduction for all analyses unless otherwise specified.
However, the declines and increases observed for other
serotypes and age groups did not plateau by year 6 and
continued their trends throughout the observation
period, which extended to 7-9 years after introduction for
most strata (figures 2—4).

Analyses for children younger than 5 years included
9011 cases (median per site 348 [range 22-2599]) from
14 PCV10 sites and 59977 cases (median per site
622 [44-11594]) from 31 PCV13 sites (table). Two PCV10
sites and ten PCV13 sites had post-PCV data only
(appendix 2 p 16); of the remaining sites, four PCV10 sites
and 12 PCV13 sites had substantial previous PCV7 impact,

two PCV10 sites and six PCV13 sites had moderate PCV7
impact, and six PCV10 sites and two PCV13 sites had no
PCV7 impact. The two PCV13 sites with no previous
PCV7 use were only eligible for all-IPD analyses due to
the low proportion of cases serotyped. Vaccine-type IPD
in children younger than 5 years was nearly eliminated in
all strata by 6 years after PCV10 or PCV13 introduction.
Overall, at both PCV10 and PCV13 sites, IPD caused by
PCV10 serotypes declined by 96-99% Dby year 6 after
introduction (figure 2A), and serotype 6A IPD declined by
83-99% (figure 3D). IPD due to PCV13 serotypes declined
more at PCV13 sites (94-95%) than at PCVI10 sites
(80-88%; appendix 2 p 31). Serotype 19A IPD declined at
PCV13 sites (61-79%) and increased at least 1-5-fold at
PCV10 sites (figure 3E). No consistent trends in serotype 3
IPD were observed for either product (IQR of site-specific
modelled IRRs 0-76-2-1 at year 6; figure 3F, appendix 2
p 35). Serotype 6C IPD case counts were insufficient to
robustly model pre-PCV incidence rates for most sites;

www.thelancet.com/infection Published online December 17, 2024 https://doi.org/10.1016/51473-3099(24)00665-0
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Figure 4: All-site weighted average IRRs for IPD due to any serotype or specific serotypes or serotype groups for adults aged 65 years or older

Site-specific annual incidence rates of IPD following PCV10 or PCV13 introduction were compared to the site’s average incidence rate before PCV introduction to
compute site-specific IRRs; all-site weighted average IRRs are an average of the sites’ IRRs. The y-axis scale changes between figures. PCV13 types include serotypes 1,
3,4,5,6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F. The shaded area indicates the year of PCV10 or PCV13 rollout. Estimates at year 0 indicate the change in incidence
after the first year of PCV10 or PCV13 use. In individuals aged 65 years or older, the model that best fit the data was one that shifted the first year of estimated effect
to the year after the first year of PCV introduction, not the year of PCV rollout as for children younger than 5 years. For sites with moderate or substantial PCV7 impact,
the first year of estimated effect occurred at PCV7 introduction (not shown). For sites with no PCV7 impact, the first year of estimated effect can be seen for the first
point estimate, indicating the pre-PCV period (ie, IRR=1), which occurs at year -1 for children younger than 5 years and at year 0 for all other age groups. Similar
figures for age groups 5-17 years, 18-49 years, and 50-64 years are in appendix 2 (pp 23-25). IPD=invasive pneumococcal disease. IRR=incidence rate ratio.
PCV=pneumococcal conjugate vaccine. PCV7=seven-valent PCV (Prevenar, Pfizer). PCV10=ten-valent PCV (Synflorix, GSK). PCV13=13-valent PCV (Prevenar 13,

Pfizer).

however, serotype 6C incidence rates appeared to trend
upward following PCV7 and PCVI10 introduction and
downward following PCV13 introduction (appendix 2
pp 27-28). Effect on all-serotype IPD ranged from 58%
(95% CI 41-70) to 74% (66-81), with some heterogeneity
across sites, but no clear difference by product (figure 3A,
appendix 2 p 33). IPD due to non-vaccine serotypes
increased following PCV7 introduction (figure 3C, E-G),
which continued following introduction of PCV10 or
PCV13, ranging from 2-3-fold (95% CI 1-7-3-2) to
3-3-fold (2-3—4-7) across both products (figure 3G). Some
heterogeneity was observed across sites in duration of
non-PCV13-type IPD increases, with IRRs continuing to
increase at some sites but levelling off at others, and in
their magnitude at year 6 (IQR 1-7-2-7; appendix 2 p 36).
Results were similar after excluding sites without
pre-PCV data (appendix 2 p 105).

Analyses of adults aged 65 years or older included
12 PCV10 sites (17142 cases; median per site 503 [range

ten to 5368]) and 26 PCV13 sites (192442 cases; median
per site 2641 [ten to 49475]). Vaccine-type IPD IRRs for
adults aged 65 years or older generally followed trends
similar to those for children younger than 5 years, but
with a slower rate of decline (figure 2). By 6 years after
PCV10 or PCV13 introduction, declines were similar
between PCV10 and PCV13 sites for PCV10-type IPD
(78-93%; figure 2E) and IPD due to serotype 6A (54-96%;
figure 4D). PCV13-type IPD declined more at PCV13 sites
(71-77%) than at PCV10 sites (28—-66%,; appendix 2 p 31).
Serotype 19A IPD increased following PCV7 and PCV10
introduction and declined after PCV13 introduction;
however, the declines in serotype 19A IPD at PCV13 sites
were much smaller for adults (7-26% by year 6) than for
children younger than 5 years (61-79%), and increases in
serotype 19A IPD at PCV10 sites were on average greater
for adults (3-6—4-9-fold) than for children (1-6-2-3-fold)
among strata with data for both age groups (figure 4E,
appendix 2 p 34). No consistent trends were observed in
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serotype 3 IPD for either product, which increased,
decreased, or had no meaningful change depending
on the site (IQR of year 6 site-specific modelled
IRRs 0-8-1-0; figure 4F, appendix 2 p 35). Similar to
children, IPD due to non-PCV13 serotypes increased
1.7-2-3-fold across strata (figure 4G), ranging from
1.2-fold to 2-8-fold across sites (appendix 2 p 36);
increases appeared to be continuing for some, although
not all, sites. Net effect on all-serotype IPD was smaller
for adults than for children. Declines at PCV13 sites were
25% (95% CI 21-36) to 29% (20-30); evidence was less
clear for PCV10 sites but appeared lower (declines were
4-14% with 95% ClIs overlapping no effect), but sample
size and other site differences prevent attribution to
product (figure 4A). Additionally, heterogeneity between
sites within strata ranged from sustained declines to
some nearly returning to pre-PCV rates (IQR of year 6
site-specific modelled IRRs 5-27% decline; appendix 2
p 33), which was not explained by adult pneumococcal
vaccine recommendations (appendix 2 p 43).

Analyses of other ages included 13 PCVIO sites
(2511 cases) and 28 PCV13 sites (21626 cases) for children
aged 5-17 years, 14 PCV10 sites (8282 cases) and 27 PCV13
sites (116510 cases) for adults aged 1849 years, and
12 PCVI10 sites (9440 cases) and 26 PCV13 sites
(98203 cases) for adults aged 50-64 years (table). Patterns
for vaccine-type, non-vaccine-type, and serotype-specific
IPD for these age groups were generally similar to those
for adults aged 65 years or older (figure 2B-D, appendix 2
pp 23-25). However, declines in all-serotype IPD reduced
with increasing age: 42-65% across strata for ages
5-17 years, 40—-62% for ages 18—49 years, and 10-30% for
ages 50—64 years (appendix 2 pp 23-25). Some serotype-
specific analyses (eg, serotype 6A) with low annual
numbers produced unusual patterns, probably due to
model instability (appendix 2 pp 23-25).

Discussion

The PSERENADE project compiled the largest and most
globally diverse IPD surveillance database including data
up to 2019 (ie, before the COVID-19 pandemic) from
countries with high PCV10 and PCV13 uptake in
childhood immunisation programmes. We estimated
that 6 years after PCV10 or PCV13 introduction, all-IPD
incidence in children younger than 5 years declined by
58-74% relative to the pre-PCV period. Vaccine-type IPD
rapidly declined in children younger than 5 years, soon
followed by declines in older children and adults due to
indirect effects. Vaccine-type declines were partly offset
by consistent increases in non-vaccine-type IPD in all
ages, probably resulting from serotype replacement. The
net effect on all-serotype IPD decreased with age, with
declines of 4-29% in adults aged 65 years or older,
probably due to the smaller proportion of IPD in older
adults than in children caused by vaccine serotypes
before PCV introduction.” Despite this finding, similar
or even greater absolute numbers of cases might have

been prevented in adults compared with children due to
the much larger adult population size.” The only vaccine-
type IPD not observed to decline was PCV13’s serotype 3,
which also did not increase at PCV10 sites like other
non-vaccine types. Cross-protection was observed against
serotype 6A at PCV10 sites and possibly serotype 6C at
PCV13 sites. Countries with extensive PCV7 use
experienced further declines in all-serotype IPD after
switching to PCV10 or PCV13, including reversing PCV7-
driven replacement disease for the additional serotypes
they covered. Declines were similar between PCV10 and
PCV13 sites for their respective vaccine types, as were the
approximately two-fold increases in non-vaccine types
6 years after introduction. Although declines in all-
serotype IPD were similar between PCV10 and PCV13
sites in children, PCV10 sites could expect additional
impact with PCV13 by reducing serotype 19A.

Other multicountry studies estimating PCV impact
were restricted to high-income countries in Europe,
North America, and Australia and included few PCV10
sites but were broadly consistent with our findings."™
Despite having broader representation, our analysis
included few PCV10 countries (ten) and 3+0 schedules
(Australia, Kenya, Fiji, and The Gambia), hampering the
ability to assess the effect of a booster dose. However,
trends in all-serotype IPD, vaccine-type IPD, and non-
vaccine-type IPD were similar among sites with and
without a booster dose. Previous PSERENADE analyses
of serotype 1 showed delayed effect in some countries,
but after 5-6 years, serotype 1 was nearly eliminated in all
ages regardless of schedule.” Data from two African
meningitis belt countries (Ghana and Burkina Faso)
using PCV13 with a 3+0 schedule could not be included
in this project, but published data do not indicate a clear
difference in impact compared with our findings.**
However, Australia observed breakthrough cases in the
second year of life, suggesting a shorter duration of
protection without a booster dose, leading them to switch
from a 3+0 to a 3+1 schedule in 2018.” High-burden
settings could require higher uptake, a booster dose, or
longer-term use to maximise the impact on IPD in all
ages.

The absence of PCV13 or PCV10 effects on serotype 3
IPD incidence has been observed previously, including
site analyses evaluating population-level impact.”#*
Post-licensure case—control studies using either the
indirect cohort (Broome) method* or healthy controls
found PCV13 effectiveness against serotype 3 IPD to
be approximately 50-65%.** These observational
methodologies might overestimate direct vaccine
effectiveness due to so-called healthy vaccinee bias in
studies that compare with healthy controls, and due to
greater relative increases in non-vaccine-type IPD among
vaccinated children in indirect cohort studies. For
example, if non-vaccine-type replacement is 1-5-2 times
higher in vaccinated compared with unvaccinated
children and the true vaccine effectiveness against
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serotype 3 is 0%, then the indirect cohort method
produces biased estimates of vaccine effectiveness of
between 50% and 67%, similar to the estimates of
indirect cohort studies.”* Discrepant findings between
impact and effectiveness designs could also be explained
by decreases in serotype 3 IPD among vaccinated
children that are offset by large serotype 3 increases
among unvaccinated children, but this is unlikely given
that large serotype 3 replacement was not observed at
PCV10 sites and vaccine uptake was high at sites in this
study. Because serotype 3 IPD did not increase similarly
to other non-vaccine types at PCV13 sites, it has been
hypothesised that protection is low rather than none;
however, serotype 3 at PCV10 sites also did not increase
like other non-vaccine types, and the similar trends
between PCV10 and PCV13 sites suggest that PCV13
does not protect against serotype 3 and that propensity
for replacement disease differs between serotypes. A
clinical trial of an investigational 11-valent PCV observed
low non-statistically significant efficacy against acute
otitis media caused by serotype 3 after the primary series
and moderate non-statistically significant negative
efficacy after the booster dose,® suggesting possible
hyporesponsiveness from priming doses, but this was
not supported by immunogenicity data.** Absence of
indirect effects on serotype 3 is consistent with a PCV13
trial evaluating serotype 3 carriage in children, which
found no effect in vaccinated children, indicating that
PCV13 would not interrupt serotype 3 transmission.*
Additionally, PCVs containing serotype 3 have not shown
sufficient antibody responses expected to provide
protection against the serotype 3 capsule.” The result is
that serotype 3 is now the top IPD serotype at PCV13
sites and second most common after serotype 19A at
PCVI0 sites,* indicating that new strategies to address
serotype 3 IPD are needed.

Serotype 19A IPD substantially increased following
PCV7 introduction, a change that reversed after PCV13
introduction, bringing 19A incidence back to baseline
after about 3 years. Although declines continued
throughout our observation period 8-9 years after PCV13
introduction, reductions were smaller than for other
vaccine types (eg, in children younger than 5 years,
serotype 19A declined by 61-79% vs >85% for serotype 1,
serotype 5, and serotype 7F). This might be
because serotype 19A had greater replacement with PCV7
than other non-vaccine types (eg, two-fold increases
versus 1-5-fold). At PCV10 sites, the magnitude of
replacement was generally similar between serotype 19A
and other non-vaccine types among children,
approximately two-fold at 6 years after introduction, but
in adults serotype 19A increased more than other non-
vaccine types (approximately four-fold vs two-fold).

Serotype 6A declined substantially at PCV10 sites,
including in adults, suggesting that cross-protection
from serotype 6B in PCV10 reduced transmission.
Although clinical trials found similar declines in

serotype 6A carriage for PCVI0 and PCV13,” a
longitudinal surveillance study in Kilifi, Kenya, did not
observe reductions in serotype 6A carriage among
children younger than S years after 5 years of PCV10
use.® Our study had few serotype 6C IPD cases, but
PCV13 site data suggested cross-protection from
serotype 6A, and the PSERENADE analysis estimating
the serotype distribution at least 5 years after PCV10 or
PCV13 introduction estimated more serotype 6C at
PCV10 sites than at PCV13 sites;* monitoring should
continue.

Our estimated doubling of IPD due to non-vaccine
types by year 6 for both PCV10 and PCV13 sites is broadly
consistent with other multisite studies."” Annual
increases in incidence rates of IPD due to non-vaccine
types appeared roughly constant over the 8-year period
after PCV10 or PCV13 introduction, but it is unclear how
long increases will continue. IPD is a function of both
serotype invasiveness and host vulnerability. Because
non-vaccine types have generally been less invasive than
vaccine types, and non-vaccine types accounted for a
smaller proportion of IPD in children before PCV
introduction, the net impact of PCV10 or PCV13 is likely
to remain large for children.®* However, because
vulnerability among adults increases with age, older
adults might eventually become susceptible to less
invasive non-vaccine types, leading to no net impact on
adult IPD from infant PCV programmes, as has been
modelled for at least one country.” Whether IPD would
return to pre-PCV levels—and if so, how long it would
take—was not estimated in this analysis, but would
depend on several factors, including the pre-PCV
serotype distribution, the age distribution of the
population, and the underlying susceptibility of the
population, which change over time and differ between
countries and age groups.”

Although sites using the same product had similar
trends, magnitudes in IPD changes following PCV10 or
PCV13 introduction differed between sites, as illustrated
by the three PCV7-impact strata for a given PCV product:
because effects of previous PCV7 use should eventually
wash out, these strata should converge but often did not,
suggesting residual differences between sites beyond
PCV product and age. This finding is despite excluding
data with known biases and accounting for trends
occurring during the pre-PCV period. Sites might differ
in surveillance and clinical practices; PCV schedule,
catch-up, and wuptake; adult immunisation recom-
mendations and uptake; transmission dynamics;
prevalence and degree of changes in population risk
factors (including underlying comorbidities); pathogen
evolution; and pre-PCV IPD and carriage serotype
distributions.* "%

This study highlights the value of having many
countries conducting high-quality, population-based IPD
surveillance and of collaborating to increase power
and enable comparisons not possible in settings using
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a single vaccination programme. Sharing well charac-
terised datasets enabled the evaluation of data quality
and potential Dbiases, creation of standardised
comparisons, and performance of detailed stratified
analyses that would not have been possible using data
abstracted from published literature or from single
surveillance systems because few are large enough to
estimate robust serotype-specific effects. Although we
estimated relative instead of absolute changes in
incidence—Dbecause absolute changes would have varied
depending on pre-PCV IPD incidence, which differed
between sites due to differences in disease burden,
surveillance systems, detection methods, etc—our
analytical approach improved upon previous methods by
accounting for uncertainty both within and between
sites*” and attaining greater representativeness by
incorporating data from sites without pre-PCV data and
having no minimum sample size requirements.**"
Nonetheless, this analysis has limitations. Although all
regions were represented, there was data paucity from
Asia, Latin America, sub-Saharan Africa, high-burden
countries, and countries using a 3+0 schedule, which
restricts the generalisability of our results. This prevented
a robust assessment of regional variation and impact by
schedule, particularly of a booster dose. Most long-term
data (ie, =7 years after PCV10 or PCV13 introduction)
came from high-income countries that introduced PCVs
earliest, but early trends of all sites influence the
trajectory and thus affect estimates of later years. Most
sites had few years of pre-PCV surveillance to accurately
establish trends, and we assumed any such trends were
limited to 3 years after PCV use, which might have been
too long or too short for some sites. We did not have
sufficient evidence to assess changes in blood culturing
practices among outpatients for non-US sites, but the
proportion of IPD from outpatients was low in non-US
countries so this is unlikely to have meaningfully
influenced the results. As such changes were known for
the USA, for those sites, outpatients were excluded from
analyses. We were otherwise unable to control for several
potential confounding factors that are likely to have
contributed to observed heterogeneity between sites,
including pre-PCV serotype distribution, prevalence of
comorbidities including HIV, PCV schedule, catch-up
programmes, and adult immunisation. Although the
majority of sites had adult pneumococcal vaccine
programmes that could influence the results, we found
no differences in effect between sites with adult
pneumococcal vaccine recommendations versus those
without, probably in part due to low uptake. Furthermore,
comparison of impact among adults aged 65 years or
older between PCV10 and PCV13 sites was difficult
because estimates for PCV13 sites were for strata that
used PCV7 first, whereas few PCV10 sites with adult data
had used PCV7 Although we were unable to test the
assumption that the serotype distribution of cases not
serotyped was the same as those serotyped within

covariate strata, the proportion of redistributed cases was
small. Finally, due to unknown sensitivity of case
detection, we did not estimate absolute incidence rates.

This study, evaluating the impact of long-term use of
PCV10 or PCV13, highlights the degree to which infant
PCV immunisation programmes have reduced IPD in all
ages and the power of multisite collaboration to elucidate
evidence for individual serotypes and compare products.
The study showed that the degree and speed with which
PCVs reduce vaccine-type IPD vary by serotype, ranging
from rapid (PCV7 serotypes) to taking many years for
some (serotype 19A) and no effect (serotype 3). This
study included IPD up to 2019, just before the COVID-19
pandemic, which disrupted IPD surveillance systems,
vaccination programmes, and disease trends for several
years.” Additionally, some countries have since
introduced new higher-valency PCV products and the UK
switched to a 1+1 schedule. Continued surveillance and
multicountry evaluations will be essential for assessing
the effect of alternative schedules and the new higher-
valency PCVs that target many of the remaining serotypes
that historically were much less common than PCV10 or
PCV13 serotypes but are now on the rise.
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