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ABSTRACT

Introduction: The widespread implementation
of pneumococcal conjugate vaccines (PCVs) has
significantly reduced the burden of pneumo-
coccal disease around the world. Although
licensed 10-valent (PCV10) and 13-valent
(PCV13) vaccines have considerably reduced
mortality and morbidity, a sizeable disease
burden attributable to serotypes not contained
in these PCVs remains. This study aimed to
estimate the annual clinical and economic
burden of pneumococcal disease attributable to
licensed (PCV10 and PCV13) and investiga-
tional PCVs, notably 15-valent (PCV1S) and
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20-valent (PCV20) vaccines, in 13 countries in
children under 5 years of age.

Methods: A decision-analytic model was cre-
ated to aggregate total cases [inclusive of inva-
sive pneumococcal disease (IPD), pneumonia,
and otitis media (OM)], deaths, and direct costs
in each country of interest [stratified by PCV10/
PCV13 countries, depending on national
immunization programs (NIPs)] over 1 year,
using up to the three most recent years of
available serotype coverage data. Data inputs
were sourced from local databases, surveillance
reports, and published literature.

Results: In 5 PCV10 NIPs (Austria, Finland,
Netherlands, New Zealand, Sweden), most
remaining PCV20-type disease was due to
PCV13-unique serotypes (30-85%), followed by
PCV20-unique (9-50%), PCV15-unique
(4-15%), and PCV10-unique (2-14%) serotypes.
In 8 PCV13 NIPs (Australia, Canada, France,
Germany, Italy, South Korea, Spain, United
Kingdom), most remaining PCV20-type disease
was caused by PCV20-unique serotypes
(16-69%), followed by  PCV13-unique
(11-54%), PCV15-unique (2-33%), and PCV10-
unique serotypes (3-19%). Across all countries,
PCV20 serotypes caused 3000 to 345,000 cases
of disease and cost between $1.3 and $44.9
million USD annually with variability driven by
population size, NIP status, and epidemiologic
inputs. In aggregate, PCV20 serotypes caused
1,234,000 cases and $213.5 million in annual
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direct medical costs in children under 5 years of
age.

Conclusion: Despite the success of PCV10 and
PCV13 in reducing pneumococcal disease, a
substantial clinical and economic burden
remains due to serotypes contained in investi-
gational vaccines.

Keywords: Invasive pneumococcal disease;
Pneumococcal conjugate vaccine; Burden of
disease; Vaccine serotypes

Why carry out this study?

Currently licensed pneumococcal
conjugate vaccines (PCVs) i.e., PCV10 and
PCV13 have reduced the burden of
pneumococcal disease; however, due to a
rise in the prevalence of serotypes not
covered by these PCVs, a significant
proportion of disease burden remains to
be addressed.

This study sought to estimate and
compare the clinical and economic
burden attributable to the serotypes
covered by licensed PCVs, as well as
investigational PCVs (PCV15 and PCV20)
that are currently in development, in 13
countries with established national
immunization programs (NIPs) and robust
surveillance data.

What was learned from the study?

Serotypes not targeted by licensed PCVs
are a substantial cause of the residual
disease burden in all 13 countries; notably
the largest proportion of the residual
clinical and economic burden is due to
PCV20 serotypes.

Investigational PCVs have the potential to
reduce the disease burden in these
countries by targeting additional
serotypes that are not covered by lower-
valent PCVs.

INTRODUCTION

Streptococcus pneumoniae (S. pneumoniae), the
causative pathogen for pneumococcal disease, is
one of the leading contributors of vaccine-pre-
ventable morbidity and mortality worldwide
[1, 2]. Pneumococcal disease can range from
life-threatening invasive pneumococcal disease
(IPD), such as meningitis, septicemia, bac-
teremia, and bacteremic pneumonia (PNE), to
mucosal infections, such as otitis media (OM),
non-bacteremic PNE, and sinusitis. Notably,
children younger than Syears of age, older
adults, and adults with comorbid conditions are
most affected by pneumococcal disease [3].
Pneumonia due to §. pneumoniae is a significant
contributor to childhood morbidity and mor-
tality, and estimates from 2016 indicate that
around 45 million episodes of lower respiratory
infections and 350,000 deaths are due to
pneumococcal PNE in children younger than
5 years of age annually [4].

Pneumococcal disease is caused by 100 dif-
ferent pneumococcal serotypes, but most cases
are caused by a subset of pathogenic serotypes
[S]. To address the burden of pneumococcal
disease in children, pneumococcal conjugate
vaccines (PCVs) were developed and originally
targeted serotypes most prevalent among IPD
(Fig. 1). The 7-valent PCV (PCV7) containing 7
pneumococcal serotypes (4, 6B, 9V, 14, 18C,
19F, and 23F) was the first PCV to be approved
in 2000 in the United States, and later in Europe
in 2001 [6, 7]. In 2009, a 10-valent PCV (PCV10)
containing additional serotypes 1, 5, and 7F and
a 13-valent PCV (PCV13) containing PCV10
serotypes and additional serotypes 3, 6A, and
19A were introduced, replacing PCV7 in
national immunization programs (NIPs) [6, 8].
As of 2020, PCV10 and PCV13 have been
introduced in 160 NIPs around the world [9].
Considering the incremental serotype coverage
provided by PCV13, over 80% of NIPs currently
include PCV13 to provide the broadest protec-
tion against pneumococcal disease [9].

Over the last 20 years, use of PCV in pediatric
NIPs around the world has demonstrated a sig-
nificant impact in reducing morbidity and
mortality associated with pneumococcal disease
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Fig. 1 Serotypes included in current and investigational PCVs. PCV pneumococcal conjugate vaccine

caused by vaccine serotypes in children. In the
years following the introduction of PCV7, and
again after its subsequent replacement by
PCV10/PCV13, there have been marked decli-
nes in cases of IPD [10-13], OM [14-17], and
PNE [18-21] attributable to vaccine serotypes.
Global modeling studies provide further evi-
dence of the impact of PCV programs, estimat-
ing that 175 million cases of pneumococcal
disease and 625,000 deaths have been pre-
vented by PCV13 in children under S years of
age worldwide between 2010 and 2019 [1].
Apart from protecting young children against
pneumococcal disease, routine pediatric
immunization has also provided indirect pro-
tection to non-vaccinated populations through
a reduction in nasopharyngeal carriage of vac-
cine serotypes, thereby reducing transmission
of disease [19, 22, 23]. As more countries
increase PCV uptake, PCV vaccination offers the
potential to prevent 54.6 million episodes and
399,000 deaths annually in children under
Syears of age due to pneumococcal disease
globally [24].

While PCVs have considerably reduced dis-
ease burden of vaccine serotypes, there has been
a rise in cases caused by non-vaccine serotypes,
a phenomenon termed serotype replacement
[25]. This replacement occurs because S. preu-
moniae is a commensal bacterium that resides in
the nasopharynx of healthy children and cur-
rently available PCVs offer protection against
nasopharyngeal carriage of covered pneumo-
coccal serotypes. While overall nasopharyngeal
carriage has remained constant, the non-vac-
cine serotypes that have replaced the vaccine
serotypes in circulation are generally less
pathogenic, therefore overall rates of IPD

remain substantially lower than pre-vaccine
levels. However, wide variations in the inci-
dence of these emerging serotypes by geography
and age have been observed [26-29]. Countries
with sustained use of PCV13 in NIPs, where the
incidence of serotypes 3, 6A, and 19A have
already been reduced as compared to countries
with PCV10 NIPs, have observed an increase in
the incidence of multiple non-PCV13 serotypes,
including but not limited to serotypes 6C, 8,
ON, 104, 11A, 12F, 154, 15B, 15C, 22F, 23B, 24F,
33F, 35B, and 38 [27]. Other global studies have
reported on the high disease potential of ser-
otypes not contained in currently licensed PCVs
[30-32].

To address the rise in non-vaccine serotypes
and increase protection against pneumococcal
disease, higher-valent PCVs are in clinical
development, with two vaccines currently
under regulatory review': a 15-valent PCV
(PCV1)) that includes the PCV13 serotypes plus
22F and 33F and a 20-valent PCV (PCV20) that
includes the PCV15 serotypes and 5 additional
serotypes (8, 10A, 11A, 12F, and 15B) (Fig. 1).
These new PCV formulations have the potential
to address an increasing unmet need by pro-
viding additional protection against emerging
serotypes not covered by currently licensed
PCVs. Notably, the serotypes included in
investigational PCVs have a propensity for
antimicrobial resistance (11A, 15B, 22F, and
33F), are associated with outbreaks (8 and 12F),
are a common cause of meningitis (12F, 22F,
and 33F), have a higher case fatality rate (CFR)

! The pneumococcal 20-valent conjugate vaccine PRE-
VNAR 20® (Pfizer) and the pneumococcal 15-valent
conjugate vaccine VAXNEUVANCE® (Merck) received
marketing approval for adults aged 18 years or older in
June 2021 and July 2021, respectively [42, 43].
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(10A and 11A), and tend to cause more severe
disease (8, 10A, 11A, 15B, 22F, and 33F) com-
pared with other serotypes [33—-41]. The aim of
this study is to estimate and compare the
annual clinical and economic burden of pneu-
mococcal disease outcomes including IPD,
inpatient PNE, outpatient PNE, and OM due to
serotypes attributable to the licensed (PCV10
and PCV13) and investigational PCVs (PCV15
and PCV20) in 13 countries with established
NIPs and robust surveillance data. Specifically,
this analysis considers Australia, Austria,
Canada, Finland, France, Germany, Italy,
Netherlands, New Zealand, South Korea, Spain,
Sweden, and United Kingdom (UK), in children
under S years of age.

METHODS

Model Description

A Microsoft Excel-based decision-analytic
model was developed to estimate the annual
clinical and economic pneumococcal disease
burden due to serotypes contained in licensed
and investigational PCVs (PCV10, PCV13,
PCV15, and PCV20) in children under 5 years of
age (Fig. 2). The cohort-based model is based on
a cohort of children under S years of age and
includes age- and country-specific incidence
rates of pneumococcal disease outcomes (i.e.,
IPD, inpatient/outpatient PNE, and OM) which
are used to calculate the estimated number of
pneumococcal disease cases per year. Disease
outcomes are subsequently stratified based on
local serotype coverage for each PCV. There-
after, age- and country-specific associated costs
and CFRs are applied to pneumococcal disease
outcomes to estimate the direct costs and total
deaths associated with each disease outcome by
PCV product. Finally, total cases, deaths, and
direct costs are aggregated to estimate the
annual clinical and economic burden of disease
in each country over 1 year. This decision ana-
lytic model is informed by previously con-
ducted studies and does not contain any new
studies with human participants or animals
performed by any of the authors.

Inclusion criteria for countries in this study
were the presence of well-established national
population-based pneumococcal surveillance
systems and public data available after the
introduction of PCV10/PCV13, including pub-
lished evidence of non-invasive pneumococcal
disease (non-IPD) incidence and disease-related
costs. Following a targeted literature review,
Australia, Austria, Canada, Finland, France,
Germany, Italy, Netherlands, New Zealand,
South Korea, Spain, Sweden, and UK were cho-
sen for this analysis (Table 1).

Austria, Finland, and Netherlands exclu-
sively used PCV10 in their NIP at the time ser-
otype coverage was reported, while Australia,
France, Spain, and UK exclusively use PCV13 for
routine pediatric vaccination. Austria switched
its NIP to PCV13 at the beginning of 2020;
however, for the purposes of this analysis, it is
assumed to use PCV10, given serotype coverage
is available from 2017 to 2019 [44]. Spain, Italy,
and Canada have regional immunization pro-
grams; however, while all of Spain uses PCV13,
one region in Italy and Canada uses PCV10
(Piedmont in Italy and Quebec in Canada), with
the remaining regions using PCV13. Quebec
switched to PCV10 in 2018, so only 6 months of
epidemiologic data for Canada represent any
PCV10 use. In Germany and South Korea, both
PCV13 and PCV10 are reimbursed; acknowl-
edging this, most infants (> 85%) are vaccinated
with PCV13 [45, 46]. Therefore, Italy, Canada,
Germany, and South Korea are categorized as
PCV13 NIPs in our study, given that most
infants receive PCV13 in these countries. In
Sweden, individual counties could choose
either PCV10 or PCV13 until 2019, after which
PCV10 was selected at the national level as the
only PCV [47]. However, the majority of chil-
dren in Sweden received PCV10 before 2019;
therefore, we have categorized it as a PCV10 NIP
[48]. Finally, New Zealand has switched its PCV
program several times, switching from PCV7 to
PCV10 in 2011, then to PCV13 in 2014, and
back to PCV10 in 2017. We categorized New
Zealand as a PCV10 country and included only
2018 surveillance data post-PCV10 transition.
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Model Inputs

Input parameters (i.e., population, clinical, and
cost data) were derived from published sources
available in the public domain or from locally
available databases/registries (see Table S1 in the
supplementary material for details). The model
inputs derived per country for children under
5 years of age included: (1) Serotype coverage: the
proportion of serotypes in each PCV formula-
tion (PCV10, PCV13, PCV15, and PCV20)
responsible for cases of IPD; (2) IPD incidence:
the total incidence of IPD, and the relative
proportion caused by meningitis or bacteremia;
(3) non-IPD (OM/PNE) incidence: the incidence of
all-cause OM, the incidence of all-cause PNE
(inpatient and outpatient), and the proportion
of all-cause OM/PNE caused by S. pneumoniae;
(4) Mortality: the CFR for meningitis, bac-
teremia, and inpatient PNE; and (5) Direct
healthcare costs: the direct healthcare cost per
event of meningitis, bacteremia, inpatient PNE,
outpatient PNE, and OM.

Serotype Coverage

Serotype coverage for children under 5 years of
age was derived from nationally or regionally
representative IPD surveillance systems for each
country. Using up to the three most recent years
of available data, coverage was calculated for
PCV10-, PCV13-, PCV15-, and PCV20-unique

serotypes. Only 1year of data was used in
New Zealand and Netherlands to account for
the only year of data since switching to a PCV10
NIP and the availability of data by individual
serotypes, respectively. In South Korea, 4 years
of data were used, given that the passive
surveillance system reported aggregated data
over the entire period. In the base case analysis,
we did not include any potentially cross-reac-
tive serotypes (i.e., 6C or 15C); however, this
was explored in the sensitivity analysis. These
serotype coverage estimates were then applied
to IPD incidence to ascertain the nationally
representative serotype-specific IPD incidence
for each PCV considered in the analysis.
Country-specific serotype coverage for
licensed and investigational PCVs is presented
in Fig. 3. In Austria, Finland, Netherlands, New
Zealand, and Sweden, countries that all used
PCV10 in the NIP at the time of data collection,
1-9% of all cases were caused by PCV10-unique
serotypes. Among these countries, disease
caused by PCV13-unique serotypes (3, 6A, and
19A) accounted for most of the remaining dis-
ease, ranging from 15-66%, with an additional
3-8% caused by the PCV15-unique serotypes
(22F and 33F), and a further 7-33% caused by
the five additional PCV20-unique serotypes (8,
10A, 11A, 12F, and 15B). In countries predom-
inantly using PCV13, i.e., Australia, Canada,
France, Germany, Italy, South Korea, Spain, and
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Table 1 Overview of pediatric NIPs in selected countries

Country PCYV used during reported surveillance Year of PCV10/13 Years serotype coverage
(dosing schedule) introduction data reported
PCV10 NIPs
Austria® PCVI10 (2 + 1) 2012 2017-2019
Finland PCVI0 (2 + 1) 2010 2017-2019
Netherlands PCVI10 (2 + 1) 2011 2019
New PCV10 3+ 1) 2011 2018
Zealand®
Sweden® PCV10 (2 + 1)/ PCVI3 (2 + 1) 2010 2016-2018
PCV13 NIPs
Australia®  PCV13 (34 0/2 + 1) 2010 2016-2018
Canada® PCV13 (2 + 1) / PCV10 (2 + 1) 2010 2016-2018
France PCV13 2+ 1) 2010 2013, 2015, 2017
Germa.nyf PCV13 (24 1) / PCVI1O0 (2 4+ 1) 2009 July 2015-June 2018
Ttaly® PCV13 (24 1) / PCVIO (2 + 1) 2012 2017-2019
South Korea® PCVI13 (3+ 1)/ PCV10 (3+1) 2014 2014-2018
Spain PCVI3 2+ 1) 2010 2016-2018
United PCV13 (24 1) 2010 July 2016-June 2017
Kingdomh

NIP national immunization program, PCV pneumococcal conjugate vaccine
* At the time of available serotype coverage data, Austria used PCV10 but has since changed to PCV13 as of 2020
b New Zealand switched from PCV?7 to PCV10 in 2011, then to PCV13 in 2014, and back to PCV10 in 2017, which is

why only 2018 data was included

¢ At the time of serotype coverage data availability, Sweden used both PCV10 and PCV13 in different counties, but has

exclusively used PCV10 since 2020

4 Australia used a 3 + 0 schedule and transitioned to a 2 + 1 schedule in 2018

¢ Italy and Canada both have regional PCV10 use in Piedmont and Quebec, respectively

f Both PCV10 and PCV13 are used in Germany, with over 90% of infants vaccinated with PCV13. Published data for
Germany were available for children < 2 years; this was assumed uniform for all children <5 years

& Both PCV10 and PCV13 are used in South Korea, with over 85% of infants vaccinated with PCV13

" Surveillance is specifically from England and Wales, but this analysis extrapolates to the totality of the population under
5 years of age in the UK. The UK has also switched from 2 + 1 to 1 4 1 schedule as of 2020

UK, 2-11% of disease was caused by PCV10-
unique serotypes, with an incremental 6-33%
of disease caused by PCV13-unique serotypes.
Additional PCV15-unique serotypes were
responsible for 1-18% of disease in these
countries, while the additional PCV20-unique
serotypes were responsible for 10-41% more
disease over PCV15. Across both PCV10 and

PCV13 NIP countries, the cumulative coverage
of PCV20 ranged from 46-77% of all remaining
pneumococcal disease burden.

Invasive Pneumococcal Disease
The proportion of IPD caused by either pneu-
mococcal meningitis or bacteremia was
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calculated to capture differences in CFRs and
associated costs per disease event. Due to the
lack of available data on the proportion of IPD
cases resulting in meningitis or bacteremia in
four countries (UK, Finland, Austria, and
Netherlands), it was assumed that 76-90% of
IPD cases were pneumococcal bacteremia, and
the remaining 10-24% were pneumococcal
meningitis, as per previously published work
[49, 50]. Sequelae resulting from meningitis and
bacteremia were not included in our analysis.

Non-Invasive Pneumococcal Disease

Non-IPD in the model included inpatient PNE,
outpatient PNE, and OM. Data on the pneu-
mococcal etiology of non-IPD in children are
sparse and inconsistent to fully ascertain vac-
cine-preventable disease burden. Consequently,
we leveraged available data on all-cause PNE
and OM for each country, identified through a
targeted literature review, and assumed that a
proportion of all-cause disease was caused by S.
pneumoniae. This proportion ranged from
20-53% for inpatient and outpatient PNE and
20-38% for OM among included countries. For
countries where no data were available, we

PCV13 NIPs

PCV13 mPCV15 mPCV20

serotypes: PCV15S serotypes + 8, 10A, 11A, 12F, 15B.
NIP national immunization program, PC}” pneumococcal
conjugate vaccine, UK United Kingdom

conservatively assumed that 20% of both all-
cause PNE and OM disease were attributable to
S. pneumoniae [46, 51, 52]. Furthermore, given
that the etiology is not known, the serotypes
causing non-IPD are also uncertain. Therefore,
we assumed that the serotype distribution
causing non-IPD disease was equivalent to IPD,
consistent with previous economic burden and
cost-effectiveness evaluations [46, 52, 53].

Case Fatality Rates

Bacteremia, meningitis, and inpatient PNE car-
ried a risk of death and their respective country-
specific CFRs were taken from published litera-
ture for children under S years of age. Outpa-
tient PNE and OM were assumed to have no risk
of death.

Economic Inputs

The study took a healthcare payer perspective
and only considered the direct medical acute
healthcare costs associated with each respective
health state as reported in each country (see
Table S1 in the supplementary material for
details). We therefore did not include any costs
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of productivity loss due to caregiver time or
missed work due to illness. We also did not
include long-term costs associated with any
potential sequelae of disease following acute
conditions such as meningitis, as these were
considered rare, and data were inconsistently
reported across countries. All local costs were
inflated to 2020 values in United States dollars
(USD) based on local consumer price index
(CPI) values.

Analysis

Leveraging country-level population data of
children under Syears of age, IPD serotype
coverage proportions were extrapolated to cal-
culate the annual number of cases of IPD (bac-
teremia and meningitis), inpatient and
outpatient PNE, and OM, as well as the annual
number of deaths and associated costs
attributable to each disease outcome. From this
extrapolation, the cumulative number of cases,
deaths, and direct costs associated with ser-
otypes in each PCV formulation were estimated.
The resulting annual vaccine-preventable clini-
cal and economic burden in children under
5 years of age were reported for each PCV by
country. Absolute serotype coverage and bur-
den by PCV serotype group are presented in
tables, while incremental differences are dis-
cussed in the text.

Sensitivity analyses were also undertaken to
evaluate the impact of cross-reactive serotypes
6C for PCV13, PCV15, and PCV20 and 15C for
PCV20 on the potential preventable disease
burden and associated costs (see Tables S2 and
S3 in the supplementary material for details).
This analysis was conducted because studies
have shown that PCV13 may elicit a cross-
functional opsonophagocytic killing response
between serotype 6A, contained in PCV13, and
serotype 6C [54]. This has been substantiated
with observed reductions in IPD caused by ser-
otype 6C in countries using PCV13. Similarly, it
is hypothesized that serotype 15B antigen may
be cross-reactive with serotype 15C due to a
high degree of genetic homology [55]. Further-
more, in some countries, serotypes 15B and 15C
are not differentiated in the laboratory and are

reported together as 15B/C. For countries
reporting serotype data in this manner (i.e.,
France, Italy, and UK), the percentage of IPD
due to 15B/C was consequently excluded in
PCV20 base case coverage estimates but was
included in sensitivity analyses. We did not
include a sensitivity analysis where PCV10
provides cross-protection for serotype 19A,
despite PCV10 showing some early cross-reac-
tivity between serotypes 19F and 19A [56]. This
hypothesized cross-protection was excluded
because countries using PCV10 as part of their
NIP have observed a steady rise in cases due to
serotype 19A [56, 57].

RESULTS

Clinical Burden

Annual pneumococcal disease morbidity and
mortality attributable to PCV10, PCV13,
PCV1S5, and PCV20 serotypes were evaluated
across the included countries in children under
5 years of age (Table 2). In addition, the esti-
mated incremental proportion of disease caused
by PCV serotypes, excluding non-PCV20 ser-
otypes, is captured in Fig. 4.

PCV10 NIP Countries (Austria, Finland,

Netherlands, New Zealand, and Sweden)

In PCV10 NIP countries, the disease burden due
to serotypes covered by PCV10 was 2-14%
(398-4170 cases annually) of the remaining
PCV20-type disease. In Austria and Finland, an
additional 62-85% of remaining PCV20-type
disease (17,957-21,976 cases annually) was due
to PCV13-unique serotypes; in Netherlands,
New Zealand, and Sweden, PCV13-unique ser-
otypes accounted for a comparatively lower
proportion of residual disease, i.e., 30-41%
(1303-5509 cases annually). An additional
4-5% (1162-1374 cases annually) and 9-19%
(2324-5544 cases annually) vaccine-pre-
ventable cases in Austria and Finland were
attributable to PCV15-unique serotypes and
PCV20-unique serotypes, respectively. In con-
trast, the proportion of remaining PCV20-type
disease due to PCV15-unique and PCV20-
unique serotypes was higher in Netherlands,
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South Korea  Spain UK

Italy

Germany

Australia  Canada France

Sweden

New Zealand

Finland Netherlands

Austria

13

16

PCV13-serotypes

11

16

24

10

PCV15-serotypes

30

28

51

12

12

PCV20-serotypes

PCV10-serotypes: 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, and 23F; PCV13-serotypes: PCV10 serotypes + 3, 6A, and 19A; PCV15-serotypes: PCV13 serotypes + 22F and 33F; PCV20-serotypes: PCV15

serotypes + 8, 10A, 11A, 12F, 15B

IPD invasive pneumococcal disease, NIP national immunization program, OM otitis media, PCV” pneumococcal conjugate vaccine, PNE pneumonia, UK United Kingdom

New Zealand, and Sweden, estimated to be
12-15% (370-1763 cases annually) and 34-50%
(1075-7272 cases annually), respectively. Simi-
lar trends were modeled in the 5 countries for
all outcomes (IPD cases, PNE cases, OM cases,
and total deaths).

PCV13 NIP Countries (Australia, Canada,
France, Germany, Italy, South Korea, Spain,
and UK)

In the eight countries that predominantly use
PCV13 as part of their NIP, the remaining
PCV20-type disease burden due to PCV10-
unique serotypes ranged from 3-19%
(1111-33,554 cases annually). An additional
11-29% of vaccine-preventable cases
(6900-74,853 cases annually) were due to the
PCV13-unique serotypes; Australia had a rela-
tively higher distribution at 54% (27,418 cases
annually). An additional 2-33% of vaccine-
preventable cases (4087-56,139 cases annually)
were attributable to the PCV15-unique ser-
otypes, whereas the most remaining cases i.e.,
16-69% (8299-180,677 cases annually) were
due to the additional PCV20-unique serotypes.
Similar trends were modeled in the 8 countries
for all outcomes (IPD cases, PNE cases, OM
cases, and total deaths).

Economic Burden

Across all countries, similar trends were
observed in the proportion of annual economic
burden attributable to the incremental PCV
serotypes as compared to the presented clinical
burden. The remaining direct economic burden
due to PCV10-unique serotypes ranged from
$0.06-6.74 million, with an additional eco-
nomic burden of $0.40-10.29 million due to
PCV13-unique serotypes, and $0.18-7.30 mil-
lion due to PCV15-unique serotypes. The
PCV20-unique serotypes contributed to a con-
siderably higher proportion of annual economic
burden ranging from $0.37-23.48 million in
annual health system costs (Table 3). The
annual economic burden due to PCVI10-,
PCV13-, PCV15-, and PCV20-unique serotypes
across all 13 markets was $25.39 million, $62.79
million, $30.18 million, and $95.14 million,
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Fig. 4 Proportion of PCV20-type disease burden covered
by PCV10, PCV13, PCV15, and PCV20 in children <5
years in 13 selected countries. Figure represents the relative
PCV serotype coverage (%) of total pneumococcal disease
cases (caused by PCV10, PCV13, PCV1s, PCV20

respectively. Across countries and outcomes
(i.e., IPD cases, PNE cases, and OM cases), the
highest annual economic burden was mostly
reported for OM cases due to the high preva-
lence of OM as compared to other pneumo-
coccal disease outcomes.

Sensitivity Analysis

A sensitivity analysis was performed to assess
the impact of including cross-reactive serotypes
6C with PCV13, PCV15, and PCV20, as well as
15C with PCV20. The analysis was conducted
for Australia, Austria, Canada, Finland, France,
Italy, Netherlands, New Zealand, South Korea,
Spain, Sweden, and UK, which reported IPD
cases caused by either serotypes 6C or 15C (see
Tables S2 and S3 in the supplementary material
for details). Among these countries, serotype
coverage of 6C and 15C ranged from 0.3% to
8.5% and from 0% to 9.5%, respectively.

In Austria and Finland, countries with
PCV10 NIPs, the remaining PCV20-type disease
burden (inclusive of cross-reactive serotypes)
due to PCV13-, PCV15-, and PCV20-unique
serotypes was 63-86% (22,078-23,536 cases
annually), 4% (1162-1374 cases annually), and

‘
%
-
17% 18%
" 10%
ly

Canada France

(29,045 cases) (25,860 cases) (14,985 cases) (8,805 cases) (3,169 cases) (50,390 cases) (116,303 cases) (163,499 cases) (343,223 cases) (65,432 cases) (212,523 cases) (161,921 cases) (37,305 cases)

1 I
PCV10 NIPs

37 ]
Spain UK

Germany Ital South Korea

|
PCV13 NIPs

®PCV15 mPCV20

serotypes) by country, exclusive of non-PCV20 type
disease. NIP national immunization program, PCV pneu-
mococcal conjugate vaccine, UK United Kingdom

8-22% (2324-7605 cases annually), respec-
tively. In the other PCV10 markets, i.e.,
Netherlands, New Zealand, and Sweden, the
remaining PCV20-type disease burden differed
from Austria and Finland, with disease cases due
to PCV13-, PCV15-, and PCV20-unique ser-
otypes estimated to be 33-47% (1814-6390
cases annually), 10-14% (369-1763 cases
annually), and 33-48% (1263-7272 cases
annually), respectively. Compared to the base
case, the inclusion of 6C and 15C in PCV13
serotype coverage increased the number of cases
caused by PCV13-unique serotypes by 7-39% in
the five PCV10 markets, while 17% and 37%
more cases were caused by PCV20-unique ser-
otypes in Sweden and Austria, respectively.

In the 7 PCV13 NIPs (Australia, Canada,
France, Italy, South Korea, Spain, and UK), the
remaining PCV20-type disease burden (inclu-
sive of cross-reactive serotypes) attributable to
PCV13-unique serotypes was 11-29%
(7777-57,218 cases annually); it was relatively
higher in Australia at 52% (28,456 cases annu-
ally). An incremental 2-28% vaccine-pre-
ventable cases (4087-38,327 cases annually)
were due to PCV15-unique serotypes, and most
of the remaining cases, ie., 21-71%
(11,412-171,652 cases annually) were
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attributable to PCV20-unique serotypes. Across
the PCV13 NIP countries, 3-8% (up to 13% in
UK) additional cases were caused by PCV13-
unique serotypes and 11-38% (up to 49-50% in
France and Canada) additional cases were
caused by PCV20-unique serotypes with the
inclusion of 6C and 15C as compared to the
base case.

DISCUSSION

This study presents an analysis of the potential
vaccine-preventable pneumococcal clinical and
economic disease burden due to serotypes con-
tained in currently licensed and investigational
PCVs among children under 5 years of age in
countries with PCV10 or PCV13 NIPs. To our
knowledge, this is the first multi-country
assessment of the vaccine-preventable disease
burden of investigational vaccines, as measured
through avertable disease cases and deaths and
direct health system costs. The results of this
analysis demonstrate that there is a substantial
unmet need due to serotypes not covered
within currently licensed PCVs among coun-
tries considered in this study. Notably, between
46% and 77% of remaining pneumococcal dis-
ease is due to PCV20 serotypes among the 13
countries included in this analysis. This corre-
sponds to approximately 1.23 million cases, 160
deaths, and $214 million in direct medical costs
annually across included countries. These find-
ings align with the reported impact of non-
PCV13 serotypes on clinical and economic
burden in recent studies; several publications
have discussed the remaining disease burden of
IPD [58, 59] and OM [60, 61] driven by non-
PCV13 serotypes in children under 5 years of
age. Extrapolating our findings of clinical and
economic disease burden to a global scale, the
need for broader PCV serotype coverage is
evident.

Of note, the heterogeneity between serotype
distributions across countries observed in our
study depended primarily on whether PCV10 or
PCV13 was used in the NIP. In countries with
PCV10 NIPs (i.e., Austria, Finland, Netherlands,
New Zealand, and Sweden), PCV10 serotypes
contributed to only 2-14% of the remaining

PCV20-type disease burden (excluding non-
PCV20 serotypes). Most of the remaining
PCV20-type disease (30-41% in Netherlands,
New Zealand, and Sweden and 62-85% in Aus-
tria and Finland) is attributable to PCV13-
unique serotypes, predominantly caused by
serotypes 3 and 19A, which are contained in
PCV13 but are left uncovered by PCV10. In
countries using PCV10, serotype 19A has been
observed to increase in both the proportion of
disease and in the absolute number of cases
[56]. For this reason, disease caused by PCV15-
and PCV20-unique serotypes make up a smaller
proportion of remaining disease in these coun-
tries, corresponding to an additional 4-15% and
9-50% of remaining PCV20-type disease,
respectively. Both Sweden and New Zealand had
lower proportions of PCV13-unique serotypes
compared to the other PCV10 NIPs, potentially
due to partial protection of PCV13 from its use
in several counties in Sweden, and residual
impact of the previous PCV13 NIP implemented
in New Zealand from 2014 to 2017.

In countries using PCV13 as part of their
current NIP at the time of data availability (i.e.,
Australia, Canada, France, Germany, Italy,
South Korea, Spain, and UK), the remaining
burden of PCV15- and PCV20-unique serotypes
was higher than in countries using PCV10. In
these countries with PCV13 NIPs, a smaller
proportion of disease attributable to serotypes
contained in currently licensed PCVs was iden-
tified, with a substantially greater proportion of
disease preventable by investigational PCVs;
notably, 2-33% of PCV20-type disease burden is
due to PCV15-unique serotypes and 16-69% is
due to PCV20-unique serotypes. Both investi-
gational PCVs will provide substantially more
protection than current PCVs, with PCV20
addressing a markedly greater disease burden
compared to PCV13. Australia had the highest
remaining burden of PCV13 serotypes among
PCV13 NIPs, which may be due to the prior use
of the 3 4+ 0 schedule compared to other coun-
tries which utilize a booster dose in either a
241 or 3+ 1 schedule. As of July 2018, Aus-
tralia has made the decision to move toa 2 + 1
schedule, thus serotype distributions may
change in future years [52].
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This juxtaposition between the burden of
disease in PCV13 and PCV10 NIPs is important
for several reasons. First, countries that intro-
duce a higher-valent PCV observe an analogous
increase in the proportion of disease due to
non-vaccine serotypes. In countries with PCV10
NIPs, this increase has largely been due to ser-
otype 19A, given its high invasiveness and
propensity for carriage, transmission, and
antimicrobial resistance [56]. Meanwhile, in
countries using PCV13, disease attributable to
the incremental serotypes above those covered
by PCV10 (i.e., PCV13-unique serotypes) has
largely been reduced, and consequently the
largest share of residual disease is due to non-
PCV13 serotypes. Therefore, unlike PCV10 NIP
countries, PCV13 NIP countries experience
greater variability in the disease-causing ser-
otypes. Importantly, while the serotype distri-
bution has shifted, the overall incidence of
disease has consistently declined over time with
the introduction of higher-valent PCVs regard-
less of serotype replacement. In the UK, for
example, incidence of IPD pre-PCV13 NIP
(2008-2010) was 21.6 per 100,000 in children
under 2 years of age, but fell to 13.9 per 100,000
in 2016/2017 despite the increase in non-
PCV13 serotype disease (7.7 per 100,000 in
2008-2010 vs. 12.3 per 100,000 in 2016/2017)
[11]. This serotype replacement phenomenon is
likely due to an “unmasking” of non-PCV13
serotypes in carriage after widespread introduc-
tion of a PCV into pediatric NIPs, as less inva-
sive circulating serotypes have the opportunity
to cause disease, albeit at lower levels than pre-
PCV13 [27].

Second, the burden of disease as estimated
across the included countries in this analysis
not only varies due to the choice of PCV in the
NIP, but also by the population’s PCV uptake,
the duration of PCV use, dosing schedules, and
host, pathogen, and environmental epidemio-
logic variability. Data availability also varies by
country, with different years of data being used
as model inputs that could impact interpreta-
tion and comparability of disease burden esti-
mates  across  countries.  Consequently,
consideration of each of these factors is impor-
tant for interpretation of PCV serotype coverage
and disease burden estimates; thus, results

should be interpreted individually for each
country. In the subset of countries selected,
most countries reported data at least 5 years
after PCV NIP introduction, which typically
corresponds to high population PCV uptake,
and have utilized a 2+ 1 dosing schedule.
Therefore, aside from choice of PCV in the NIP,
differences in PCV serotype coverage and dis-
ease burden estimates can also be explained by
special NIP characteristics, such as differences in
regional PCV NIPs or switching from PCV13 to
PCV10 and vice versa. Specifically, each country
has implemented the wvaccine in different
manners and at various times across the last
decade. In Spain, Italy, and Canada, there is a
national recommendation for PCV in children,
but implementation is on a regional basis as
compared to national implementation, and in
Spain a PCV NIP was not introduced until
2015/2016 with low PCV13 uptake until recent
years [62]. Additionally, in some countries
where multiple vaccines are used in clinical
practice (i.e., Canada, Germany, Italy, South
Korea, and Sweden), there may be suboptimal
overall protection of all vaccine serotypes at a
national level.

Two recent studies by Hu et al. quantified the
additional economic burden of PCV1S5 ser-
otypes in the United States [63] and Europe [64]
and found directionally similar results to our
study; however, they did not include the bur-
den of the five additional serotypes contained
in PCV20. By omitting the incremental burden
of PCV20-unique serotypes from their calcula-
tions, Hu et al. overestimates the burden of
PCV15-unique serotypes and consequently
misrepresents the vaccine-type burden of
pneumococcal disease by only using PCV15-
type disease as a denominator. These studies
also considered pre-PCV incidence of both
PCV7 and PCV13-unique serotypes, while we
only considered the most recent serotype cov-
erage and burden of disease to characterize the
remaining burden of vaccine-preventable pneu-
mococcal disease rather than historical esti-
mates. Although it is beneficial to show the
overall value of a PCV program, this method-
ology does not reflect the current burden of
disease which is perturbed by decades of PCV
use. Estimating the current pneumococcal
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disease burden is important when policymakers
must characterize which vaccines will provide
robust serotype coverage and decrease the dis-
ease burden in their country, given that ser-
otype epidemiology has changed over time and
current disease rates are not analogous to pre-
PCV incidence and serotype distributions.
However, it remains essential that investiga-
tional higher-valent vaccines continue to pro-
tect against serotypes contained in currently
licensed vaccines and avoid removing vaccine
pressure, given that uncovered serotypes can
rebound and cause significant disease. Such
resurgence was observed in Belgium following
the switch from PCV13 to PCV10 in their NIP,
which resulted in a significant increase of
serotype 19A disease [65-67].

Despite the significant disease burden esti-
mated in this study, there are several limitations
in this analysis that may contribute to an
underestimation of the total wvaccine-pre-
ventable pneumococcal disease. First, not all
IPD cases are laboratory-confirmed (because a
blood culture may not be sought or the patient
may have already been treated with antibiotics),
serotyped (because it may not be standard
practice), or required to be reported to national
surveillance, contributing to the likely under-
estimation of IPD burden. Additionally, there
are variations in pneumococcal IPD serotype
distributions across 0- to 5-year-olds; however,
we present this evidence as a monolith due to
inconsistently reported age strata across mar-
kets. Second, although real-world effectiveness
studies have determined that PCV use has a
larger impact on non-specific, all-cause PNE
[18, 21, 68] and OM [14, 15, 17] incidence,
results conservatively estimated the pneumo-
coccal-specific non-IPD burden. Moreover, the
proportion of all-cause non-IPD due to pneu-
mococcus is consistently underreported because
of the lack of a robust diagnostic tool to identify
the causative disease pathogen in children with
PNE or OM [69, 70]. Many of the countries in
our analysis conservatively assumed only 20%
of PNE and OM were attributable to S. pneumo-
niae, despite observed reductions in OM and
PNE in children as high as 41% [14] and 47%
[18] after PCV13 introduction, respectively.
This suggests that such a narrow definition of

disease burden could be underestimating the
potential impact of higher-valent PCVs in the
future. Third, this study did not include vac-
cine-preventable disease burden across all age
groups resulting from the extended benefits of
infant vaccination among unvaccinated indi-
viduals. By providing direct protection to chil-
dren under 5years of age against serotypes
contained in the vaccine, transmission of dis-
ease is disrupted through the reduction of
nasopharyngeal carriage, and older populations
also observe reduced pneumococcal disease
incidence [11, 71, 72]. Therefore, the total vac-
cine-preventable disease burden due to infant
vaccination could be significantly broader than
the scope of this assessment. Fourth, this study
only considered direct healthcare costs per dis-
ease event in calculating the economic burden
attributable to incremental PCV serotypes.
However, many other costs are attributable to
these outcomes, including long-term sequalae
costs, as well as indirect costs to society incurred
from additional pneumococcal disease cases,
such as the hours of lost productivity to
patients, parents, and/or their caregivers, which
when considered in the analysis would sub-
stantially increase the incremental economic
burden averted by higher-valent PCVs.

Finally, an important limitation of this study
is that the epidemiologic inputs included in the
model were derived prior to the coronavirus
disease 2019 (COVID-19) pandemic. Govern-
ment lockdowns and the implementation of
social distancing have been observed to drasti-
cally decrease the burden of respiratory illnesses
along with pneumococcal disease. For example,
in England, IPD incidence in the 2019/2020
epidemiologic year was 30% lower compared to
2018/2019 across all ages, with significant
reductions during the February to June 2020
lockdown period [73]. Further years of surveil-
lance data will be needed to understand the full
impact of government lockdown measures on
the circulation of pneumococcal disease, both
in terms of the incidence of overall disease, as
well as potential changes in underlying serotype
epidemiology. However, several models have
indicated that, with relaxed social distancing
and consequent disease circulation, the inci-
dence of pneumococcal disease may return to
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pre-COVID levels by 2023-2024, suggesting
that our results are indicative of the burden of
disease at the onset of expected higher-valent
PCV implementation [74, 75].

CONCLUSION

The clinical and economic burden of pneumo-
coccal disease is largely driven by serotypes not
covered by the PCV currently included in a
country’s NIP. Countries with PCV10 NIPs have
a higher proportion of current vaccine-pre-
ventable disease burden than PCV13 countries,
with disease primarily caused by serotypes
contained in PCV13. Residual disease in coun-
tries with PCV13 NIPs is primarily
attributable to non-PCV13 serotypes. Investi-
gational PCVs with broader serotype coverage
could reduce the clinical and economic burden
of pneumococcal disease through breadth of
coverage and by targeting serotypes that cause
severe clinical outcomes. The incremental
PCV20 serotypes contribute to a substantial
proportion of annual pneumococcal disease
cases, deaths, and direct health system costs
that would not be prevented by current or other
investigational lower-valent PCVs.
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