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ABSTRACT Pneumococcal conjugated vaccines (PCVs) have shown protection against invasive
pneumococcal disease by vaccine serotypes, but an increase in non-vaccine serotype disease has been
observed. Type-specific effects on clinical manifestation need to be explored.

Clinical data from 2096 adults and 192 children with invasive pneumococcal disease were correlated to
pneumococcal molecular serotypes. Invasive disease potential for pneumococcal serotypes were calculated
using 165 invasive and 550 carriage isolates from children.

The invasive disease potential was lower for non-PCV13 compared to vaccine-type strains. Patients
infected with non-PCV13 strains had more underlying diseases, were less likely to have pneumonia and, in
adults, tended to have a higher mortality. Furthermore, patients infected with pneumococci belonging to
clonal serotypes only expressing non-PCV13 capsules had a higher risk for septicaemia and mortality.

PCV vaccination will probably lead to a decrease in invasive pneumococcal disease but an alteration
in the clinical manifestation of invasive pneumococcal disease. Genetic lineages causing invasive
pneumococcal disease in adults often express non-vaccine serotypes, which can expand after vaccination
with an increased risk of infection in patients with underlying diseases.
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Introduction

Streptococcus pneumoniae or pneumococci are major causes of morbidity and mortality worldwide,
especially in small children and the elderly [1]. Pneumococci express over 90 capsular serotypes, which have
different potential to cause disease [2-5]. Pneumococcal conjugate vaccines (PCVs) have been introduced
into the childhood vaccination programme in many countries, including Sweden. The serotypes included
were chosen based on their abundance in children with invasive pneumococcal disease. PCV7, including the
paediatric serotypes 4, 6B, 9V, 14, 18C, 19F and 23F, was introduced first and has shown good protection in
most studies [6-12]. The additional three serotypes (1, 5 and 7F) included in PCV10 provide protection
against strains frequently associated with pneumonia [13], and the additional serotypes in PCV13 are
expected to protect against the common paediatric serotype 6A and serotype 19A, which was observed to
expand early after PCV7 introduction [14, 15]. It is still not clear whether PCV13 will provide protection
against serotype 3, an important serotype associated with high mortality [2, 3, 16].

The ecological niche for pneumococci is the nasopharynx of healthy preschool children from where the
bacteria may spread and cause disease in other age groups. Due to herd immunity, vaccine type strains have
also been observed to decrease as causes of invasive pneumococcal disease in non-vaccinated adults [8, 17].
Recently, in the USA, it was also shown that the overall incidence of pneumonia has been reduced in adults
after the introduction of PCV7 [18]. However, PCVs select for non-vaccine type strains, and replacement of
vaccine type with non-vaccine type strains in the nasopharynx of vaccinated children has led to a completely
changed spectrum of pneumococcal serotypes circulating in the community, which also affects invasive
pneumococcal disease in non-vaccinated adults. The extent of type replacement differs between populations
and in Stockholm County in Sweden, to date, no net reduction of invasive pneumococcal disease in older
adults has been observed due to an increase of serotypes not included in the PCV13 vaccine (data not
shown) [19]. Some studies have investigated the potential association of serotype to clinical disease [2, 20, 21];
however, further data is needed to understand to what extent non-vaccine strains provide the same ability to
cause invasive pneumococcal disease and whether the disease manifestations are the same as for vaccine
strains. Furthermore, pneumococci are genetically diverse due to an efficient DNA transformation system and
molecular typing regimes can distinguish a number of genetically related clonal lineages that might express
different capsular serotypes [2, 3, 16]. It is not clear to what extent invasiveness, disease manifestation and
severity correlate to other properties reflected by the clonal type, such as virulence genes [22].

The introduction of PCV has resulted in the expansion of pre-existing non-vaccine type strains. Hence, it is
possible to use large pre-vaccination materials to predict the expected invasiveness and clinical disease
manifestations of non-vaccine replacement strains, which might influence the clinical management,
development and selection of vaccines. Herein, we used one of the largest available collections of patient
data and corresponding pneumococcal isolates from invasive pneumococcal disease in adults and children
in Sweden, as well as nasopharyngeal isolates from healthy children collected before the introduction of
vaccines. The aim was to calculate the invasive disease potential for different serotypes and explore possible
correlations of clinical manifestations and disease outcome of vaccine and non-vaccine serotypes and
clonal serotypes.

Materials and methods

Patients and pneumococcal isolates

To calculate the odds ratio for causing invasive disease, 550 nasopharyngeal carriage isolates (collected from
children attending day care centres) and 165 invasive isolates from children (<18 years of age) from the
Stockholm area collected between 1997 and 2004 prior to vaccination were included [22, 23].

To correlate clinical parameters to strain characteristics invasive pneumococcal disease isolates from blood,
cerebrospinal fluid and other normally sterile sites were collected from clinical microbiological laboratories
in Sweden from 1998 to 2008 for 2096 adults and 192 children aged <18 years, mainly during the pre-
vaccination period (PCV7 was introduced into the child immunisation programme in a few Swedish
counties at the end of 2007 and the rest of Sweden in 2009). Clinical data were collected for the patients
(1191 patients were included in previous studies) [2, 21, 24]. Only the first event in each patient during the
study period was included in the analyses. This was done to avoid inclusion of re-infections caused by the
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same strain. Ethical approval was obtained from the regional ethical committees in Stockholm, Lund and
Gothenburg (all Sweden).

Serotyping and molecular typing

Serotyping using antisera directed against the capsular polysaccharide was performed according to standard
methods as described previously [3, 21]. To further study the genetic relatedness between the strains,
molecular typing was performed to identify different genetic clonal types. All isolates were characterised
using pulsed-field gel electrophoresis (PFGE) as adapted from HERMANS et al. [25], where pneumococcal
chromosomal DNA was cleaved by the restriction enzyme Apa I and the DNA fragments were separated
using PFGE. Multi-locus sequence typing (MLST) (where parts of the house-keeping genes aroE, gdh, gki,
recP, spi, xpt and ddl within the pneumococcal genome were sequenced) was performed on selected strains
from each dominant PFGE pattern; 511 isolates in total [26]. Based on MLST results, isolates in the same
PFEGE clone were considered to belong to the same clonal complex.

Statistical analyses
Odds ratios with 95% confidence interval were calculated to study the invasive disease potential of
serotypes. The odds ratio was calculated using the formula:

odds ratio = (ad)/(bc)

where a was the number of invasive serotype X, b the number of carriage serotype X, ¢ the number of
invasive serotype non-X and d the number of carriage serotype non-X. Normal approximation was used to
calculate the confidence intervals and the respective p-values. Fisher’s exact test was implemented when
appropriate. Holm’s method was applied to adjust the p-values for multiple comparisons [27].

Odds ratios and their respective 95% confidence intervals were calculated to estimate differences between
vaccine serotype groups and clinical parameters. Pair-wise calculations were performed for all serotype
group combinations. Fisher’s exact test and Holm’s method were applied as described previously.

Logistic regression models were fitted to assess the association between individual clonal complexes (using
CC124 as a reference) or serotypes (using serotype 14 as a reference) with disease manifestation, underlying
diseases, 30-day mortality (for adults) and intensive care unit stay for >24 h (for children) as outcome
variables. The models on disease manifestation and 30-day mortality for adults were adjusted for age and
comorbidity using the Charlson index score, while underlying diseases was only adjusted for age. The
penalised likelihood logistic regression of FIRTH [28] was performed for children, in order to deal with
separation problems and small sample bias with no adjustment for other covariates. Results are presented
from those models where the clonal complex variable was significant after ANOVA. The significance level
was set at 5% in all analyses. Computations were performed using the statistical software R (version 3.0.1;
http://www.r-project.org).

Results

Invasive disease potential was lower for non-PCV13 strains compared to vaccine type strains

The invasive disease potential (odds ratio) for vaccine type and non-vaccine type strains was calculated
(table 1). The odds ratio was significantly higher for serotype 19A, which is only present in PCV13, as well
as for serotypes 1 and 7F, both of which are absent in PCV7 but present in PCV10. Hence, the odds ratio for
causing invasive disease for the extra serotypes present in PCV10 was higher than for serotypes present in
PCV7 only (tables 1 and 2). Importantly, non-PCV13 strains had a significantly lower odds ratio for causing
invasive disease in children when compared to serotypes present in PCV7, PCV10 and PCV13 (table 2).

Infections with non-PCV13 strains seldom manifest as pneumonia and often affect children with
underlying diseases

To estimate the relationships between pneumococcal types, disease manifestation and underlying diseases
among children, isolates and corresponding clinical data from 192 children were included. The mean age
was 4 years (median age 2 years) and the children were predominately male (63%). 140 (73%) children had
either pneumonia or meningitis while the remaining children mainly suffered from septicaemia with an
unknown focus. A broad range of underlying diseases were present in 26% of the children, with congenital
disorders, heart disease and leukaemia being the most common (table 3 and fig. 1a). Four (2%) children
died, three of whom had underlying diseases. Infections with PCV7 strains had a lower odds ratio for
causing pneumonia compared to the additional serotypes in PCV10, but tended to have a higher odds ratio
for meningitis (not significant after adjustment for multiple comparisons) (table 3). In addition, previous
underlying diseases tended to be more frequently associated with PCV7 strains compared to those with the
three extra serotypes in PCV10. The extra three serotypes uniquely present in PCV13 gave similar disease
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TABLE 1 0dds ratios for causing invasive disease for different serotypes in children from Stockholm, Sweden

Serotype Total Invasive Carriage OR (95% ClI)
6B* 132 39 (30) 93 (70) 1.52 (1.00-2.32)
19F# 105 8 (8) 97 (92) 0.24 (0.11-0.50)
6A’ 93 11 (12) 82 (88) 0.41 (0.21-0.78)
23F*% 68 8 (12) 60 (88) 0.42 (0.19-0.89)
14¥# 60 18 (30) 42 (70) 1.48 (0.83-2.65)
18¢* 25 12 (48) 13 (52) 3.24 (1.45-7.25)
19A* 24 13 (54) 11 (46) 4.19 (1.84-9.54)
vial 22 14 (64) 8 (36) 6.28 (2.59-15.25)/
1A 18 4 (22) 14 (78) 0.95 (0.22-3.08)
16F 18 2 (11) 16 (89) 0.41 (0.05-1.77)
3t 17 3 (18) 14 (82) 0.71 (0.13-2.59)
9v# 17 5 (29) 12 (71) 1.40 (0.38-4.35)
17 14 13 (93) 1(7) 46.68 (6.91-1978)
35F 13 1(8) 12 (92) 0.27 (0.01-1.88)
35B 11 0 (0) 11 (100) 0.00 (0.00-1.32)
NT 11 0 (0) 11 (100) 0.00 (0.00-1.32)
10A 10 1(10) 9 (90) 0.37 (0.01-2.68)
15C 9 2 (22) 7 (78) 0.95 (0.10-5.06)
38 7 0 (0) 7 (100) 0.00 (0.00-2.31)
15B 7 1 (14) 6 (86) 0.55 (0.01-4.61)
4% 6 5 (83) 1017) 17.07 (1.89-809)
23A 13 1017) 5 (86) 0.66 (0.01-6.00)
21 5 0 (0) 5 (100) 0.00 (0.00-3.64)
9N 5 1 (20) 4 (80) 0.83 (0.02-8.49)
Other® (33F, 23B, 8, 31, 11B, 17F, 18B, 22F and 24F) 12 3 (25) 9 (75) 1.11 (0.19-4.53)
Total 715 165 (23) 550 (77)

Data are presented as n or n (%), unless otherwise stated. Serotypes representing five or more isolates are shown. Serotypes with an odds ratio >1
have an increased risk for causing invasive disease. Bold indicates statistical significance.
‘. additional serotypes included in the 10-valent vaccine; : additional serotypes included in the 13-valent vaccine; 5. less than five isolates, all were
included in the non-10-valent vaccine; ’: not significant after adjustment for multiple comparisons (Holm’s method).

#. serotypes included in the 7-valent vaccine;

TABLE 2 Odds ratios for causing invasive pneumococcal disease in children in Stockholm, Sweden, among serotypes included

or not included in the conjugated vaccines (7, 10 - or 13-valent vaccines)

Serotype group Invasive Carriage OR (95% cI)*
Serotypes in the 7-valent vaccine 95 (23) 318 (77) 0.10 (0.05-0.22)'
1, 5, 7F (extra in 10-valent) 27 (75) 9 (25) 1 (Ref)
Serotypes in the 7-valent vaccine 95 (23) 318 (77) 1.18 (0.73-1.91)
3, 6A, 19A [extra in 13-valent) 27 (20 107 (80) 1 (Ref)
Serotypes in the 7-valent vaccine 95 (23) 318 (77) 2.17 (1.22-3.83)"
Non-13-valent vaccine serotypes 16 (12) 116 (88) 1 (Ref)

1, 5, 7F (extra in 10-valent) 27 (75) 9 (25) 21.75 (8.69-54.46)"
Non-13-valent vaccine serotypes 16 (12) 116 (88) 1 (Ref)

3, 6A, 19A (extra in 13-valent) 27 (20) 107 (80) 1.83 (0.93-3.58)
Non-13-valent vaccine serotypes 16 (12) 116 (88) 1 (Ref)
Serotypes in the 13-valent vaccine 149 (26) 434 (74) 2.49 (1.43-4.34)"
Non-13-valent vaccine serotypes 16 (12) 116 (88) 1 (Ref)
Total 165 (23) 550 (77)

Data are presented as n (%), unless otherwise stated. Bold indicates statistical significance. Ref: reference.

significant after adjustment for multiple comparisons (Holm’s method).

. crude odds ratio; ': remained
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FIGURE 1 Underlying diseases present among a) 192 children and b) 2096 adults. PCV: pneumococcal conjugated
vaccines. *: heart, lung, diabetes mellitus and malignancy.

manifestations as PCV7 serotypes. The 15 children infected with non-PCV13 strains often had more
underlying diseases as compared to those infected with PCV7, PCV10 or PCV13 strains, and pneumonia as
disease manifestation was uncommon (two (13%) out of 15).

Infections with non-PCV13 strains associated with changes in clinical manifestations and increased
mortality in adults

Vaccine serotypes used in the childhood vaccination programme will, due to herd immunity, probably also
decrease invasive pneumococcal disease in adults. However, we expect an increased disease burden of non-
vaccine types, and most of these types already existed in the population prior to vaccine introduction. To
accurately assess the outcome of invasive pneumococcal disease among adults we included 2096 patients,
mainly from the pre-vaccination era. The mean age was 63 years (median age 65 years) and no sex
differences were seen (49% females). Pneumonia was the most common manifestation, followed by
septicaemia without an identified focus and meningitis (table 4). The overall 30-day mortality was 11%. Of
the patients with septicaemia, meningitis and pneumonia, 22%, 18% and 9% died, respectively. 63% had an
underlying disease where cardiovascular diseases dominated followed by chronic lung disease, diabetes
mellitus, haematological malignancies, solid tumours and alcoholism (fig. 1b).

In total, 484 (23.1%) out of 2096 adults were infected with non-PCV13 serotypes and these patients had a
reduced risk of pneumonia, an increased risk of septicaemia with an unknown focus, an increased risk of
having underlying diseases and a tendency of increased risk of a fatal outcome compared to patients infected
with PCV13 types (table 4). Patients with PCV7 isolates tended to be older, had a significantly lower odds
ratio for pneumonia, a significantly higher odds ratio for septicaemia and underlying diseases, and a higher
mortality compared to the patients infected with the three extra serotypes included in PCV10. In contrast,
PCV7 infected patients had underlying diseases less often and lower mortality compared to patients infected
with strains expressing the three extra serotypes 3, 6A and 19A included in PCV13. Interestingly, adults
infected with PCV7 strains had a significantly higher level of pneumonia and lower odds ratio of
septicaemia compared to patients infected with non-PCV13 strains. In addition, the three serotypes added
to PCV10 were associated with a higher odds ratio for pneumonia, a lower odds ratio of septicaemia and
lower mortality compared to non-PCV13 types in adults.

Disease manifestation and mortality data for individual serotypes present in at least 20 patients are shown in
table S1. Odds ratios were calculated using serotype 14 as a reference, which is the most common serotype
in this material. A number of non-PCV13 serotypes (9N, 12F, 22F and 23A) showed a significantly lower
odds ratio for pneumonia and increased odds ratio for septicaemia with unknown focus compared to
serotype 14. An increased mortality risk was observed in patients infected with the non-PCV13 serotype
11A, as well as 6A and 19A, which were included in PCV13, but not in PCV10. Importantly, 162 patients
infected with less common serotypes, all non-PCV13, showed a significantly higher odds ratio for
septicaemia and had more underlying diseases compared to individuals infected with serotype 14 strains
(table S1).
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Associations found between pneumococcal clonal types, clinical manifestations and mortality in
children and adults

Since pneumococcal strains of a given serotype may belong to more than one genetically related clonal
complex, and since strains belonging to the same clonal complex may express different vaccine or non-
vaccine capsular types, we correlated clinical manifestations to clonal types (tables 5 and 6). In children, the
most prevalent clonal complexes (138, 191, 306, 124, 9 and 156) only expressed serotypes present in PCV13,
suggesting that they would be eliminated or dramatically decreased in a PCV13 vaccinated region. Other
clonal complexes (199 and 113) incorporated both PCV13 and non-PCV13 types, and some clonal
complexes (53, 460, 30, 433, 218, 414, 72 and 3357) expressed only non-PCV13 serotypes. Children infected
with CC306, including only serotype 1 isolates, had a higher odds ratio for having pneumonia and lower
odds ratio for meningitis, while those infected with CC138 (serotype 6B and 4) showed a lower odds ratio
for pneumonia. Otherwise no significant changes were observed regarding clinical manifestations in children.

Among adults, fewer clonal complexes only expressed vaccine types (191, 205, 306, 180, 439 and 490)
compared to in children (tables 5 and 6). In the largest clonal complex, CC156, four out of the seven
serotypes were non-PCV13 serotypes. CC53, one of the more prevalent clonal complexes in adults, only
expressed non-PCV13 capsules. Moreover, in this study we identified genetic lineages with significantly
different disease manifestations. Thus, CC138, dominated by 6B but also including non-PCV13 serotypes in
adults, showed a higher mortality. Septicaemia was found more often in patients with CC66, CC218 and
CC100/496, where in each case the dominating serotype was a non-vaccine type. Of the less common clonal
complexes, those including non-PCV types were associated with a higher odds ratio for septicaemia and a
significantly higher mortality compared to reference ST124. However, in most cases there were no
differences in age and odds ratio for specific comorbidities among the adult invasive pneumococcal disease
patients depending on genetic lineage (table 6). Only CC306 (including only serotype 1) and CC191
(including types 7F and 14) showed a lower odds ratio for causing disease in patients with previous
underlying diseases.

Discussion

PCVs have shown protection against invasive pneumococcal disease caused by vaccine type pneumococci
both in vaccinated and non-vaccinated individuals (due to herd immunity). However, these vaccines will
inevitably promote expansion of non-vaccine type strains in the community. In the pre-vaccination
material presented here, 23% (484 out of 2096) of adult invasive pneumococcal disease patients were
infected with non-PCV13 types consisting of 30 different serotypes. Thus, the serotype diversity found prior
to vaccine introduction is sufficiently large to rapidly replace the diversity loss created by vaccine
introduction in the community. Moreover, pre-existing non-vaccine type strains are capable of causing
severe infections, but with a different spectrum of clinical manifestation compared to vaccine type strains.

By comparing invasive and carriage isolates among children from the same geographical area (Stockholm)
we obtained an estimate of the attack rates provided by strains expressing different capsules [3, 29]. Our
data suggest that non-PCV13 strains have a reduced invasive disease potential, which might result in lower
incidence of invasive pneumococcal disease in the post-vaccination period, at least initially.

Furthermore, our analyses indicate that the spectrum of disease will change following type replacement with
non-vaccine strains. The large size of the study with complete clinical records allows us to form a number of
conclusions. In both children and adults, non-PCV13 strains had a reduced capacity to cause pneumonia
and were more likely to infect patients with underlying diseases compared to strains with serotypes included
in PCV7, PCV10 and PCV13. This is concordant with recent reports that non-PCV13 serotypes are more
prevalent in children with comorbidities and immunocompromised adults [30, 31]. These findings are
probably important reasons why non-PCV13 strains are such rare causes of invasive pneumococcal disease
among children prior to the introduction of the vaccine. Importantly, non-PCV13 serotypes carried an
increased risk of septicaemia with an unknown focus and tended to be associated with increased mortality
in adults. Thus, although childhood vaccination with PCV will probably lead to an overall reduction of
invasive pneumococcal disease, it will not lead to less severe pneumococcal disease among the remaining
cases. Moreover, the clinical manifestations might be altered in non-vaccinated adults because of
replacement with non-vaccine type strains due to herd immunity. So far, in our follow-up of the
introduction of PCV in Sweden in 2009, we have not seen a decrease in the incidence of invasive
pneumococcal disease among adults, even though we found a herd immunity effect with a reduced
incidence of vaccine serotypes, but we also observed an increased incidence of non-vaccine type strains, in
particular non-PCV13 serotypes (data not shown).

Prevalent pneumococcal strains belong to a number of clonal lineages (closely genetically related
pneumococci as identified using molecular typing methods such as PFGE and MLST) of which some are
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successfully spread in the community [32]. Some of these lineages are associated with only one capsular
serotype, but the majority may express several different capsules. By introducing PCV, depending on the
capsular serotype expressed, some clonal lineages are expected to disappear, such as those expressing only
vaccine serotypes. The most prevalent clonal complexes causing invasive pneumococcal disease in children
prior to vaccine introduction in Sweden fall in this category. Replacement of these lineages with lineages
expressing non-vaccine serotypes in the nasopharynx of healthy children will probably lead to a decreased
incidence of invasive pneumococcal disease in children. For adults, the situation is different since genetic
lineages that cause invasive pneumococcal disease seem to express non-vaccine type capsules more often. It
is also worrisome that rare clonal lineages only expressing non-vaccine type capsules mediate a higher odds
ratio of septicaemia and mortality compared to reference ST124. Thus, since it can be expected that these
rare lineages will expand in the post-vaccination era we might witness a change in clinical manifestation of
invasive pneumococcal disease in the adult population that will need further attention and new solutions
such as novel vaccine approaches.
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