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Divergent serotype replacement
trends and increasing diversity

in pneumococcal disease in high
income settings reduce the benefit
of expanding vaccine valency

Alessandra Lachen®?, Nicholas J. Croucher?3"? & Roy M. Anderson’23

Streptococcus pneumoniae is a significant cause of otitis media, pneumonia, and meningitis. Only
seven of the approximately 100 serotypes were initially included in the pneumococcal polysaccharide
conjugate vaccine (PCV) in 2000 before it was expanded in subsequent years. Although the invasive
pneumococcal disease (IPD) incidence due to vaccine serotypes (VT) has declined, partial replacement
by non-vaccine serotypes (NVT) was observed following widespread vaccine uptake. We conducted a
trend analysis assembling the available evidence for PCV impact on European, North American and
Australian national IPD. Significant effectiveness against VT IPD in infants was observed, although

the impact on national IPD incidence varied internationally due to serotype replacement. Currently,
NVT serotypes 8, 9N, 15A and 23B are increasing in the countries assessed, although a variety of other
NVTs are affecting each country and age group. Despite these common emerging serotypes, there has
not been a dominant IPD serotype post-vaccination as there was pre-vaccination (serotype 14) or post-
PCV7 (serotype 19A), suggesting that future vaccines with additional serotypes will be less effective

at targeting and reducing IPD in global populations than previous PCVs. The rise of diverse NVTs in

all settings’ top-ranked IPD-causing serotypes emphasizes the urgent need for surveillance data on
serotype distribution and serotype-specific invasiveness post-vaccination to facilitate decision making
concerning both expanding current vaccination programmes and increasing vaccine valency.

The bacterial respiratory pathogen Streptococcus pneumoniae (the pneumococcus) accounted for 8-12% of all
deaths in children between 1 and 59 months prior to the introduction of infant pneumococcal vaccination'.
Despite extensive vaccination programmes, the bacterium still caused up to 20 cases of invasive pneumococcal
disease (IPD) per 100,000 people in Europe in 2019°. Infants, the elderly**, and the immuno-compromised™® are
most affected by IPD but younger adults are also at some risk. Vaccination of children has reduced IPD in both
vaccinated and unvaccinated populations, as children are the main reservoir of infection, and as such the unvac-
cinated age groups benefit from the removal of vaccine serotypes in children’-"*. Combined, these facts highlight
the importance of vaccine development targeted at pneumococcal disease.

Almost 100 pneumococcal serotypes are known, but as a result of the complexity of conjugate vaccine manu-
facturing, only a fraction of these are currently included in the pneumococcal polysaccharide conjugate vaccines
(PCVs). Before the first PCV was introduced, six to eleven serotypes accounted for more than 70% of IPD cases
in children under 5 in Europe and North America'. The first commercialized PCV was a heptavalent vaccine
(PCV7), which included serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F. This vaccine formulation was largely based
on the serotype distribution of IPD in North America'® and IPD incidence decreased'® with the elimination
of vaccine serotypes (VTs). However, IPD caused by non-vaccine serotypes (NVT) has increased'” '8, and this
serotype replacement, reduces the net effectiveness of the vaccines'® for both vaccinated and unvaccinated
adult individuals in countries with high vaccine coverage. As such, the 10-valent PCV10 (PCV7+1, 5, 7F) and
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Table 1. Vaccination details for Australia, Finland, France, Norway and the United States, including the
years of introduction, number of doses, surveillance data source, years of vaccination data available, and the
serotyping performed. Data from the United States was taken from a published paper®!. PCV pneumococcal
conjugate vaccine.

13-valent PCV13 (PCV10+3, 6A, 19A) have been implemented with additional serotypes to further decrease
the IPD burden. PCV15 and PCV20 are likely to be licensed soon?.

This study has four aims. First, to assess the patterns of relative serotype abundance in IPD cases before and
after the introduction of PCVs in North America, Australia and selected countries in Europe (Supplementary
Fig. 1). Second, to examine differences by country in these patterns in relation to the vaccines introduced in
national immunisation programmes. Third, to assess the expansion of replacement serotypes in comparison with
the serotypes targeted by the vaccine. The final aim is to identify potential candidates for serotypes that should
be included in conjugate vaccines given increasing evidence on the invasiveness of the replacement serotypes.

Results

Dataset characteristics. The countries included in this study were Australia, Finland, France, Norway,
and the United States of America (USA) (Table 1). The breakdown by age groups was the same in Australia,
Finland and Norway, and similar to the USA. France had only two age groups, resulting from a single cut off for
children <16 years and adults > 16 years. As such, we grouped older adolescents with children in all countries to
maintain consistency, such that all individuals < 18 years were considered children and all those > 18 years were
considered adults. France included data pre-PCV7 as well as pre- and post-PCV13, whereas Australia, Norway
and USA only had pre- and post-PCV13 data available. The first two years of Australian data were removed as
they had limited serotype data. The USA data was taken from a published article that included only the five
most common NVTs?'. Finland, which implemented PCV 10, had pre- and post-PCV10 data available. Because
PCV7 was implemented only one year prior to PCV10 implementation, the Finnish pre-PCV10 data included
the PCV7 implementation year. Most countries had a 2+ 1 vaccine schedule, apart from Australia (3+0) and
the USA (3+1). While PCV7 was implemented in various years, the higher valent vaccines (PCV10/13) were
implemented in 2010 or 2011 for all countries. Overall national IPD incidence decreased in all countries follow-
ing the introduction of PCV7 and PCV10/13. The biggest decline was that in the USA after PCV7, followed by
the introduction of PCV13 in Norway (Supplementary Fig. 2).

Temporal trends per serotype category. The age group-specific odds ratio (OR) compared the dif-
ference in disease caused by one serotype category (for example, VT7) after vaccine introductions, compared
to all other serotype categories and PCV eras, to determine the correlation between a vaccine employed and
an increase or decrease in the proportion of disease caused by that serotype category. This shows the trends in
relative incidence for different serotype categories, avoiding fluctuations in absolute prevalence that may result
from non-vaccine factors. According to the OR, vaccines decreased IPD caused by the serotypes they targeted
in infants in all countries, with the exception of VT10 types in one age category in Finland (Fig. 1). Decreases
in VT7 IPD in all adult age categories implied a strong herd immunity effect. PCV13 consistently reduced IPD
caused by VT13 in infants across countries where it was introduced, but the impact in adults was small relative
to PCV7. For example, in the US and Norway, young children under 5 and the elderly were significantly less
likely to get disease from VT10 and VT13 than others post-PCV13, but other age groups had no significant
association between PCV13 and disease caused by VT10 and VT13. The proportion of IPD caused by NVT sig-
nificantly increased across all age groups in Australia, France, Norway and the US, even in categories in which
no significant decrease in vaccine types had been detected. There is evidence of herd immunity in adults caused
by PCV10 administration to infants, with accompanying serotype replacement by non-VT10 serotypes across all
ages. This is due to serotypes not included in PCV10 (VT13 and NVT) causing a greater proportion of disease
in all age groups while non-vaccinated age groups are benefiting from vaccination with reduced proportion
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Figure 1. Point estimates and 95% confidence intervals (CI) of age-stratified odds ratios (OR) relating IPD
caused by serotype category after vaccine implementation. Estimated as the product of the IPD cases by a
serotype category post-vaccination and the IPD cases by all other serotype categories pre-vaccination divided
by the product of IPD cases by the serotype category pre-vaccination and the IPD cases by all other serotype
categories post-vaccination. VT7: PCV7 serotypes; VT10: 1, 5, 7F; VT13: 3, 6A, 19A; NVT: non-vaccine types.

of disease caused by VT7 and VT10. Comparing across age groups shows herd immunity effects, despite very
different absolute incidences in these different demographics. This increase in non-VT OR may represent the
simple removal of VTs, or expansion of NVTs in a serotype replacement process. These two possibilities can be
resolved through further analysis of IPD trends.

Effect of vaccination on serotype diversity. Simpson’s Diversity Index (SDI) is a measure of diversity
that assesses the abundance of species in a population. In our case, estimating SDI in a population before and
after vaccination can help elucidate whether vaccination changes the distribution of the serotypes causing dis-
eases. Populations with a few dominating serotypes have a lower diversity that populations with a more even
distribution of serotypes. The SDI of adult IPD remained relatively stable through the vaccination phases, indi-
cating the diversity of serotypes causing disease stayed constant. However, significant changes were observed
in children (Fig. 2). Prior to vaccination with PCV7, adult IPD isolates had a significantly higher SDI than
those from children in Australia, Finland and France, implying a greater variety of serotypes caused adult IPD,
which is in agreement with previous published research’®. In Australia, France and the US, there was a fall in
SDI between the introduction of PCV7 and PCV13, consistent with a few VT13 causing a large proportion of
IPD. After PCV13 introduction, the elimination of these VT13 serotypes meant the SDI of disease in children
increased significantly, and was no longer significantly different from that of adults. This high SDI suggests
reducing infant IPD further may require targeting a wide diversity of serotypes.

Data from Australia, France and Norway were sufficiently comparable for them to be pooled over the first
4 years post-vaccination with PCV7 and PCV13 for children and adults respectively. This enables SDI to be esti-
mated internationally. Mirroring the within-country results, there was a notable divergence between children and
adults in the two post-vaccination periods (Fig. 3). SDI decreased significantly post-PCV7 in children but did
not change significantly in adults, suggesting the same serotypes were dominating post-PCV7 across countries.
However, post-PCV13 SDI increased dramatically in children but slowly in adults. After PCV7, diversity was
considerably different between children and adults whereas post-PCV13, the diversity was not significantly dif-
ferent between the two age groups. This suggests the diversity of serotypes causing infant disease is now similar to
that in adults, both within and between countries, making it more difficult to target with limited valency vaccines.
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Figure 2. Simpson Diversity Index point estimate and 95% confidence intervals (CI) of serotypes causing IPD
pre- and post-vaccination in children and adults. Children: < 16 years for France, < 18 for all other countries;
Adults > 16 years for France, > 18 years for all other countries.
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Figure 3. Simpson’s Diversity Index three years post-vaccination with 95% confidence intervals (CI) pooling
Australia, France and Norway in children (<18 years for Australia and Norway, < 16 years for France) and adults
(=18 years for Australia and Norway, > 16 years for France).

Comparison of countries’ rank frequency distribution and major IPD-causing serotypes. To
identify the serotypes underlying these trends, rank frequency plots, which order the top disease-causing sero-
types in each PCV era by the number of disease cases caused, were combined with cumulative frequency curves
of the proportion of the total IPD burden they caused (Fig. 4A-E). After vaccination, VT IPD decreased, and
NVTs rose up in rankings in both age groups and countries. Each country and age group experienced, in respec-
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Figure 4. Rank frequency distribution and cumulative frequency in IPD by serotype category in (A) Australia,
(B) Finland, (C) France, (D) Norway, (E) USA. VT7: PCV7 serotypes; VT10: 1, 5, 7F; VT13: 3, 6A, 19A; NVT:

non-vaccine types.
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Figure 4. (continued)
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Figure 4. (continued)

tive pre-PCV eras, one to three serotypes causing a majority of the disease burden. Post-PCV, there were fewer
‘dominating’ serotypes, defined as those causing at least twice the IPD cases as that of the next-ranked serotype.
This is also seen in the cumulative frequency curves, where the number of serotypes causing around 80% of
disease in both age groups before vaccination was below ten, but increased after vaccination with PCV7. This
number remained relatively stable following the introduction of the higher valency vaccines. The exception was
in Norway, where there were no dominating serotypes pre- or post-PCV13 in both age groups. Serotype replace-
ment is evident post-vaccination in all countries, which is seen independent of national surveillance agency?,
except in the US, where the most common serotypes are in the same serotype category (VT13 and VT10) after
vaccination.

The rank frequency plots suggest the most important trends in IPD can be explained by analysing the ten
most prevalent serotypes. The top IPD-causing serotypes differed between children and adults and diverged
post-vaccination (Fig. 5A-E, Table 2). Pre-vaccination, the countries had a similar composition of serotypes
in their rankings, which consisted primarily of VTs. Serotype 14 was often dominant in both child and adult
IPD. Post-vaccination with PCV7 (i.e. pre-PCV10/13), serotypes 7F and 19A dominated rankings in children,
as well as serotype 3 in some settings, explaining the fall in post-PCV7 SDI. The rankings diverged post-PCV13
between children and adults, and in the same age group between countries, with NVTs dominating the rankings.
Adult IPD was caused by an overlapping set of NVTs when compared with child IPD post-vaccination (Table 2).
While some serotypes like 12F and 23B seemed to affect both age groups, serotypes 8 and 9N tended to appear
in adult rankings more frequently and serotype 38 was more common in children. VT10 and VT13 serotypes 3,
7F and 19A persisted post-PCV10/13 in adults, with serotype 3 actually rising up the rankings in some locations.
Serotype 19A still dominated the infant rankings post-PCV13 in many countries except Norway. In line with
previously reported analyses®, there was no dominating NVT that emerged post-PCV in the same fashion that
serotype 19A did post-PCV7. With the exception of the USA, the rankings were not consistent with ‘unmasking’
of NVT?, as NVT changed in their relative prevalence following PCV introduction. This suggests a serotype
replacement process driven by the post-PCV expansion of certain NVTs.

The fraction of total IPD caused of all these major serotypes individually over time demonstrated a similar
effect (Fig. 6A-D). After any vaccine introduction, there was a steady decline in the frequency of VT7, stabiliz-
ing at levels below 5% of all IPD in most countries and all age groups. VT10 followed similar trends, although
the decline in serotype 7F was still tapering off post-2012. Results are varied across settings for VT13 and NVT.
VT13 serotype 6A, which was already affected by some cross-immunity with the PCV7 6B antigen, has decreased
in adults and is consistently low in children. Across countries, there was a notable spike in the percentage of
IPD incidence caused by serotypes 1, 7F and 19A between the introduction of PCV7 and PCV13. However, the
serotype trends diverged between countries following the introduction of the expanded-valency PCVs. In the
NVT serotype category, serotype 22F caused over 15% of disease in Norwegian adults post-PCV13, whereas it
stayed stable around 7% in French adults. In children, serotype 22F has not increased dramatically, but instead
fluctuated greatly post-PCV10/13 in most countries. Serotype 24F caused over 20% of disease in Norwegian
children in 2015, and over 15% in French children in 2016, but less than 3% in Finnish children during that same
time. The fraction of disease caused by serotypes 6C and 35B in American adults increased sharply post-PCV13,
whereas in other countries it stayed relatively stable between 2 and 6%. The percentage of serotype 8 increased
gradually in most countries’ adults, with a particularly dramatic rise in French adults.
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Serotype incidence growth rate. Effects of vaccination can be seen in the rates of incidence change of
certain serotypes across countries and age groups (Supplementary Figs. 3, 4). These highlight serotypes that are
rare (absent from Fig. 5) but growing due to serotype replacement, and serotypes that are common (present in
Fig. 5) but declining due to vaccination or herd immunity.

Australia. In Australia, VT7 were not significantly changing in children in incidence pre-PCV (except 18C)
but were increasing significantly in adults (except 4 and 14). Post-PCV7, VT7 decreased in incidence, whereas
VT10 and VT13 serotypes (except serotype 3 in children) were, as expected, increasing pre-PCV7 and PCV13
but decreasing post-PCV13 (Fig. 7A). Children and adults had similar incidence growth rates. Serotypes that
were both common (Fig. 5A) and growing were 8, 9N and 22F (adults), and 23A and 23B (both age groups).
Despite its persistent presence on the rank list post-vaccination, serotype 7F was decreasing substantially in both
age groups post-PCV13, as was serotype 6C in adults. From these results, we see that post-PCV13 there has not
been a sharp increase in any serotype as there was pre-PCV13 with serotype 19A.

Finland. Incidence of VT7 and VT10 in Finland decreased post-PCV10 in both age groups, whereas serotypes
3 and 19A (both VT13) grew sharply, particularly in adults (Fig. 7B). Serotype growth between children and
adults tended to be similar, with differences being mostly non-significant. Serotype 19A decreased much more in
children than adults pre-PCV, whereas serotype 3 was growing more in adults than children. Despite being com-
mon in both age groups post-vaccination, serotype 14 decreased just as sharply post-vaccination as it increased
pre-PCV in children and adults. Common serotypes that were increasing in rate of incidence were serotypes 6C
and 22F in adults. On the other hand, serotype 8, 23A and 23B were all growing in incidence but rare in both age
groups. This was the case for serotype 11A in children as well, although this serotype was already common in
adult IPD. Finally, despite 9N being a highly ranked serotype post-PCV in adults, the rate of incidence actually
declined.

France. 'The only VT serotypes increasing in incidence pre-PCV in France were serotypes 1 and 19A (chil-
dren) and 7F (both age groups), despite the top ten rankings for both age groups consisting only of VTs in this
period (Fig. 7C, Fig. 5C). Post-PCV13, common serotypes that were also increasing significantly were serotypes
10A, 15A, 15B/C, 22F, 23B, and 24F in children and serotypes 8, 9N and 15A in adults. Common serotypes that
were not increasing significantly were serotypes 1 (children), 3, 6C, 19E and 22F, (adults), and 7F, 12F, and 19A
(both age groups). Serotypes that were rare (not included on the rank list, Fig. 5C) but increasing were serotypes
8 and 9N (children), and 10A, 16F, 23B (adults) and 11A, 23A, 35E, 38 (both age groups). Children and adults
followed the same general trends of increase or decrease in incidence across serotypes.

Norway.  Similar to other countries, VT7 serotypes were decreasing in frequency post-PCV7 in Norway in both
age groups (Fig. 7D). Serotypes 7F and 19A were the only VT10/13 serotypes increasing after PCV7 in children
and adults. Other serotypes increasing post-PCV7 were serotypes 24F (children), 10A, 22F and 23A (adults),
and 6C and 23B (both age groups). Post-PCV13, common serotypes increasing in incidence were serotypes
24F (children), 8 and 9N (adults), and 22F (both age groups). Serotypes 1, 7F and 19A declined in incidence in
adults, explaining the OR results from the previous section, and suggesting herd immunity. Common serotypes
not increasing or decreasing significantly were 3, 7F 23B, and 33F in both age groups. Surprisingly, serotypes 6A
(VT13) and 19F (VT7) increased post-PCV in children. Rare serotypes increasing in incidence but not common
were serotypes 8, 9N, 12F and 35F (children), and 10A, 12F 15A, 16F, 24F and 35B (adults). Serotypes 8 and 9N
were common in adults and 24F common in children.

USA. In the US, as expected, VT7 were all decreasing in incidence post-PCV7 in both age groups, whereas
serotypes 7F and 19A were increasing (Fig. 7E). Other serotypes increasing significantly in incidence in this era
were serotypes 15A, 23A and 23B (adults) and 6C (both age groups). Serotype 3 was the only serotype included
in PCV13 that was increasing post-PCV13. Other serotypes whose incidence was significantly increasing post-
PCV13 were serotype 38 (children), 15A and 23B (adults) and 35B (both age groups). VT10 and VT13 sero-
types 7F and 19A, despite being common in both age groups, decreased in incidence. Unexpectedly, serotypes
6A (VT13) and 18C (VT7) increased post-PCV in children, although they were not common. The similarities
between age groups suggests herd immunity from vaccination.

Discussion

We have analysed serotype trends pre- and post-vaccination with PCVs in selected high-income countries in
Europe, North America and Australia. These have high-quality surveillance data available that enables analy-
sis of the serotypes causing the most IPD across settings and age groups, as well as allowing identification
of serotypes that are growing in incidence post-vaccination. Following the introduction of expanded-valency
vaccines, certain serotypes were common in all the settings included, resuting from the persistence of VT 19A
and 3 and the emergence of NVTs 12F and 23B. However the serotype landscape between settings has diverged
post-vaccination as a consequence of serotype replacement. As such, there are no specific dominating serotypes
common to all countries, as was the case pre-vaccination with PCV7 or PCV10/13. We set out to compare the dif-
ferences between countries relative to which vaccines were used. These comparisons may have been confounded
by reporting inconsistencies between gathered national surveillance datasets. The USA data only listed the top
5 most common NVTs, and consequently the results of serotype-specific IPD as a percentage of total disease are
overestimated (Fig. 6), results of NVT ORs are underestimated, and VT ORs overestimated (Fig. 1). Because it
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Figure 5. Top 10 IPD-causing serotypes pre- and post-vaccination in (A) Australia (B) Finland, (C) France,
(D) Norway and (E) USA, with colour corresponding to serotype category. green: VI7 (PCV7 serotypes); blue:
VT10 (1, 5, 7F); orange: VT13 (3, 6A, 19A); black: NVT.
Pre-PCV7 Pre-PCV10/13 Post-PCV10/13

4,6B*,9V, 14, 18C*, 19F, 23F, 1, 7F, 3, 6A, 19A, 6C, 12F,

6B, 14, 18C, 19F, 23F, 1, 7F, 3, 19A, 6C, 8, 10A*, 12F, 15A,)

Children | 4,6B,9V,14,18C, 19F, 23F, 1, 75, 6A, 19A | 150 5op 3p+ 24F*, 33F, 358, 38* 15B/C, 22F, 23B, 24F, 33F, 35B, 35F, 38*
"
Adults | 4.6B.9V. 14, 19F, 23F, 1. 7F. 3, 6A, 194, 228 | 4.9 V> 14, 19F, 23F, 1, 7F, 3, 6A, 19A, 6C, 9N', I2F, 14, 19E, 23E, 7F, 3, 19A, 6C, 8, 9 N*, 11A*, 12F, 154,

15A*, 16F*, 22F, 23A*, 33F, 35B

15B/C, 16F*, 22F, 23A*, 23B, 33F, 35B

Table 2. Aggregated top serotypes causing IPD in Australia, Finland, France, Norway and the United States
by age group and PCV era; Vaccine categories to which serotypes belong are indicated by font: VI7=bold,
VT10 =italics, VT13 =underline, NVT =bold italics. Serotypes with an asterisk indicated serotypes that

do not occur in both age groups for that vaccination era. Children <18 years in all countries except France
(<16 years), adults > 18 years except France (=16 years).

is the less abundant NVTs that are not reported, this should not alter the results significantly. Unfortunately,
Finland was the only included country to introduce PCV10, and so systematic comparisons of PCV10 and PCV13
effects were not possible. Additionally, France and Australia were the only countries with pre-PCV7 data read-
ily available, and there may have been other major serotypes in the pre-PCV7 era of other countries that were
not captured. Although our aim was to analyse the serotype landscape in high-income settings, it is obviously
important to compare the results reported in this analysis with lower income setting countries, where the IPD
burden is highest. For instance, serotype 5 (VT10) is an important cause of IPD in Africa, but did not appear in
any of the countries’ rankings lists before or after vaccination. This emphasizes both the need for high-quality
surveillance data from lower income countries, and the challenges for designing vaccines for worldwide use.
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Figure 6. Change in percentage of national IPD caused by (A) VT in children, (B) NVT in children, (C) VT
in adults, and (D) NVT in adults. Children: < 16 years for France, < 18 years for all other countries. Adults:
> 16 years for France,> 18 years for all other countries
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Figure 6. (continued)

Country -e- Australia @~ Finland -~ France -e- Norway —o- USA

We also aimed to assess patterns of relative abundance in IPD pre- and post-PCV. The OR results mirrored

serotype replacement observations from previous reviews

17-19, 25-29

, indicating the

proportion of IPD-causing

NVT post-vaccination increased in all countries. The data suggest that herd immunity is also being estab-
lished following the introduction of the higher-valency PCVs, although this process may not yet be complete.
In Australia post-PCV13, VT10 were associated with a significantly greater proportion of disease relative to
other serotype categories in adults aged 18-49 years, whereas they were associated with a significantly smaller
proportion of disease relative to other serotype categories in children less than five. On the other hand, VT13
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Figure 7. Rate of incidence growth in IPD-causing serotypes pre- and post-vaccination in (A) Australia, (B)
Finland, (C) France, (D) Norway, and (E) USA. The x-axis labels are coloured by serotype category: green: VI7
(PCV7 serotypes); blue: VT10 (1, 5, 7F); orange: VT13 (3, 6A, 19A); black: NVT (non-vaccine types). Children:
< 16 years for France, < 18 years for all other countries. Adults: > 16 years for France, > 18 years for all other
countries.
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Figure 7. (continued)

were associated with a smaller proportion of disease in both children less than 5 and all adults post-PCV13,
suggesting herd immunity is being established. In Finland post-PCV10, the proportion of IPD caused by VT10
did not decrease significantly in children, but it was reduced in adults, which is likely a sign of herd immunity.
The diversity analysis showed that while adult IPD was always caused by a relatively wide variety of serotypes,
the serotypes causing IPD in infants became increasingly diverse after vaccination. The results are consistent
with the rank frequency distributions where pre-PCV, few serotypes (i.e. VT7) were causing a majority of dis-
ease in children: in particular serotype 14 pre-PCV in Australia and Finland, and 19A pre-PCV13 in Australia,
France, and the US. However, this was not the case in adults pre-PCV, nor in infants in Norway. This absence of
dominating serotypes is now the situation for both infants and adults post-PCV10/13, as children’s and adults’
SDI became similar in most countries. However, Norway remains an exception, as the top-ranked serotype (22F)
caused 18% of adult IPD. As the child serotype populations become more diverse, it becomes harder to achieve
substantial IPD decreases with small increases in PCV valency.

Notably, serotype 3 was also consistently high in some countries after vaccination with PCV13. This may be
attributable to a lower immunogenicity in the vaccine against this serotype, or this serotype’s relatively high pro-
pensity to be carried in older individuals, who are unvaccinated®’. Targeting this serotype more effectively is
important given its ubiquity across the countries in this study. It is not possible to quantitatively compare the
benefit of targeting this serotype more effectively over expanding valency without accounting for any associated
replacement, which would be expected to be small given the low colonisation rates®'. However, the unusual
properties of serotype 3’s age distribution could complicate the prediction of replacement effects in older adults.
Unfortunately, even if this serotype was removed from circulation, there would still be a diverse range of sero-
types to target in each country.

Comparing serotype growth and decline in age groups, one of the trends that emerged was that certain sero-
types were common in one age group but rare and growing in incidence the other age group. Examples of this
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are seen in Finland (serotype 11A, common in adults, is increasing in children), France (serotypes 8 and 9N,
common in adults, are increasing in children; serotypes 10A and 23B, common in children, are increasing in
adults), and Norway (serotype 24F, common in children, is increasing in adults; serotypes 8 and 9N, common in
adults, are increasing in children). Although it is unclear from the disease data whether adults may be a source
of transmission in the community, the results reflect the known transmission between the two age groups, but
may also suggest that serotype replacement is not yet complete. However, this is unclear without modelling
the transmission and invasiveness of serotypes across age groups, which together would clarify whether these
low-frequency but growing disease-causing serotypes are a result of replacement or age-specific invasiveness.
Unfortunately, data on age-specific invasiveness are challenging to obtain at present as the carriage patterns in
adults are not well understood, although additional data on adult IPD relative to infant carriage would be helpful
in avoiding some of the adverse effects of paediatric immunisation programs on adult invasive disease.

The analysis of temporal changes in serotype abundance highlighted certain NVTs that appeared to be increas-
ing significantly in multiple countries, such as serotypes 8, 9N, 15A, 23B in both young and older age groups.
It is notable that no serotype has yet dominated IPD post-PCV in all countries as did serotype 14 pre-PCV and
serotype 19A post-PCV7/10. There were some cases of NVTs decreasing without direct vaccination pressure, such
as serotype 15A in adults in France, Norway and the USA. This may be a result of poorly understood ecological
or serotype competition effects that are not explored in this analysis.

Finally, we aimed to assess the expansion of replacing NVT serotypes compared to those targeted by the
vaccine, and identify potential candidates for serotypes to be included in new PCVs. Taken altogether, the odds
ratio, Simpson’s Diversity Index and rank frequency results demonstrate that the replacing NVT serotypes are a
diverse set, particularly in children where the loss of a dominating serotype in most locations post-vaccination
is reflected in the increased diversity index. While vaccines tend to be implemented globally, the pooled SDI
analysis for Australia, France and Norway indicates that there may be diminishing returns for adding more sero-
types to new vaccines, as they will likely be proportionately less effective at reducing global IPD. This less skewed
serotype distribution across IPD cases, described in our results and those reported elsewhere®>**, is exacerbated
by the post-PCV differences between countries and age groups. This makes it harder to tackle the remaining
burden of disease with additional valency compared to previous PCVs. To complicate matters further, SDI, and
therefore population structure, appears to be more similar between equivalent age groups of different countries.
In contrast, the common serotypes appear to be more similar within countries across age groups. Hence each
additional serotype added to PCV's can contribute only a relatively small further reduction in infant IPD, even
in the absence of serotype replacement, and may only make such a contribution in a limited number of settings.
This raises the possibility of requiring different vaccine serotype formulations for different locations, in line with
ideas presented in a previous study, as well as a distinct vaccine serotype formulations targeting adult IPD to
prevent the replacement that is expected when expanding PCV's targeting infant carriage®*. These factors make
future universal PCV development and manufacturing challenging. Furthermore, despite having explored the
trends of serotype replacement in disease, serotype epidemiology and temporal dynamics are greatly influenced
by carriage, which is more difficult and costly to record. Understanding the rate at which certain serotypes cause
disease given carriage may help in future vaccine design and in models predicting future serotype disease trends
in various settings. For this, it is vital for public health bodies to continue recording surveillance data post-
vaccination, and make this information publicly available, to understand both whether serotype replacement is
complete post-PCV, and to facilitate comparisons in trends between countries. Ultimately, although formulations
could in principle vary between locations (despite this likely complicating vaccine manufacturing), optimizing
PCVs for both resource rich and resource poor countries promises to be challenging.

Conclusion

Increasing vaccine valency may be increasingly difficult for vaccine manufacturers given the observed diversity
of the prevalent serotypes between countries. Our analyses show that NVT serotypes 8, 9N, 15A and 23B are
increasing in Australia, North America and certain European countries, even though their incidence trends are
not consistent, and there are a variety of other NVTs affecting each country and age group. Additionally, although
there are common emerging serotypes between countries and within age groups, there has not been a dominating
serotype post-PCV as there was pre-PCV (serotype 14) and pre-PCV10/13 (serotype 19A). Public health bodies
should continue to record surveillance data on serotype distribution, to facilitate both the prediction of future
serotype trends and the optimization of the next generation of vaccine formulations.

Methods

High income countries (as defined by the World Bank®®) in Europe, North America and including Australia, with
populations greater than 5 million people were chosen if they had a high PCV coverage (>80%) and serotype-
specific IPD national surveillance data publicly available from public health agencies, or published articles both
before and after PCV vaccination (Supplementary Fig. 1), for all age groups, regardless of valency, vaccination
schedule or number of surveillance years. Serotypes that were not typed or unknown were removed from the
analyses.

Statistical analyses. Statistical analyses were undertaken using R. An odds ratio (OR) and its 95% con-
fidence interval (CI) were calculated for each vaccination era and age group to assess the association between
vaccines implemented and the incidence of IPD caused by different serotype categories, comparing each vaccine
and serotype category to the combination of all others. Serotype categories were vaccine types (VT) VI7 (PCV7
serotypes: 4, 6B, 9V, 14, 18C, 19F, and 23F), VT10 (additional PCV10 serotypes: 1, 5, 7F) and VT13 (additional
PCV13 serotypes: 3, 6A, 19A), and non-vaccine serotypes (NVT). The purpose of the OR was to demonstrate
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how the proportion of VI7, VT10, VT13 or NVT-caused disease cases changed before and after vaccination in
each age group. Our aim was to answer whether vaccines affected the serotype categories in the same way in
each age category and country. Since countries have implemented different vaccines, the odds ratio estimated the
proportion of these serotype categories after vaccination with whichever PCVs were implemented. The OR also
circumvents the issue of calculating age-specific incidences when surveillance populations are aggregated from
different sources, which can be complicated by non-vaccine effects on overall IPD incidence.

Simpson’s Diversity Index (SDI)*® was calculated to assess the diversity of the serotypes causing IPD each year
for each country and age group, with confidence intervals®. SDI is an indication of richness and evenness of a
population, considering the relative abundance of each species, and ranges from 0 (no diversity) to 1 (infinite
diversity). We also estimated SDI for pooled countries 4 years post-vaccination, to understand whether vaccina-
tion was associated with divergence between countries’ IPD serotype compositions.

In order to understand whether individual serotypes had a strong influence on the OR and SDI results in each
country, a rank frequency distribution for each vaccination era and country was plotted, with serotypes ranked
according to the number of IPD cases, as well as a cumulative frequency curve, indicating a serotype’s contribu-
tion to the total disease burden. Aggregation of disease cases per vaccination era allowed us to understand which
serotype caused the most disease during different periods, making it insensitive to changes between individual
years. These plots highlighted dominating serotypes, which we defined as the highest-ranked serotype(s) caus-
ing at least twice the burden of disease as the next most highly-ranked serotype. While the categories provide
an overview of the vaccines’ impacts, each serotype within the categories may behave differently as well. For this
reason, visualizing each individual serotype provided a more granular outlook that may elucidate the detailed pat-
terns of serotype replacement.

To that end, the top 10 IPD-causing serotypes in each country at each timepoint were examined to compare
between countries and age groups. The proportional contribution of these major serotypes were estimated as
the disease cases caused by the individual serotype over total disease cases in order to compare the disease
contribution between countries. A linear regression model was employed to obtain an estimate of the rate at
which serotype incidence was growing or declining in each vaccination period for each country in order to
understand which serotypes were growing or declining, and p-values were adjusted for multiple comparisons
using the Benjamini and Hochberg method?. Serotypes that were both ranked in the top 10 and also had a high
incidence growth rate were considered important for possible future inclusion in increased valency vaccines.

Data availability

Data were publicly available from Finland’s National Institute for Health and Welfare (THL) and France’s Cen-
tre National de References des Pneumocoques (CNRP). Data from Norway and Australia were requested from
Meldesystem for Smittsomme Sykdommer (MSIS) and National Notifiable Disease Surveillance System (NNDSS)
respectively. Data from the United States were obtained from a published article?'.

Received: 28 July 2020; Accepted: 8 October 2020
Published online: 04 November 2020

References
1. O’Brien, K. L. et al. Burden of disease caused by Streptococcus pneumoniae in children younger than 5 years: Global estimates.
Lancet 374(9693), 893-902 (2009).
2. European Centre for Disease Prevention and Control, Disease factsheet about pneumococcal disease (2020).
3. WHO. Pneumococcal disease. 2017. Accessed on June 22, 2017. https://www.who.int/immunization/diseases/pneumococcal/en/.
4. CDC. Active Bacterial Core Surveillance (ABCs) report emerging infections program network: Streptococcus pneumoniae, provi-
sional-2014. 2014 September 28, 2015. Accessed on June 22, 2017. https://www.cdc.gov/abcs/reports-findings/survreports/spneu
14.pdf.
5. Bliss, S.J. et al. The evidence for using conjugate vaccines to protect HIV-infected children against pneumococcal disease. Lancet
Infect. Dis. 8(1), 67-80 (2008).
6. von Mollendorf, C. et al. Increased risk for and mortality from invasive pneumococcal disease in HIV-exposed but uninfected
infants aged < 1 year in South Africa, 2009-2013. Clin. Infect. Dis. 60(9), 1346-1356 (2015).
7. Conklin, L. et al. Systematic review of the effect of pneumococcal conjugate vaccine dosing schedules on vaccine-type invasive
pneumococcal disease among young children. Pediatr. Infect. Dis. J. 33(Suppl 2), S109-S118 (2014).
8. Griffin, M. R. et al. U.S. hospitalizations for pneumonia after a decade of pneumococcal vaccination. N. Engl. J. Med. 369(2),
155-163 (2013).
9. Levy, C. et al. Trends of pneumococcal meningitis in children after introduction of the 13-valent pneumococcal conjugate vaccine
in France. Pediatr. Infect. Dis. J. 33(12), 1216-1221 (2014).
10. Ben-Shimol, S. et al. Early impact of sequential introduction of 7-valent and 13-valent pneumococcal conjugate vaccine on IPD
in Israeli children <5 years: An active prospective nationwide surveillance. Vaccine 32(27), 3452-3459 (2014).
11. Harboe, Z. B. et al. Impact of 13-valent pneumococcal conjugate vaccination in invasive pneumococcal disease incidence and
mortality. Clin. Infect. Dis. 59(8), 1066-1073 (2014).
12. Andrews, N.J. et al. Serotype-specific effectiveness and correlates of protection for the 13-valent pneumococcal conjugate vaccine:
A postlicensure indirect cohort study. Lancet Infect. Dis. 14(9), 839-846 (2014).
13. Miller, E. et al. Herd immunity and serotype replacement 4 years after seven-valent pneumococcal conjugate vaccination in England
and Wales: An observational cohort study. Lancet. Infect. Dis 11(10), 760-768 (2011).
14. Johnson, H. L. et al. Systematic evaluation of serotypes causing invasive pneumococcal disease among children under five: The
pneumococcal global serotype project. PLoS Med. 7(10), e1000348 (2010).
15. Hausdorff, W. P. et al. Which pneumococcal serogroups cause the most invasive disease: Implications for conjugate vaccine for-
mulation and use, part I. Clin. Infect. Dis. 30(1), 100-121 (2000).
16. Davis, S. M. et al. Impact of pneumococcal conjugate vaccines on nasopharyngeal carriage and invasive disease among unvac-
cinated people: Review of evidence on indirect effects. Vaccine 32(1), 133-145 (2013).
17. Miller, E. et al. Herd immunity and serotype replacement 4 years after seven-valent pneumococcal conjugate vaccination in England
and Wales: An observational cohort study. Lancet Infect. Dis. 11(10), 760-768 (2011).

Scientific Reports |

(2020) 10:18977 | https://doi.org/10.1038/s41598-020-75691-5 nature research


https://www.who.int/immunization/diseases/pneumococcal/en/
https://www.cdc.gov/abcs/reports-findings/survreports/spneu14.pdf
https://www.cdc.gov/abcs/reports-findings/survreports/spneu14.pdf

www.nature.com/scientificreports/

18. WHO. Changing epidemiology of pneumococcal serotypes after introduction of conjugate vaccine: July 2010 report. Wkly. Epi-
demiol. Rec. 85(43), 434-436 (2010).

19. Weinberger, D. M., Malley, R. & Lipsitch, M. Serotype replacement in disease after pneumococcal vaccination. Lancet 378(9807),
1962-1973 (2011).

20. Croucher, N.J,, Lachen, A. & Bentley, S. D. Pneumococcal vaccines: Host interactions, population dynamics, and design principles.
Annu. Rev. Microbiol. 72(1), 521-549 (2018).

21. Moore, M. R. et al. Effect of use of 13-valent pneumococcal conjugate vaccine in children on invasive pneumococcal disease in
children and adults in the USA: Analysis of multisite, population-based surveillance. Lancet. Infect. Dis 15(3), 301-309 (2015).

22. Lewnard, J. A. & Hanage, W. P. Making sense of differences in pneumococcal serotype replacement. Lancet Infect. Dis. 19, e213-e220
(2019).

23. Tin Tin Htar, M., Christopoulou, D. & Schmitt, H.-J. Pneumococcal serotype evolution in Western Europe. BMC Infect. Dis. 15,
419 (2015).

24. Lipsitch, M. Interpreting results from trials of pneumococcal conjugate vaccines: A statistical test for detecting vaccine-induced
increases in carriage of nonvaccine serotypes. Am. J. Epidemiol. 154(1), 85-92 (2001).

25. Sa-Leao, R. et al. Changes in pneumococcal serotypes and antibiotypes carried by vaccinated and unvaccinated day-care centre
attendees in Portugal, a country with widespread use of the seven-valent pneumococcal conjugate vaccine. Clin. Microbiol. Infect.
15(11), 1002-1007 (2009).

26. Pilishvili, T. et al. Sustained reductions in invasive pneumococcal disease in the era of conjugate vaccine. J. Infect. Dis. 201(1),
32-41 (2010).

27. O’Brien, K. L. et al. Effect of pneumococcal conjugate vaccine on nasopharyngeal colonization among immunized and unim-
munized children in a community-randomized trial. J. Infect. Dis. 196(8), 1211-1220 (2007).

28. Hausdorff, W. P,, Van Dyke, M. K. & Van Effelterre, T. Serotype replacement after pneumococcal vaccination. Lancet 379(9824),
1387-1388 (2011).

29. Savulescu, C. et al. Effect of high-valency pneumococcal conjugate vaccines on invasive pneumococcal disease in children in
SpIDnet countries: An observational multicentre study. Lancet Respir. Med. 5(8), 648-656 (2017).

30. Corcoran, M. ef al. The epidemiology of invasive pneumococcal disease in older adults in the post-PCV era. Has there been a herd
effect?. Epidemiol. Infect. 145(11), 2390-2399 (2017).

31. Lapidot, R. et al. Characteristics of serotype 3 invasive pneumococcal disease before and after universal childhood immunization
with PCV13 in Massachusetts. Pathogens (Basel, Switzerland) 9(5), 396 (2020).

32. Corcoran, M. et al. Invasive Streptococcus pneumoniae infections and vaccine failures in children in ireland from the postvaccine
Era From 2007 to 2018. Pediatr. Infect. Dis. ]. 39, 339-344 (2019) (Online First).

33. Balsells, E. et al. Serotype distribution of Streptococcus pneumoniae causing invasive disease in children in the post-PCV era: A
systematic review and meta-analysis. PLoS ONE 12(5), 0177113 (2017).

34. Colijn, C., Corander, J. & Croucher, N. J. Designing ecologically optimized pneumococcal vaccines using population genomics.
Nat. Microbiol. 5(3), 473-485 (2020).

35. The World Bank. High Income. [cited 2019 July 18]. https://data.worldbank.org/income-level/high-income.

36. Grundmann, H., Hori, S. & Tanner, G. Determining confidence intervals when measuring genetic diversity and the discriminatory
abilities of typing methods for microorganisms. J. Clin. Microbiol. 39(11), 4190-4192 (2001).

37. Chen, S.-Y,, Feng, Z. & Yi, X. A general introduction to adjustment for multiple comparisons. J. Thorac. Dis. 9(6), 1725-1729
(2017).

Acknowledgements

We would like to thank the following organizations for providing data: Australia’s National Notifiable Disease Sur-
veillance System (NNDSS), Finland’s National Institute for Health and Welfare (THL), France’s Centre National
de References des Pneumocoques (CNRP), and Norway’s Meldesystem for Smittsomme Sykdommer (MSIS).
National Notifiable Diseases Surveillance data from Australia were provided by the Office of Health Protection,
Australian Government Department of Health, on behalf of the Communicable Diseases Network Australia and
the Enhanced Invasive Pneumococcal Disease Surveillance Working Group. We would also like to thank James
Truscott for his technical support. NJC was supported by a Sir Henry Dale fellowship, jointly funded by Wellcome
and the Royal Society (104169/Z/14/A). AL and NJC wish to thank GSK for research grant support. AL, NJC
and RMA acknowledge funding from the MRC Centre for Global Infectious Disease Analysis (reference MR/
R015600/1), jointly funded by the UK Medical Research Council (MRC) and the UK Foreign, Commonwealth
& Development Office (FCDO), under the MRC/FCDO Concordat agreement and is also part of the EDCTP2
programme supported by the European Union.

Author contributions

A.L.and R.M.A. conceived the study. A.L. conducted the analysis, interpreted the results, and wrote and edited
the manuscript. N.J.C. interpreted the results and edited and reviewed the manuscript. R.M.A. edited and
reviewed the manuscript.

Competing interests
AL is funded by an investigator-initiated grant from GSK to NJC. NJC has consulted for Antigen Discovery, Inc.
RMA has been a non-executive director of GlaxoSmithKline for the period 2009 to 2019.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-75691-5.
Correspondence and requests for materials should be addressed to N.J.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2020) 10:18977 | https://doi.org/10.1038/s41598-020-75691-5 nature research


https://data.worldbank.org/income-level/high-income
https://doi.org/10.1038/s41598-020-75691-5
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:18977 | https://doi.org/10.1038/s41598-020-75691-5 natureresearch


http://creativecommons.org/licenses/by/4.0/

	Divergent serotype replacement trends and increasing diversity in pneumococcal disease in high income settings reduce the benefit of expanding vaccine valency
	Results
	Dataset characteristics. 
	Temporal trends per serotype category. 
	Effect of vaccination on serotype diversity. 
	Comparison of countries’ rank frequency distribution and major IPD-causing serotypes. 
	Serotype incidence growth rate. 
	Australia. 
	Finland. 
	France. 
	Norway. 
	USA. 


	Discussion
	Conclusion
	Methods
	Statistical analyses. 

	References
	Acknowledgements


