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Immune and strain surveillance of the Streptococcus pneumoniae: 

Tools to study the impact of pneumococcal conjugate vaccination 

1. Vaccinatie van kinderen tegen pneumokokken resulteert in beschermende 
specifieke lgG concentraties die veel hoger zijn dan die in natuurlijk geexpo
seerden. Dit suggereert dat vaccineren van ouderen misschien ook kan be
schermen tegen invasieve pneumokokkenziekte (dit proefschrift). 

2. Het meten van de immuunstatus voor de invoering van het pneumokokkenvac

cin geeft slechts informatie over de invloed van natuurlijke expositie van de 
pneumokok in de Nederlandse populatie, maar de informatie wordt essentieel 
als de immuunstatus na invoering van het vaccin gemeten wordt (dit proef
schrift). 

3. Vaccinatie van kinderen tegen pneumokokken blijkt effectief tegen invasie
ve pneumokokkenziekte, maar toch lijkt het dweilen met de kraan open (dit 

proefschrift). 

4. Een periode van twee jaar na invoering van het pneumokokkenvaccin is te kart 
om verschillen in de verdeling van genotypes in de pneumokokkenpopulatie te 
kunnen waarnemen (dit proefschrift). 

5. Het is mogelijk dat er een veelvoud van 90 serotypen van pneumokokken be
staat (dit proefschrift). 

6. Kleine verschillen in de sequentie van kapselgenen kunnen grate verschillen in 
de polysachariden tot gevolg hebben (Mavroidi et al., 2004, J. Bacterial). 

7. 'Even' bestaat niet in het wetenschappelijk onderzoek. 

8. Als je ergens niet doorheen kan, kun je er beter omheen gaan (L. Schouls). 

9. Leren is dingen te weten komen waarvan je niet eens wist dat je ze niet wist. 

10. Mensen die gered moeten warden, kunnen net zo goed ook een held zijn. 

Karin Elberse 

1 februari 2012 

Cc:ut·.1ir. 
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Introduction 



Historical highlights in pneumococcal research 
In 1881, Sternberg and Pasteur were the first to observe and isolate a bacterium now known as 
Streptococcus pneumoniae or the pneumococcus. It was one of the first bacteria to be isolated 
and characterized. This bacterium has played a role in achieving some important milestones 
in scientific research. For example, the pneumococcus was used in the development of the 
Gram's staining in 1884. Dr. Gram described this widely used method to visualize bacteria in 
lung tissue, later used to divide the gram positive from the gram negative bacteria. Dr. Gram 
was a modest man, ending his paper with '/ am aware that as yet it is very defective and 

imperfect; but it is hoped that also in the hands of other investigators it will turn out to be useful' 
[1]. Also, DNA was identified as the source of genetic information using the pneumococcus. 
Griffith's experiments in 1928 showed that non-encapsulated pneumococci mixed with heat

killed encapsulated pneumococci could kill mice, while separate inoculation did not affect the 
mice. The conclusion was that the non-encapsulated strain was transformed in a encapsulated 
strain, thereby indicating that bacteria could be transformed into virulent strains [2]. Avery, 
Macleod and McCarty demonstrated in 1944 that DNA was responsible for the transformation 

and thus the carrier of genetic information. They purified DNA from an encapsulated strain and 
showed that the DNA was able to transform the non-encapsulated strain into an encapsulated 
strain [3]. 

Carriage and (invasive) pneumococca/ disease 
Acquisition is the first stage towards carriage and possible infection with the pneumococcus. 

The transmission of the pneumococcus occurs by airborne droplets or direct contact with 
respiratory secretions. Carriage of the pneumococcus occurs in the nasopharynx and is 
usually asymptomatic. Carrier rates are high among children and decline with increasing age. 

In the first 2 years of life, carriage rates increase up to 43 to 45% [4, 5]. The peak incidence of 
carriage is approximately at 3 years of age with carriage rates up to 55%. At the age of 10 the 

carriage rates decline to 8% and decline further in individuals of 65 years and older to around 
6% [6, 7]. Risk factors for carriage are crowding (eg. in day-care centers), season of the year, 

low socioeconomic status and other respiratory infections such as influenza [5, 8-10]. The 
duration of an episode of carriage is 2.7 to 4 months [10]. The bacteria may spread from the 

nasopharynx into the respiratory tract or the bloodstream to cause pneumococcal infections 
(Fig. 1 ). Overall, the pneumococcus only causes infection if there is physical disruption of an 
anatomic barrier. Influenza may cause such a physical disruption, damaging the epithelial 

layer of the respiratory tract [11]. Otitis media and sinusitis are mild infections caused by the 
pneumococcus. The nasopharynx is connected with the middle ear cavity via the Eustachian 

tube. The Eustachian tube functions as a pressure regulator and clears bacteria to prevent 
them to enter the middle ear cavity. If the Eustachian tube is clogged, the bacteria may be 
trapped in the middle ear and cause otitis media. Incidence of otitis media is at its highest point 
in children around 6 - 12 months of age [12, 13]. Children compared to adults have a higher 

risk at developing otitis media, because the Eustachian tube is shorter and the angle of the 
tube differs in children [14]. Sinusitis is caused when there is an accumulation of fluids in the 
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sinuses due to an obstruction. In approximately 40% of the sinusitis cases, the pneumococcus 
is the causative agent [15]. 
Besides mild infections, the pneumococcus can also be responsible for more severe infections 
such as pneumonia, bacteremia and meningitis. These infections can be divided into 2 
groups, the invasive and non-invasive infections. Invasive infections comprise infections of 
otherwise sterile body sites, non-invasive infections comprise infections of non-sterile body 
sites. From the nasopharynx, the pneumococcus may spread into the lungs or directly to the 
bloodstream. In adults, pneumonia is the most common non-invasive pneumococcal infection. 
Once spread into the lungs, the bacteria proliferate in the alveolar spaces. The immune 
reaction in combination with the bacteria will fill the alveoli with fluids resulting in a decrease 
in oxygen transportation [16]. If the pneumococcus spreads into the bloodstream, the infection 

becomes invasive. Bacteremic pneumonia is the most frequently recognized invasive disease, 
followed by meningitis. Meningitis is an infection of the meninges. The mechanisms used 
by the pneumococcus for passing the blood-brain barrier are not well understood, but some 

mechanisms are elucidated. The pneumococcus is able to interact with the endothelial cells of 
the blood-brain barrier by activating the platelet-activating factor (PAF) on the endothelial cells 

eningitis 

otitis med ia _____ ___ 
carriage in nasopharyn,__ _____ ---..air_.:,tf ·\OIIE,_�:...__-----sinusitis 

Fig. 1. Pneumococcal infection sites. Carriage of the pneumococcus occurs in the nasopharynx. From 
the nasopharynx, the pneumococcus may spread into the sinuses or middle ear cavity and cause si
nusitis or otitis media, respectively, or may spread into the lungs or bloodstream to cause pneumonia, 
bacteremia or meningitis. 
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and PAF binds to the phosphocholine on the cell wall of the pneumococcus [17]. Additionally, 
the cell wall of the pneumococcus induces tumor necrosis factor a (TNF-a), activating the 
endothelial cells [18]. Thus, the cell wall of the pneumococcus itself sets up the conditions for 
invading the central nervous system. Once the endothelial cells are activated, the bacteria may 
pass the blood-brain barrier. In the cerebrospinal fluid (CSF), complement and antibodies are 
virtually absent and therefore the pneumococcus may replicate in the CSF and cause infection 
[19]. Other invasive diseases are sepsis, peritonitis and arthritis. People who are particularly 
at risk for pneumococcal disease are individuals with high alcohol ingestion, splenectomized 
patients, HIV infected patients, people with decreased cough reflex or poorly functioning cilia 
for example due to cigarette smoking [20-24]. 

Pneumococca/ disease occurrences and incidences 

Worldwide approximately 14.5 million episodes of pneumococcal disease, excluding upper 
respiratory diseases, occur each year and annually about 700,000 to 1 million children under 
the age of 5 die from pneumococcal disease. The annual incidence for pneumococcal disease 
of children <5 years of age ranged depending on the country from 188 to 6387 per 100.000. 
The average global incidence of meningitis caused by the pneumococcus in children of age <5 
years is 17 cases per 100,000. The highest number of pneumococcal deaths in children was 
observed in Asia and Africa [25]. 

In the Netherlands, annual incidence of invasive pneumococcal disease (IPD) in 2004-2006, 
before introduction of vaccination against the pneumococcus, was 35 cases per 100,000 
children aged <2 year. The peak IPD incidence was reached at 3-5 months of age with 63 
cases per 100,000. In adults, the IPD incidence was 11 cases per 100,000 individuals in the 
50-54 year old age cohort and gradually increased to 97 cases per 100,000 individuals in �90 
year olds. Meningitis was the most frequently occurring IPD in children aged <1 year (44% of 
all IPD cases) and this proportion decreased with increasing age to less than 7% of all IPD 
cases in individuals of 65 years and older. Pneumonia with bacteremia was the most frequently 
occurring IPD in individuals of �65 years, taking up to 83% of all I PD cases [26]. 

Virulence factors 
There are a number of virulence factors present on the pneumococcus, such as autolysin 
(coded by /ytA), pneumococcal surface protein A (pspA), pneumococcal surface antigen A 
(psaA), choline-binding protein A (cbpA) and pneumolysin (ply) [27-29]. Autolysin is an 
enzyme that degrades peptidoglycan, stimulating cell lysis and thereby the release of internal 
virulence factors such as pneumolysin. Mutations in lytA makes the pneumococcus avirulent 

[27]. Pneumococcal surface protein A inhibits the deposition of C3b, a component of the 
complement that is necessary in opsonophagocytosis [30]. Pneumococcal surface antigen A is 
required in the adherence to mucosal surfaces. The choline binding protein A is an adhesin and 
also inhibits complement activation [29]. Pneumolysin is an important virulence factor and is 
located inside the cell. It attacks host cells and is toxic [33]. Cell wall polysaccharides (CWPS) 
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consist of techoic acid that is covalently linked to the peptidoglycan layer of the cell wall. These 
polysaccharides are immunogenic, but the antibodies against CWPS do not provide protection 
against the pneumococcus [31]. There are 2 types of CWPS described, present on strains from 
different serotypes [32]. 
The main virulence factor of the pneumococcus is the polysaccharide capsule which is 
covalently linked to the peptidoglycan of the cell wall. It protects against phagocytosis and plays 
an important role in colonization of the upper respiratory tract [34]. The capsule inhibits the 
deposition of C3b, thereby inhibiting opsonophagocytosis [35, 36]. The degree of encapsulation 
is also related to susceptibility to non-opsonic killing by neutrophils [37]. Furthermore, the 
pneumococcus may shift back and forth from transparent-phase to opaque-phase. In the 
transparent-phase, the capsule is less dense and the cell wall thicker compared with the 
opaque-phase. This allows for attachment to the epithelial cells in carriage. The pneumococci 

in opaque-phase have denser capsules, providing better protection against opsonization and 
killing in invasive disease [38]. Based on the reaction of the capsule polysaccharides with 
antisera, over 90 serotypes are recognized [39-41 ]. 

Synthesis of the serotype specific polysaccharides 
The capsular polysaccharide consists of a repeating unit of monosaccharides. For each of the 
different serotypes the saccharides and/or the linkage between these saccharides differ. The 
genes involved in the synthesis of the polysaccharides are located within the capsular gene 
locus and have a similar arrangement in most serotypes (Fig. 2). There may be recombination 
hotspots downstream and upstream the capsular gene locus and within the locus itself where 
horizontal sequence transfers are detected frequently, possibly causing serotype-switching 
events [42]. 

The genes for regulation and translocation are located at the 5' end of the capsular gene locus. 
At the 3' end the biosynthesis genes for the saccharides are located and in between the genes 
necessary for the biosynthesis of the polysaccharides are present (Fig. 2) [43, 44]. Virtually all 
types of pneumococcal polysaccharides are synthesized by the wzy-dependent pathway [45, 46] 

except serotype 3 and 37 polysaccharides which are synthesized by the synthase-dependent 
pathway. This pathway uses the synthase-encoding gene tts which is located elsewhere on 
the chromosome [47, 48]. The initial step of the biosynthesis of the polysaccharides using the 
wzy-dependent pathway occurs by transfer of a monosaccharide phosphate to a membrane
associated lipid carrier by the initial glycosyltransferase wchA. WchA is present in all serotypes 
that include the saccharide glucose in their polysaccharides. The genes that are further involved 

in the biosynthesis of polysaccharides may be the wchO, wchP and wchQ, but the genes for 
the biosynthesis of polysaccharides differ for each serotype. The enzymes encoded by these 
genes transfer the monosaccharides and link them to the initial saccharide to produce a repeat 
unit. These genes are called the 'serotype specific' genes because there is little conservation 
in these genes compared to the 'common' genes at the 5' end of the capsular gene locus. 
By flippase (encoded by wzx), the saccharides are transported to the outside of the bacterial 
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Fig. 2. Schematic overview of the biosynthesis pathway of capsular polysaccharides by the wzy-de
pendent pathway in serotype 19A (this figure is available in color in the appendix). 

cell and are anchored. The polymerase (wzy) polymerizes additional saccharides to form a 
polysaccharide. The wzd/wze encodes the complex for translocation of the polysaccharides 

towards the cell surface and to the peptidoglycan. The saccharides used for the synthesis of 
the polysaccharides can be either synthesized by enzymes that are coded by the genes of the 
capsular gene locus such as mnaA and rm/ genes, or they are retrieved from the cellular pools 
because these sugars are common to other pathways [43]. 

Distribution of serotypes 
The serotypes most often found in carriage studies in children are serotype 6B, 14, 19F and 
23F [7, 49-51]. The percentage of carriers that carry multiple serotypes in the nasopharynx 
varies considerably from 11 % to 48% and is highly dependent on the method that is used [52, 
53]. Poorly immunogenic serotypes, for example serogroup 6, tend to be carried much longer 
than the more immunogenic serotypes in young children [54]. Remarkably, when mice are 

inoculated with a mixture of serotype 14 and serotype 19F pneumococci in a ratio of 100 to 1, 
the serotype 19F strain outgrows the serotype 14 strain after 7 days, resulting in a recovery of 

10 times more serotype 19F than serotype 14. This indicates that in mice serotype 19F strains 
can maintain carriage much longer than serotype 14 strains [37]. Furthermore, it is suggested 

that strains of serotypes with a metabolically less costly capsule could be more prevalent in 
carriage (37]. 
Distribution of serotypes in invasive disease is dependent on age groups and populations and 
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shift of serotypes may occur over time [55, 56]. Also, the introduction of the pneumococcal 
vaccine may change the serotype distribution. Globally, there are 7 serotypes (1, 5, 6A, 6B, 
14, 19F and 23F) most prevalent in IPD and these account for 58% to 66% of IPD cases in 
young children in every region [57]. In the Netherlands, most prevalent serotypes in the pre
vaccination era are 4, 14, 7F and 9V. Before the introduction of the 7-valent pneumococcal 
conjugate vaccine (PCV7), the serotypes included in the vaccine accounted for approximately 
60% of the serotypes causing IPD in the Netherlands [26]. After the introduction of the vaccine 
in 2006, there was a significant increase in serotype 1 and 22F [58]. Serotype 19A has shown 
a rapid increase worldwide and is often associated with antibiotic resistance [59, 60]. 

Immune responses 

The first line of defense against the pneumococcus in the nasopharynx is the mucosa! barrier 
and a number of non-immunological factors play a role, such as gag and cough reflexes, an 
intact epithelium and ciliated cells. The immunological response of the mucosa I barrier consists 

mainly of lgA antibodies. Once the bacteria pass through the mucosa! barrier, into systemic 
sites, innate immunity will be activated [61]. However, this mechanism may only slow down 
the infection and not clear it. The capsule prevents the pneumococcus from being recognized 

by phagocytes and specific antibodies and complement are necessary for opsonisation to 
activate phagocytosis. Therefore, a specific immune response is induced by the adaptive 
immune system to clear the pneumococci. 
Polysaccharides of the pneumococcus are T-cell independent antigens [62, 63]. Thus, in an 
immune response, the T-cells do not trigger B-cells to produce specific lgG1 antibodies, but 

mainly lgM and lgG2 with low avidity. In infants, the B-cells are not primed and therefore 
children do not show a response to polysaccharide antigens [64]. T-cell independent immunity 
induces limited memory, limited maturation of antibodies or isotype switching [63, 65]. The 

spleen acts as a filter for bacteria that are not opsonized and provides B-cells and therefore 
splenectomy patients are at risk for overwhelming pneumococcal infections [66]. 
Conjugated polysaccharides, as in conjugated vaccines, are recognized by the T-cell 
dependent immune system [67]. The macrophages and dendritic cells recognize the 
conjugated polysaccharides and digest the conjugate protein to peptides. A specific major 
histocompatibility complex (MHC-11) is displayed on the cell and is recognized by a Th-cell. The 
Th-cell stimulates the antibody producing B-cells which results in avidity maturation, memory 
B cells and isotype switching of the lgG antibodies [68]. The Th-cells stimulate the production 
of specific B-cells and thereby production of more lgG. Subclass lgG1 is the most common 
subclass of lgG. Children <2 years of age have low levels of lgG2 and lgG4 in sera and lgG2 
passes the placenta poorly [69, 70]. lgG2 is produced in the T-cell independent pathway and 
has low avidity, but is the most effective lgG against polysaccharides. lgG1 and lgG3 are 
produced by the T-cell dependent pathway and are lgGs with high avidity (Fig. 3). 
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Fig. 3. In the upper panel the T-cell independent immune response with polysaccharide as antigen is 
provided. In the lower panel the T-cell dependent immune response with conjugated polysaccharides 
as antigen is provided. 

Pneumococca/ vaccines 
Already in 1911 the first clinical trial was performed by Wright et al. in South-Africa using 
a pneumococcal vaccine, which was composed of killed whole bacterial cells. In the gold 
mines pneumonia was epidemic and the need for a vaccine was high. Trials were performed 

including 50,000 mineworkers, but there was no understanding yet of serotypes and serotype 
specific immune responses. Sir Wright, with a lack of interest for statistics, thought that the 

vaccine was effective, but statistical analysis concluded otherwise [71]. It took several decades 
before the effectiveness of pneumococcal vaccines was revealed, due to study design flaws 
or serious adverse effects of the vaccines. The first capsular polysaccharide vaccine trials 

were undertaken at the end of World War II in 1945 [72]. Although this vaccine was licensed 

and used, it was withdrawn from the market because of the emergent use of antibiotics. After 
renewed interest for vaccination against the pneumococcus, Austrian et al. demonstrated the 
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efficacy of pneumococcal polysaccharide vaccines and this was followed by a licensure for a 

14-valent polysaccharide vaccine in 1977 [73]. This vaccine was extended to 23 serotypes and 
licensed in 1983 (Pneumovax23, Merck&Co, Whitehouse Station, NY, USA; PPV23). 
In children, responses induced by polysaccharide vaccines are low [74-76]. Conjugation of 
the polysaccharides with a carrier protein induced better antibody responses in infants due to 
the T-cell dependent immune pathway [77, 78]. In 2000 the first conjugated polysaccharide 

vaccine was licensed (Prevenar; Pfizer, New York, NY, USA; PCV7) and used in the USA in 
the vaccination program from 2001. It was introduced in 2006 in the Netherlands and includes 
polysaccharides from 7 serotypes conjugated to a diphtheria toxin CRM1 9r Next generation 
polysaccharide conjugate vaccines include the 13-valent Prevenar13 (Pfizer, New York, NY, 

USA; PCV13) and the 10-valent Synflorix (GSK, Rixensart, Belgium; PCV10) (Table 1 ). The 
polysaccharides from 8 of the 10 serotypes used in Synflorix are conjugated to the non-typeable 
Haemophi/us influenzae protein D and polysaccharides from serotype 18C are conjugated to 

tetanus toxoid and from serotype 19F to diphtheria toxoid. In 2011, the latter has replaced the 
PCV7 in the national immunization program of the Netherlands. 

Table 1. Serotypes included the currently licensed pneumococcal vaccines. 

Vaccine Vaccine name Serotypes 

PCV? Prevenar 4, 68, 9V, 14, 1 8C, 1 9G 23F 

PCV 1 0  Synflorix 4, 68, 9V, 14, 1 8C, 1 9F, 23F + 1 ,  5, ?F 

PCV 1 3  Prevenar1 3  4, 68, 9V, 14, 1 8C, 1 9F, 23F + 1 ,  5, ? F  + 3 ,  6A, 1 9A 

PPV23 Pneumovax23 4, 68, 9V, 14, 1 8C, 1 9F, 23F + 1 ,  5, ?F + 3, 1 9A +  
2, 8, 9N, 10A, 1 1 A, 1 2F, 1 58 ,  1 7G 20, 22F, 33F 

Effects of pneumococca/ vaccination 
In the USA, the introduction of PCV7 resulted in an 77% decrease of IPD in vaccinated 

children aged 5 years or younger, as determined in 2005 [59]. In European countries, the 
IPD incidences in vaccinated infants also decreased [58, 79-82]. The pneumococcal vaccine 
may also provide immunity in the non-vaccinated individuals, and this is referred to as herd 
immunity. Because the vaccinated children no longer carry the vaccine serotypes, there is 

less circulation and transmission of these strains and thereby the incidence of pneumococcal 
disease in non-vaccinated individuals also declines. In the USA, herd immunity was observed 
in adults in a varying degree in the different age cohorts from 20-39 years of age (a decline in 

IPD of 32%) and in adults from 40-64 years of age (a decline in IPD of 8%) [82]. Also in other 
countries such as the UK and Australia, herd immunity is detected in the population [83, 84]. In 
the Netherlands, there is no evidence found yet for herd immunity [58]. 

Another effect of pneumococcal vaccination is the ability for non-vaccine serotype strains to 
fill the niche of the vaccine serotypes. This is referred to as serotype replacement. In the USA 
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this was already observed 2 years after the introduction of the vaccine and the predominant 
serotype that increases is serotype 19A [85]. 

Capsule switch is the ability to transfer capsule genes and thereby changing the serotype of 
the strain. Due to the selective pressure of the vaccine, variants with a capsule from a non
vaccine serotype may be selected that switched into an isolate with a genetic background 
from a vaccine serotype. As an example, in the USA an isolate belonging to serotype 19A was 
genotyped with a genetic background that was observed in isolates belonging to serotype 4, 
indicating the switch of the capsular genes [86]. 

Measuring the effects of vaccination on the pneumococcal population 

The surveillance of a vaccination programme can be subdivided into 5 components: vaccine 
coverage, safety of vaccine, clinical, immune and strain surveillance. In this thesis we will 
focus on the immune and strain surveillance. 

Strain surveillance 

Possible effects of the nationwide implementation of PCV7 could be serotype replacement, 
the emergence of vaccine escape variants or capsule switch events within the pneumococcal 
population. Therefore strain surveillance, monitoring changes in the pneumococcal population, 

is essential. 
Classical serotyping is performed using the Quellung or Neufeld reaction [87, 88]. With this 
assay the swelling of the capsule of the pneumococcus is observed using a microscope after 
mixing the bacteria with serotype specific antiserum (Statens serum institute, Copenhagen, 
Denmark). The antisera are produced in rabbits immunized with killed pneumococci and 
comprise polyclonal antibodies. The assay includes the sequential testing of antisera of a 
pool, group, type and eventually factor to obtain the correct serotype of an isolate. An example 
is provided in Fig. 4. 
Molecular assessment of the serotype is used to provide the serotype of an isolate by targeting 
the capsular gene locus. As an example, a PCR scheme using a sequential series of multiplex 
PCRs to assess the serotype for 40 serotypes or related sets of serotypes is provided by the 
CDC (Atlanta Georgia, USA) [89]. The use of molecular methods to assess the serotype is 
convenient because of the relatively low costs compared to the purchase of all antisera and 
because the molecular assays are high-throughput. 
Current gold standards in genotyping the pneumococcus are pulsed-field gel electrophoresis 
(PFGE) and multilocus sequence typing (MLST) [90, 91]. PFGE involves digesting the 
pneumococcal DNA with a rare cutter endonuclease yielding fragments of different molecular 
weight. In MLST, 7 fragments of household genes are sequenced. To rapidly monitor changes 
in the pneumococcal population, the need for high-throughput, inexpensive and reproducible 
genotyping methods arise. The combination of molecular 'serotyping' and genotyping to assess 

the genetic background contributes to the surveillance of the pneumococcal population. Using 
these methods, capsular switch events and vaccine escape variants may be discovered. 
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Fig. 4.  An example of serotyping using the Quellung reaction. Omni serum comprises polyclonal anti
bodies against all known serotypes to date. The pool antisera are a mixture of antisera against a number 
of serotypes. Once established the correct pool serum, the group sera reacts with all serotypes in the 
group. Additionally, the type serum will provide the serotype, eg. serotype ?F. 

Immune surveillance 

Measuring the effect of vaccination also includes the assessment of antibody responses induced 
by vaccination, the immune surveillance. Immune surveillance in large cross-sectional studies 

will provide insight in the immune status of the population. The gold standard for quantifying 
pneumococcal serotype specific lgG in serum in the enzyme linked immunosorbent assay 

(ELISA). An international WHO-protocol is available to facilitate the standardization of the 
ELISA (www.vaccine.uab.edu.). However, in the ELISA the lgG concentrations against a single 
polysaccharide are measured and this makes the method extremely time-consuming in large 
immuno surveillance studies. 
Multiplex immunoassays enable us to measure the lgG concentrations directed against 

multiple analytes. In the multiplex assay the antigens are covalently coupled to different 
carboxylated beads sets. The different bead sets are internally dyed and the detection system 
can identify the beads accordingly. The specific lgG antibodies in sera will bind to the antigens 

and subsequently the conjugated lgG antibodies will bind to the specific lgG antibodies. The 
detection system is also able to quantify the fluorescence of the conjugate and thereby the 
amount of lgG antibodies in serum (Fig. 5). This system is high-throughput and only a small 
volume of serum is needed to perform this assay on multiple analytes. 
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Fig . 5. Schematic overview of the multiplex immunoassay (this figure is available in color in the appen
dix). 
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Objectives and outl ine of th is thesis 

The introduction of pneumococcal conjugate vaccination in the national immunization program 
will change the immune status against the pneumococcus in the Dutch population. Besides 
the direct effects such as high antibody concentrations in immunized children against the 
serotypes included in the conjugate vaccine, also changes in the immune status of non
immunized population due to reduced exposure to pneumococcal vaccine-serotypes may be 
observed, a phenomenon known as herd immunity. Establishing a baseline immune status 
against the pneumococcus within the Dutch population enables the assessment of the 
effects of the vaccination on the non-immunized population by comparing the pre-vaccination 
immune status with the immune status during the post-vaccination era. In order to make such 
comparisons, serological methods are required to analyze a large number of serum samples 
obtained during population-based cross-sectional studies for the prevalence of specific antibody 
levels against the most common pneumococcal vaccine serotypes. The first objective of the 
study presented in this thesis was to develop a serological method for large scale serological 
analyses and to utilize this method to assess the antibody levels induced by natural exposure 
to the pneumococcus in the Dutch population before the introduction of nationwide vaccination 
with a 7-valent pneumococcal conjugate vaccine (PCV?). 
The implementation of nationwide vaccination with a pneumococcal conjugate vaccine will 
put selective pressure on the pneumococcal population and this may lead to changes in the 
composition of the pneumococcal population such as serotype replacement. Furthermore, it 
may select for pneumococci with altered polysaccharide capsules variants and of pneumococci 
that have undergone capsular switch. Such variants may potentially become strains that can 
escape the vaccine induced immunity. In addition, vaccination will lead to reduced circulation 
of the vaccine serotypes among vaccinated children and consequently reduced transmission 
of the pneumococcus to non-vaccinated individuals (herd immunity), As a result vaccination 
may not only affect the composition of pneumococcal population circulating in vaccinated 
individuals, but also the composition of pneumococcal population as a whole. The second 
objective of this thesis was to develop and use molecular typing tools to assess changes in the 
composition of the pneumococcal population and to study variation in the genes that code for 
the capsular polysaccharide. 

In part I, we described the development of a fluorescent bead-based multiplex immunoassay 

(MIA) to quantify lgG antibodies against polysaccharides of 13 pneumococcal serotypes 
(chapter 2). The results obtained with this assay were compared with the WHO standardized 

enzyme-linked immunosorbent assay (ELISA) using serum samples from vaccinated children. 
The MIA was utilized to assess the lgG antibody concentrations against 13 vaccine serotypes 
prior to the vaccine introduction (chapter 3). In this chapter we studied the seroprevalence 

of serotype specific lgG concentrations in the Dutch population after natural exposure to the 
pneumococcus. Also, we examined the relationship between the occurrence of serotypes 
causing IPD and the lgG concentrations. In the second part, in chapter 4, we described a 
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newly developed multiple-locus variable number tandem repeat analysis (MLVA) to genotype 
the pneumococcus using a rapid and relatively economical method. The MLVA was compared 
with pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing (MLST), the 
current gold standard in genotyping. Also, we developed a genotyping method, capsular 
sequence typing (CST), to assess the serotype of an isolate. Using MLVA and CST, we 
created a snapshot of the pneumococcal population prior to the introduction of PCV7 in the 
Netherlands (chapter 5). Next, a snapshot using the same methods was generated of the 
pneumococcal population 3 years after the introduction of the vaccine and both pre- and post
vaccine snapshots were compared (chapter 6). In addition, the temporal trends of serotypes 
were assessed in this chapter to shed light on the genotypic variations in time. The results 
of the CST method prompted us to investigate the capsular gene loci of serotype 6 and 19. 

In chapter 7, we described the sequence diversity in the capsular gene loci of serogroup 6 
and 19 and assess the genetic background of the isolates using MLVA. The changes in the 
sequence of the capsular gene locus may result in altered polysaccharides or in the amount 
of polysaccharides produced. Therefore, we examined the relationship between the sequence 
diversity within a serotype and the introduction of the pneumococcal vaccine. In chapter 8 the 
results are summarized and discussed and the general conclusions are provided. 
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Abstract 

We describe the optimization and application of a multiplex bead-based assay (Luminex) to 
quantify antibodies against polysaccharides of 13 pneumococcal serotypes. In the optimized 
multiplex immunoassay (MIA), intravenous immune globulin was introduced as an in-house 
reference serum, and nonspecific reacting antibodies were adsorbed with the commercial 
product pneumococcal cell wall polysaccharides Multi. The antibody concentrations were as
sessed in 188 serum samples obtained pre- and post-booster vaccination at 11 months af
ter administration of a primary series of the pneumococcal seven-valent conjugate vaccine 
(PCV7) at 2, 3 and 4 months of age. The results of the MIA were compared with those obtained 
by ELISA for the serotypes included in the seven-valent conjugated polysaccharide vaccine 
and for the non-vaccine serotype 6A. The geometric mean concentrations of the antibodies 
determined by MIA were slightly higher than those determined by ELISA. The correlations be
tween the assays were good, with R2 values from 0.84 to 0.91 for all serotypes except serotype 
19F, for which R2 was 0. 70. The concentrations of antibodies against serotype 6A increased 
after the administration of PCV7 due to cross-reactivity with serotype 6B. The differences 
between the results obtained by ELISA and MIA suggest that the internationally established 
protective threshold of 0.35 µg/ml should be reevaluated for the use in the MIA and may need 
to be amended separately for each serotype. 
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Introduction 

In 2006, the pneumococcal 7-valent conjugate vaccine (PCV7, Prevenar®, Wyeth Vaccines, 
Pearl River, NY) was introduced in the National Immunization Program (NIP) in the Nether- 2 

lands. The vaccine is administered to children at the age of 2, 3 and 4 months and a booster 
is given at 1 1  months of age. During the pre-vaccination era, the seven serotypes covered by 
the vaccine accounted for approximately 60% of the cases of invasive pneumococcal disease 
among children O to 4 years in age in the Netherlands [ 1 ]. Recently, new pneumococcal conju
gate vaccines that protect against more serotypes than PCV7 have been developed, including 
a 1 0-valent vaccine (PCV1 0, Synflorix, GSK, Middlesex, UK) and a 1 3-valent vaccine (PCV1 3, 
Wyeth Vaccines, Pearl River, NY.) It is anticipated that one of these vaccines will replace the 
current PCV7. 

Efficacy and immunogenicity studies with PCV7 demonstrated that it has 97% efficacy against 
invasive disease [2]. A Finnish trial evaluated the efficacy against otitis media and found 57% 
against the vaccine serotypes [3]. Most immunogenicity studies were performed using enzyme

linked immunosobent assay (ELISA) [2,4,5], the 'gold standard' for quantifying the concentra
tions of antibodies to pneumococcal serotype specific polysaccharides. In 2000, guidelines for 
the pneumococcal ELISA were described in an international standard protocol, referred to as 
the WHO protocol (http://www.vaccine.uab.edu). This protocol was initially developed for eval
uation of the immunogenicities of pneumococcal vaccines. On the basis of a meta-analysis of 
the results of the various vaccine trials [2,6,7,8,9], WHO recommends the use of an antibody 
concentration of 0.35 µg/ml as correlate of protection if it is assessed by ELISA [1 OJ. This rec
ommended protective concentration is identical for all serotypes. 
The standard reference serum used in the ELISA is the Lot 89S serum. This comprises a pool 
of serum samples from 1 7  adults immunized with the 23-valent pneumococcal polysaccharide 

vaccine [1 1 ]. Quantification of the serotype specific lgG concentrations present in Lot 89S 
was performed by an antibody capture reference ELISA [1 2, 1 3]. This serum can be obtained 
through the FDA; however, the supply of this serum is finite and the current stock is running 

low. A replacement for the current reference serum, 007sp, is currently being produced and 
characterized [1 4]. 
The polysaccharides used in ELISA also contain cell wall polysaccharides (CWPS) that are 
covalently bound to the serotype specific capsular polysaccharide by peptidoglycan [ 1 5, 1 6]. 
Antibodies reacting to CWPS are present in serum samples, but these antibodies do not offer 
functional protection against the pneumococcus and may cause a nonspecific signal in the as
say [1 7, 1 8]. To remove CWPS antibodies that may react with the CWPS in the ELISA, CWPS 

is added as a sorbent [1 8]. Additionally, polysaccharide 22F is added as a sorbent to remove 
antibodies against a second type of CWPS, designated as CWPS2 [1 9]. A mixture of CWPS 
and CWPS2, CWPS Multi, is now commercially available and is evaluated in this study. 

The Luminex technology is an upcoming method for quantification of pneumococcal antibod
ies and, in time, may replace the ELISA. In 2002, Pickering et al. first described the use of 
this technology for use with the pneumococcus [20]. It allows the simultaneous measurement 
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of the concentrations of antibodies directed against a large number of different capsular poly
saccharides in a single assay. Here, we describe a multiplex bead-based assay that uses 
the Luminex technology to quantify antibodies against 13 pneumococcal polysaccharides si
multaneously. The results of this MIA were compared with those obtained by ELISA for eight 
serotypes. In the assay, we used an in-house reference serum, intravenous immune globulin 
(IVIG). Furthermore, we used the newly available CWPS Multi to adsorb the non-type-specific 
anti-CWPS antibodies. For the evaluation of the performance of the MIA developed, sera from 
children taken pre- and post-booster vaccination at 11 and 12 months of age were used. 

Materials and Methods 

Serum samples obtained pre- and post-booster immunization with PCV7 

The antibody concentrations in serum samples (n=188) obtained pre- (n=93) and post-booster 

(n=95) at 11 and 12 months, from 95 children vaccinated by use of the primary vaccination 
scheme at 2, 3, 4 months of age were assessed by ELISA and MIA during a study that was 
conducted to monitor the effect of the changes to the pertussis vaccine in the Dutch NIP (study 
ISRCTN97785537) [21]. All children in the study were immunized four times with the combi
nation product, which consisted of the diphtheria-attenuated pertussis-tetanus vaccine, inac
tivated polio vaccine, and Haemophi/us influenzae type b vaccine (Pediacel, Sanofi-Pasteur, 
Lyon, France) and PCV7 (Wyeth Vaccines, Pearl River, NY) in 2007. 

Calibration sera 

The calibration panel used for the pneumococcal ELISA consisted of 12 serum samples and 
was supplied by the National Institute for Biological Standards and Control (NIBSC, Hertford
shire, United Kingdom). The concentrations of lgG antibodies against the seven serotypes 
included in the PCV7 for this panel were assessed by MIA and ELISA and compared with the 
lgG concentrations published elsewhere (http://www.vaccine.uab.edu/qc3.pdf). 

Coupling of polysaccharides to beads 
The coupling of the polysaccharides to carboxylated micropheres was performed as described 
previously [20,22,23]. Briefly, purified capsular polysaccharides were conjugated to Poly-L
Lysine. The conjugates were coupled to carboxylated beads (Bio-Rad Laboratories, Hercules, 
CA). All capsular polysaccharides except polysaccharide 6A were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA); polysaccharide 6A was kindly provided by 
Wyeth Vaccines. The same procedure was also used to create CWPS-specific beads by using 
the CWPS Multi preparation (Statens Serum Institute, Copenhagen, Denmark). Of the CWPS 
Multi polysaccharides, 2.5 mg was used for the coupling of polysaccharide to Poly-L-Lysine. 
The coupling of the conjugate to the beads was performed by use of a 1.5-h incubation. 
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MIA 

MIA was performed as described previously [20,23] with minor modifications. Sera were di
luted and incubated for 1 h or overnight in adsorbent buffer containing 15 µg/ml CWPS Multi 
and 5% antibody-depleted human serum (ADHS; Valley Biomedical, Winchester, VA) in phos
phate-buffered saline (pH 7.2). A 10% (wt/vol) solution of IVIG (lyophilized IVIG, Sanquin, 
Amsterdam, the Netherlands) was used as an in-house reference serum. IVIG contains puri
fied lgG from a pool of at least 1,000 plasma samples obtained from blood donors from the 
Dutch population. The donors were not immunized with a pneumococcal vaccine. A total of 
3,000 beads of each serotype specific bead set were used per well. Analysis of the beads was 
performed on a BioPlex 100 apparatus (Bio-Rad) and by use of the BioPlex software package 
(version 4.1.1;  Bio-Rad). 

ELISA 

ELISA was performed according to the WHO guidelines for the ELISA for the quantitation 
of serotype specific lgG (www.vaccine.uab.edu/WH02.pdf). The concentrations of antibodies 
against serotype 4, 6A, 68, 9V, 14, 18C, 19F and 23F polysaccharides were assessed. 

Cross-reactivity 
Sera that reacted with both serotype 6A- and serotype 68-specific beads were used for as
sessment of possible cross-reactivity between serotype 6A and 68. In the first step, 500 µ I  
of  the serum (diluted 1,000x, 2,000x or  5,000x) was incubated with 1.25x105 CWPS Multi

coupled Luminex beads overnight at room temperature. Subsequently, the mixture was cen
trifuged at 14,000 x g to remove CWPS antibodies bound to the CWPS-coupled beads, the 
supernatant was mixed with 1.25x105 beads coupled with either serotype 6A or serotype 68 
polysaccharides, and the mixture was incubated for 2 h at room temperature. The mixtures 
were centrifuged at 14,000 x g, and supernatant was used in the MIA to determine the amount 
of antibodies that was removed by the absorption procedure. 

Statistical methods 

Antibody concentrations were calculated by interpolation from a five-parameter logistic stan
dard curve [24,25], in which the median fluorescent intensity (MFI) was plotted against the lgG 
concentration of the reference serum (BioPlex software; Bio-Rad). The geometric mean con
centrations (GMCs) were calculated, and linear regression was used to correlate the concen

trations from the MIA with the concentrations from the ELISA; the result was expressed as the 
square of correlation coefficients (R2} and the slope. The slope equals the change in the y axis 

divided by the change in x axis of the trend line. The concentrations of the calibration sera ob
tained by the ELISA could be evaluated by using the WHO guidelines (www.vaccine.uab.edu). 
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Resu lts 

Evaluation of /VIG as an in-house reference serum 
In this study, IVIG was introduced as an in-house reference serum for the MIA. IVIG is a pool 
of purified lgG from plasma obtained from approximately 1,000 healthy blood donors. The se
rotype specific lgG concentrations in IVIG were determined by using the Lot 89S as a refer
ence in a MIA (Table 1 ). 

Table 1 .  Serotype specific concentrations for reference serum Lot 89S and 10% (wt/vol) IV IG. 
GMC (µg/ml)* 

Serotype Lot 89S IV IG 
6.3 6.5 

3 2.4 13.8 
4 4.1 2.4 
5 5.8 5.2 

6A 6.1 18.1 
68 16.9 13.2 
7F 5.2 13.2 
9V 6.9 8.6 
14 27.8 29.5 

18C 4.5 13.5 
19A 18.6 22.3 
19F 1 3.0 60.4 
23F 8.1 16.6 

* Lot 89S was used as the reference. 

The undiluted IVIG contained a 10% (wUvol) concentration of lgG, which is approximately 
10 times greater than the normal lgG concentration in serum. As a result, the concentrations 
of lgG antibodies against various pneumococcal polysaccharides were also higher than in 
healthy adult serum. 
The serotype specific concentrations in the sera from children pre- and post-booster vaccine 
were assessed by using both Lot 89S and IVIG as reference sera in the MIA. The use of IVIG 
yielded the same antibody concentrations as those obtained by use of Lot 89S, as indicated 
by the almost perfect correlation between those concentrations (R2 � 0.98). Furthermore, the 
curves of both reference serum pools were virtually identical (Fig. 1 ). 

Evaluation of adsorbent buffer 
Recently, CWPS Multi, which carries both types of CWPS, has become commercially avail

able, and we investigated whether this reagent could be used to replace adsorption with CWPS 
plus capsular polysaccharide 22F. To assess the degree to which CWPS Multi removed the 
anti-CWPS antibodies in serum, six serum samples with high CWPS concentrations were ad-
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sorbed with CWPS Multi and tested by a Luminex assay with CWPS Multi-coupled beads. The 
CWPS Multi adsorption yielded a reduction in the CWPS Multi signal of 96% or more (data not 
shown). 
The effect of CWPS Multi adsorption was compared with the effect of adsorption with CWPS 
plus capsular polysaccharide 22F on all pre- and post- booster vaccination serum samples in 
the MIA for all 13 serotypes (Fig. 2). The correlation between the results of the two adsorption 
methods was � 0.8 for the vaccine serotypes. For all serotypes except for 19A and 19F, higher 
concentrations were obtained over the high concentration ranges, showing that the dynamic 
range of the MIA increased by the use of CWPS Multi as a sorbent. In contrast, serotype 19A 
yielded overall lower concentrations in the M IA and serotype 19F concentrations were lower 
in the high concentration range. The results of CWPS Multi and CWPS plus capsular polysac
charide 22F adsorptions in the M IA were compared with those obtained by their use in the 
ELISA for eight serotypes. Linear regression, used to correlate the results of M IA and those of 
the ELISA, yielded similar or higher R2s for CWPS Multi adsorption, and the slopes improved 
when CWPS Multi was used. The only exception was serotype 19F, for which both correlation 
and the slope of the trend line improved by the use of CWPS plus capsular polysaccharide 
22F adsorption. As the results for virtually all serotypes were better when CWPS Multi was 
used and the use of CWPS Multi would enables the inclusion of serotype 22F in the MIA in the 

future, CWPS Multi was chosen as the sorbent to be used in the optimized MIA. 
In the previously described protocol for the pneumococcal M IA [22,23] newborn bovine serum 
(NBBS) was used as the blocking reagent in the buffers. However, the results of another poly
saccharide Luminex assay, which combined polysaccharides from Haemophi/us influenzae 
type b and meningococcal serogroup A,C,Y, W-135, correlated better with those of the ELISA 
when ADHS was used [26]. Therefore, we evaluated the use of 5% ADHS as a blocking re-

1 00000 

1 0000 

1 000 

1 00 

1 0  

1 
0 . 0 1  0 . 1  

--- Serotype 6A IVIG 
_._ Serotype 6A Lot-89S 
--+-- Serotype 6B IVIG 

Serotype 6B Lot-89S 
----.- Serotype 14 IVIG 
----.- Serotype 14 Lot-89S 

1 0  1 00 1 000 

lgG con cen trati o n  [ng/ml] 

Fig. 1 .  Similarity of the curves obtained by M IA with serial d i lutions of the Lot 89S and IVIG reference 
sera for serotypes 6A, 6B and 1 4. The median fluorescent intensities are plotted against the lgG con
centration .  Similar curves were obtained for the other serotypes (this figure is avai lable in color in the 
appendix). 
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Fig. 2. Correlation between lgG concentrations obtained by serotype 14- and serotype 23F-specific 
M IAs using adsorption with CWPS Mu lti (x axis) and CWPS plus serotype 22F capsular polysaccharide 
(y axis). The dotted l ines ind icate the perfect correlation. The lgG concentrations are log transformed. 

agent and compared the results obtained with 5% ADHS with those obtained by the use of 
5% NBBS. The results obtained for serotypes 6B, 9V, 14 and 1 8C with either blocking agent 
were quite similar. However, for the serotypes 4, 19F and 23F, the addition of 5% ADHS con
siderably increased the dynamic range of the assay (data not shown). The use of 50% ADHS 
did not yield results better than those obtained by the use of 5% ADHS (data not shown), and 
therefore, 5% ADHS was used in this study. 

Comparison of MIA and ELISA 

To evaluate the performance of the MIA, the correlation of the results of the MIA with those 

of the gold standard assay, the WHO ELISA, was determined. The correlation between the 
results of MIA and those of the ELISA for the calibration panel of 12 serum samples was high, 
with R2 values ranging from 0.75 to 0.92, on the basis of the published ELISA results for all 1 2  
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serum samples (Table 2). Comparing of the results of the MIA with those of the WHO ELISA 
performed in-house resulted in lower correlations. However, on the basis of the results for the 
12 serum samples only, the R2 value was still fairly good. 

Table 2. Correlations of the GMCs obtained by MIA and ELISA for the calibration panel8• 

R2 

Serotype ELISN vs MIA ELISN vs MIA ELISN vs ELISN 
4 0.77 0.87 0.93 

68 0.82 0.91 0.98 
9V 0.68 0.80 0.96 
14 0.95 0.92 0.99 

18C 0.54 0.75 0.94 
19F 0.55 0.88 0.93 
23F 0.91 0.90 0.94 

a n = 12 serum samples for the calibration panel. 
b In-house WHO ELISA. 
c Published results of the WHO ELISA (http://www.vaccine.uab.edu/qc3.pdf). 

By using the WHO guidelines, which state that the results for 75% of the serum samples 
should be within an error range of 40%, all serotypes met the WHO criterion when they were 
tested in our ELISA. However, when this criterion was applied to the MIA, only two of the seven 

serotypes met this error range. For two serotypes, 4 of the 12 serum samples did not have 
results within the error range, and the result for one of the serum samples exceeded the error 
range by only 1 %. For serotype 6B and 4, the results for five of the sera fell outside the error 
range. MIA yielded overall higher concentrations against serotype 19F for all serum samples 
and therefore, the results for none of the serum samples was within the error range. According 
to the WHO guidelines and the description of Plikaytis et al. [27], these guidelines are used 
for the comparison of the results of ELISAs among laboratories. Therefore, these guidelines 
should be used only to assess the agreement of the results of ELISAs among laboratories and 
not for comparing of the results of the ELISA with those of other immunological assays. The 
assessment of the error range for these sera obtained by MIA is therefore only exploratory and 
not restrictive. In future, error ranges could be defined for standardization of MIAs. 

The correlation between the results of MIA and those of the ELISA was also determined by 
using pre- and post-booster vaccination samples from immunized children after they received 
a primary series of three immunizations with PCV7 (Fig. 3). The correlation varied from 0.69 
(serotype 19F) to 0.91 (serotype 4 ). The mean of the R2 values for all eight serotypes was 0.85, 

demonstrating that MIA yields antibody concentrations that are comparable to those obtained 
by ELISA. For serotypes 4, 6B, 9V, 18C, 19F and 23F, the antibody concentrations measured 

by MIA were higher than to those obtained by ELISA, particularly over the high concentration 
range. For serotype 14, almost identical concentrations were obtained by the two assays. MIA 

yielded antibody concentrations in the low concentration range lower than those obtained by 
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Fig. 3. High degree of correlations between lgG concentrations obtained by ELISA and M IA by using 
infant sera obtained pre- and post-booster vaccination with PCV?. The dotted lines indicate the perfect 
correlation. The lgG concentrations are log transformed . 

ELISA only for serotype 6A. 

On average, the concentrations measured by MIA were higher than those measured by ELISA, 
and the results also suggested that the dynamic range of the MIA is larger than that of the 
ELISA. The latter was corroborated when the results for dilution series of Lot 89S reference 
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Fig. 4. Visualization of the larger dynamic range of the serotype 14-specific MIA compared to that of the 
serotype 14-specific ELISA. Serial dilutions of the Lot 89S reference serum were made and tested in 
both assay. The MFI (left y axis) and optical density (OD;  right y axis) are plotted against the lgG con
centration. By the MIA, the dynamic range was 0.1 to 90 ng/ml, whereas the ELISA allowed assessment 
of the lgG concentration only over a range of 0.1 to 30 ng/ml. 

serum analyzed by ELISA and M IA were compared (Fig. 4 ). As an example, the concentrations 
of antibody against serotype 1 4  could be determined by ELISA over a range of 0.1 to 30 ng/ml. 
In contrast, M IA enabled measurements over a 0. 1 - to 90- ng/ml range. Thus, the range over 

which anti-serotype 1 4  antibody concentrations can be accurately measured by M IA  is ap
proximately 3-fold greater than that for the ELISA. The dynamic range of the M IA for the other 
serotypes was also larger, ranging from 3-fold to up to 50-fold. 

Low R2 values due to small concentration ranges 

The relatively poor correlation between the results obtained by M IA and ELISA for serotype 
1 9F prompted further analysis. That analysis showed that the distribution of the concentra

tions had a considerable impact on the correlation between the results of M IA and those of the 
ELISA. As an example, the R2 value was calculated separately for the anti-serotype 4 pre- and 
post-booster concentrations. The R2 values were only 0.65 for the pre-booster vaccination 
concentrations and 0. 76 for the post-booster vaccination concentrations. However, if pre- and 
post-booster vaccination concentrations were combined, the R2 values increased to 0.91 (Fig. 
5). This illustrates that the R2 may be inaccurate if only a small range of concentrations is used. 

The R2 values for the pre-booster vaccination, post-booster vaccination, and the combined 
comparisons are given in Table 3. Measurement the R2 values over a small concentration 
range yielded lower R2 values for all serotypes. 

Response to booster vaccine after immunization with PCV7 

The concentrations of antibodies to 13 serotypes in the pre- and post-booster vaccination sera 
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Fig. 5.  Influence of the lgG concentration range on the correlations between the results of the MIA and 
ELISA. The lgG concentrations were obtained for serotype 4 pre-booster vaccination (A), post-booster 
vaccination (B), and pre- and post-booster vaccination combined (C). The lgG concentrations are log 
transformed. 
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Fig. 6. lgG concentrations and GMCs for 13 different serotypes obtained by MIA of sera taken from 
infants 1 month post-booster vaccination with PCV7. Each colored dot represents an individual serum 
sample. GMCs are indicated by the black dashes in the dots. The horizontal dashed line indicates the 
protective concentration of 0.35 µg/ml. The serotypes that are depicted within the box with the dashed 
border are the serotypes used to compare MIA and ELISA in this study. 

were assessed by the MIA. For the serotypes present in PCV7, virtually all serum samples 
had antibody concentrations above the protective concentration of 0.35 µg/ml after the booster 
vaccination (Fig. 6). Only five samples had low concentrations for antibodies to serotype 6B, 
a single sample had low concentrations of antibodies to serotype 9V, and another sample had 

low concentrations of antibodies to serotype 23F. Similar results were obtained by the ELISA 

[21 ]. The GMCs for the non-vaccine serotypes were well below the level of protection, with the 
exception of the GMC for serotype 6A. 
The percentage of children with concentrations above the protective level can be derived from 
the relative cumulative distribution curves (RCDCs) (Fig. 7). The concentrations measured by 
MIA were generally higher, and therefore, as determined by MIA, a higher percentage of chil

dren had antibody concentrations above the protective concentration even before the booster 
vaccination. The graphs also illustrate the larger dynamic range of the MIA compared with that 
of the ELISA, and this was particularly obvious for serotype 6A. The RCDC for serotype 6A 
showed that, according to the MIA, 20% and 77% of  the children had concentrations above 
the protected concentration, pre- and post-booster vaccination, respectively. In contrast, the 
ELISA results suggested that 67% of the children had protective antibody concentrations pre

booster vaccination and that 89% reached this level after the booster vaccination. 

4 1  

2 

C 
C 

c.: 
ti= 
� � c 
> "C 
C 
..c 
� 
ro 
ro 
u u 
0 u 
0 
E 
:::::i 
Q.l 
C 
Cl 

iJ 
Q.l 
N 
.E 
:.;::::::; 
Cl 
0 



1 00 
90 
80 

U 70 
� 60 
� 50 
� 40 

30 
20 
1 0  

0.01 

1 00 
90 
80 

U 70 
� 60 
� 50 
'#. 40 

30 
20 
1 0  

0 .01  

Serotype 4 

0. 1 1 0  
lgG concentrations [µg/ml] 

Serotype 68 

0. 1 1 0  
lgG concentrations [µg/ml] 

100 
90 

en 80 
u 70 
� 60 
� 50 
'#. 40 

30 
20 
10  

1 00 0.01 

1 00 
90 
80 

U 70 
� 60 
� 50 
'#. 40 

30 
20 
1 0  

1 00 0 .01  

Serotype 6A 

0. 1 10  

- pre booster - ELISA 
post booster - ELISA 

- pre booster - MIA 
-post booster - MIA 

100 
lgG concentrations [µg/ml] 

Serotype 1 4  

0. 1 0  1 0  1 00 1 000 
lgG concentrations [µg/ml] 

Fig. 7. Relative cumulative distribution curves of the pre- and post-booster vaccination lgG concentra
tions for four serotypes obtained by MIA and ELISA. The vertical dotted line indicates the protective 
concentration of 0.35 µg/ml. The percentage of subjects (y axis) is plotted against the lgG concentra
tion (x axis). The graph for serotype 4 is illustrative for the other serotypes, for which the results are not 
depicted here (this figure is available in color in the appendix). 

Table 3. GMCs and correlations between the results of ELISA and MIA obtained with a panel of 188 
serum samples from children pre- and post-booster with vaccination PCV7. 

Pre-booster vaccination Post-booster vaccination Pre- + post-
n=93 n=95 booster vaccination 

GMC (µg/ml) GMC (µg/ml)* 
Serotype ELISA MIA R2 ELISA MIA R2 R2 

4 0.3 0.6 0.65 3.0 6.3 0.76 0.91 
6A 0.5 0.1 0.59 2.4 1.4 0.86 0.85 
6B 0.4 0.4 0.65 4.4 7.3 0.83 0.86 
9V 0.3 0.9 0.52 2.3 7.1 0.69 0.83 
14 1.6 1.6 0.85 10.4 10.8 0.70 0.87 

18C 0.2 0.7 0.60 1.9 7.7 0.75 0.87 
19F 0.9 2.7 0.51 4.5 8.7 0.60 0.69 
23F 0.2 0.6 0.64 3 . 1  7.9 0.73 0.88 
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Cross-reactivity of serotype 6A and 6B 
Although PCV7 does not contain the serotype 6A capsular polysaccharide, the serum samples 
from the vaccinated children contained a considerable amount of antibody that reacted in the 
serotype 6A specific ELISA and MIA (Table 3). Furthermore, as a result of the booster vaccina
tion with PCV7, the serotype 6A-specific concentration increased. This suggests that vaccina
tion with serotype 6B elicits antibodies that cross-react with serotype 6A. The nature of the 

cross-reactivity was assessed by absorbing antibodies from post-booster vaccination serum 
samples from four children with considerable concentrations of antibodies against both sero
type 6A and serotype 6B (Table 4 ). Using polysaccharide 6B, we were able to remove virtually 
all serotype 6B and 6A signals. In contrast, using polysaccharide 6A, we were able to fully 
adsorb the serotype 6A signal, but only 40 to 60% of the serotype 6B signal could be removed. 

Table 4. Absorption of serotype 6A and 6B cross-reactive antibodies in serum samples from four chil-
dren after booster vaccination with PCV?. 

% inhibition 
MIA Adsorbent Child 1 Child 2 Child 3 Child 4 Lot 89S 

serotype serotype (n = 11) 
6A 6A 86 93 91 87 95 
6A 6B 98 99 99 98 44 
6B 6A 64 62 61 42 9 
6B 6B 95 98 98 94 68 
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Discussion 

In this report, we describe the optimization and application of an MIA for the simultaneous 
assessment of the concentrations of antibodies directed against 13 different pneumococcal 
capsular polysaccharides in infant sera in a single assay. This MIA will enable us to perform 
large immunosurveillance studies that require the assessment of concentrations of antibodies 
against a large number of different antigens simultaneously. Such studies would be extremely 
time-consuming and expensive if they were performed by ELISA and therefore would be virtu
ally impossible to perform by ELISA. To assess the performance of the assay, we compared 

concentrations of antibodies against the seven vaccine serotypes included in PCV7 and se
rotype 6A, as measured by the MIA and the WHO ELISA with serum samples from infants 
pre- and post-booster vaccination with PCV7. The correlation between the results obtained 
by MIA and ELISA was good, with virtually all R2 values exceeding 0.85. A relatively low cor
relation was found for serotype 19F. However, the range of concentrations of lgG antibodies 
against this serotype was narrow, and we demonstrated that the use of data with a small range 

may result in low correlation values. The dynamic range of the MIA appeared to be at least 
3-fold larger than that of the WHO ELISA, which we demonstrated by comparing the results 
for serial dilutions of Lot 89S obtained by the MIA and the ELISA. For most serotypes, GMCs 
obtained by MIA were higher than those obtained by ELISA; the exceptions were the GMCs 
for serotype 14 and 6A. For serotype 14, the GMCs obtained by MIA and ELISA were virtually 
identical, whereas the MIA for serotype 6A yielded lower concentrations in the low concentra
tion range. As a result of the higher average GMCs obtained by the MIA, the number of serum 
samples with concentrations exceeding the proposed concentration of 0.35 µg/ml required for 
protection was higher by the MIA than by the ELISA. The protective concentration of 0.35 µg/ 

ml is based on a meta-analysis of studies that used ELISA. The actual correlate of protection 
is difficult to assess, as this would require monitoring of invasive pneumococcal disease in 
children with various antibody levels. Such experiments are impossible to perform. The value 
of 0.35 µg/ml was set as a cutoff value for non inferiority but is often used as a surrogate level of 
protection. Because of the differences between MIA and ELISA, we believe that the protective 
concentration of 0.35 µg/ml should be amended and that there should be a distinct value for 
each serotype for MIA and for ELISA as well. Although we used a 13-plex pneumococcal MIA, 

we were able to truly evaluate the performance of the assay for only eight of these serotypes 
in this study, because we used serum samples from children immunized with PCV7. In order 
to assess the performance of the MIA for the other five serotypes, serum samples from infants 

immunized with these capsular polysaccharides (e.g. 13-valent PCV) are required. No such 
sera were available to us during our study. 
The results of previously described pneumococcal multiplex assays were also shown to corre
late well with those of the ELISA [20,23,28]. In the study whose results are presented here, we 

introduced an alternative and readily available reference serum and the use of CWPS Multi as 
a sorbent. A replacement for Lot 89S, 00?sp, has been prepared, but this serum sample was 
not available to us [14]. The introduction of IVIG as a new in-house reference serum has the 
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main advantage that it is available in large quantities, and therefore, the same reference serum 
can be used in a number of large-scale studies. The calculated concentrations of antibodies in 
the samples from the immunized infants were the same whether IVIG or Lot 89S was used as 
the reference serum sample. The curves obtained by the use of serial dilutions of both refer
ence serum samples were nearly identical, even though the nature of the individuals who do
nated blood for those serum pools was quite different, that is, unimmunized versus immunized 

individuals. Once it is calibrated, a single batch can be used for a large number of studies. The 
3-g batch that we purchased for this purpose is sufficient for analysis of approximately 4 x 106 

serum samples. Due to the variety of antibodies present in IVIG, this serum sample pool can 
also be used as a reference for other serological assays targeting antibodies against a number 
of different pathogens. Preliminary data indicate that IVIG can be used as a reference serum 
sample in an MIA targeting diphtheria, tetanus, Heamophilus influenzae type b and meningo
cocci. An lgG preparation similar to IVIG was also used as a quality control preparation in the 
assay for serum bactericidal activity for Haemophi/us influenzae type b [29]. 
In our analyses we showed that adsorption of the sera with CWPS Multi yielded results similar 
to those obtained by adsorption with CWPS plus serotype 22F capsular polysaccharide but 

that the use of CWPS Multi appeared to improve the dynamic range of the MIA. CWPS Multi 
will most likely remove anti-CWPS2 antibodies more efficiently than the capsule polysaccha
ride preparation obtained from serotype 22F isolates, because in latter preparation, CWPS2 
makes up only approximately 5% (wt/wt) of the total polysaccharides composition [16]. In ad
dition, the use of CWPS Multi enables the future expansion of the MIA to include serotype 22F 
as well. 

The PCV7 vaccination induced an anti-serotype 6A antibody response. This suggests cross
reactivity between serotype 6B and the related serotype 6A antigen, a phenomenon described 
earlier [22,23,28,30]. The absorption experiments in the study presented here conclusively 
show that vaccination with 6B antigen evokes antibodies against one or more epitopes car
ried by both the serotype 6B and serotype 6A capsular polysaccharides and against serotype 
6B-specific epitopes. In similar experiments, Findlow et al. [22] obtained somewhat different 

results. Unlike the results obtained in our experiments, they could not completely remove an
tibodies reacting with serotype 6B-specific beads by serotype 6B absorption. In addition, the 
antibodies reacting with serotype 6A-specific beads were only partially removed by absorption 
with serotype 6B. Although absorption with serotype 6A completely removed the anti-serotype 
6A antibodies, the anti-serotype 6B antibodies were apparently left unaffected, a result which 
differs from our results. The experiments described by Findlow et al. were performed with 

reference serum Lot 89S. Lot 89S is a pool of sera from adults who were vaccinated with the 
23-valent polysaccharide vaccine, which does not contain the serotype 6A polysaccharide. It is 
likely that these adults have developed antibody responses against serotype 6A both through 
natural exposure to this serotype and by cross-reactivity with the serotype 6B polysaccharide 

which is present in the 23-valent vaccine. In our study we used individual serum samples from 
PCV7-vaccinated young children, who are less likely to have been naturally exposed to pneu
mococci of serotype 6A. In addition, we removed the cross-reacting antibodies with beads to 
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prevent possible interference by the low-avidity antibodies that are released from the sorbent 
during the incubation steps in the MIA. These factors may explain the differences between 
the results of our absorption experiments and those found in other studies. Irrespective of the 
reasons for the induction of anti-serotype 6A and anti-serotype 68 antibodies, it is clear that 
the concentrations of antibodies against serotypes 6A and 68 should be carefully interpreted. 
In conclusion, we optimized and evaluated the performance of an MIA for quantification of the 
levels of antibodies directed against 13 different pneumococcal polysaccharides. We have 
introduced a new in-house reference serum sample and a new adsorption buffer, and we 
showed that the results of the MIA correlated well with those of the ELISA. The MIA performs 
at least as well as the ELISA, and its multiplex nature makes it more suitable for large-scale 
studies in which the titers of antibodies against several antigens must be measured. The differ
ences between the GMCs obtained by the MIA and those obtained by the ELISA suggest that 
the internationally used cutoff value for protection, 0.35 µg/ml, may not be valid for the MIA. 

Furthermore, it is likely that the true protective levels need to be assessed for each serotype 
separately. This will require extensive further investigation. 
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Abstract 

In this study the seroprevalence of lgG antibodies against 13 vaccine serotypes of the 
pneumococcus was assessed in the Netherlands. Sera from 7904 persons obtained in a cross
sectional population-based study were analysed. The 13 serotype specific lgG concentrations 
were assessed simultaneously using a fluorescent bead-based multiplex immunoassay (MIA). 
Overall, the geometric mean lgG concentrations (GMCs) against the 13 serotypes in 
unvaccinated individuals increased with age up to 5 years and remained at a plateau thereafter. 
The data also show that individuals develop antibodies against an increasing number of different 
serotypes with increasing age. The highest GMCs were found for antibodies directed against 
serotype 14 and 19F, whereas antibodies against serotypes 4 and 5 had the lowest GMCs. 
There was no uniform relationship between the occurrence of serotypes causing invasive 
pneumococcal disease (IPD) and the GMCs against these serotypes. Increased IPD incidence 
in the elderly did not seem to be the result of a decline in the concentration of lgG antibodies. 
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Introduction 

Pneumococcal diseases are a major public health concern. In young children the pneumococcus 
is responsible for invasive infections such as meningitis and sepsis and non-invasive disease 
like acute otitis media. In the elderly, the pneumococcus predominantly causes pneumonia. 
The 7-valent conjugate vaccine Prevenar (Pfizer Inc. , New York, NY; PCV7) protects against 
the most prominent serotypes found in the pre-vaccination era in the USA, and the vaccine 
was introduced in the Dutch National Immunization Program (NIP) in 2006 in a 2, 3, 4 months 
schedule with a booster at 11 months of age. During the pre-vaccination period, the serotypes 

present in PCV7 accounted for approximately 60% of the invasive diseases in the Netherlands 
[1]. In the Netherlands one of the new multivalent vaccines (Synflorix, GSK, Rixensart, 
Belgium; PCV10) will replace PCV7 in 2010. Only particular risk groups are immunized with 
the 23-valent polysaccharide vaccine (Pneumovax® 23, Merck&Co, Whitehouse Station, NJ, 
USA). It is not used as a vaccine in nationwide vaccination of elderly and as a result usage the 

pneumococcal polysaccharide vaccine in the Netherlands is rare. 
In the non-immunized population immunity against pneumococci is obtained through natural 
exposure of the pneumococcus and protection is mainly mediated by lgG directed against 

the serotype specific capsular polysaccharides. Measurement of the lgG concentrations in 
the naturally exposed population revealed that maternal antibodies in newborns have a half
life of 35 days [2]. After the first month of life the lgG concentrations decrease, but increase 
again due to the colonization with pneumococci and mild pneumococcal infections [3]. The lgG 
concentrations in older children increase until a plateau is reached. Thereafter, an increase 
in lgG concentrations was observed at approximately the age of 20 followed by a plateau 

[4]. Ageing is a major risk factor for pneumococcal infections [5], however the reason for the 
increasing invasive pneumococcal disease (IPD) incidence in the elderly is still not clear. 
In the current study, we assessed the seroprevalence of the 13 serotypes included in all the 
currently available conjugate vaccines, using a national serum bank of nearly 8000 sera 
that was established in 2006-2007 [6]. Seroprevalence was assessed using a multiplex 
immunoassay (MIA) in which 13 pneumococcal serotype specific lgG concentrations were 
determined simultaneously using Luminex technology. With this study, we measured the 
antibody development after natural exposure and determined the relationship between lgG 
concentrations and occurrence of invasive pneumococcal disease in the Netherlands. 
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Materials and Methods 

Serum samples 
The national serum bank used in this study was established in 2006-2007 for cross-sectional 
population-based studies to evaluate the seroprevalence of antibodies against diseases 
targeted by the NIP. The study proposal was approved by the Medical Ethics Testing Committee 
of the foundation of therapeutic evaluation of medicines (METC-STEG) in Almere (clinical trial 
number: ISRCTN 20164309) and all participants provided signed informed consent [6]. In 
this study 7,904 sera were collected and 73% of the sera was from the national sample, 8% 
(n=646) from an oversampling of non-Western immigrants and 19% (n=1518) from individuals 

living in low vaccination coverage areas (LVCs). The LVC area is an area with municipalities 

where the vaccine coverage is much lower than the average national coverage of 96% due 
to religious beliefs. In some of these municipalities, vaccine coverage is less than 80%. The 
urban population was defined as the individuals living in a municipality with �2500 addresses 
per km2 , and a rural population as the individuals living in a municipality with <2500 addresses 
per km2 • The individuals included in the study were a representative selection of the Dutch 
population, 0 - 79 years of age, men and women equally distributed. The participants were 
also asked to complete a questionnaire with inquiries about demographics, vaccination history 
and health status. Of the 310 children younger than 1 year in the study 129 (42%) had been 
vaccinated once or more with PCV7 (15% once, 19% twice, 64% three times and 3% were 

vaccinated four times) because during the sampling of the serum bank PCV7 was introduced 
in the Netherlands. Vaccination with the 23-valent pneumococcal polysaccharide vaccine is 
only recommended in the Netherlands for risk groups and is not used as routine vaccination 
for the elderly. Although no information about vaccination with this polysaccharide vaccine was 
available for participants in this study, usage can considered to be rare. 

/PD incidence 
In the Netherlands, pneumococcal isolates that are isolated from blood or CSF are collected 
and serotyped by the Netherlands National Reference Laboratory for Bacterial Meningitis 
(NRBM) in Amsterdam. Virtually all isolates from CSF are submitted by all Dutch medical 

microbiology laboratories, but 9 large laboratories sent all pneumococcal isolates from cases 
of invasive pneumococcal disease. Therefore the 9 laboratories serve as sentinel laboratories, 

representing approximately 25% of all cases of Dutch patients with IPD. Extrapolating the 
data of cases from the sentinel laboratories provided the information on the serotype specific 
incidence of IPD in the Netherlands [7]. 

Mult iplex Immunoassay (MIA) 
The assay was performed as previously described [8]. Briefly, sera were diluted 1: 100 and 

incubated in adsorbent buffer containing cell wall polysaccharide Multi (CWPS, Statens Serum 
Institute, Copenhagen, Denmark) and antibody depleted human serum to reduce non-specific 

reactions. A solution of intravenous immune globulin was used as an in-house reference serum 
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calibrated on lot 89-S serum. All capsular polysaccharides were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA) except for polysaccharide 6A which was 
kindly provided by Pfizer Inc. (New York, NY). For each sample, median fluorescent intensity 
(MFI) was converted to lgG concentration (µg/ml) by interpolation from a 5-parameter logistic 
standard curve [9, 1 0], plotting the MFI against the lgG concentration of the reference serum 
(BioPlex software, Hercules, CA). Sera outside the linear part of the reference S-curve in the 

1 : 1 00 dilution were assigned an lgG concentration +/- 1 0% of the reference range limits. 

Statistical methods 
Geometric mean concentrations (GMCs) with 95% confidence interval (Cl) were calculated 
for each age cohort, whereby each person was assigned a sampling weight that incorporated 
the probability of selection and included adjustment for age, gender, urbanization degree and 
ethnicity. Statistical differences were calculated using the Mann-Whitney test. A P-value of 
<0.05 was considered statistically significant. In the calculation of the GMCs, we excluded the 
vaccinated children. 
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Results 

Prevalence of anti-pneumococcal antibodies in the national sample of the Dutch 
population 
GMCs of the lgG levels for each of the 13 serotypes stratified by age cohort are illustrated in 
Fig. 1. Overall, infants aged <2 years had low GMCs. GMCs against all serotypes with the 
exception of serotype 5 and 18C, increased with increasing age and reached a plateau from 5 
years of age onwards. In contrast, the GMCs against serotype 5 and 18C continued to increase 
with increasing age. lgG-GMCs against serotype 19F in all age cohorts were relatively high 
compared to the other serotypes, starting at high values already in the children aged <2 years. 
GMC against serotype 4 remained relatively low throughout the age groups. After an initial rise 

the GMCs for serotype 3 decreased with increasing age after the age of 9 years was reached. 
Assessment of the 25 and 75 percentile showed that the distribution of lgG concentrations 
was not skewed, but normally distributed and the median values closely matched the GMCs 
indicating the validity of the GMC. 
Because the serum sample collection coincided with the introduction of PCV7, a number of 
children included in this study had received one or more vaccinations prior to sampling (Fig. 
2). The GMCs for the vaccine serotypes were therefore higher for the cohort of vaccinated 
children younger than 1 year. For this reason sera from this cohort were excluded from the 
analyses. The lgG-GMC of 6 serotypes (serotype 1, 6A, 6B, 14, 18C and 19A) in the youngest 
age group of the non-vaccinated cohort (0-5 months) was significantly higher compared to the 
age group 6-11 months, indicating the presence of maternal antibodies. 
Overall, there was a clear relationship between age and the percentage of individuals with lgG 
concentrations above the arbitrarily chosen threshold of 0.35 µg/ml against the cumulative 
number of serotypes (Fig. 3A). The older the individuals the higher the number of serotypes 
against which the threshold level was reached. However, only few individuals had lgG 
concentrations ;::0.35 µg/ml for all 13 serotypes. For the age group ;::50 years this was 8% and 
only 5% of the individuals aged 10-19 years. Of the unvaccinated, <2 year old children, half 
of the children had lgG concentrations ;::0.35 µg/ml against 3 different serotypes. This number 
increased to 5 serotypes for the 2-4 year old children and to 8 serotypes for children aged 5-9 
years. There was no clear difference between the distribution for the PCV7 serotypes (Fig. 3B) 
and the 6 additional serotypes included in PCV13 (Fig . 3C). However, almost all individuals 
had lgG concentrations ;::0.35 µg/ml for serotype 19F and therefore percentages were higher 
for the PCV7 serotypes than for the other 6 serotypes. If 19F was excluded from the analysis, 
the distribution for the PCV7 serotypes and the other 6 serotypes was nearly identical. 
No significant differences in GMCs were found between males and females in the different 
age cohorts with 3 exceptions. In the cohort from 5-9 years of age, the females had higher lgG 
concentrations compared to males for serotype 7F and 1 4. In the age cohorts 20-39 yr, females 
had higher lgG concentrations against serotypes 6A, 6B, 14, 18C and 19F compared to males 
and in the elderly cohort, ;::50 yr, males had higher lgG concentrations against serotypes 1, 3, 
4, 5, 18C and 23F compared to females. 
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Fig. 1 .  Age stratified geometric mean lgG concentrations from the national sample and IPD incidence. 
In the upper panel the PCV7 serotypes are presented and in the lower panel the other 6 serotypes. The 
dotted lines indicate the 0.35 µg/ml threshold concentration (this figure is available in color in the ap
pendix). 
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Fig. 2. Age stratified distribution of lgG concentrations for unvaccinated and vaccinated children within 
the study for serotype 1 4  and 7F. The bars indicate the GMC and its 95% Cl. The dotted lines indicate 
the 0.35 µg/ml threshold concentration.  * indicates statistically significant differences (P<0.05) obtained 
by the Mann-Whitney test. 

lgG concentrations in individuals from the low vaccination coverage areas and in non
Western immigrants 
Comparison of the age-stratified GMCs for the LVC sample (n=1512) with the GMCs for the 

national sample revealed that, overall, the GMCs were lower in the participants from the LVC 
areas (data not shown). Significant differences were found in children aged younger than 10 
years of age. Furthermore, the percentage of the LVC population with lgG concentration �0.35 
µg/ml (Table 1) was lower compared to the national sample, indicating a distribution similar to 
the nationwide sample. 
For the non-Western immigrant population (n=1062) the opposite was seen. Especially in the 
adult immigrant population the immigrants had higher GMCs compared to the GMCs in the 
indigenous population for the majority of the 13 serotypes in all age groups (data not shown). 
Also a higher percentage of the immigrants had lgG concentration �0.35 µg/ml threshold 
concentration (Table 1 ). 
No significant differences between GMCs in the urban population (n=1068) and the rural 
population (n=4587) in the Netherlands were found. 

Relationship between invasive pneumococcal disease incidence and geometric mean 
lgG concentrations 
We found no clear correlation between GMC and IPD incidence (Fig. 1 ). The IPD incidence 
was highest in children younger than 2 years of age and in the elderly, while lgG concentrations 
increased with age until a plateau was reached. For example, for serotype 14 there was almost 

no difference in GMCs among children aged <2 years and 2-4 years, yet the IPD incidence 
among children aged 2-4 years was dramatically lower than in children aged <2 years. Similarly, 
the GM Cs of the age cohort �60 years were as high as or higher than those of individuals aged 
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Fig. 3. Percentage of individuals with lgG concentrations .::0.35 µg/ml for a cumulative number of sero
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were included in the analyses for the age groups. The dotted line indicates 50% of the individuals with 
lgG concentrations .::0.35 µg/ml (this figure is available in color in the appendix). 
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10-59 years. Yet, the IPD incidence is considerably higher in elderly >60 years. An exception 
was seen for serotype 3 where a clear decline in GMC from ;?:20 years of age coincided with 
an increase in IPD incidence. Because of the low IPD incidence of serotype 5, no statement 
about correlations could be made for this serotype. 

lgG concentrations in the elderly 
The IPD incidence in the elderly (60-79 year-olds) increased but the GMCs did not decrease 
(Fig.1 ). Therefore we compared the proportion of elderly with lgG concentrations ;?:0.35 µg/ml 
with that in adults aged 20-39 and 40-59 years (Table 1 ). For the majority of serotypes similar 
percentages of lgG concentrations ;?:0.35 µg/ml were found in the 3 age groups. For serotype 
4, only a quarter of the adults as well as the elderly had lgG concentrations �0.35 µg/ml. 
Almost all participants in the adult and the elderly cohort had lgG concentrations ;?:0.35 µg/ml 
for serotype 19F. For serotype 3 this percentage in 60-79 year-olds was slightly lower. 

Table 1 .  Percentage of individuals in different age groups that have lgG concentrations �0.35 µg/ml .  

NS n 1 3 4 5 6A 68 7F 9V 1 4  1 8C 1 9A 1 9F 23F 

0-5 mo 61 0 1 8  1 3  3 25 2 1  1 1  20 4 1  20 28 89 34 

6-1 1  mo 1 20 1 0  28 1 3  3 5 1 4  1 2  23 22 1 7  1 2  85 44 

1 2-23 mo 99 1 8  37 6 4 6 7 1 9  1 1  2 1  9 28 91  45 

2-4 yrs 328 30 56 1 0  1 4  23 21 34 30 44 26 55 94 59 

5-9 yrs 351 44 77 28 24 57 5 1  69 52 70 50 84 98 72 
1 0-1 9 yrs 694 49 77 22 30 62 57 69 55 67 62 83 98 78 

20-39 yrs 1 395 50 75 22 43 64 61  69 54 72 69 83 98 79 

40-59 yrs 1 260 52 71 23 48 69 62 67 60 8 1  75 86 98 81 

60-79 yrs 1 267 46 58 22 54 67 59 66 54 77 76 83 98 73 

LVC n 1 3 4 5 6A 68 7F 9V 1 4  1 8C 1 9A 1 9F 23F 

0-5 mo 26 4 1 2  35 4 1 5  1 9  1 9  35 38 38 1 9  77 23 

6-1 1  mo 52 2 1 2  2 1  0 6 1 9  4 3 1  29  29 1 3  88 29 

1 2-23 mo 47 4 30 6 2 6 9 1 3  1 5  1 7  9 1 9  98 32 

2-4 yrs 1 47 1 6  44 1 2  4 22 1 8  24 24 44 1 9  44 1 00 54 

5-9 yrs 1 35 38 73 1 8  1 0  47 41  52 40 67 45 75 99 72 

1 0-1 9 yrs 1 68 3 1  83 20 21  68 57 63 54 76 60 80 99 80 

20-39 yrs 335 48 80 21 35 72 67 67 49 8 1  65 78 99 85 

40-59 yrs 290 38 71 20 42 72 65 68 53 8 1  76 84 1 00 86 

60-79 yrs 3 1 2  40 62 20 54 64 62 69 58 82 78 82 1 00 81 

Immigrants n 3 4 5 6A 68 7F 9V 1 4  1 8C 1 9A 1 9F 23F 

0-5 mo 1 8  0 28 1 1  1 1  28 28 0 22 67 33 39 83 44 

6-1 1  mo 34 24 44 32 6 1 2  38 1 5  41  44 38 29 88 59 

1 2-23 mo 29 1 7  45 0 1 0  3 7 1 7  7 28 7 1 7  90 59 

2-4 yrs 1 32 30 59 1 2  1 4  23 23 34 26 39 21 57 95 69 

5-9 yrs 3 1 8  40 85 22 24 54 54 59 52 67 47 85 99 84 

1 0-1 9 yrs 1 02 52 79 24 34 67 56 69 59 7 1  62 79 98 78 

20-39 yrs 1 40 59 80 37 62 73 74 72 69 78 71 89 99 81 

40-59 yrs 1 41 50 71 38 56 67 62 74 65 87 79 82 1 00 87 

60-79 yrs 1 48 49 70 3 1  58 69 67 66 64 86 77 84 98 85 

NS, national sample; LVC, low vaccination coverage area; n ,  number of samples; mo, months; yrs, years. 
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Discussion 

In this cross-sectional population based study a unique serum bank was used to evaluate the 
seroprevalence of lgG antibodies against 13 pneumococcal serotypes in the Netherlands. We 
demonstrated that the lgG concentrations increased in the first 5 years of life and reached a 
plateau thereafter. The age-stratified dynamics of the lgG concentrations were rather different 
compared to a similar study in England [4]. Their data suggest that a plateau is reached in 
children and further increase of the lgG concentrations were observed around the age of 20, 
followed by a plateau. 
Our results are in accordance with findings obtained with pneumococcal carriage studies. 
Carriage of the pneumococcus is age dependent and the peak is found (with values up to 
55%) at the age of 3 years [11]. Thereafter, carriage rates decline to approximately 8% in 
children aged 10-19 years and approximately 6% in individuals aged �65 years. Serotypes 
6B, 19F and 23F are the serotypes most frequently found in carriage studies [12, 13, 14, 15]. 

We found the highest GMCs against serotype 19F, which could indicate a relationship with the 
high carriage rates. Serotype 4 is not frequently found in carriage studies, and in our study 
GMCs against this serotype were very low. However, the GMCs against serotypes 6B and 23F 

reached only moderate levels, indicating that there is no uniform relationship between carriage 
and induced antibody level. Possibly, the differences in immunogenicity between the various 
capsular polysaccharides are responsible for this observation. As an example the capsular 

polysaccharide of serotype 6B is notorious for its poor immunogenicity [16, 17]. However, due 
to the lack of sufficient carriage data for these age groups in the Netherlands, interpretation of 

the relationship between carriage and lgG concentration remains difficult. 
We found no clear relationship between serotypes specific lgG concentrations and IPD 
incidence. In the study performed in England, a general inverse relationship between 
seroprevalence at a concentration of �0.35 µg/ml and IPD incidence was seen except for the 

elderly [4]. Our data indicate that the substantial lower IPD incidence in children aged 2-4 years 
compared to children aged <2 years seems to be independent of the GMCs found in these 
age groups. Compared to children younger than 2 years of age the increase in GMC to most 
serotypes in children of 2-4 years of age is either very small or absent. A possible explanation 
for this observation may be that the innate immune system and the effector cells may not yet 
be potent enough to clear the bacteria in young children. In addition, children <2 years of age 
suffer more frequently from viral infections which may damage the mechanical barriers of the 
child possibly facilitating the entry of pneumococci [18, 19]. Serotype 14 is by far the most 
frequent cause of IPD in young children and the elderly in the Netherlands and this serotype 
also induces high GMCs in the various age groups. A similar pattern is seen for serotype 18C 
although IPD incidence is much lower. The antibody level against serotype 5 is low, and IPD 
caused by serotype 5 in the Netherlands is rare and not found among young children. This may 

suggest that serotype 5 is circulating at low frequency leading to a low degree of exposure and 

low IPD incidence. In contrast, lgG-GMCs against serotype 4 are also low, but IPD incidence 
in the elderly is high. The lgG concentrations against serotype 3 peaked in the age group 5-9 
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years and thereafter decreased considerably. In the elderly, when the GMC in adults is at its 
lowest point, IPD incidence caused by this serotype is high. 
Although IPD incidence in the elderly is much higher, this is apparently not caused by 
decreased production of antibodies in this age group. In another study, lgG concentrations 
even increased substantially in the elderly for some serotypes [20]. However, data from others 
suggests a decrease in lgG concentration in the elderly for some serotypes, but measurement 
of the lgG concentration was performed using another method [21,22]. Preliminary data of 

opsonophagocytosis assays performed with a small set of samples from this study suggests 
that there is no difference between capacity of the anti-pneumococcal antibodies in the elderly 
and those in the younger population to opsonize pneumococci and subsequently facilitate 
killing by the granulocytes. Other preliminary data obtained in our laboratory suggest that 
the anti-pneumococcal lgG antibodies in the elderly do not have reduced avidity compared 
to antibodies found in the younger age groups. This suggests that the repeated exposure to 
pneumococci during life results in the development of high avidity antibodies which are retained 
in the elderly. However, these results are obtained from a small number of samples and require 
further exploration using a sufficiently large set of samples. Possibly, the high IPD incidence 
in the elderly is not caused by inferior antibody responses, but rather is the result of reduced 
quality of the mechanical barriers that help to clear the airways from agents such as bacteria. 
Furthermore, the quality of the effector cells that are needed to eliminate pneumococci may 
deteriorate during aging. This raises the question whether vaccination of the elderly will help 
to reduce the IPD incidence. Vaccination trials in the elderly have provided conflicting results 
raising questions on its effectiveness [23,24,25]. Even if the quantity and possibly also the 
quality of antibodies in naturally exposed elderly does not differ from younger age groups, 
vaccination may still protect the elderly against pneumococcal infection. In infants vaccination 
elevates the antibody levels to concentrations that exceed the lgG concentrations found in 
naturally exposed adults by a factor as much as 40 [8]. These high vaccine induced antibody 
levels significantly reduce IPD incidence. Such protection may possibly also be attained in the 
elderly provided the antibody response is high and long lasting. 
Previous studies found contradictory results in the comparison of GMCs between male and 
female [21,22]. In our study, the higher lgG concentrations in females in child bearing age (20-
39 years of age) possibly could be explained by the intense contact with their highly colonized 
children. The higher lgG concentrations against some of the serotypes within the youngest 
age groups suggest the presence of maternal antibodies. The fact that these antibodies were 
directed against the serotypes for which the adult women showed higher lgG concentrations 
compared to men supports this theory. 
The GM Cs of the adult immigrants were overall higher compared to the GM Cs of the indigenous 
population. A large proportion of these adults was born in countries with high pneumococcal 
carriage and/or IPD incidence rates, which possibly led to a high exposure to pneumococci and 

subsequent antibody development. In addition, the immigrants often visit their country of origin 
and possibly are repeatedly exposed to the pneumococci that are prevalent in their country 
of origin. The GMCs in the LVCs were generally lower compared to those in the nationwide 
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sample, especially in children. Possibly this is due to the fact that in this subpopulation fewer 
children attend day-care centers resulting in less contact with other children, lower carriage 

rates and thus in lower lgG concentrations. 
Summarizing, we evaluated the seroprevalence of 13 vaccine serotypes of the pneumococcus 
using a national serum bank that was established in 2006-2007 in a cross-sectional population
based study. For most serotypes there was a steady increase of the concentration of anti
pneumococcal antibodies with increasing age and a plateau was reached after the age 
of 5 years. No clear relationship between lgG concentrations and IPD incidence could be 
established. Preliminary data suggest that the increased IPD incidence in the elderly may also 
not be related to the quality of the lgG. Therefore, further research should be performed to 
elucidate the nature of the relationship between IPD incidence increase and the quality of anti

pneumococcal immune response in the elderly. 
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O') Table S1 . Geometric mean concentrations and 95% confidence interval of the national sample stratified by age, including the vaccinated chi ldren. 

Serotype 

n 4 6B 9V 1 4  1 8C 1 9F 23F 

61 0-5 mo 0.052 0.071 0.073 0.232 0. 1 01 1 . 1 42 0. 1 98 
[0.033-0.084] [0.044-0. 1 1 4] [0.044-0. 1 21 ]  [0. 1 39-0.386] [0.062-0. 1 63] [0.800-1 .628] [0. 145-0.270] 

1 20 6-1 1  mo 0.044 0.034 0.055 0.084 0.045 0.962 0.234 
[0.030-0.062] [0.025-0.047] [0.038-0.082] [0.055-0. 1 26] [0.032-0.065] [O. 720-1 .285] [0. 1 82-0.301 ]  

99  1 2-23 mo 0.059 0.036 0.054 0.086 0.055 1 .345 0.332 
[0.044-0.080] [0.026-0.051 ]  [0.038-0.077] [0.062-0. 1 21 ]  [0.039-0.077] [1 .074-1 .685] [0.265-0.41 6] 

328 2-4 yrs 0.074 0.097 0 . 163 0.201 0. 1 24 2. 1 53 0.399 
(0.062-0.087] [0.083-0. 1 1 3] [0. 1 33-0.201 l [0. 1 62-0.249] [0. 1 00-0. 1 55] [1 .871 -2.477] (0.352-0.454] 

351 5-9 yrs 0. 1 55 0.391 0.399 0.729 0.364 3.601 0.640 
[0. 1 30-0. 1 85] [0.330-0.463] [0.331 -0.48 1 ]  [0.598-0.889] [0.307-0.433] [3. 1 89-4.067] [0.564-0.726] 

694 1 0-1 9 yrs 0 . 149 0.536 0.433 0.868 0.563 3.952 0.753 
[0. 1 36-0. 1 64] [0.470-0.6 1 1 ]  [0.380-0.492] [0.729-1 .034] [0.498-0.637] [3.552-4.397] [0.692-0.81 9] 

1 395 20-39 yrs 0 . 149 0.545 0.4 1 8  1 .063 0.71 0 4.063 0.888 
[0. 1 39-0. 1 59] [0.486-0.6 1 1 ]  [O. 388-0 .451 l [0.948-1 . 1 91 J [0.654-0. 770] [3. 798-4.34 7] [0.825-0.955] 

1 260 40-59 yrs 0. 1 54 0.652 0.527 1 .584 0.964 4 . 1 26 0.902 
[0. 1 4 1 -0. 1 67] [0.584-0.728] [0.483-0.575] [1 .438-1 . 7 46] [0.877-1 .059] [3.781 -4.502] [0.828-0.984] 

1 267 60-79 yrs 0. 1 42 0.507 0.456 1 .264 0.972 3.404 0.756 
[0. 1 30-0. 1 55] [0.465-0.553] [0.41 8-0.498] [1 . 1 60-1 .377] [0 .901 -1 .049] [3. 1 33-3.698] [0.689-0.830] 

n 1 3 5 6A 7F 1 9A 

6 1  0-5 mo 0.067 0 . 144 0.051 0.078 0. 1 02 0. 1 32 
[0.050-0.090] [0. 1 05-0. 1 98] [0.038-0.068] [0.049-0. 1 22] [0.073-0. 1 43] [0.087-0.202] 

1 20 6-1 1  mo 0.087 0. 1 59 0.061  0.037 0.088 0.073 
[0.066-0. 1 1 4] [0. 1 22-0.206] [0.049-0.076] [0.029-0.046] [0.067-0. 1 1 7] [0.056-0.096] 

99 1 2-23 mo 0. 1 51 0.268 0.090 0.050 0 . 17 1  0. 1 83 
[0. 1 2 1 -0. 1 89] [0.205-0.351]  [0.072-0. 1 1 2] [0.039-0.064] [0. 1 40-0.208] [0. 1 28-0.262] 

328 2-4 yrs 0.2 12  0.547 0. 1 29 0. 1 30 0.250 0.502 
[0. 1 83-0.245] [0.447-0.669] [0. 1 1 4-0. 147] [0. 1 1 1 -0. 1 54] [0.21 6-0.289] [0.429-0.587] 

351 5-9 yrs 0.344 1 .0 12  0.200 0.489 0.697 1 .265 
[0.299-0.395] [0.863-1 . 1 87] [0. 1 76-0.227] [0.41 5-0.577] [0.587-0.826] [1 .070-1 .496] 

694 1 0-1 9 yrs 0.358 0.855 0.230 0.604 0.697 1 .3 1 9  
[0.325-0.395] [0.767-0.953] [0.21 0-0.251 ]  [0.530-0.687] [0.614-0.790] [1 . 1 86-1 .468] 

1 395 20-39 yrs 0.394 0.791 0.322 0.679 0.729 1 .322 
[0.370-0.41 9] [0.728-0.860] [0.301 -0.344] [0.614-0.751 ]  [0.68 1 -0.78 1 ]  [1 .204-1 .45 1 ]  

1 260 40-59 yrs 0.4 1 4  0.693 0.373 0.840 0.721  1 .600 
[0.379-0.452] [0.634-0. 758] [0.342-0.407] [O. 750-0.940] [0.666-0.781 ]  [1 .460-1 .754] 

1 267 60-79 yrs 0.365 0.505 0.430 0.697 0.671 1 .3 1 5  
[0.332-0.401 ]  [0.454-0.562] (0.399-0.464] [0.633-0.768] [0.61 4-0.734] [1 .209-1 .430] 

n, number of samples; mo, months; yrs, years. 
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Abstract 

In the era of pneumococcal conjugate vaccines, surveillance of pneumococcal disease and 
carriage remains of utmost importance as important changes may occur in the population. 
To monitor these alterations reliable genotyping methods are required for large-scale 
applications. We introduced a high throughput multiple-locus variable number tandem repeat 
analysis (MLVA) and compared this method with pulsed-field gel electrophoresis (PFGE) and 
multilocus sequence typing (MLST). The MLVA described here is based on 8 BOX loci that 
are amplified in two multiplex PCRs. The labeled PCR products are sized on an automated 
DNA sequencer to accurately determine the number of tandem repeats. The composite of the 

number of repeats of the BOX loci makes up a numerical profile that is used for identification 

and clustering. In this study, MLVA was performed on 263 carriage isolates that were previously 
characterized by MLST and PFGE. MLVA, MLST and PFGE (cut-off of 80%) yielded 164, 120, 
and 87 types, respectively. The three typing methods had Simpson's diversity indices of 98.5% 

or higher. Congruence between MLST and MLVA was high. The Wallace of MLVA to MLST was 
0.874, meaning that if two strains had the same MLVA type they had 88% chance of having 
the same MLST type. Furthermore, the Wallace of MLVA to clonal complex of MLST was 
even higher: 99.5%. For some isolates belonging to a single MLST clonal complex although 
displaying different serotypes, MLVA was more discriminatory generating groups according to 
serotype or serogroup. Overall, MLVA is a promising genotyping method that is easy to perform 
and a relatively cheap alternative to PFGE and MLST. In the companion paper published 
simultaneously in this issue we applied the MLVA to assess the pneumococcal population 
structure of isolates causing invasive disease in the Netherlands before the introduction of the 
7-valent conjugate vaccine. 
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Introduction 

Streptococcus pneumoniae is an important human pathogen causing diseases like otitis, 
pneumonia, sepsis, and meningitis. The major virulence factor of the pneumococcus is the 
capsule [1,2]. Currently, over 90 different capsules have been identified [3,4,5,6]. Such high 
antigenic diversity has long been recognized and serotyping using Quellung reaction has been 
used for pneumococcal typing for several decades. In recent years, as the DNA sequences of 
the capsular biosynthetic loci became available [5, 7], alternative strategies for capsular typing 
based on genotyping methods have been developed [8,9, 10, 11]. 
For the past two decades, a number of genotyping methods aimed to assess the genetic 
diversity of pneumococcal isolates have been used. Currently, pulsed-field gel electrophoresis 
(PFGE) [12, 13] and multilocus sequence typing (MLST) [14] are the gold standards for 
genotyping of pneumococci. 
In PFGE, total DNA is digested with a rare cutter endonuclease (such as Sma/ or Apa/) that 
yields a limited number of fragments of high molecular weight. The fragments are separated by 
a variant of gel electrophoresis in which the orientations of the electric field change periodically, 
enabling megabase size DNA fragments to be effectively separated by size [15]. The DNA 
banding patterns are then compared between isolates and clonal relationships are inferred 
[13]. Although the interpretation criteria may vary depending on the size of the collection 
and on the goal of the research being conducted, there are general criteria, both visual 

and computer-assisted that seem to work well [16, 17]. Advantages of PFGE are that it has 
good typeability (the percentage of isolates that can be assigned a type), reproducibility, and 
resolving power [17, 18]. In addition, the costs for materials and equipment are relatively low 
and handling of the equipment is easy. However, it is laborious and time consuming and may 

yield ambiguous results if not performed by a well trained technician. PFGE is quite useful 
for local epidemiology and it has also been used for global epidemiology once standardized 
[18, 19]. Portability between laboratories is not straightforward, but seems to be attainable 
provided protocol harmonization is achieved [17]. 
Multilocus sequence typing (MLST) is a DNA sequence-based method that relies on PCR 
amplification and sequencing of internal fragments of 7 housekeeping genes [14,20]. For 
allele assignment, each sequence is compared to all known alleles which are available at an 
online database (www.mlst.net). Different sequences (even single nucleotide difference) are 
assigned different allelic numbers. The 7 assigned allele numbers form an allelic profile or 

sequence type (ST). MLST is expensive if in-house sequencing facilities are not available and, 
therefore, many laboratories cannot afford to use it routinely. However, it has the advantages of 
being reproducible, unambiguous, portable allowing intra-laboratory comparisons and suited 
to create international databases. For S. pneumoniae, MLST has a good resolving power 

being useful for local and global epidemiology. Furthermore, in contrast to PFGE, MLST does 

not always require a culture and can sometimes be directly performed on samples containing 
bacterial DNA such as cerebrospinal fluid [21]. 
In 1992 conserved repeated sequences, named BOX elements, were identified in the genome 
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of the pneumococcus [22]. The sequenced genomes of R6 and TIGR4 contain 115 and 127 
BOX elements, respectively. BOX elements consist of 3 different subunits, BoxA, BoxB and 
BoxC. BoxB is the tandem repetitive unit of 45 base pairs flanked by BoxA and BoxC, although 
elements missing BoxA or missing BoxC have been described [22,23]. The function and origin 
of BOX elements are unknown; however, it is thought that they may be involved in regulating 
the expression of virulence-associated genes when they are located in the promoter regions 
of genes [22,23]. In the years after the discovery of these elements a number of genotyping 
methods were introduced based on the variability of these elements. A BOX-PCR described 
by van Belkum and colleagues showed the usefulness of these repeats for genotyping [24]. 
The primer of this PCR is based on the BoxA sequence and yields PCR products of regions 

present between BOX loci that are close to each other and in opposite direction. However, the 
method has the disadvantage of creating banding profiles, which are difficult to interpret and 
often lack reproducibility. A multiple-locus variable number tandem repeat analysis (MLVA) 
scheme based on BOX typing was introduced by Koeck et al. in 2005 [25]. It analyzes 16 BOX 
loci that are PCR-amplified in single PCR reactions and products are analyzed by agarose 
gel electrophoresis. A website (www.mlva.eu) providing a database in which profiles can be 
compared has been created. At the time of writing this manuscript the MLVA profiles of 1147 
isolates had been deposited in the database. The many loci that are analyzed and the choice 
of agarose gel electrophoresis for sizing makes this method somewhat laborious. This MLVA 
scheme was successfully applied and compared with MLST and was shown to yield high 
congruence with MLST, but was more discriminatory than MLST [26,27]. 
In this paper we describe a newly developed MLVA typing scheme for pneumococci based 
on 8 BOX elements. The 8 BOX loci are amplified in 2 multiplex PCRs and the fluorescently 
labeled PCR products are sized on an automated sequencer yielding high throughput and 
unambiguous typing results. The generated MLVA results can be compared internationally 
using the newly available MLVA website www.MLVA.net. On the website the MLVA profiles 
can be imported to assess the MLVA type (MT). In the current study we assess the validity of 
this method by comparing MLVA with two well established genotyping methods: PFGE and 
MLST. In the companion paper published simultaneously in PLoS One, we applied this MLVA 
scheme to assess the population structure of pneumococci causing invasive disease in the 
Netherlands before the introduction of the 7-valent pneumococcal conjugate vaccine. 
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Materials and methods 

Isolate collection 
In this study 263 pneumococcal isolates were used for the comparison of MLVA with P FGE and 
MLST. The isolates were obtained between 1 996 and 2007 from the nasopharynx of chi ld ren 
attending several day-care centers in the area of Lisbon , Portugal. The isolates were stored in 
glycerol broth at -80°C and were characterized by antibiogram, serotyping, PFGE, and MLST 
under the scope of previous studies [1 9,28,29]. Approval for the study was obta ined from 
the Min istry of Education and from the d irectors of each day-care center. Written informed 
consent was obtained from parents or guard ians of each chi ld before sampling. All information 
was stored in an in-house developed onl ine database. Overal l ,  the collection com prised 41 
serotypes, 87 PFGE types and 1 20 STs. 

Serotyping, PFGE and MLST 
These techniques were performed as previously described. Briefly, serotyping was performed 
by the Quellung reaction [30] and/or multiplex PCR [31 ,32]. For PFGE, total D NA was 
extracted , restricted with Sma l ,  and DNA fragments were resolved by PFGE [1 9] .  MLST was 
performed using primers and conditions described previously [ 14]. For al lele assign ment the 
S. pneumon iae MLST database available at www. mlst.net was interrogated. Sequence traces 
of novel al leles were submitted to the curator for new al lele and ST assignment. 

Multiple-Locus Variable number tandem repeat Analysis (MLVA) 
I n  the genome sequence of isolate R6 (GenBank number NC_003098), one of the publ icly 
available genomes, 1 27 BOX tandem repeats were found. Thirteen randomly chosen BOX loci 
scattered throughout the R6 genome to be used in the MLVA scheme were tested on  a panel 
of 84 isolates. Eight BOX loci were chosen and primers were designed targeting the flanking 
regions of the BoxA and BoxC elements (Figure 1 ,  Table 1 ). One primer of each primer set was 

Box1 
Box3 

Box12 

Box6 ______ B1 ox13 

Streptococcus pneumoniae 

R6 genome 
2,038,615 bp 

Box1 1 

Box2 

Box4 

Fig. 1 .  Schematic representation of the pneumococcus R6 genome indicating the location of the 8 BOX 
loci that are used in the MLVA scheme. 
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fluorescently labeled with FAM, NED, VIC or PET. For BOX loci 4 and 6 respectively 3 and 4 
primers were used to enhance amplification within all isolates. The 8 loci were amplified in 2 
separate multiplex PCRs, creating mixtures each with 4 different fluorescent labels enabling 
analysis of 4 BOX loci in a single fragment analysis reaction (Table 1 ). Amplification of the 
loci was done in Applied Biosystems 9700 PCR machines. The 25 µI PCR reaction mixtures 
consisted of Qiagen multiplex PCR mix, 10 µM of each primer and 2 µ I  of 1:10 lysates diluted in 
sterile water. Lysates were prepared by suspending a loop full of pneumococci in 500 µI TE (10 
mM Tris.HCI and 1 mM EDTA, pH 8) followed by heating for 10 minutes by 95°C. Amplification 
was performed using the following PCR program: 15 min 95°C, 25 cycles of 30 sec 95°C, 1 
min 54°C and 1 min 72°C followed by a 30 min incubating at 68°C to ensure complete addition 
of the extra 3'adenosin by the terminal transferase activity of the Taq polymerase. Of the 

PCR product mixtures, 2 µI aliquots, diluted 1 :200 in water, were mixed with 10 µI of 1 :200 
diluted Genescan 1200 LIZ-marker (Applied Biosystems, Foster City, U.S.A. ). The product was 
heated for 5 minutes at 95°C for denaturation and sized on the AB 3730 DNA sequencer using 
the Fragment Analysis module. 

Table 1 .  Oligonucleotide primer sequences used in S. pneumoniae MLVA scheme. 

Assay Primer Primer sequence 
Accession  
no. Coordinates 

Koeck et 
al .  

u tIp ex 
BOX_01 -Ff1 CCAGAGACATTGATGAAGAGA NC_003098 1 6 1 1 1 50 Spneu40 reaction 1 
BOX_01 -r CGCTTTGATGAACTTGAGTT NC_003098 1 61 1477 Spneu40 

BOX_02-Nf1 TTGCTTGGTACAGAAAACAAA NC_003098 571 757 Spneu32 

BOX_02-r CCCCATAAAACCCTCCTTATA NC_003098 5721 08 Spneu32 

BOX_03-Vf1 TCCAACACGACCTTTATCC NC_003098 1 579329 Spneu1 5 

BOX_03-r TTCAGTAAACCCAGCTCGTA NC_003098 1 579997 Spneu1 5  

BOX_04-f TGGGTAAAAGTAGACAGGACT NC_003098 698447 Spneu33 

BOX_04-f22 AGGGGATTTACCCACTACAAA CP000936 823993 

BOX_04-Pr1 CACTTCTACACTAGTTTGTAAAGCA NC_003098 698665 Spneu33 
Multiplex 

BOX_06-Nf1 GAAAAAGGTCAGGAGTAGGTT NC_003098 1 91 1 454 Spneu38 reaction 2 
BOX_06-r TCACTTGAGACAATCAGCC NC_003098 1 9 1 1 736 Spneu38 
BOX_06-

GAAATCTTTGAAAAACTAGGATTT NC_003098 1 9 1 1 683 Spneu38 
Nr2 1 2  

BOX_06-f22 TTATGATTTTTGTCATTTTGCA NC_003098 1 91 1 429 Spneu38 

BOX_1 1 -Vf1 TCCAATAATGACAGGTTTTCCTC NC_003098 4 1 1 593 

BOX_ 1 1 -r TTCCAATCTACGCCTTTGAAG NC_003098 4 1 2 1 69 

BOX_12-Pf1 TTGCCCTTTTCATCTTCGA NC_003098 1 3501 83 Spneu37 

BOX_12-r CAGCAACCATTGAAACGC NC_003098 1 350824 Spneu37 

BOX_13-Ff1 TCGCCTTTGCTAATCAAACA NC_003098 1 01 033 Spneu25 

BOX_13-r CTGATTATATCGCTCACAAACCC NC_003098 1 01 490 Spneu25 
1 Primer is fluorescently labeled. F :  FAM ;  N: NED; V: V IC; P: PET. 
2 Additional primer because of polymorphism in primer sites. 
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Determination of the number of repeats in each locus was done using the GeneMarker software 
(Softgenetics, State College, Pennsylvania, USA). For this purpose, fragment analysis files with 
the .fsa extension were imported into the software and the number of repeats in each locus 
was derived from the data. All alleles that yielded PCR product sizes that had not been found 
before, were analyzed by sequencing using unlabeled versions of the MLVA primers. This 
included PCR products with aberrant sizes representing loci in which deletions or insertions 
had occurred in the region flanking the BOX repeats. Thereafter, the loci were assigned the 
number of BoxB repeats present. For each isolate an allelic profile was generated consisting in 
a string of 8 integers reflecting the number of repeats in the 8 BOX loci. The allelic profi le was 
assigned an arbitrary sequential MLVA type (MT). The correspondence between MT and allelic 
profile was deposited at the MLVA database located at www.mlva.net to guarantee that the 
same nomenclature was maintained for all isolates characterized by this technique regardless 

of its origin and study. 

Data Analysis 
Analysis of PFGE patterns, MLST and MLVA numerical profiles, was performed using 
Bionumerics version 6.1 (Applied Maths, Sint-Martens-Latem, Belgium). 
PFGE patterns were clustered by UPGMA. A dendrogram was generated from a similarity 
matrix calculated using the Dice similarity coefficient with an optimization of 1.0% and a 
tolerance of 1.5%. PFGE clusters were defined as isolates with a similarity of 80% or higher 

on the dendrogram [29,33]. 
Clustering of MLST and MLVA types were displayed in minimum spanning trees. In this graphic 
representation, the circles in the tree represent the various types. The size of the circle is 

proportional to the number of isolates with the same type. Lines linking two types in the tree 
denote single locus difference between those types. For assignment of MLST or MLVA clonal 
complex, the entire MLST database (available at www.mlst.net, last accessed on October 20, 
2010) or the entire in-house MLVA database (available at www.mlva.net, last accessed on 
October 20, 2010) were interrogated. MLVA complex assignment was based on a maximum 

distance of one locus between related types. The minimum number of MLVA types in a MLVA 
complex was set to 3 with a minimum of 9 entries per MLVA complex, resulting in on average 
3 isolates within an MLVA type. These settings resulted in MLVA complexes that were strongly 
correlated to serotype. 

Statistical analysis 
The discriminatory ability of the three typing systems - PFGE, MLST and MLVA - was measured 
using the Simpson's index of diversity (SID) and 95% confidence intervals were calculated 

as proposed before [34,35,36]. The congruence between the typing methods was calculated 
using the Wallace coefficient [37]. All calculations were done using the freely available online 

tool Comparing Partitions located at www.comparingpartitions.info [37]. 
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Resu lts 

Multiple-locus variable number tandem repeat analysis (MLVA) 

A combination of highly diverse and less diverse BOX loci were chosen aiming to have a good 
balance between loci that would evolve faster than others. The 13 randomly chosen BOX loci 
were tested on a panel of 84 isolates and 8 BOX loci were chosen for the MLVA scheme. The 
overlap in BOX loci of our MLVA scheme with the MLVA scheme previously described by Koeck 
et al. [25] is provided in Table 1. In particular, BOX loci 1, 4, 12 and 13 were rather diverse 
while BOX locus 11 had less diversity. If BOX loci could not be amplified they were assigned 
allele number 99. To exclude the possibility that BOX loci could change by laboratory storage 
and repeated subculture, 4 pneumococcal isolates were subcultured for 29 sequential days. 
MLVA was performed on samples from days 1, 15, and 29 and no changes in the number of 
repeats in the 8 BOX loci were observed indicating that the composition of BOX loci remained 
stable under laboratory conditions (data not shown). In addition, 84 isolates were typed at least 
twice at different occasions by independent technicians and the same MLVA types (MT) were 
obtained indicating that the MLVA scheme is reproducible. 

Discriminatory power of MLVA 
The discriminatory power of MLVA was calculated by using the Simpson's Index of Diversity 
(SID) applied to the test population. The 263 isolates were resolved in 164 types that contained 
between 1 and 14 isolates. The SID for MLVA was 0.993, a very high value comparable to the 

ones obtained for PFGE (0.985) and MLST (0.987) (Table 2). In the Supplemental Table the 
MLVA, MLST and PFGE data is provided for all isolates that are included in this study (Table 
S1 ). The companion paper highlights its wide application to over 1000 isolates, including 444 
MLVA types [11]. Overall, the current MLVA database consists of 2973 isolates, 960 MLVA 
types and 43 MLVA complexes. The SID for MLVA based on the entire database was 0.986 
(95% Cl, 0.985-0.988) (www.MLVA.net , last accessed on October 20, 2010). 

Table 2. Simpson's Index of Diversity of the different typing methods. 
Typing method SID 1 [95% Cl] 
Serotyping 0.937 [0.926-0.948] 
PFGE 0.985 [0.983-0.988] 
MLST 0.987 [0.981-0.992] 
MLST_CC2 0.963 [0.955-0.971] 
MLVA 0.993 [0.991-0.996] 
MLVA_MC3 0.935 [0.918-0.953] 
1 SID, Simpson's Index of Diversity; 95% Cl ,  95% confidence interval. 
2 CC, clonal complex. 
3 MC, MLVA complex. 
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Comparison of MLVA with serotyping, PFGE, and MLST 
To assess the congruence between typing methods the Wallace index was calculated (Table 
3). This coefficient indicates the probability that a pair of isolates which is assigned to the same 
type by one typing method is also typed as identical by the other method. A very good directional 
correlation between MLVA and MLST results was found: the probability of two isolates having 
the same MLVA type (MT) also sharing the same MLST type (ST) was 87.4%. This value was 
even higher for predicting the MLST clonal complex: 99.5%. Corresponding Wallace indexes 

between MLVA and other typing methods were: 82.2% for serotyping, and 46.5% for PFGE. 
By contrast, the chance that two isolates sharing the same ST also shared the same MT was 
43.3% and sharing the same MLVA complex was 99.2%. Lower values were obtained for 

PFGE and serotyping. These differences can be explained by the higher discriminatory power 
of MLVA compared to the other typing methods. 

Relatedness of isolates with similar types when assessed by MLVA or MLST 
Although there was considerable concordance between MLST and MLVA, some of the isolates 
that were grouped by MLST could be further distinguished by MLVA. In Figure 1A a minimum 

spanning tree is depicted based on the MLST results for the 263 isolates of the test collection. 
Fifty-six clonal complexes (CC), and 13 singletons were detected and the 7 largest CCs were 

chosen for further comparisons and are highlighted in color. To visualize the relationship 
between MLST and MLVA, the same color legend was applied to the minimum spanning tree 

based on MLVA (Fig. 18). To create this minimum spanning tree, the entries in the entire MLVA 
database (n=2973) were used. Subsequently, a subnetwork was generated displaying the 
branches and complexes of the complete tree but only the nodes representing the isolates 
used in this study. 

MLST CC28 included isolates with serotype 6A and 6C which were also closely related when 
characterized by MLVA. Similar results were obtained for MLST CC1, CC? and CC32. CC16 
included isolates of serotypes 6A, 6C, and 1 OA; isolates of serotype 1 OA were clearly separated 
by MLVA from the serotype 6A and 6C isolates. CC2 consisted of serotype 6A, 68, 6C, 158 and 

23F isolates. The serotype 6A, 68 and 6C isolates were separated in 2 distinct groups when 
they were characterized by MLVA. The 158 and 23F isolates were clearly distinct and yielded 
completely different MTs. This was an example were MLVA distinguished isolates with different 

serotypes that were grouped within a single CC. The same could be observed for MLST CC4 
that comprised serotypes 23A, 238 and 23F that were dispersed into 2 groups using the MLVA. 
In this test collection there were 9 instances where isolates were characterized by MLST as 
two different types, whereas by MLVA these isolates yielded the same type. These isolates 

were all single locus variants, except for a single isolate. 
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Fig. 2 (left page). High congruence between MLVA and MLST. Minimum spanning tree of the results 
obtained by MLST (A) and MLVA (B) for the 263 isolates of the test collection. Each circle indicates a 
genotype. The size of the circle is proportional to the number of isolates with the same type. Lines linking 
two types denote a single locus difference between those types. In Figure 1A the MLST complexes are 
indicated by halos. Seven MLST complexes are discussed in the manuscript and these are colored and 
named according to the nomenclature of S. pneumoniae MLST database (www.mlst.net, last accessed 
on October 20, 2010). The white nodes represent the isolates within this test collection that are not dis
cussed. The same colors were applied to the minimum spanning tree based on MLVA in Figure 1 B. This 
minimum spanning tree is based on the entire MLVA database (last accessed on October 20, 2010), and 
only the branches are made visible. The MLVA types of the 263 isolates used in this study were depicted 
as circles. The halos indicate the MLVA complexes (this figure is available in color in the appendix). 

75 

4 

(J) -� 
C: 
0 

§ 
(J) 
C: 
Q. 
Cl) 
:::s 
(.) 
(.) 
0 
(.) 
.E 
Q. 
@ 
ci5 



---.I 
0) 

Table 3. Congruence between typing methods expressed by Wallace coefficients. 

Typing method Serotype 
Serotype 
PFGE 0.386 [0.329-0.442) 

MLST 0.875 [0.848-0.902) 

MLST_CC2 0.575 [0.526-0.623) 

MLVA 0.822 [0. 779-0.865) 

MLVA_MC3 0.769 [0.71 7-0.822) 
1 95% Cl, 95% confidence interval. 
2 CC, clonal complex. 
3 MC, MLVA complex. 

Wallace coefficient [95% Cl]1 

PFGE MLST MLST_CC2 

0.091 [0.064-0 .1 1 8) 0. 1 87 [0. 1 32-0.242) 0.343 [0.279-0.407) 

0.325 [0.273-0.376] 0.550 [0.493-0.607] 

0 .358 [0.276-0.439) 1 .000 [1 .000-1 .000) 

0.232 [0. 1 80-0.284) 0.4 1 9  [0.356-0.481 )  

0.465 [0.396-0.535) 0.874 [0.825-0.923) 0.995 [0.991 -1 .000) 

0 .295 [0.224-0.366) 0.582 [0.486-0.679] 0.998 [0.997-1 .000) 

MLVA MLVA_MC3 

0.087 [0.053-0. 1 22) 0.631 [0.553-0.7 1 0) 

0.209 [0. 1 57-0.261 )  0. 7 1 8  [0.649-0. 786) 

0.433 [0.31 6-0.550) 0.992 [0.983-1 .001 ]  

0.202 [0. 1 40-0.263) 0.881 [0.849-0.91 2) 

1 .000 [1 .000-1 .000) 

0.295 [0. 1 99-0.391 )  



Discussion 

In recent years, typing schemes based on MLVA have been designed and implemented 
for a number of micro-organisms of public health importance, including Bacillus anthracis, 
Staphylococcus aureus, Enteroccus faecium, Haemoplhilus influenza, Bordetella pertussis 
and many others [38,39,40,41,42,43,44,45,46]. MLVA-based typing strategies have several 
appealing characteristics that match the convenience criteria desirable for typing methods 
[47]. For example, once implemented MLVA requires minimal technical expertise and typing 
results can be obtained in a few hours providing a sequencing facility is readily available. 
The equipment needed is the same as for MLST, i.e., a thermocycler and a DNA sequencer, 
equipment that many laboratories performing typing have already access to. It is relatively 
low cost (cheaper than MLST) and the data are amenable to automatic analysis by computer 
software (as in MLST). Furthermore, the results are unambiguous numerical profiles, portable, 
and thus suitable for intra-laboratory comparisons. In addition, PFGE can only be performed 
on bacterial cultures while MLST can be performed on clinical samples containing bacterial 
DNA such as cerebrospinal fluid [21 ]. The MLVA has the same potential as MLST, although this 
has not been described in detail yet. 
In this study we assessed the validity of a MLVA strategy developed for Streptococcus 
pneumoniae using as a test collection over 263 pneumococcal isolates previously characterized 
by the three gold-standard pneumococcal typing methods: serotyping, PFGE, and MLST. The 
scheme explored polymorphisms scattered throughout the genome of R6 focusing in eight 
BOX loci for size estimation. The amplification of the 8 loci was combined in two multiplex PCR 

reactions. Fragment sizing was performed automatically on a DNA sequencer, resulting in a 
fast, easy and accurate interpretation of results. 

The MLVA for the pneumococcus was first described by Koeck et al. [25]. In that MLVA scheme, 
16 BOX loci were used and analyzed by agarose gel electrophoresis. Remarkably, 7 of the 
8 BOX loci used in our MLVA scheme overlap with loci included in the previously published 
MLVA. We started the selection of the loci for our MLVA already in 2005, before the publication 
of the MLVA by Koeck et al. and thus the selection was performed independently. Therefore, 
the overlap is coincidental, but suggests the proper choice of a combination of more and less 
diverse loci in both MLVA schemes was made. The main advantage of our MLVA is the high 
throughput that is facilitated by the use of two multiplex assays instead of 16 separate reactions 

as done by Koeck et al. and the use of capillary electrophoresis for sizing. Furthermore, the 
electronic data management that we propose makes it easier to analyze the data than images 
of bands obtained by agarose gel electrophoresis. We restricted our MLVA to 8 VNTR loci to 

limit the amount of work required to type an isolate. Our results show that this scheme yields 
a high resolution. The resolution will probably be even higher if more loci were used like in 

Koeck's MLVA scheme. However, this will depend on the questions that need to be answered. 

For our studies MLVA should be utilized to determine the genetic background of isolates and 
relate this to changes in other properties such as capsular composition. In that case MLVA 

based on 8 loci seems to suffice. Of note, both MLVA schemes showed a high congruence with 
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MLST [26,27]. 
Although the test collection included only carriage isolates, we do not consider it a limitation 
to the validation study for the following reasons: (i) it is a very diverse collection that includes 
epidemiologically unrelated, as well as closely-related isolates; (ii) it is well known that there 
are substantial overlaps among isolates being carried and causing disease at a given time and 
geographic location although the relative frequency in each group may vary significantly [19]; 
(iii) this MLVA scheme has in the mean time been successfully applied to a collection of over 
1000 invasive disease isolates from all over the Netherlands [11 ]. In addition, in a manuscript 
in preparation we will use the MLVA to assess temporal changes and vaccine related changes 
in the genetic background of the pneumococcus. 
We found that the M LVA scheme described here met all the performance criteria needed for a 
good typing method [47]: it was stable, typed 100% of the isolates, was reproducible and had 
a high discriminatory power. Of interest, the congruence between MLVA and MLST was very 
good suggesting it can be routinely used as an alternative technique to MLST. Furthermore, 
MLVA was able to discriminate between putative capsular variants sharing the same MLST 
in a number of occasions suggesting an enhanced epidemiological usefulness. To make this 
MLVA scheme easily available to the typing community, an electronic pneumococcal MLVA 
database located at www.MLVA.net has been created. This application contains the detailed 
protocol and materials needed for implementation of the MLVA scheme, contact information to 
obtain control samples, an application for MLVA assignment, and a database for international 
deposition of MLVA types. 
In summary, the M LVA scheme for pneumococci proposed in this study has the convenience 
and performance criteria needed for a good typing method. It has the advantages of being 
portable as MLST but is faster and has lower costs. The high congruence between MLVA and 
MLST suggests it can be applied as a general methodology and, if needed, MLST may be 
performed on selected isolates from clusters sharing related MT. In the era of pneumococcal 
conjugate vaccines, close surveillance of pneumococcal populations is of crucial importance; 
this MLVA scheme represents a high-throughput typing technique which combines easiness, 
speed, low cost, and portability and therefore can be a rather useful tool to achieve such goal. 
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(X) Table S1 . MLVA, MLST and PFGE results for all isolates included in this study (n=263) .  
I\) 

MLVA profiles, BOX locus MLST profiles 
Key Serotype MT ST PFGE 1 2 3 4 6 1 1  1 2  1 3  aroe gdh gki recP spi xpt ddl 
PT5574 01 261 306 42 2 3 2 4 3 1 7 4 1 2  8 1 3  5 1 6  4 20 
PT5037 01 261 306 42 2 3 2 4 3 1 7 4 1 2  8 1 3  5 1 6  4 20 
PT5582 01 261 306 42 2 3 2 4 3 1 7 4 1 2  8 1 3  5 1 6  4 20 
PT5279 01 256 228 50 2 3 2 4 2 1 7 8 1 2  8 1 5 1 7  4 20 
PT560 01 2 10  304 1 3  2 2 9 4 1 1 4 4 1 3  8 1 3  5 1 7  4 8 
PT500 03 339 1 62 59 3 1 2 2 1 2 99 5 1 3  1 1  1 0  1 6 8 1 4  
WL812  03 423 1 230 1 6  3 3 2 3 2 1 1 3 7 1 5  2 1 0  6 1 144 
PT4914  03 427 1 80 1 6  3 3 2 4 2 1 1 3 7 1 5  2 1 0  6 1 22 
PT4076 03 427 1 80 1 6  3 3 2 4 2 1 1 3 7 1 5  2 1 0  6 1 22 
WL696 03 251 1 80 38 2 3 2 3 2 1 1 3 7 1 5  2 1 0  6 1 22 
WL 1 1 35 03 251 1 230 63 2 3 2 3 2 1 1 3 7 1 5  2 1 0  6 1 144 
PT1 263 03 340 232 59 3 1 2 2 2 2 99 5 1 3  9 1 5  1 4  1 0  1 6  
PT2537 04 656 1 221 32 5 2 1 6  4 2 2 2 1 7 5 1 5 1 5  1 2  14  
PT1 0 06A 382 1 876 14  3 2 5 4 2 2 7 2 7 25 4 1 2  1 5  20 28 
PT457 06A 382 1 876 1 5  3 2 5 4 2 2 7 2 7 25 4 1 2  1 5  20 28 
PT1 696 06A 379 1 1 52 24 3 2 4 4 99 2 7 2 2 1 3  2 4 9 1 57 1 
PT5659 06A 642 1 098 51 5 2 7 4 3 2 7 2 7 25 4 1 1 5  3 28 
PT1 583 06A 578 681 1 3  4 3 1 2  5 2 1 1 5 2 5 9 1 6 1 9  1 4  
PT2527 06A 1 25 1 880 26 1 3 7 3 3 1 4 3 5 7 4 1 1 0  1 27 
WL70 06A 66 65 26 1 2 7 3 3 1 4 3 2 7 4 1 0  1 0  1 27 
PT5401 06A 1 25 460 26 1 3 7 3 3 1 4 3 5 7 4 1 0  1 0  1 27 
PT3831 06A 430 1 1 50 5 3 3 4 2 3 2 3 6 7 25 8 6 25 6 8 
PT1 304 06A 430 1 1 50 5 3 3 4 2 3 2 3 6 7 25 8 6 25 6 8 
PT2628 06A 363 1 76 7 3 2 2 3 1 2 6 6 7 1 3  8 6 1 0  6 14 
PT1699 06A 412  1 878 1 03 3 3 1 1 2 1 5 1 7 8 1 1 1 5  1 78 1 4  
PT2399 06A 412 1 878 55 3 3 1 1 2 1 5 1 7 8 1 1 1 5  1 78 14  
WL61 3 06A 751 327 81 6 3 1 2  99 2 1 1 1 1 5 7 1 2  1 0  1 14  
PT320 06A 689 327 81 5 3 1 2  99 2 1 1 1 1 5 7 1 2  1 0  1 14  
PT3651 06A 689 327 81 5 3 1 2  99 2 1 1 1 1 5 7 1 2  1 0  1 14 
WL1264 06A 752 17 14  83 6 3 1 2  99 2 1 1 6 1 5 7 1 2  1 7  148 14  
PT1 1 75 06A 774 273 36 7 2 6 3 1 2 5 2 5 6 1 2 6 1 14  
PT4937 06A 388 1 879 23 3 2 6 4 2 2 7 4 7 25 54 4 1 1 7  20 28 
WL215  06A 727 21 91 20 6 2 1 0  6 1 2 1 2 2 2 1 00 1 1 5  20 8 
PT2407 06A 388 1 879 23 3 2 6 4 2 2 7 4 7 25 54 4 1 1 7 20 28 
PT2703 06B 455 469 1 7  3 3 1 1  3 1 2 9 2 7 1 3  27 6 1 0  6 1 4  



Key Serotype MT ST 
PT2743 068 453 469 
PT289 068 521 1 078 
PT4058 068 521 1 76 
PT3572 068 521 1 76 
PT3487 068 363 1 76 
PT21 1 068 354 887 
PT1 605 068 354 887 
PT391 9 068 352 887 
PT5054 068 354 887 
PT76 068 776 273 
DCC261 3 068 776 90 
PT1430 068 776 273 
PT2236 068 766 90 
PT31 04 068 814  90 
PT3536 068 776 273 
DCC2623 068 821 90 
PT582 068 776 273 
DCC2160 068 401 896 
PT5 1b  068 777 885 
PTRL 1 1 007 068 401 896 
PT4036 06C 382 1 876 
PT1 769 06C 382 1 876 
PT21 00 06C 382 1 876 
PT6257 06C 635 21 85 
PT2030 06C 1 25 460 
PT2297 06C 1 25 460 
PT5442 06C 454 3673 
PT61 1 9  06C 454 3673 
PT4913  06C 738 2689 
PT4542 06C 430 1 1 50 
PT4291 06C 430 3672 
PT3371 06C 430 1 1 50 
DCC1 1 00 06C 430 1 1 50 
PT449 06C 430 1 1 50 
DCC851 06C 431 1 1 50 

ML VA profiles, BOX locus 
PFGE 1 2 3 4 6 1 1  1 2  

1 7  3 3 1 0  3 1 2 
6 4 2 2 3 1 2 
7 4 2 2 3 1 2 
7 4 2 2 3 1 2 
7 3 2 2 3 1 2 

1 03 3 1 8 1 2 1 
55 3 1 8 1 2 1 
55 3 1 7 1 2 1 
55 3 1 8 1 2 1 
1 2  7 2 6 3 3 2 
1 3  7 2 6 3 3 2 
36 7 2 6 3 3 2 
36 7 2 2 3 3 2 
36 8 2 2 3 3 2 
36 7 2 6 3 3 2 
36 9 2 6 3 3 2 
36 7 2 6 3 3 2 
34 3 2 9 3 2 2 

8 7 2 6 3 3 2 
34 3 2 9 3 2 2 
14  3 2 5 4 2 2 
51 3 2 5 4 2 2 
51 3 2 5 4 2 2 
35 5 2 5 1 2 2 
45 1 3 7 3 3 1 
46 1 3 7 3 3 1 
1 7  3 3 1 0  3 1 2 
1 9  3 3 1 0  3 1 2 
5 6 3 4 2 3 1 
5 3 3 4 2 3 2 
5 3 3 4 2 3 2 
5 3 3 4 2 3 2 
5 3 3 4 2 3 2 
5 3 3 4 2 3 2 

52 3 3 4 2 99 2 

MLVA for Streptococcus pneumoniae � 

9 
6 
6 
6 
6 
5 
5 
5 
5 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
7 
7 
7 
4 
4 
4 
9 
9 
3 
3 
3 
3 
3 
3 
3 

MLST profiles 
1 3  aroe gdh gki recP spi xpt ddl 
2 7 1 3  27 6 1 0  6 14  
6 7 8 8 6 1 0  6 14 
6 7 1 3  8 6 1 0  6 14  
6 7 1 3  8 6 1 0  6 14  
6 7 1 3  8 6 1 0  6 14  
1 20 28 1 1 76 1 4  14  
1 20 28 1 1 76 14  14  
1 20 28 1 1 76 14  14  
1 20 28 1 1 76 14 14  
2 5 6 1 2 6 1 14  
2 5 6 1 2 6 3 4 
2 5 6 1 2 6 1 14  
2 5 6 1 2 6 3 4 
2 5 6 1 2 6 3 4 
2 5 6 1 2 6 1 14  
2 5 6 1 2 6 3 4 
2 5 6 1 2 6 1 14 

1 1  7 62 1 2 36 1 1 8  1 4  
4 1 6 1 2 75 1 14  

1 1  7 62 1 2 36 1 1 8 14  
2 7 25 4 1 2  1 5  20 28 
2 7 25 4 1 2  1 5  20 28 
2 7 25 4 1 2  1 5  20 28 
6 1 1 0  9 43 5 1 6 
3 5 7 4 1 0  1 0  1 27 
3 5 7 4 1 0  1 0  1 27 
3 1 1 3  27 6 1 0  6 14  
3 1 1 3  27 6 1 0  6 14 
6 7 25 8 6 25 28 8 
6 7 25 8 6 25 6 8 
6 1 25 8 6 25 6 8 
6 7 25 8 6 25 6 8 
6 7 25 8 6 25 6 8 
6 7 25 8 6 25 6 8 
6 7 25 8 6 25 6 8 



(X) MLVA profiles, BOX locus MLST profiles 
Key Serotype MT ST PFGE 1 2 3 4 6 1 1  1 2  1 3  aroe gdh gki recP spi xpt ddl 
PT2642 06C 625 1 76 6 5 2 2 3 1 2 6 6 7 1 3  8 6 1 0  6 14 
PT5785 06C 752 1 714  42 6 3 1 2  99 2 1 1 6 1 5 7 1 2  1 7  148 14 
PT3016  06C 753 395 48 6 3 1 3  99 2 1 1 6 1 5 7 1 2  1 7  1 14  
PT2228 06C 735 321 8  50 6 3 3 8 2 1 1 6 1 5 7 1 2  1 0  1 8 
PT231 7 06C 690 395 82 5 3 1 2  99 2 1 1 2 1 5 7 1 2  1 7  1 14  
DCC1353 06C 693 395 83 5 3 1 2  99 6 1 2 1 1 5 7 1 2  1 7  1 14  
DCC10 16  06C 691 395 83 5 3 1 2  99 2 1 1 6 1 5 7 1 2  1 7  1 14 
PT5019  06C 691 395 84 5 3 1 2  99 2 1 1 6 1 5 7 1 2  1 7  1 14 
PT6298 06C 654 1 692 84 5 2 1 2  99 2 1 1 6 1 5 7 1 2  1 7  1 58 14  
PT4482 06C 694 395 84 5 3 1 3  99 2 1 1 6 1 5 7 1 2  1 7  1 14 
DCC2420 06C 694 395 84 5 3 1 3  99 2 1 1 6 1 5 7 1 2  1 7  1 14 
DCC333 06C 696 371 1 84 5 3 1 3  99 2 99 1 6 1 5 7 1 2  1 7  1 307 
PT4252 06C 695 395 84 5 3 1 3  99 2 1 1 7 1 5 7 1 2  1 7  1 14  
PT6262 06C 691 395 85 5 3 1 2  99 2 1 1 6 1 5 7 1 2  1 7  1 14  
PT531 5 06C 1 60 3396 59 2 1 8 1 2 1 2 4 32 28 1 1 1 5  1 6  1 4  
PT6288 06C 1 60 3396 60 2 1 8 1 2 1 2 4 32 28 1 1 1 5  1 6  14  
DCC2182 06C 203 2789 44 2 2 8 2 1 2 2 4 7 60 8 5 6 1 9  14  
DCC2584 06C 728 3671 52 6 2 1 0  1 0  2 2 7 1 7 25 4 1 2  6 1 28 
PT3354 07F 468 19 1  43 3 4 2 1 0 1 1 2 8 9 2 1 6 1 1 7  
WL1 84 07F 468 1 91 43 3 4 2 1 0 1 1 2 8 9 2 1 6 1 1 7  
PT5303 07F 468 19 1  54 3 4 2 1 0 1 1 2 8 9 2 1 6 1 1 7  

PT4216  07F 95 1 766 29 1 2 1 1  3 1 1 2 2 1 5 29 1 46 14  1 8  
PT4217  08 1 8  53 1 3  1 2 1 4 1 1 2 1 2 5 1 1 1  1 6  3 14  
PT2533 09V 8 17  1 62 28 8 3 4 1 2 1 3 2 7 1 1  1 0  1 6 8 14  
PT494 09V 277 1 62 28 2 3 4 1 2 1 3 3 7 1 1  1 0  1 6 8 14 
PT4140 09V 277 1 62 28 2 3 4 1 2 1 3 3 7 1 1  1 0  1 6 8 14  
PT4737 1 0A 644 1 282 22 5 2 9 5 1 2 5 2 7 7 4 2 1 0  1 27 
WL 1 395 1 0A 649 97 22 5 2 1 0  5 1 2 6 6 5 7 4 2 1 0  1 27 
PT450 1 0A 648 97 22 5 2 1 0  5 1 2 5 6 5 7 4 2 1 0  1 27 
PT1 345 1 0A 650 97 22 5 2 1 1  5 1 2 5 6 5 7 4 2 1 0  1 27 
PT3485 1 1A 1 1  408 1 3  1 2 1 1 1 1 2 1 2 5 6 1 2  1 6  3 14  
WL1 344 1 1A 1 1  408 1 3  1 2 1 1 1 1 2 1 2 5 6 1 2  1 6  3 14  
PT510  1 1A 30 62 57 1 2 1 6 1 1 2 1 2 5 29 1 2  1 6  3 14  
PT476 1 1A 30 62 57 1 2 1 6 1 1 2 1 2 5 29 1 2  1 6  3 14  
WL555 1 1A 205 889 1 2  2 2 8 6 1 2 1 6 8 1 0  2 1 6  1 26 1 07 



Key Serotype MT ST 
WL1 383 1 1A 205 889 
WL586 1 2B 5 17  21 8 
WL737 1 2F 5 17  2 18  
PT338 14  790 1 56 
PT1 570 14  8 17  1 56 
PT3291 14 712  143 
PT3626 14  771 143 
PT2737 14  771 143 
DCC2508 14  790 1 56 
PT4034 14  374 1 7  
PT2667 14  374 1 7  
PT3451 14  425 1 5  
PT3438 1 4  425 1 5  
PT952 14  367 9 
PT356 14  367 9 
PT5244 14  67 41 1 
PT5696 1 5A 1 1 1  2 105 
PT1730 1 5A 678 63 
WL1 327 1 5A 35 1 956 
PT21 1 1  1 5B 208 1 93 
PT2901 1 5B 1 67 1 72 
PT4272 1 5B 67 41 1 
PT5245 1 5B 67 41 1 
WL1 31 3 1 5C 35 1 956 
WL 1 254 1 6F 658 30 
PT4232 1 6F 660 30 
PT2585 1 6F 660 30 
PT5686 1 6F 662 30 
PT735 1 7F 1 47 1 23 
WL1 86 1 7F 1 28 1 23 
PT2605 1 8A 737 241 
PT3401 1 8A 797 241 
WL1435 1 8C 1 88 1 877 
WL1407 1 8C 544 1 0 16  
PT4188 1 8C 49 1 1 3 

ML VA profiles, BOX locus 
PFGE 1 2 3 4 6 1 1  1 2  

1 2  2 2 8 6 1 2 1 
14  4 2 1 4 2 2 1 
14  4 2 1 4 2 2 1 
28 7 3 4 1 2 1 3 
28 8 3 4 1 2 1 3 
28 6 2 4 1 2 1 3 
29 7 2 4 1 2 1 3 
29 7 2 4 1 2 1 3 
33 7 3 4 1 2 1 3 
1 1  3 2 3 2 2 1 1 0  
1 1  3 2 3 2 2 1 1 0  
8 3 3 2 3 3 1 9 
8 3 3 2 3 3 1 9 
8 3 2 2 3 2 1 2 
8 3 2 2 3 2 1 2 
8 1 2 7 4 2 1 5 

40 1 3 4 4 2 1 2 
40 5 3 4 4 2 1 2 

8 1 2 2 4 2 1 5 
9 2 2 9 3 1 1 1 
3 2 2 2 3 1 2 3 
8 1 2 7 4 2 1 5 
8 1 2 7 4 2 1 5 
8 1 2 2 4 2 1 5 

54 5 3 1 3 2 1 5 
54 5 3 1 3 3 1 5 
54 5 3 1 3 3 1 5 
61  5 3 1 4 3 1 5 
32 1 5 8 5 5 1 5 
32 1 3 8 5 4 1 5 
1 1  6 3 4 2 2 1 1 
21 7 3 4 4 2 1 1 
1 2  2 2 5 3 1 1 1 
23 4 2 7 8 3 1 5 
45 1 2 6 2 2 1 5 

MLVA for Streptococcus pneumoniae � 

MLST profiles 
1 3  aroe gdh gki recP spi xpt ddl 
6 8 1 0  2 1 6  1 26 1 07 
4 1 0  20 14  1 6 1 29 
4 1 0  20 14  1 6 1 29 
2 7 1 1  1 0  1 6 8 
2 7 1 1  1 0  1 6 8 
4 7 5 1 0  1 8  6 8 
4 7 5 1 0  1 8  6 8 
4 7 5 1 0  1 8  6 8 
2 7 1 1  1 0  1 6 8 
5 1 5 4 1 1  9 3 47 
5 1 5 4 1 1  9 3 47 
4 1 5 4 5 5 3 8 
4 1 5 4 5 5 3 8 
5 1 5 4 5 5 1 8 
5 1 5 4 5 5 1 8 
3 2 1 3  1 4  4 1 7  4 14  
4 2 5 36 1 2  1 7  21 4 
4 2 5 36 1 2  1 7  2 1  1 4  
3 2 1 9  2 4 1 7  4 14 
3 8 1 0  2 1 6  1 26 1 
6 7 1 3  8 6 25 6 8 
3 2 1 3  1 4  4 1 7  4 14  
3 2 1 3  1 4  4 1 7  4 1 4  
3 2 1 9  2 4 1 7  4 14 
6 1 5 27 20 1 1 1 
6 1 5 27 20 
6 1 5 27 20 
6 1 5 27 20 
4 7 2 40 1 1 0  1 45 
4 7 2 40 1 1 0  1 45 
1 25 31 4 1 6  32 28 44 
1 25 31 4 1 6  32 28 44 
8 1 0  1 0  41  16 1 26 
6 5 1 3  1 1  4 1 5  1 1 9  
1 7 2 1 1 1 0  1 2 1  



0) MLVA profiles, BOX locus MLST profiles 

Key Serotype MT ST PFGE 1 2 3 4 6 1 1  1 2  1 3  aroe gdh gki recP spi xpt ddl 

PT1 348 1 8C 543 1 381 19 4 2 6 4 1 2 6 6 1 0  1 1  4 1 6  1 5  1 145 

WL561 1 9A 1 97 847 27 2 2 7 2 2 1 9 6 7 1 1  4 1 6 1 1 2 14  

PT4972 1 9A 281 81 14  2 3 5 2 2 1 1 3 4 4 2 4 4 

PT2574 1 9A 282 81 14 2 3 5 2 2 1 1 99 4 4 2 4 4 

PT1 331 1 9A 678 63 40 5 3 4 4 2 1 2 4 2 5 36 1 2  1 7  21 14 

PT2542 1 9A 678 63 40 5 3 4 4 2 1 2 4 2 5 36 1 2  1 7  21 14 

PT2679 1 9A 785 230 47 7 3 2 7 1 1 6 3 1 2  1 9  2 1 7  6 22 14 

WL677 1 9A 768 276 68 7 2 2 6 99 1 6 3 2 1 9  2 1 7  6 22 14  

PT5360 1 9A 768 276 68 7 2 2 6 99 1 6 3 2 1 9  2 1 7  6 222 14  

PT2436 1 9A 768 276 68 7 2 2 6 99 1 6 3 2 1 9  2 1 7  6 22 14  

PT5687 1 9A 767 276 9 7 2 2 6 1 1 6 3 2 1 9  2 1 7  6 22 14 

WL776 1 9A 761 1 026 1 02 6 99 9 3 2 1 1 1 1 0  1 6  32 1 1 5  28 31 

PT5041 1 9A 1 90 1 93 14  2 2 5 6 1 1 1 6 8 1 0  2 1 6  1 26 

PT31 88 1 9A 707 2732 27 5 4 9 99 1 1 1 8 7 60 9 8 1 0  3 29 

PT4288 1 9A 700 1 1 51 40 5 4 5 99 2 1 1 8 7 60 9 8 6 3 29 

PT3171  1 9A 756 1 1 51 40 6 4 5 99 2 1 1 9 7 60 9 8 6 3 29 

PT2808 1 9A 289 888 20 2 3 8 7 1 1 1 1 8 74 1 9  1 5  6 40 26 

PT5094 1 9A 74 416  43 1 2 7 5 2 2 5 5 1 1 3  1 4  4 1 7  51 14 

PT4253 1 9A 83 416  9 1 2 8 5 2 2 5 5 1 1 3  14  4 1 7  5 1  1 4  

PT2757 1 9A 69 416 9 1 2 7 4 2 2 5 5 1 1 3  1 4  4 1 7  5 1  1 4  

PT2752 1 9A 69 416 9 1 2 7 4 2 2 5 5 1 1 3  1 4  4 1 7  5 1  14  

PT14 1 9A 69 416 9 1 2 7 4 2 2 5 5 1 1 3  1 4  4 1 7  5 1  14  

PT518 1 9A 1 78 994 24 2 2 3 5 2 1 1 0  1 5 5 62 5 6 1 1  14  

WL290 1 9A 1 78 994 24 2 2 3 5 2 1 1 0  1 5 5 62 5 6 1 1  14  

PT1 527 1 9A 743 1 801 24 6 3 5 3 2 1 9 2 2 5 4 1 0  

PT31 1 3  1 9A 743 1 801 1 9  6 3 5 3 2 1 9 2 2 5 4 1 0  

PT516  1 9F 678 1 149 40 5 3 4 4 2 1 2 4 2 5 36 1 2  1 2 1  14  

PT464 1 9F 678 1 1 49 40 5 3 4 4 2 1 2 4 2 5 36 1 2  1 21 14 

PT481 5  1 9F 785 230 48 7 3 2 7 1 1 6 3 1 2  1 9  2 1 7  6 22 14  

PT584 1 9F 228 1 228 1 2  2 2 9 5 1 1 1 6 7 1 0  2 1 6  1 26 1 

WL1 01 1 9F 421 391 14  3 3 2 2 2 2 7 1 7 14  4 1 2  1 20 14  

PT332 1 9F 440 1 77 1 8  3 3 6 99 2 2 7 1 7 14  4 1 2  1 1 14 

PT4099 1 9F 456 1 79 30 3 3 1 1  99 2 2 7 1 7 14  40 1 2  1 1 14  

PT4574 1 9F 295 1 79 30 2 3 1 0  99 2 2 7 1 7 14  40 1 2  1 1 14  

PT1 282 1 9F 297 1 79 32 2 3 1 1  99 2 2 7 1 7 14  40 1 2  1 1 14 



Key Serotype MT ST 
DCC98 1 9F 275 1 77 
PT1 809 1 9F 852 1 283 
WL845 1 9F 854 236 
DCC2659 1 9F 640 87 
PT431 3  1 9F 636 89 
PT381 5  1 9F 636 89 
PT71 2 1 9F 359 1 487 
WL 1 375 1 9F 556 309 
PT5 137 20 784 230 
PT505 21  228 1 877 
PT5471 21  230 1 877 
PT4071 22F 302 433 
WL1 83 23A 835 42 
PT5298 23A 836 42 
PT829 23B 800 439 
PT380 23B 8 19  439 
PT4450 23F 279 81 
PT1283 23F 279 81 
PT1 309 23F 765 338 
DCC1 587 23F 622 338 
PT2844 23F 641 338 
PT5527 23F 71 0 338 
PT390 23F 234 242 
PT239 23F 141 3394 
PT1 592 23F 7 33 
PT766 23F 7 33 
PT803 23F 7 33 
PT2942 24F 780 230 
PT1 721 24F 568 72 
PT460 29 723 1 342 
PT5412  29  769 1 98 
PT5572 31 87 1 766 
PT1287 31 1 0  533 
PT1274 31 95 1 766 
PT1 581 31 94 2002 

MLVA profiles, BOX locus 
PFGE 1 2 3 4 6 1 1  1 2  

36 2 3 3 99 2 1 7 
66 99 3 4 2 2 1 5 
67 99 3 8 3 1 1 2 
58 5 2 6 5 3 1 1 1  
58 5 2 5 5 1 1 1 0  
58 5 2 5 5 1 1 1 0  
1 6  3 2 1 3 2 1 9 
1 3  4 2 1 9  3 2 1 1 0  
70 7 3 2 6 99 1 6 
1 2  2 2 9 5 1 1 1 
1 2  2 2 9 8 1 1 1 
41 2 4 1 1 2 1 1 
28 99 2 5 5 2 1 9 
28 99 2 5 5 2 1 9 
62 7 3 5 2 2 2 4 
9 8 3 5 2 2 2 5 

1 4  2 3 4 2 2 1 1 
1 4  2 3 4 2 2 1 1 
26 7 2 2 2 3 2 6 

3 5 2 2 2 3 2 5 
4 5 2 7 2 3 2 1 

94 6 2 2 2 99 2 5 
1 8  2 2 1 1  4 4 2 5 
46 1 4 5 1 0  0 2 4 
49 1 1 5 4 0 2 4 
49 1 1 5 4 0 2 4 
49 1 1 5 4 0 2 4 
47 7 3 2 2 1 1 6 
25 4 3 7 5 0 1 5 
31 6 2 8 1 1 1 3 
53 7 2 3 3 0 1 1 
1 0  1 2 9 3 1 1 2 
1 1  1 1 1 0  5 1 1 2 
29 1 2 1 1  3 1 1 2 
9 1 2 1 1  2 1 1 2 

MLVA for Streptococcus pneumoniae � 

MLST profiles 
1 3  aroe gdh gki recP spi xpt ddl 
1 7 14  4 1 2  1 1 14  

10  15  1 6  96 5 6 1 26 
1 1 5  1 6  1 9  1 5  6 20 26 
2 5 5 7 7 8 5 4 
6 5 5 7 7 8 5 
6 5 5 7 7 8 5 1 
2 1 5 4 1 2  49 3 8 
4 8 1 0  2 5 9 48 6 
3 1 2  1 9  2 1 7  6 22 14  
6 1 0  1 0  4 1  1 6  1 26 
7 1 0  1 0  41 1 6  1 26 
4 1 1 4 1 1 8  58 1 7  
3 1 8 9 9 6 4 6 
6 1 8 9 9 6 4 6 
2 1 8 9 2 6 4 6 
2 1 8 9 2 6 4 6 

99 4 4 2 4 4 
99 4 4 2 4 4 
4 7 1 3  8 6 1 6 8 
4 7 1 3  8 6 1 6 8 
6 7 1 3  8 6 1 6 8 
4 7 1 3  8 6 1 6 8 
4 1 5  29 4 21  30  1 1 4  
9 1 1 3  9 2 6 4 6 
2 1 8 1 2 6 4 6 
2 1 8 1 2 6 4 6 
2 1 8 1 2 6 4 6 
3 1 2  1 9  2 1 7  6 22 1 4  
4 2 1 3  2 4 9 4 1 
1 2 1 2  94 1 6 28 14  
1 8 1 3  4 8 6 22 34 
2 1 5 29 1 46 14  18  
1 1 5 29 1 46 1 1 8  
2 1 5 29 1 46 1 4  1 8  
2 1 5 1 35 1 46 14  18  



(X) MLVA profiles, BOX locus MLST profiles 
(X) Key Serotype MT ST PFGE 1 2 3 4 6 1 1  1 2  1 3  aroe gdh gki recP spi xpt ddl 

WL386 33F 1 64 1 367 1 3  2 2 2 1 1 2 1 2 2 1 6  29 1 8  42 3 1 8  
DCC2253 33F 1 73 71 7 37 2 2 2 6 0 2 2 1 5 35 29 1 45 39 1 8  
PT2655 33F 1 73 717  37 2 2 2 6 0 2 2 1 5 35 29 1 45 39 1 8  
PT2673 33F 1 73 717  37 2 2 2 6 0 2 2 1 5 35 29 1 45 39 1 8  
PT5660 33F 1 73 71 7 37 2 2 2 6 0 2 2 1 5 35 29 1 45 39 1 8  
PT3341 34 739 1 046 27 6 3 4 3 0 2 5 4 1 5  5 2 1 9 1 1 8  
WL 1402 34 92 478 32 1 2 1 0  1 1 1 1 3 45 1 3  6 12  9 14  
PT2552 34 534 2001 30 4 2 6 1 1 1 1 1 5 1 25 6 1 9 1 4  1 4  
PT1 573 34 534 2001 30 4 2 6 1 1 1 1 1 5 1 25 6 1 9 1 4  1 4  
PT5504 34 538 2001 65 4 2 6 1 2 1 1 1 5 1 25 6 1 9 1 4  1 4  
PT2398 358 304 1 955 41 2 4 1 3 2 1 1 4 1 1 1 8 4 1 1 8  58 1 7  
PT3419 35F 97 446 41 1 2 1 5  5 2 1 2 2 5 7 4 1 9  1 0  40 27 
PT1314  35F 97 446 41 1 2 1 5  5 2 1 2 2 5 7 4 1 9  1 0  40 27 
PT5282 35F 316  1 368 22 2 4 5 3 1 2 9 3 7 5 4 5 42 92 79 
PT3491 35F 316  1 368 22 2 4 5 3 1 2 9 3 7 5 4 5 42 92 79 
PT3501 37 4 447 2 1 1 2 1 2 2 2 2 29 33 1 9  1 36 22 31 
WL397 38 1 27 393 27 1 3 7 6 99 2 2 4 1 0  43 41 1 8  1 3  49 6 
WL235 38 1 26 393 27 1 3 7 6 3 2 2 4 1 0  43 41 1 8  1 3  49 6 
PT4264 39 1 56 1 1 26 1 7  2 1 5 4 2 2 1 8 7 5 92 1 6  6 1 31 
WL 1 2 1 5  42 304 1 955 41 2 4 1 3 2 1 1 4 1 1 1 8 4 1 1 8  58 1 7  
PT1 683 NT 790 1 56 28 7 3 4 1 2 1 3 2 7 1 1  1 0  1 6 8 1 
PT5002 NT 520 1 1 56 1 4 2 2 2 2 1 2 1 2 1 3  2 29 91 1 9  59 
PT4222 NT 520 1 1 56 1 4 2 2 2 2 1 2 1 2 1 3  2 29 91 1 9  59 
PT4014 NT 520 1 1 53 52 4 2 2 2 2 1 2 1 2 1 3  2 29 91 1 9  141  
DCC2648 NT 500 941 1 09 3 99 2 3 99 1 2 6 8 1 0  1 5  27 2 28 71 
DCC2787 NT 501 941 1 09 3 99 2 3 99 1 2 7 8 1 0  1 5  27 2 28 71 
WL992 NT 8 12  344 1 1 1  7 99 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
LgSt142 NT 8 12  344 1 1 2 7 99 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
DCC21 1 9  NT 8 12  344 1 1 3  7 99 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
DCC689 NT 81 0 344 1 1 3  7 6 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
PT780 NT 8 12  344 1 1 3 7 99 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
DCC2489 NT 8 12  344 1 1 3 7 99 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
DCC2430 NT 8 10  344 1 1 3 7 6 2 9 99 1 2 2 8 37 9 29 2 1 2  53 
PT5466 NT 823 344 1 1 3 9 99 2 2 99 1 4 2 8 37 9 29 2 1 2  53 
DCC2367 NT 335 344 1 1 3 2 99 2 9 99 1 2 2 8 37 9 29 2 1 2  53 



co 
c.o 

Key Serotype MT 
PT3044 NT 8 12  
PT806 NT 8 12  
PT1 608 NT 8 12  
WL1 21 0 NT 8 12  
PT1 91 NT 812 
PT4671 NT 8 10  
DCC2362 NT 335 
PT944 NT 505 
PT998 NT 505 
DCC2870 NT 786 
DCC2879 NT 786 
WL1 530 NT 8 12  
WL 15 14  NT  8 12  
PT5474 NT 8 12  
PT2987 NT 8 12  
WL1 084 NT 498 
PT4812  NT 520 
PT673 NT 504 
MT, MLVA type. ST, Sequence Type. 

ST 
344 
344 
344 
344 
344 
344 
344 
344 
344 
897 
897 
344 
344 
344 
344 
448 

1 278 
1 6 1 8  

MLVA profi les, BOX locus 
PFGE 1 2 3 4 6 1 1  1 2  

1 1 3 7 99 2 9 99 1 
1 1 3 7 99 2 9 99 1 
1 14 7 99 2 9 99 1 
1 14 7 99 2 9 99 1 
1 1 5  7 99 2 9 99 1 
1 1 6 7 6 2 9 99 1 
1 1 6 2 99 2 9 99 1 
1 1 7 3 99 2 9 99 1 
1 1 7 3 99 2 9 99 1 
1 1 8 7 3 2 9 99 1 
1 1 8 7 3 2 9 99 1 
1 20 7 99 2 9 99 1 
1 20 7 99 2 9 99 1 
1 20 7 99 2 9 99 1 
47 7 99 2 9 99 1 

1 1 0 3 99 2 3 3 1 
39 4 2 2 2 2 1 
74 3 99 2 4 7 1 

MLVA for Streptococcus pneumoniae � 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 

MLST profiles 
1 3  aroe gdh gki recP spi xpt ddl 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 36 29 2 1 2  1 4  
2 8 37 36 29 2 1 2  1 4  
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
2 8 37 9 29 2 1 2  53 
6 8 5 2 27 2 1 1  71 
1 2 6 4 29 91 1 9  147 
4 2 98 9 65 1 07 47 14  
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Abstract 

The introduction of nationwide pneumococcal vaccination may lead to serotype replacement 
and the emergence of new variants that have expanded their genetic repertoire through 
recombination. To monitor alterations in the pneumococcal population structure, we have 
developed and utilized capsular sequence typing (CST) in addition to Multiple-Locus Variable 
number tandem repeat Analysis (MLVA). To assess the serotype of each isolate CST was used. 
Based on the determination of the partial sequence of the capsular wzh gene, this method 
assigns a capsular type of an isolate within a single PCR reaction using multiple primersets. The 
genetic background of pneumococcal isolates was assessed by MLVA. MLVA and CST were 

used to create a snapshot of the Dutch pneumococcal population causing invasive disease 
before the introduction of the 7-valent pneumococcal conjugate vaccine in the Netherlands in 
2006. A total of 1154 clinical isolates collected and serotyped by the Netherlands Reference 
Laboratory for Bacterial Meningitis were included in the snapshot. The CST was successful 
in discriminating most serotypes present in our collection. MLVA demonstrated that isolates 
belonging to some serotypes had a relatively high genetic diversity whilst other serotypes 
had a very homogeneous genetic background. MLVA and CST appear to be valuable tools to 
determine the population structure of pneumococcal isolates and are useful in monitoring the 
effects of pneumococcal vaccination. 

92 



Introduction 

Streptococcus pneumoniae is a major human pathogen causing considerable morbidity and 

mortality throughout the world. The pathogen carries a large number of virulence factors, but 
its polysaccharide capsule is still considered the most important virulence factor [1,2]. The 
capsule provides resistance to phagocytosis and is therefore important for the survival of the 
bacteria at the infection site. Reactivity of the capsular polysaccharide with specific antisera is 
the basis of the classical serotyping technique. Currently, over 90 pneumococcal serotypes are 
recognized and approximately a quarter of these serotypes are responsible for the majority of 
cases of invasive pneumococcal disease [3,4,5,6]. 
In the Netherlands, the 7-valent vaccine Prevenar® was introduced in 2006 in a 2-3-4 months 
vaccination scheme plus a booster at 11 months of age. The 7 serotypes in the vaccine 
account for approximately 60% of the serotypes responsible for invasive pneumococcal 
disease in the Netherlands [7]. Since vaccination against the pneumococcus is based on 
capsular polysaccharides, immunization will put selective pressure on the pneumococcal 
population. Important vaccine effects following immunization could be serotype replacement 
and capsule switch. Serotype replacement, the replacement of vaccine types by non-vaccine 
types, is already seen in the U.S.A., where after the introduction of the vaccine the incidence 

of invasive disease in children younger than 5 due to vaccine types declined. In the USA the 
overall incidence of invasive pneumococcal disease (IPD) decreased from 24.4 to 13.8 cases 
per 100,000 individuals. Among children aged <5 years, the IPD rate decreased from 98.7 
cases per 100,000 individuals in 1998-1999 to 23.6 cases per 100,000 individuals in 2005. 
However, serotype replacement is occurring, predominantly by non-vaccine serotype 19A. 
I PD cases of serotype 19A increased about 3 fold to about 9 cases per 100,000 individuals 
[8,9, 1 0]. Capsule switch is the ability to transfer capsule genes, by which the bacteria will 
change its serotype but will keep its genetic background [11]. In the U.S.A. capsule switch was 
already seen 3 years after the introduction of the 7-valent vaccine. The Active Bacterial Core 
(ABC) surveillance program of the CDC revealed an isolate with an MLST type associated with 
serotype 4, which was serotyped as 19A. MLST data as well as sequence of crossover regions 
and capsular loci of putative recombinants, recipient and donor revealed the probable capsular 

switch [12]. Changes in genotype and serotype may have considerable consequences for 
future vaccination strategies. To monitor alterations in the pneumococcal population, both 
serotyping and genotyping methods are required. 
The gold standard for serotyping is the Quellung or Neufeld test [13,14]. This method is time
consuming and the type, group and factor sera are expensive because they should be kept 
in-house for the identification of all serotypes. Some novel molecular 'serotyping' methods are 
described that are rapid and cost-effective. Brito et al. introduced a multiplex PCR scheme by 
which via multiple PCRs 9 serotypes could be identified [15]. Another serotype specific PCR 

for 51 serotypes was described by Kong et al. [16] and was later extended to 90 serotypes [17]. 

Furthermore, a widely used conventional assay that is continually updated uses a sequential 
series of multiplex PCR reactions for 40 serotypes or related sets of serotypes (www.cdc.gov/ 

93 

co � 
C 
0 

:;::; co 
C 
·c:; 
(.) co > 
� 
Cl. 
Q) ..c 

-� 
� 
:::, 

:::, � 
+--' 

C 
0 

:;::; 

Cl. 
0 a.. 

5 



ncidod/biotech/strep/pcr.htm) [18, 19,20]. In these methods several PCRs should be performed 
to assess the serotype. 
Using both capsular sequence typing (CST) and MLVA [21] we may be able to monitor changes 
in the pneumococcal population. The CST is a newly developed molecular method to genotype 
the capsular locus in order to assess the serotype. The primers used in the CST are based on the 
publicly available sequences of the capsular genes of the 90 known pneumococcal serotypes 
[22]. In this report we used the CST and MLVA to create a snapshot of the composition of the 
pneumococcal population causing invasive diseases in the Netherlands before the introduction 
of the 7-valent pneumococcal conjugate vaccine. The current snapshot will enable comparison 
with the post-vaccination population and may provide valuable insights on vaccine induced 

changes such as capsule switch and serotype replacement. 

Materials and methods 

Isolates 
Pneumococcal isolates were isolated from blood or CSF from patients with invasive 
pneumococcal disease and collected by the Netherlands National Reference Laboratory for 
Bacterial Meningitis (NRBM) in Amsterdam. The 1154 isolates used for the snapshot were 
isolated by 9 large Medical Microbiology laboratories referred to as the sentinel laboratories and 
represented approximately 25% of all cases from Dutch patients with invasive pneumococcal 
disease in the Netherlands in 2004 and 2005. In Table 3 the characteristics of the patients 
that were infected with the isolates used for the snapshot are shown. Serotyping was done 
at the Reference Laboratory using the Quellung reaction as previously described [13, 14]. For 
molecular analyses bacteria were grown in 1 ml Brain Heart Infusion Broth with 0.5% yeast
extract overnight at 37°C and 5% CO2. Of each culture 500 µI was heated for 10 min at 95°C 
and these lysates were either used directly or stored at -20°C until use. 
The ethical committees (METC) of the University Medical Center Utrecht approved this study 
and waived the requirement for informed consent (METC Utrecht protocol number: 07-289/C), 
since cultures were obtained as part of the national surveillance program. 

Capsular Sequence Typing 
CST primers targeting the wzh gene were designed based on the capsular biosynthesis 
gene sequences determined by Bentley et al. [22]. To be able to amplify the wzh genes of all 
pneumococcal serotypes in a single PCR, 3 forward and 4 reverse primers were designed and 
used as a mixture in the PCR (Table 1 ). Primer design was done using Kodon 3.5 software 
(Applied Maths, Sint-Martens-Latem, Belgium). The primers were designed with 5'-M13-tails to 

facilitate DNA sequencing with a single M13 primer set. To amplify the partial wzh gene 25 µ I  
PCR mixtures containing Hotstartaq mix (Qiagen, Hilden, Germany), 10 µM of  each primer and 
5 µ1 1:10 diluted lysate were used. The PCR reaction was as follows: 15 min 95°C, 40 cycles 
of 20 sec 95 °C, 30 sec 51 °C and 30 sec 72°C followed by 7 min 72°C. PCR products were 
purified using Exosaplt (GE Healthcare Life Sciences, Chalfont St Giles, U.K.) according to 
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manufacturer's protocol. One µI aliquots of the purified PCR products were used in sequence 
reactions with M 13 forward and reverse primers using Big Dye Terminator technology (Applied 
Biosystems, Foster City, U.S.A.) on an AB 3730 genetic analyzer. 
All wzh variant sequences are made publicly available through www.MLVA.net. 

Table 1. Oligonucleotide primer sequences used in this study. 
Assay 

CST 

Serotype 
6C PCR 

Primer Primer seqeunce1 

CST _01 -M13F GTAAAACGACGGCCAGCATTCGCATATCGTTTTTG 

CST _02-M1 3F GTAAAACGACGGCCAGCATTCTCACATTATTTTTGATGT 

CST _03-M13F GTAAAACGACGGCCAGCATTCGCACATCGTCTTTG 

CST _01 -M13R CAGGAAACAGCTATGACCTGAGCTCTTTTTTTCATGA 

CST _02-M13R CAGGAAACAGCTATGACGTGAACTCGTTTCTTCATGA 

CST _03-M13R CAGGAAACAGCTATGACCCGAGCTCTCTTTTTCATAA 

CST _04-M13R CAGGAAACAGCTATGACCCGAGCTCTCTTTTTCATGA 

M13F GTAAAACGACGGCCAG 

M13R CAGGAAACAGCTATGAC 

Sp-wciN-6C-F TTTTACGCGCGATTAAAC 

Sp-wciN-6C-R ACTAATACGACCAATCATCCC 
1 Underlined sequences represent the M1 3-tail. 
2 Sequences with accession number CR931 632 to CR931722 were used for primer design. 

PCR for detection of serotype 6C 

Coordinates Accession nr  

301 7  CR931 6352 

1 1 1 91 CR93 1 7 1 0  

4520 CR931 632 

3547 CR931 6352 

1 17 19  CR93 1 7 1 0  

3185 CR931 694 

5043 CR931 632 

6724 EF53871 4  

7 104 EF538714  

Detection of serotype 6C was performed with a specific PCR using primers targeting the 
wciN gene (Table 1 ). The primers were designed based on the publicly available sequence 
as established by Park et al. [23]. To amplify the wciN gene, 25 µI PCR mixtures contained 
Hotstartaq mix (Qiagen, Hilden, Germany), 10 µM of the forward primer and 10 µ M  of reverse 
primer and 5 µ 1 1: 10 diluted lysate. The PCR reaction was as follows: 15 min 95°C, 40 cycles of 
20 sec 95°C, 50 sec 46°C and 30 sec 72°C followed by 7 min 72°C. The yield of a PCR product 
was assessed by electrophoresis on a 1 % agarose gel and isolates were assigned serotype 

6C if PCR products were obtained. Based on the available sequence of serotype 60, this PCR 
would also yield a PCR product on serotype 60 isolates [6]. 

MLVA 

MLVA was performed as described in detail by Elberse and Nunes et al. [21]. Briefly, 8 VNTR 
loci were amplified in 2 multiplex PCRs in which one of the primers of each primer pair carried 
a distinct fluorescent label. The PCR products were mixed with fluorescently labeled size 
standard and sized on an automated sequencer. Assessment of the number of repeats in each 

locus was done using the GeneMarker software (Softgenetics, State College, Pennsylvania, 
USA). The resulting table with numerical profiles was imported into Bionumerics (Applied 
Maths, Sint-Martens-Latem, Belgium) for cluster analysis. 
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Data Analysis 
Data analysis and clustering were performed using Bionumerics version 6.1 (Applied Maths, 
Sint-Martens-Latem, Belgium). All sequences of the CST were assembled, edited, trimmed and 
assigned a CT. The CT is a composite assignment; the first part of the assignment is based on 
the phenotype assessed by conventional serotyping and the second part of the assignment is 
the consecutive number of the capsular type belonging to the same serotype. As an example, 
CT09V-01 designated the first variant in wzh sequence of an isolate serotyped as 9V. 
Tables with the MLVA profiles were imported from the Genemarker software into Bionumerics 
and the profiles were clustered using a categorical similarity coefficient and displayed in a 
minimum spanning tree. In a minimum spanning tree circles indicate the types. The size of 
the circle indicates the number of isolates with that particular MLVA profile. The circles are 

linked based on the number of loci that differ in the MLVA profile. The lines linking 2 types 
in the tree denotes a single locus difference between these types. For assignment of MLVA 
complexes, the entire in-house MLVA database (available at www.mlva.net) was interrogated 
(last accessed on October 20, 2010). MLVA complex assignment was based on a maximum 
distance of one locus between related types. The minimum number of MLVA types in a MLVA 
complex was set to 3 with a minimum of 9 entries per MLVA complex, resulting in on average 3 
isolates within an MLVA type. Complexes are depicted as halos surrounding the types. 
The genetic diversity in MLVA profiles of the isolates was calculated with Simpson's index of 
diversity [24,25,26]. 

96 



Results 

Capsular Sequence Typing compared with classical serotyping 
The pneumococcal population used for this study was collected in the pre-vaccination era 
in 2004-2005 and was representative for the total Dutch pneumococcal population causing 
invasive disease. Isolates belonging to serotype 14 and 7F were isolated most often, among 
other prevalent serotypes, such as serotypes 1, 4, and 9V (Table 4 ). All isolates were isolated 
from patients with invasive pneumococcal disease. Eleven percent of the isolates (n=120) were 
recovered from cerebrospinal fluid (CSF) and the rest of the isolates from blood (n=1034). In 
children aged <5 years 35% (n=35) were isolated from CSF (Table 3). Serotype distribution 
within these children was slightly different compared with the serotype distribution in patients 
�5 years of age. Predominant serotypes among the children were serotypes 14, ?F, and 6B 
(Table 4). 
In general CST and serotyping were in close agreement (Table 2). Among the 1154 isolates 
there were 42 distinct serotypes and 64 different capsular sequence types (CTs). For 25 (60%) 

of the serotypes only a single wzh sequence was found, representing 482 ( 42%) of all isolates. 
For the remaining of serotypes 2 or more wzh sequences per serotype were found. In most 
cases the variant wzh sequences within a particular serotype were closely related and only 
differed in a few base pairs. However, there were exceptions where the variant sequences 
differed in many residues from the other variants. This was the case for CT06B-02, CT18C-02 
and CT23F-04, which differed 27, 14 and 31 nucleotides from the most frequently occurring 
variant, respectively. This resulted in 10, 2 and 10 non-silent amino acid changes, respectively. 
BLAST analysis revealed that no perfect match could be found for the CT18C-02 and CT23F-04 
sequence with any of the published wzh sequences. Although there was close agreement 
between serotyping and CST, there were 9 instances comprising 18 isolates (1.6%) where 
there was a discrepancy between the phenotypic and genotypic assignment. In 2 instances 
isolates were autoagglutinable in the serotyping and this may resulted in incorrect serotype 
assignment. Apparently there is not enough specificity within the wzh sequences to distinguish 
serotypes 18B from 18C, 40 from 24F and 38 from 25F. Analysis of the wzh sequences 
published by Bentley et al. [22] corroborates this finding. There was a single isolate, serotyped 
as 17F, that carried the same wzh sequence as a 15C isolate and was therefore assigned 
CT15C-01. Despite repeated analysis in serotyping and CST this discrepancy remained. 
The wzh sequences of CT15C-01 and CT1 ?F-01 only differed in a single base pair and the 
serotype assignment of these isolates remains uncertain. A single isolate serotyped as 15B 
carried a wzh sequence that differed in 64 positions from CT15B-01. BLAST analysis revealed 
a perfect match with the serotype 15F wzh sequence reported by Bentley et al. [22]. We 

therefore assigned CT15F-01 to this isolate. The discrepancy between serotyping and CST of 
a single isolate with serotype 40 and CT24F-01 remained after repeated analysis. Remarkably 
the sequence of the segment of the wzh gene of the serotype 24F and serotype 40 isolates 
d iffered from that of the 24F and 40 sequences published by Bentley et al. [22] in 33 and 80 
residues, respectively. 
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co Table 2. CT assignment per serotype included in the snapshot. 
(X) CST Freq 1 Serotype Freq2 Mut. ds4 dn5 Mut. Discrepancies and other remarks Majo[3 Be□tlet 

CT01 -01  82 1 82 
CT03-01 47 3 47 
CT03-02 2 3 2 
CT03-03 1 1  3 1 1  1 1 2 
CT03-04 1 3 1 1 1 2 
CT04-01 86 4 86 
CT05-01 8 5 8 7 
CT06A-01 9 6A 9 2 
CT06A-03 1 4  6A 1 3  5 2 3 5 

68 1 5 2 3 5 Serotype 68 according to Quel lung reaction 
CT06A-04 2 6A 2 2 1 1 
CT06B-01 41  68 34 2 

6A 7 3 Serotype 6A according to Quellung reaction 
CT068-02 2 68 2 27 1 7  1 0  29 BLAST: perfect match with serotype 68 (AF246897) 7 

CT06C-01 6 6C 6 ND Serotype 6C according to PCR 
CT07F-01 1 39 7F 1 39 
CT08-01 72 8 72 
CT08-02 1 8 1 1 1 1 
CT08-03 1 8 1 2 2 2 
CT08-05 1 8 1 1 1 1 
CT09N-01 20 9N 20 
CT09V-01 86 9V 86 1 
CT09V-02 1 9V 1 1 1 2 
CT1 0A-01 1 7  1 0A 1 7  
CT1 0A-02 1 1 0A 1 
CT1 1 A-01 1 5  1 1 A  1 5  
CT1 2F-01 1 8  1 2F 1 8  1 0  
CT12F-02 1 12F  1 2 1 1 8 
CT14-01 95 1 4  95 
CT14-02 80 1 4  80 
CT1 5A-01 3 1 5A 3 
CT1 5B-01 8 1 58 8 62 
CT1 5C-01 2 1 5C 1 1 0  

1 7F 1 1 Serotype 1 7F according to Quellung reaction, 1 mm with 
�T1 ��-01 

CT1 5F-01 1 1 5B 1 1 1  LA :perfect match with serotype 1 5F (CR931 666),64 m m  with 
CT1 5B-01 

CT1 6F-01 1 2  1 6F 1 2  
CT1 6F-02 1 1 6F 1 
CT1 7F-01 6 1 7F 6 



co co 

CT1 8A-01 1 1 8A 1 
CT1 8C-01 26 1 8C 24 

1 88 2 1 88 and 1 8C are indistinghuisable according to Bentley et al .  
CT1 8C-02 1 1 8C 1 1 4  1 2  2 14 BLAST: best match (97% identity) with several serotypes 
CT1 8C-03 1 1 8C 1 1 1 1 
CT1 8F-01 1 1 8C 1 BLAST: best match (97% identity) with several serotypes 
CT1 9A-01 42 1 9A 42 
CT1 9F-01 24 1 9F 24 
CT1 9F-02 1 0  1 9F 1 0  1 1 
CT1 9F-03 1 1 9F 1 1 1 
CT1 9F-04 1 1 9F 1 4 3 1 4 
CT20-01 7 20 7 
CT21 -02 1 21 1 
CT22A-01 3 22A 3 
CT22F-01 23 22F 23 
CT23A-01 9 23A 8 

23F 1 Autoagglutinable 
CT23B-01 2 238 2 
CT23F-01 68 23F 67 

1 5C 1 36 Autoagglutinable 
CT23F-02 1 23F 1 1 1 1 
CT23F-03 1 23F 1 1 1 1 
CT23F-04 1 23F 1 31  21  10  31  BLAST: Best match (99% identity) with several serotypes 
CT24F-01 7 24F 6 33 

40 1 80 Serotype 40 according to Quellung reaction 
CT25F-02 6 25F 4 1 

38 2 1 25F and 38 are indistinghuisable according to Bentley et al .  
CT28A-01 1 28A 1 
CT29-01 2 29 2 
CT31 -01  3 31  3 
CT33F-01 6 33F 6 9 
CT33F-02 7 33F 7 
CT34-01 2 34 2 
CT35F-01 4 35F 4 
1 Frequency of the CT. 
2Frequency of the serotype. 
3Number of mutations with the major CT of the particular serotype. 
4Silent mutation. 
5Non-silent mutation. 
8Number of mutations with the wzh gene segment publ ished by Bentley et al. [21 ] . 
7Also perfect match with wzh sequences of 68 isolates AY359459, AY359455, AY359449. 

c.,, ' Population structure in the pre-vaccination era 



Table 3. Characteristics of the patients that were infected with the isolates included in the snapshot. 
Blood CSF Total 

Age of patients 
0-1 yr 30 22 52 
1-4 yr 35 13 48 
5-9 yr 9 2 11 

10-14 yr 7 0 7 
15-19 yr 10 11 
20-29 yr 21 2 23 
30-39 yr 56 3 59 
40-49 yr 72 6 78 
50-64 yr 203 35 238 
65-79 yr 391 32 423 
80+ yr 200 4 204 

Gender of patients 
Female 472 60 532 

Male 541 59 600 
Unknown 21 1 22 

Isolation year 
2004 492 69 561 
2005 542 51 593 

Total 1034 120 1154 

Capsular Sequence Typing of serogroup 6 isolates 
The 7 4 serogroup 6 isolates were shown to contain 6 distinct CTs within the serogroup. 
Analysis of the 31 serotype 6A isolates yielded 4 different sequences in the targeted part 

of the wzh gene and 7 of these isolates had the same wzh sequence as a subset of the 6B 
isolates assigned CT06B-01. The 37 serotype 6B isolates yielded 3 distinct wzh sequences 
and one of these sequences appeared to be identical to those found in some of the 6A isolates 
(CT06A-03). There were 2 serotype 6B isolates that carried a wzh sequence which differed in 
27 positions from CT06B-01 in the 506 base pair sequence used for CST. BLAST analysis of 
this wzh sequence against GenBank revealed a perfect match with 4 serotype 6B sequences 
confirming the correct assignment of CST. Based on the publicly available sequence we 
designed and used a 6C specific PCR to distinguish serotype 6C from serotype 6A [23]. Of 
the 74 isolates 6 (8%) yielded PCR products and were assigned serotype 6C. These isolates 
carried a wzh gene sequence that differed from that of all other serotype 6A and 6B isolates 
and was assigned CT06C-01. Remarkably, all 6C isolates were obtained from patients aged 
between 55 and 75 years of age. The CT06C-01 sequence only differed in a single base pair 
from CT06B-01 and 2 or 3 base pairs from the CT06A-variants. In contrast, the sequence 
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Fig. 1 .  The frequency of the various alleles present in the 8 BOX loci used for MLVA. The graphs display 
the frequency of each allele (number of repeats) for each BOX locus. The Simpson's Diversity Index is 
indicated for each BOX locus. The number 99 was assigned if no PCR product could be amplified. 

of CT06B-02 was different in 28 base pairs from CT06C-01 .  We also used the serotype 6C 
specific PCR on isolates serotyped as 6B to distinguish serotype 6D, however, no PCR product 

was obtained in these isolates. 

Multiple-Locus Variable number tandem repeat Analysis 

MLVA of the collection of 1 1 54 pneumococcal isolates showed that the number of alleles and 

the degree of the variation in the number of repeats differed considerably among the BOX loci. 
Figure 1 shows the frequency of the alleles (number of repeats) for each BOX locus and the 
d iversity indices (DI) per locus. BOX_04 was the locus with the highest degree of variation 
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in the number of repeats (D1=84%) while the BOX_ 11 locus carried either 1 or 2 repeats in 
the isolates resulting in a low DI of 46%. Overall the MLVA had a diversity index of 98%. The 
number of repeats varied between BOX loci, ranging from O to 17 for BOX_04 and from 1 to 
2 for BOX_ 11. In 272 isolates (24%) one or more of the BOX loci could not be amplified even 
after repeated PCR. If BOX loci could not be amplified they were assigned allele number 99. 
Remarkably, BOX_06 could not be amplified in 128 (89%) of the 139 serotype 7F (CT07F-01) 
isolates accounting for 51 % of all isolates in which one or more of the BOX loci could not be 
amplified. In 20 (29%) of the 68 serotype 23F (CT23F-01) isolates BOX_ 11 locus could not be 
amplified, which contributed another 6% to all isolates with an allele 99. 
For the BOX_02 locus there were 82 isolates that yielded a PCR fragment of unusual size. 
Sequence analysis revealed a number of deletions in the region flanking the BoxB repeats in this 

BOX locus. In these cases the locus was assigned the number of BoxB repeats, irrespective of 
the mutations in the flanking regions. Remarkably, 66 (83%) of the isolates with CT14-02 had 
a mutation in the flanking regions. Also 10 isolates carrying a deletion in the flanking regions 
were CT06B-01, making up 25% of this CT in the collection. The BOX_02 locus was the only 
locus in which alleles with aberrant sizes were found. 

Table 4. Serotype distribution of pneumococci causing invasive diesease in patients in the age catego
ries <5 and �5 year. 

< 5 yr � 5 yr 
Serotypes n (%) n (%) 

14 26 (26) 149 (14) 
7F 10 (10) 129 (12) 
4 4 (4) 82 (8) 

9V 6 (6) 80 (8) 
1 3 (3) 79 (8) 
8 2 (2) 73 (7) 

23F 6 (6) 65 (6) 
3 2 (2) 59 (6) 

19A 7 (7) 35 (3) 
19F 5 (5) 31 (3) 
6B 12 (12) 25 (2) 

18C 5 (5) 22 (2) 
Other 12 (12) 225 (21) 
Total 100 1054 

Snapshot of the pneumococcal population in the pre-vaccination era 
In Figure 2, a minimum spanning tree displays the 444 MLVA types that were obtained by 

MLVA of the 1154 isolates. In general, there was a strong correlation between MLVA type 
and serotype. However, several serotypes were distributed over various MLVA complexes. An 
example is serotype 14 which is divided into 2 distinct MLVA complexes. For some serotypes, 
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Fig. 2. Minimum spanning tree of the results obtained by MLVA of 1154 pneumococcal isolates. The 
minimum spanning tree is based on the entire MLVA database (last accessed on October 20, 2010) 
with only the results from the current collection plotted within. The circles indicate the types and the size 
of the circles indicate the number of isolates. Lines linking two types denote a single locus difference 
between those types. The colors of the circles indicate the serotype of the isolates and complexes were 
indicated by grey halos (this figure is available in color in the appendix). 

e.g. 1 9F, the MLVA profiles were h ighly d iverse. To i l lustrate the serotype dependent variation 
in MLVA the min imum spanning tree based on the M LVA of serotypes 7F, 1 4, 1 9A and 1 9F are 
depicted in Figure 3. Of the 1 39 serotype 7F isolates 1 08 (78%) had an identical MLVA profile 
and 1 36 (97%) isolates belonged to a single MLVA complex. Serotype 1 4  isolates clustered in 
2 large complexes. Remarkably, the CST also yielded 2 CTs (CT1 4-01 and CT1 4-02) and the 
separation into the CTs was in ful l  agreement with separation into 2 complexes obtained by 
MLVA. The distribution of the serotype 7F and 1 4  isolates over the MVLA complexes was simi lar 
i rrespective of the age of the patients from which the strains were isolated . I n  contrast, more 
d iversity was observed within the serotype 1 9A and 1 9F isolates. The MLVA of serotype 1 9F 
yielded many d ifferent MLVA types that were d istributed over various complexes. Among the 
36 serotype 1 9F isolates there were 35 different MLVA types. As a result virtually each isolate 
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MLVA of serotype 7F, 19A, 14 and 19F 

CT n 
c::::::J CT0?F-01 1 39 

c::::::J CT19A-01 42 

c::::::J CT14-01 95 
- CT1 4-02 80 

c::::::J CT19F-01 24 
- CT1 9F-02 1 0  
c::::::J CT1 9F-03 1 
- CT1 9F-04 1 

Fig. 3. Minimum spanning trees of the results obtained by M LVA of 4 major serotypes. The minimum 
spanning tree is based on the entire MLVA database and the results of the pre-vaccination era collection 
(n=1 1 54) were plotted with in in white nodes. The colored nodes designate the isolates of the 4 major 
serotypes described in the text. The colors of the nodes i nd icate the Capsular Type. For symbols and 
lines see Figure 2 (th is figure is available in color in the appendix). 

had its own MLVA type leading to a very high degree of diversity with a DI of 99.5%. However, 
the majority of the isolates belonging to CT19F-01 were closely related based on MLVA. Also, 

BOX_ 4 was absent in 12 of the 36 serotype 19F isolates. The collection contained 75 serotype 
8 and 15 serotype 11A isolates. Although 21 different MLVA types were found, serotypes 8 and 

11A were indistinguishable by MLVA. Inspection of the MLST profiles of serotypes 8 and 11A 
in the S. pneumoniae database (www.mlst. net) showed that the profiles of serotypes 8 and 
11 A are related but distinct. To verify this for our isolates, we performed MLST on 4 serotype 8 

isolates and 4 serotype 11 A isolates and this resulted also in related but distinct profiles. 
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Fig. 4. Minimum spanning trees of the results obtained by MLVA for serogroup 6. The minimum span
ning tree is based on the entire MLVA database and the results of the pre-vaccination era collection 
(n=1 1 54) were plotted within in white nodes. The colored nodes designate the serogoup 6 isolates of this 
collection. The colors of the nodes indicate the Capsular Type and the serotype is indicated within the 
figure. For symbols and lines see Figure 2 (this figure is available in color in the appendix). 

MLVA of serogroup 6 isolates 
The serogroup 6 isolates possessed unusual characteristics both in CST and MLVA. Serogroup 
6 yielded 3 serosubtypes, 6 distinct CTs and 53 MLVA types. Seven of the serotype 6A isolates 
had CT06B-01, a capsular sequence type that was also found in 34 serotype 6B isolates. In 
addition, there was a single serotype 6B isolate that carried a wzh gene sequence identical 
to that of 13 serotype 6A isolates (CT06A-03). The picture became even more complex when 
the MLVA data were used to construct a minimum spanning tree (Figure 4). With the exception 
of a single isolate all CT06A-01 isolates clustered in a single MLVA complex. The CT06A-03 
isolates and the CT06C-01 isolates appeared to be closely related. The 6B isolates (CT06B-01) 

clustered in 3 MLVA complexes. The serotype 6A isolates that carried a wzh sequence that was 
indistinguishable from that of a subpopulation of serotype 6B isolates (CT06B-01) clustered as 
a separate MLVA complex which differed completely from all other serotype 6A and 6B isolates. 
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Discussion 

The aim of this study was to create a genotypic snapshot of the Dutch pneumococcal 
population in the pre-vaccination era of isolates isolated from patients with invasive disease. 
A newly designed molecular typing technique named Capsular Sequence Typing (CST) was 
used to assess the serotype. Isolates were also genotyped with MLVA to determine the genetic 
background from 1154 pneumococcal isolates. 
Clustering of the MLVA profiles strongly correlated with serotype and CST distribution. The 
serotype ?F isolates had a diversity index of only 40% based on the MLVA profiles, indicating 
that the genetic background of this serotype is well conserved. Analysis of the MLST data 

of pneumococcal isolates from the UK present in the international publicly accessible MLST 
database (www.mlst.net) showed that serotype ?F isolates were highly clonal. The homogenous 
background of this serotype could suggest a rapid expansion or that this serotype evolves 
slowly. Serotype 14 was divided into 2 major MLVA types in our collection, and also in 2 major 
MLST types according to the UK data in the MLST database. For some serotypes there were 
many different MLVA profiles that often differed considerably in composition, reflecting a very 
heterogeneous genetic background. This was most pronounced for serotype 19F that yielded 
the highest diversity (01=99,5%) in the MLVA. Such result may suggest the 19F capsular gene 
cluster is transferred horizontally quite frequently among pneumococci with various genetic 
backgrounds. Although recombination of the capsular biosynthetic locus has previously been 
described [11, 12,27], preferential horizontal transfer of a particular capsular gene clusters has 
not been reported. Also MLST revealed that serotype 19F isolates are highly diverse in the 
composition of the housekeeping genes. The publicly accessible MLST data do not represent 
the true distribution of STs in the UK and as such cannot be used to draw firm conclusions. 
However, the trend is obvious. Jefferies et al. created a snapshot for Scottish isolates genotyped 
by MLST [28]. Their analysis also resulted in highly clonal serotype ?F isolates and genetically 
diverse serotype 19F isolates. The number of isolates per serotype in their snapshot was only 
15 isolates or less making comparison with our MLVA data somewhat inaccurate. However, 
from their study and from studies performed by others [29,30,31] it is clear that both MLST and 
MLVA yield type distribution that is strongly associated with serotypes. In the companion paper 
we compare the MLVA with MLST and PFGE on 263 isolates. Results of this study showed a 
very good congruence between MLST and MLVA [21]. 
CST is a molecular method to assess the serotype based on the wzh gene of the capsular 
locus. This gene was chosen for sequencing because it varies sufficiently between serotypes, 
but is conserved enough to amplify the same gene segment of the various serotypes using a 
single mix of primers. The wzh gene of the capsular locus is a regulatory gene important for the 
initial phosphorylation in the capsule production [32]. Alterations in the sequence of this gene 
may influence the level of capsule expression, but it is unlikely that it will affect the composition 

of the capsular polysaccharides. Further analysis of the level of expression of wzh variants of 
the same serotype may reveal differences in capsule expression. Such studies are important 
as increased expression of the capsule may require higher concentrations of antibodies to 
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prevent pneumococcal d isease. Vaccination may select for less sensitive variants and may 
even eventually lead to vaccine escapes. CST performed qu ite wel l  and was able to confirm 
the serotype identified by the Quellung reaction in most cases. However, in some cases CST 
yielded ambiguous results where it did not match serotyping despite repeated analysis. Two 
discrepancies could be explained by an autoagglutinable character of those isolates. However, 
in 4 cases the discrepancy remained unexplained, additional typing based on other genes 
may be required to d istinguish these serotypes. In 2 of these cases, the isolates with serotype 
40 and 24F and isolates with serotype 1 8B and 1 8C, the MLVA profiles of the isolates were 
simi lar. In the other cases, the MLVA profiles were completely d ifferent. Evidently, the l inkage 
between wzh sequence and serotype is not ful ly restricted. Horizontal transfer of complete 
capsular genes or parts thereof could change the composition of the genes or gene clusters, 
without changing the serotype. This may be particularly true for regulatory genes such as the 
wzh gene which may be involved in the level of production of the capsule, but do not determine 
the composition of the capsular polysaccharide. 
The genotypic characteristics of isolates in serogroup 6 were remarkably diverse. Recent 
stud ies have shown that the serogroup 6 isolates are genetically diverse and two new 
serotype designated 6C and 6D have been identified [4]. However, from these studies there 
are indications that serogroup 6 may contain even more serotypes. Serotype 6B is associated 
with vaccine fai lure in the UK [33] and also in the Netherlands (unpublished data). It is believed 
that insufficient response to vaccination caused by the poor immunogenic character of the 
6B polysaccharides may be responsible for the vaccine fai lures. However, the apparent 
heterogeneity in CST and MLVA within  serotype 6B may suggest several other serotypes 
with in serogroup 6. This may also play a role in these vaccine fai lure cases. Our MLVA data is 
supported by MLST of serotype 6A and 6C isolates that also showed overlapping genotypes 
[34]. 
In this study we designed CST as a molecular method to assess the serotype and used this 
method together with MLVA to create a snapshot of the composition of the Dutch pneumococcal 
population causing invasive disease in the pre-vaccination era. The use of both methods 
provides insights in the genetic background of the pneumococcus and the serotype specific 
capsular genes and can be used to observe changes in the pneumococcal population,  
includ ing serotype replacement and capsule switch. Comparison with a snapshot made from 
the pneumococcal popu lation after the introduction of the conjugate vaccine in the Netherlands 
may reveal such changes. 

Acknowledgements 

We thank the participating Dutch med ical microbiology laboratories for sending in the 
pneumococcal isolates. 

107 

cu 
Q) 

C 
0 

C T5 
(.) cu > 
Q) 
i... 

Q) 

C 

:J 

:J 
i... 

C 
0 

:J 
Cl 
0 a.. 

5 



References 

1. Austrian R (1981) Some observations on the 
pneumococcus and on the current status of 
pneumococcal disease and its prevention. 
Rev Infect Dis 3 Suppl: S1-17. 

2. Kadioglu A, Weiser JN, Paton JC, Andrew PW 
(2008) The role of Streptococcus pneumoniae 

virulence factors in host respiratory 
colonization and disease. Nat Rev Microbial 6: 
288-301. 

3. Henrichsen J (1995) Six newly recognized 
types of Streptococcus pneumoniae. J Clin 
Microbial 33: 2759-2762. 

4. Park IH, Pritchard DG, Cartee R, Brandao A, 
Brandileone MC, et al. (2007) Discovery of a 
new capsular serotype (6C) within serogroup 6 
of Streptococcus pneumoniae. JClinMicrobiol 
45: 1225-1233. 

5. Scott JA, Hall AJ, Dagan R, Dixon JM, 
Eykyn SJ, et al. (1996) Serogroup-specific 
epidemiology of Streptococcus pneumoniae: 

associations with age, sex, and geography 
in 7,000 episodes of invasive disease. 
ClinlnfectDis 22: 973-981. 

6. Bratcher PE, Kim KH, Kang JH, Hong JY, 
Nahm MH (2009) Identification of natural 
pneumococcal isolates expressing serotype 
6D by genetic, biochemical, and serological 
characterization. Microbiology. 

7. Jansen AG, Rodenburg GD, van der Ende A, 
van Alphen L, Veenhoven RH, et al. (2009) 
Invasive pneumococcal disease among 
adults: associations among serotypes, 
disease characteristics, and outcome. Clin 
Infect Dis 49: e23-29. 

8. Singleton RJ, Hennessy TW, Bulkow LR, 
Hammitt LL, Zulz T, et al. (2007) Invasive 
pneumococcal disease caused by nonvaccine 
serotypes among alaska native children 
with high levels of 7-valent pneumococcal 
conjugate vaccine coverage. JAMA 297: 
1784-1792. 

9. Hicks LA, Harrison LH, Flannery B, Hadler 
JL, Schaffner W, et al. (2007) Incidence 

1 08 

of pneumococcal disease due to non
pneumococcal conjugate vaccine (PCV7) 
serotypes in the United States during the era 
of widespread PCV7 vaccination, 1998-2004. 
JlnfectDis 196: 1346-1354. 

10. Moore MR, Gertz RE, Jr., Woodbury RL, 
Barkocy-Gallagher GA, Schaffner W, et al. 
(2008) Population snapshot of emergent 
Streptococcus pneumoniae serotype 19A in 
the United States, 2005. JlnfectDis 197: 1016-
1027. 

11. Coffey TJ, Dowson CG, Daniels M, Zhou 
J, Martin C, et al. (1991) Horizontal transfer 
of multiple penicillin-binding protein genes, 
and capsular biosynthetic genes, in natural 
populations of Streptococcus pneumoniae. 

MolMicrobiol 5: 2255-2260. 
12. Brueggemann AB, Pai R, Crook OW, Beall B 

(2007) Vaccine escape recombinants emerge 
after pneumococcal vaccination in the United 
States. PLoSPathog 3: e168. 

13. Austrian R ( 1976) The quellung reaction, a 
neglected microbiologic technique. MtSinai 
JMed 43: 699-709. 

14. Lund E (1960) Laboratory diagnosis of 
Pneumococcus infections. BullWorld Health 
Organ 23: 5-13. 

15. Brito DA, Ramirez M, de Lencastre H (2003) 
Serotyping Streptococcus pneumoniae by 
multiplex PCR. J Clin Microbiol 41: 2378-2384. 

16. Kong F, Gilbert GL (2003) Using cpsA

cpsB sequence polymorphisms and 
serotype-/group-specific PCR to predict 
51 Streptococcus pneumoniae capsular 
serotypes. JMedMicrobiol 52: 1047-1058. 

17. Kong F, Wang W, Tao J, Wang L, Wang Q, et 
al. (2005)A molecular-capsular-type prediction 
system for 90 Streptococcus pneumoniae 

serotypes using partial cpsA-cpsB sequencing 
and wzy- or wzx-specific PCR. JMedMicrobiol 
54: 351-356. 

18. Dias CA, Teixeira LM, Carvalho MG, 
Beall B (2007) Sequential multiplex PCR 
for determining capsular serotypes of 
pneumococci recovered from Brazilian 



children. JMedMicrobiol 56: 11 85-1188. 
19. Morais L, Carvalho MG, Roca A, Flannery 

B, Mandomando I, et al. (2007) Sequential 
multiplex PCR for identifying pneumococcal 
capsular serotypes from South-Saharan 
African clinical isolates. JMedMicrobiol 56: 
1181-1184. 

20. Pai R, Gertz RE, Beall B (2006) Sequential 
multiplex PCR approach for determining 
capsular serotypes of Streptococcus 

pneumoniae isolates. JClinMicrobiol 44: 124-
1 31. 

21. Elberse KE, Nunes S, Sa-Leao R, van der 
Heide HG, Schouls LM (2011 ) Multiple-locus 
variable number tandem repeat analysis for 
Streptococcus pneumoniae: comparison with 
PFGE and MLST. PLoS One 6: e19668. 

22. Bentley SD, Aanensen OM, Mavroidi A, 
Saunders D, Rabbinowitsch E, et al. (2006) 
Genetic analysis of the capsular biosynthetic 
locus from all 90 pneumococcal serotypes. 
PLoSGenet 2: e31 .  

23. Park IH, Park S, Hollingshead SK, Nahm 
MH (2007) Genetic basis for the new 
pneumococcal serotype, 6C. lnfectlmmun 75: 
4482-4489. 

24. Hunter PR, Gaston MA (1988) Numerical index 
of the discriminatory ability of typing systems: 
an application of Simpson's index of diversity. 
JClinMicrobiol 26: 2465-2466. 

25. Simpson EH (1 949) Measurement of diversity. 
Nature 163 688. 

26. Hall LM, Whiley RA, Duke B, George RC, 
Efstratiou A (1996) Genetic relatedness within 
and between serotypes of Streptococcus 

pneumoniaefrom the United Kingdom: analysis 
of multilocus enzyme electrophoresis, pulsed
field gel electrophoresis, and antimicrobial 
resistance patterns. JClinMicrobiol 34: 853-
859. 

27. Coffey T J, Enright MC, Daniels M, Marona 
JK, Morena R, et al. (1998) Recombinational 
exchanges at the capsular polysaccharide 
biosynthetic locus lead to frequent serotype 
changes among natural isolates of 

Streptococcus pneumoniae. MolMicrobiol 27: 
73-83. 

28. Jefferies JM, Smith A, Clarke SC, Dowson C, 
Mitchell T J (2004) Genetic analysis of diverse 
disease-causing pneumococci indicates high 
levels of diversity within serotypes and capsule 
switching. JClinMicrobiol 42: 5681-5688. 

29. Brueggemann AB, Griffiths OT, Meats E, Peto 
T, Crook OW, et al. (2003) Clonal relationships 
between invasive and carriage Streptococcus 

pneumoniae and serotype- and clone-specific 
differences in invasive disease potential. 
JlnfectDis 187: 1424-1432. 

30. Enright MC, Spratt BG (1 998) A multilocus 
sequence typing scheme for Streptococcus 

pneumoniae: identification of clones 
associated with serious invasive disease. 
Microbiology 144 ( Pt 11): 3049-3060. 

31 . Beall B, McEllistrem MC, Gertz RE, Jr., 
Wedel S, Boxrud DJ, et al. (2006) Pre- and 
postvaccination clonal compositions of 
invasive pneumococcal serotypes for isolates 
collected in the United States in 1 999, 2001 , 
and 2002. J Clin Microbial 44: 999-101 7. 

32. Bender MH, Yother J (2001) CpsB is a 
modulator of capsule-associated tyrosine 
kinase activity in Streptococcus pneumoniae. 

JBiolChem 276: 47966-47974. 
33. Borrow R, Stanford E, Waight P, Helbert M, 

Balmer P, et al. (2008) Serotype-specific 
immune unresponsiveness to pneumococcal 
conjugate vaccine following invasive 
pneumococcal disease. lnfectlmmun 76: 
5305-5309. 

34. Carvalho MG, Pimenta FC, Gertz RE, Jr., 
Joshi HH, Trujillo AA, et al. (2009) PCR-based 
quantitation and clonal diversity of the current 
prevalent invasive serogroup 6 pneumococcal 
serotype, 6C, in the United States in 1999 and 
2006 to 2007. JClinMicrobiol 47: 554-559. 

109 

C 0 

C 
·c3 u rn > 
Q) 
I... 

C 
Q) 
:::J 
:::J 
I... ...... 
C 0 :;::; 
:::J a 0 a.. 

5 



1 1 0  



Changes in  the composition of the pneumococcal population 

and in  IPD incidence in the Netherlands after the implementation 

of the 7-valent pneumococcal conjugate vaccine  

Karin E. M. Elberse 
Han G.J. van der Heide 

Sandra Witteveen 
Ingrid van de Pol 
Corrie S. Schot 

Arie van der Ende 
Guy A.M. Berbers 
Leo M. Schouls 

Submitted 



Abstract 

The implementation of nationwide pneumococcal vaccination may lead to alterations in the 
pneumococcal population due to selective pressure induced by the vaccine. To monitor such 
changes, pneumococcal isolates causing invasive pneumococcal disease (IPD) before (2004-
2005, n= 1 1 54) and after (2008-2009, n=11 90) the implementation of the 7-valent pneumococcal 
vaccine ( PCV7) in 2006 in the national immunization program (NIP) of the Netherlands were 
characterized by molecular typing using multiple-locus variable number tandem repeat analysis 
(MLVA) and capsular sequence typing (CST). The IPD incidence after the implementation of 
PCV7 in children <5 years of age declined, mainly due to an impressive reduction of cases 
caused by vaccine serotypes. In the age group of patients �5 years of age, the overall IPD 
incidence remained constant, but the IPD incidence due to vaccine serotypes declined in this 
age cohort also, indicating herd immunity. IPD incidence of non-vaccine serotypes 1 and 22F 
isolates increased significantly and a shift in genetic background of the isolates belonging to 
these serotypes was observed. In general the composition of the pneumococcal population 
remained similar after the introduction of PCV7. Both before and after introduction of the 
vaccine several possible capsular switch events were noticed. We found 4 isolates from the pre
vaccination period in which the serotype 19F capsular locus had been horizontally transferred 

to a different genetic background. Remarkably, none of the 5 post-vaccination isolates in which 
we observed possible capsule switch belonged to the 19F serotype, possibly due to vaccine 
induced pressure. This study provides insights into the effects of nationwide vaccination on the 
pneumococcal population causing IPD. 
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Introduction 

Over 90 different pneumococcal serotypes are currently recognized, based on the reactivity of 
the different polysaccharide capsules with specific antisera [1,2]. The polysaccharide capsule is 
considered the most important virulence factor of the pneumococcus [3,4 ]. To provide protection 
against the pneumococcus, vaccines composed of polysaccharides are used. However, the 
23-valent polysaccharide vaccine (Pneumovax 23, Merck&Co, Whitehouse Station, NJ, 
USA) induces low responses in children and no long-term immunity [5,6,7]. Protection of 
children against the prominent, invasive disease causing serotypes is therefore provided by 
conjugate vaccines [8,9]. The 7-valent polysaccharide conjugate vaccine Prevenar® (Pfizer 
Inc., Philadelphia, PA; PCV?) protects against 7 serotypes. Currently also 10- (Synflorix, GSK, 
Rixensart, Belgium; PCV10) and 13- (Pfizer Inc. , Philadelphia, PA; PCV13) valent conjugate 
vaccines are licensed. 

After the implementation of PCV? in the USA in 2000 a decrease in invasive pneumococcal 
disease (IPD) from 24 to 14 cases per 100,000 individuals was seen [10,11]. The incidence 
of invasive disease in children aged <5 years declined from 95 cases per 100,000 in 1998-

1999 to 23 cases per 100,000 in 2004. However, an increase in IPD caused by the non
vaccine serotype 19A [11, 12, 13, 14] but also by serotypes 3, 22F, 33F and serogroup 15 was 
observed within this age cohort in the vaccination era [11 ]. The number of IPD cases in the 
non-vaccinated cohort declined due to the effects of the vaccine, which is referred to as herd 
immunity [15, 16, 17, 18, 19]. In the Netherlands, where PCV? vaccination was implemented in 
2006, the IPD incidence after the introduction of the vaccine remained constant in the 2 year 

period after the introduction of PCV? in the national immunization program (NIP) [20]. The 
incidence of IPD caused by vaccine serotypes declined with 33%, in children aged <2 years 
but IPD incidence caused by the non-vaccine serotypes increased with 43% in this age cohort. 
The high recombination rate of the pneumococcus and the selective pressure of the vaccine 
may select for variants that have been altered by mutations in the capsular genes or by 
horizontal gene transfer of complete capsular genes or fragments of capsular genes. As a result, 
pneumococci may emerge that have altered capsular genes but retained their original genetic 
background [21]. In the USA this was already observed 3 years after the introduction of PCV?. 
An isolate with a genetic background (MLST type) normally associated with serotype 4, was 
serotyped as 19A [22]. Changes in the polysaccharide coding genes may have considerable 

consequences for future vaccination strategies. Therefore, the effects of vaccination on the 
composition of pneumococcal population should be closely monitored. 
To monitor alterations in the pneumococcal population, both serotyping and genotyping 
methods are required. In a previously performed study we used capsular sequence typing 
(CST) and multiple-locus variable number tandem repeat analysis (MLVA) to provide a 

snapshot of the pneumococcal population (n=1154) before the introduction of the vaccine in 
the Netherlands in 2006 [23,24]. In the study presented here, we applied these techniques to 
a pneumococcal population (n=1190) isolated in 2008-2009, 3 years after the introduction of 

PCV? in the Netherlands and compared the outcome with the previous study [23]. Overall, this 
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study provides insights into the effect of the vaccination on the pneumococcal population in 
the Netherlands. 

Materials and methods 

Isolates 

Pneumococcal isolates were obtained from blood or cerebrospinal fluid (CSF) of patients with 
invasive pneumococcal disease and collected by the Netherlands Reference Laboratory for 
Bacterial Meningitis (NLRBM, Amsterdam, the Netherlands). The characteristics of the patients 
and isolates used for molecular analysis are provided in Table 1. The pneumococcal strains 
were isolated by 9 large medical microbiology laboratories referred to as sentinel laboratories 
and represent approximately 25% of all cases with invasive pneumococcal disease in the 
Netherlands. Extrapolating the data of cases from the sentinel laboratories provided information 
on the serotype specific incidence of IPD in the Netherlands as a whole. Serotyping was 
performed at the NLRBM using the Quellung reaction as previously described [25, 26]. For 
molecular analyses bacteria were grown in 1 ml brain heart infusion broth with 0.5% yeast
extract overnight at 37°C and 5% CO2. Of each culture 500 µI was heated for 10 min at 95°C 
and these lysates were either used directly or stored at -20°C until use. 

Molecular analysis 

Capsular sequence typing (CST) was performed as described in detail by Elberse et al. [23]. 
Briefly, a PCR was used yielding a 506 base pairs segment of the regulatory wzh gene in the 
capsular gene locus. PCR products were sequenced and the sequence was subsequently 
compared with a table of wzh sequences to assign a capsular sequence type (CT). Multiple
locus variable number of tandem repeat analysis (MLVA) was performed as described in detail 
by Elberse and Nunes et al. [24]. Briefly, 8 VNTR loci were amplified in 2 multiplex PCRs in 
which one of the primers of each primer pair carried a distinct fluorescent label. The PCR 
products were mixed with a fluorescently labeled size standard and sized on an automated 
DNA sequencer. Alleles and MLVA types were assigned after comparing the MLVA profile with 
a MLVA databank (www.MLVA.net). 

Data analysis 
Data analysis and clustering of CST and MLVA results were performed using Bionumerics 
version 6.5 (Applied Maths, Sint-Martens-Latem, Belgium). Statistical significance of observed 
differences was calculated using the Fisher exact test (Graphpad prism 5, Graphpad Software 
Inc., La Jolla, CA, USA). A p-value of <0.05 was considered statistically significant. 
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Table 1. Characteristics of the isolates used for genotyping from 2004-2005 (pre) and 2008-2009 (post). 
2004-2005 2008-2009 

Blood CSF Total Blood CSF Total 
Age of patients 

0-1 yr 30 22 52 0-1 yr 11 6 17 co 
1 -4 yr 35 13 48 1-4 yr 23 2 25 I,... 

Q) 

5-9 yr 9 2 11 5-9 yr 5 3 8 C 
0 

:.;:::; 
10-1 4 yr 7 0 7 10-14 yr 6 2 8 co 

C 

15-19 yr 1 0  1 11 15-19 yr 7 0 7 ·c::; 
co 

20-29 yr 2 1  2 23 20-29 yr 23 3 26 > 
+-' 
Cf) 

30-39 yr 56 3 59 30-39 yr 85 10 95 0 
0. 

40-49 yr 72 6 78 40-49 yr 72 1 3  85 Cf) 
:::, 

50-64 yr 203 35 238 50-64 yr 242 30 272 Cf) 

Q) 

65-79 yr 391 32 423 65-79 yr 374 21 395 > 
Q) 

80+ yr 200 4 204 80+ yr 249 3 252 I,... 
0. 

Gender of patients Q) 
£ 

female 472 60 532 female 517 47 564 C 

male 541 male 537 44 581 Q) 59 600 I,... 
:::, 

unknown 21 22 unknown 43 2 45 0 
:::, 
I,... 

Isolation year +-' 
Cf) 

C 
2004 492 69 561 2008 541 43 584 0 

2005 542 51 593 2009 556 50 606 � 
:::, 

Total 1034 1 20 1154 Total 1097 93 1 1 90 0. 
0 a.. 

6 
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Results 

Invasive pneumococcal disease incidence decl ined in children after introduction of 
PCV7. After introduction of PCV7 in the NIP in the Netherlands the IPD incidence caused by 
all serotypes in children aged <5 years decreased from 26.4 cases per 100,000 in 2005 to 
12.5 cases per 100,000 in 2010. A slight increase was observed in 2007 and 2010 (Fig. 1A). 
The I PD incidence caused by the PCV7 serotypes decreased in children aged <5 years from 
19.4 cases per 100,000 in 2005 to no IPD cases in 2010. The IPD incidence caused by the 
serotypes 1, 3, 5, 6A, 7F and 19A (PCV13 minus PCV7) increased from 2006 onwards, from 
2.6 to 8.1 cases per 100,000 in 2010. However the annual number of cases was small resulting 
in considerable fluctuations that may not reflect vaccination effects. 
IPD incidence caused by the PCV7 serotypes in individuals of 5 years and older also declined 
from 2007 onwards (from 7.5 to 2.6 cases per 100,000) (Fig. 1B) indicating a herd immunity 
effect. The IPD incidence of the 6 additional serotypes covered by PCV13 increased in this 
age group from 5.0 in 2004 to 6.1 cases per 100,000 in 2010. The overall IPD incidence in 
individuals aged 2!5 years remained constant (approximately 15.5 cases per 100,000) over the 
7 years period. This indicates that the increase in IPD caused by non-vaccine serotypes has 
nullified the herd immunity effects of PCV7 vaccination. 
IPD incidence caused by vaccine serotypes decreased in children after introduction of PCV7. 
The incidences of IPD caused by vaccine serotypes 14 and 68 were amongst the highest in 
children aged <5 years before the introduction of PCV7, but there were no I PD cases detected 

in 2008-2009 for these serotypes (Fig. 2A and Table 2). After vaccine introduction, there were 
6 IPD cases in children caused by the vaccine-serotypes. Five of these cases were vaccine 
failures, of which 2 were caused by serotype 18C, 2 by serotype 19F and a single case by 
serotype 9V. In the age group of 2!5-50 years, the I PD incidence caused by the PCV7 serotypes 
after vaccine implementation declined for all vaccine serotypes with the exception of serotype 

A. <5 years of age 
30 

25 

g 20 
Q) � 
� 1 5  
0 
- 1 0  

0 

-- All 

-- PCV7 
- PCV 1 3  minus PCV7 
-- Non-vaccine 

2004 2005 2006 2007 2008 2009 201 0  

B.  � 5  years o f  age 
30 

25 

5 

0 

2004 2005 2006 2007 2008 2009 201 0 

Fig. 1. IPD incidence from 2004 until 201 0. The data are presented for children <5 years of age (Fig.1 A) 
and individuals �5 years of age (Fig. 1 B) (this figure is available in color in the appendix). 
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Fig. 2. I PD incidence of serotypes covered by PCV? and serotype 1, 19A and 22F. The data are pre
sented for children <5 years of age (Fig. 2A), individuals .::5 - <50 years of age (Fig. 2B) and .::50 year 
of age (Fig. 2C). 

Table 2. Number of IPD cases in 2004-2005 (pre) and 2008-2009 (post) . 
<5 years of age .::5 - 50 years of age +50 years of age 

Serotypes pre post Fisher pre post Fisher pre post Fisher 
PCV? 14 26 0 0.001 15 14 147 81 0. 001 

6B 15 0 0. 006 3 23 41 0. 041  
9V 7 2 15 13 68 56 

18C 6 2 6 7 18 26 

23F 6 0 8 6 62 26 0.001 
4 4 0 16 14 87 47 0.001 

19F 4 2 5 3 31 19 
other 2 5 0.029 41 54 53 73 

19A 7 4 2 11 0. 022 33 50 
22F 0 3 0. 028 5 6 20 44 0.005 

Only the statistically significant values (p < 0.05) are displayed. 
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Fig. 3. I PD incidence from 2004 until 201 0 of serotype 1 ,  4, 1 9A and 22F. The data are presented for 
individuals 2!:5 years of age (this figure is available in color in the appendix). 

cases (Fig. 2B and Table 2). In the age group of �50 years, the number of IPD cases caused by 
serotype 4, 14 and 23F significantly decreased and the number of cases caused by serotype 
18C which increased from 6 to 7 6B significantly increased (Fig. 2C). 

IPD incidence caused by non-vaccine serotypes 1 and 22F increased in chi ldren. 
For the non-PCV? serotypes, IPD cases caused by serotypes 1 and 22F increased significantly 
3 years after vaccine implementation in children aged <5 years (Fig. 2A and Table 2). The 
serotype 19A IPD incidence in that age cohort declined in that period, although the decline 
was not statistically significant. Remarkable was the high incidence of serotype 1 in this age 
group. In the age group of �50 years the IPD incidences were overall much higher than in the 
age group of �5-50 years (Fig. 2B and 2C and Table 2). The incidences of serotype 1 and 19A 
in the age group of �50 years increased, but not statistically significant. In this age group the 
number of cases from serotype 22F significantly increased. Significant increases in IPD cases 
caused by non-vaccine serotypes 8 (from 75 to 101 cases) and 9N (from 20 to 39 cases) in this 
age cohort were also observed (not depicted). 

Fig. 4 (right page). Minimum spanning tree of the results obtained by MLVA of pre- and post-vaccine 
pneumococcal populations. The minimum spanning tree is based on the entire MLVA database (n=3592) 
with only the results from 2004-2005 (Fig. 4A) and 2008-2009 (Fig. 4B) plotted within. The circles indi
cate the types and the size of the circles indicate the number of isolates. Lines linking two types denote 
a single locus difference between those types. The colors of the circles indicate the serotype of the 
isolates and complexes were indicated by grey halos (this figure is available in color in the appendix). 

118 



...Jt,. 
...Jt,. 

(0 

2004-2005 

n=1 1 54 
� 5 yr 00 

1 2F 

2008-2009 

n=1 1 90 
� 5 yr 

1------- 23F ------23F 

\ 1 2F 
\ 
0 

m Population structure in the pre- versus post-vaccination era 



TThe IPD incidences for serotypes 1, 4, 19A and 22F in the age group of �5 years are illustrated 
separately by year from 2004 until 2010 (Fig. 3). In 2010 there was a marked increase in 
serotype 19A I PD incidence (from 0.8 to 1.4 cases per 100,000). Although serotype 1 I PD 
incidence seemed to increase in this time period (Fig. 2), this apparent increase was mainly 
due to a dip in IPD incidence in 2005 and 2006. Incidence of IPD caused by serotype 19A and 
22F are steadily increasing in these years. From 2007 onwards IPD incidence for serotype 4 
declined. 

The composition of the pneumococcal population before and after the introduction of 

PCV7 
The genetic background of the pneumococcal strains isolated in 2004-2005 and after 
implementation of PCV7 in June 2006 in 2008-2009 was compared using MLVA for strains 
isolated from patients �5 years of age allowing the detection of herd immunity effects (Fig. 

4). For this reason and because the number of cases in the age group <5 years was small, 
strains isolated from this age group were not depicted in the snapshot. Serotype 23F isolates 
were divided in several MLVA complexes. Remarkably, a single branch present in the 2004-
2005 minimum spanning tree (encircled) nearly completely disappeared in 2008-2009. An 
MLVA complex consisting of serotype 12F isolates (encircled) decreased in 2008-2009 and 
another MLVA complex, that comprised only serotype 6A isolates in 2004-2005, increased 
because 4 serotype 12F strains isolated in 2008-2009 were added (encircled). Serotype 1 
isolates were divided into 2 MLVA complexes. The number of isolates within one of these 2 
MLVA complexes decreased, while the other MLVA complex increased. Serotype 22F isolates 
yielded MLVA types within a single MLVA complex, which increased in size in 2008-2009. 
Although there was an increase in the number of 19A isolates in 2008-2009, no obvious shifts 
were observed in the genotypes of these isolates compared with 2004-2005. The number of 
isolates belonging to serotype 4 decreased after vaccine implementation, but no marked shifts 
in genetic background were observed. 

Temporal shifts in the genetic background of serotype 1 and 22F pneumococci 
We investigated whether the increase of serotypes 1 and 22F was accompanied by a change 
in distribution of genotypes within these serotypes. For this purpose isolates of these non

vaccine serotypes collected over a 9-year time period (2001-2009) were genotyped. Serotype 
4 isolates were also included, because this is a vaccine serotype that consisted of 2 large 
MLVA complexes and the numbers of IPD cases were similar in the investigated years. Only 
data from patients �5 years of age were used because the number of cases in the age group 
<5 years was small and possible vaccine effects in vaccine serotype 4 and not in non-vaccine 
serotypes 1 and 22F within this age cohort might have distorted the result of the analysis. 

The MLVA types of serotype 1 isolates were distributed over 2 large MLVA complexes. One 
serotype 1 MLVA complex increased within these 9 years, while the number of isolates within 
the other MLVA complex declined first but remained constant from 2004 onwards (Fig. 5A). 
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Fig. 5. Minimum spanning tree of the results obtained by MLVA of serotype 1 ,  22F and 4 isolates in 
the years 2001 -2009. The MLVA data of 3 years combined for each serotype are displayed in a single 
panel. Data are presented for individuals .::5 years of age. The ratios between the MLVA complexes for 
serotype 1 and 4 are provided in each panel and for serotype 22F the ratios between the MLVA types 
that are divided by the arrows. For symbols and lines see Figure 4. 
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-The ratio between the 2 MLVA complexes increased from 1 :1.4 to 1 :6.0. The serotype 22F 
isolates belonged to a single MLVA complex (Fig. 5B) but there were temporal shifts within this 
complex during the investigated 9 years. The ratio of number of isolates from one branch with 
the other branch shifted markedly (ratios from 1 :0.7 to 1 :3.8) with a considerable expansion 
of MT325 (from 1 to 24 cases). A switch between the 2 large MLVA complexes of serotype 
4 isolates could be observed in increasing years towards the smaller complex, although the 
differences were very small (Fig. 5C). 

Molecular typing reveals possible capsular gene switching events 
In 2004-2005, 4 isolates expressed a serotype 19F capsule and this was confirmed by CST 

(Table 3). However, MLVA showed a genetic background that is normally associated with 
other serotypes. This may indicate that these isolates have been involved in capsular switch 
events. Remarkably, in 2008-2009 there were no capsular gene switching events that involved 
a serotype 19F capsule. In the 2008-2009 collection, 2 serotype 14 isolates yielded a genetic 
background found mainly in serotype 9V isolates. A single serotype 11A isolate was typed 
by MLVA as MT32 and this MLVA type was previously found only in serotype 33F isolates in 
our collection. Remarkably, for a single isolate that was serotyped 15B, capsular sequence 
typing suggested this was a serotype 22F isolate (CT22F-01) and the MLVA revealed a genetic 

background associated with serotype 19A isolates. 

Table 3. Capsular gene switching events. 
serotype CT MT (n) MT associated with serotype (n/m) 

2004-2005 1 9F 1 9 F-01 31 9 23F (7/8) 
1 9F 1 9F-02 444 24F (5/7) 
1 9F 1 9F-02 626 1 4  (3/4) 
1 9F 1 9F-02 773 9V (4/6) 

2008-2009 1 1 A 11A-01 32 33F ( 14/1 5) 
7F 7F-01 670 1 4  (91 /93) 
1 5B 22F-01 67 1 9A (40/44) 
14 1 1 4-01 790 9V (1 42/1 49) 

1 found twice in this study. 
n, number of isolates with this serotype and MT; m, total number of isolates with this MT. 
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Discussion 

The aim of this study was to investigate possible effects of the implementation of PCV7 in the 
Netherlands on the composition of the pneumococcal population that causes IPD. The IPD 
incidences caused by vaccine serotypes in children aged <5 years decreased resulting in no 
vaccine serotype IPD cases in 2010. This resulted in an overall decrease in IPD incidence 

for all serotypes in this age group. The IPD incidence in individuals �5 years of age remained 
constant because the herd immunity effects were nullified by the increase of cases caused 
by non-vaccine types. In general the composition of the pneumococcal population remained 
similar after the introduction of PCV7, although shifts in the genetic background of non-vaccine 
serotype 1 and 22F were observed during the period from 2001 until 2009. Possible horizontally 
transfer of the capsular gene locus to a different genetic background was observed before and 
after the implementation of PCV7, but remarkably the capsular switches in the pre-vaccination 
period were only associated with serotype 19F capsules. 
The herd immunity effects that we observed in the age group �5 years of age in the Netherlands, 
were also reported in other countries including the USA [15, 16, 17, 18, 19]. However, in the USA, 
IPD caused by serotype 19A in this age group increased considerably [11,12,13,14,27]. Such 

a clear increase of 19A I PD cases was not seen in the Netherlands in the study period 2008-

2009, but in 2010 the number of cases of IPD caused by serotype 19A clearly increased. Until 
now, herd immunity effects in the Netherlands were not yet described. However, a previous 
report used data collected within the 2 year period after the introduction of PCV7 in the NIP 
[20]. In our study data were analyzed from strains isolated 3 years (2008-2009) after the 
introduction of PCV7 in the NIP. 

The I PD cases caused by vaccine serotypes were replaced by non-vaccine serotypes between 
2004-2005 and 2008-2009, for example by non-vaccine serotypes 1 and 22F. It is unclear 
whether the increase in non-vaccine serotypes is caused by the selective pressure of the 
vaccine, because temporal differences in the IPD incidence caused by certain serotypes were 
also observed in other studies before the pneumococcal conjugate vaccine era [28,29,30]. For 

example, in Spain, there were fluctuations in IPD incidence caused by serotypes 1, 4, 5 6B, 
7F and 14 within the last 30 years [28]. In the UK, significant temporal changes were found 
for serotype 1, 8, 12F, and 14 in the period between 1996 and 2005 [29]. In Denmark, a study, 

using strains collected during a period of 7 decades, showed fluctuations in the incidence of 
IPD cases with an increase in IPD incidence in 1980 and 1990. Also possible outbreaks of 
infections caused by serotype 1 were observed in this study in 3 time slots [30]. 
In the study presented here, a few minor shifts in genetic background for a serotype were 
observed, e.g. for serotypes 12F and 23F, but in general the snapshot of the composition of 
the pneumococcal population remained similar after the introduction of PCV7. Beall et al. [31], 

who compared the clonal composition of the pneumococcal population in the USA before and 
directly after the implementation of PCV7 in 2000, also concluded that the clonal composition 
remained relative stable. Some minor changes in the composition were found, for example 
clonal complexes in serotype 19A isolates which were not associated with serotype 19A before. 
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In a study by Lipsitch et al. the pneumococcal clonal composition in a population vaccinated 

with PCV7 was compared with the clonal composition in a population vaccinated with the 
Neisseria meningitidis group C conjugate vaccine [32]. No differences in genetic background 
of the pneumococci collected in both cohorts were observed. Therefore, they suggested that 
the effect of the vaccine can be predicted only on the serotype of the isolate and not on the 
genetic background. A possible drawback of these studies is that the strains were isolated 

within a single year after the introduction of the vaccination. Therefore, there may not have 
been sufficient time for the vaccine induced selective pressure to select for variants in the 
pneumococcal population. 
In our study, we observed temporal shifts between 2001 and 2009 in the genetic background 
in non-vaccine serotype 1 and 22F. The number of isolates of 2001 until 2003 might be slightly 

underestimated because the collection of isolates from blood was introduced on a regular 
basis in 2004, but the impact of the few absent isolates on the temporal shifts will be limited. If 

shifts in the composition of the pneumococcal population are observed, it remains to be seen 
whether these shifts are caused by the selective vaccine pressure. In Brazil, temporal changes 
in time in genetic background of isolates of serotype 1 were previously observed. Two major 
serotype 1 PFGE lineages were identified: type A and B. In the period 1 977-1989 type B was 
predominant and after 1990 type A increased. Type A was significantly more associated with 
the occurrence of pneumonia and with patients younger than 10 years of age [33]. Our data 
showed an increase in cases caused by serotype 22F and a shift in the genetic background 

within serotype 22F. The increase in IPD caused by serotype 22F after the introduction of 
PCV7 is not limited to the Netherlands [11 ,34]. However, the shift in genetic background was 
to our knowledge not yet described. The increase of serotype 22F poses a risk, because 
the currently licensed conjugate vaccines do not cover this serotype. A new experimental 

15-valent conjugate vaccine (PCV-15, Merck, West Point, PA) was recently tested in infant 
rhesus monkeys and includes serotype 22F (presented at ISPPD-7, Tel Aviv). Vaccines that 
contain the emerging serotypes may become important in preventing IPD in the near future. 
In the pneumococcal collection used for this study, there were 9 cases of possible capsule 
switch. Our data suggest a capsule switch of a serotype 14 (CT1 4-01) isolate with an MLVA 
type that is normally associated with serotype 9V. We know that this MLVA type is consistently 
found in isolates with the MLST type ST162 [24] that is frequently associated with capsular 
switch events [35,36]. In the pre-vaccination era we found 4 instances of capsule switch with 
a serotype 1 9F capsule. However, after the implementation of the vaccine no switches were 

observed associated with this serotype, possibly due to the vaccine induced selective pressure 
against serotype 19F. We found a single isolate with ambiguous genotyping results. This isolate 
was serotyped as 15B, genotyped as CT22F-01 (serotype 22F) and had a genetic background 
that was normally associated with serotype 1 9A. This particular genetic background, MT67 

belonged to an MLVA complex including isolates belonging to serotype 1 5B. CT22F-01 is not 
related to capsular sequence types found in serotype 15B isolates and the wzh sequence 
used for CST showed considerable difference between CT22F and CT15B. This isolate 

may have been subject to several recombination events in which capsular genes involved in 
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the biosynthesis of the polysaccharides and regulation thereof may have been horizontally 
transferred. 

A notable finding was the decrease in serotype 19A in children <5 years of age after the 
implementation of the vaccine, but in individuals �5 year of age the serotype 19A cases 
increased. In a previous study, we assigned 3 different capsular subtypes to serotype 19A 
isolates based on differences in the sequence of the capsular gene loci, capsular subtypes 
19A-I, 19A-II  and 19A-III. Remarkably, there was a considerable increase in a single serotype 
19A capsular subtype, 19A-II, after the introduction of PCV7 (Elberse et al. PLoS ONE). The 
changes in the sequence of the capsular gene locus may result in altered polysaccharides or in 
strains that produce more capsular polysaccharides. This capsular subtype might fill the niche 
of the vaccine serotypes and therefore the distribution of the capsular subtypes of serotype 

19A should be closely monitored. 
In summary, the IPD incidence in children <5 years of age declined due to the vaccine serotypes. 
In the age group �5 years herd immunity effects could be observed, but also an increase of the 

non-vaccine type and therefore the overall I PD incidence remained constant. The differences 
found in the genetic background of the isolates from the pre-compared with post-vaccination era 

were small, although shifts in the genetic background of isolates from non-vaccine serotypes 1 
and 22F were observed during the last 9 years. In the pre-vaccination period the serotype 19F 
capsular locus had been possibly horizontally transferred to a different genetic background in 

four isolates. None of the 5 post-vaccination isolates in which we observed possible capsule 
switch belonged to the 19F serotype, possibly due to vaccine induced pressure. 
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Abstract 

The main virulence factor of Streptococcus pneumoniae is the capsule. The polysaccharides 
comprising this capsule are encoded by approximately 15 genes and differences in these 
genes result in different serotypes. The aim of this study was to investigate the sequence 
diversity of the capsular genes of serotypes 6A, 6B, 6C, 19A and 19F and to explore a possible 
effect of vaccination on variation and distribution of these serotypes in the Netherlands. The 
complete capsular gene locus was sequenced for 25 serogroup 6 and for 20 serogroup 19 
isolates. If one or more genes varied in 10 or more base pairs from the reference sequence, 
it was designated as a capsular subtype. Allele-specific PCRs and specific gene sequencing 
of highly variable capsular genes were performed on 184 serogroup 6 and 195 serogroup 19 

isolates to identify capsular subtypes. This revealed the presence of 6, 3 and a single capsular 
subtype within serotypes 6A, 6B and 6C, respectively. The serotype 19A and 19F isolates 
comprised 3 and 4 capsular subtypes, respectively. For serogroup 6, the genetic background, 
as determined by multi locus sequence typing (MLST) and multiple- locus variable number 
of tandem repeat analysis (MLVA), seemed to be closely related to the capsular subtypes, 
but this was less pronounced for serogroup 19 isolates. The data also suggest shifts in the 
occurrence of capsular subtypes within serotype 6A and 19A after introduction of the 7-valent 
pneumococcal vaccine. The shifts within these non-vaccine serotypes might indicate that 
these capsular subtypes are filling the niche of the vaccine serotypes. In conclusion, there is 
considerable DNA sequence variation of the capsular genes within pneumococcal serogroup 
6 and 19. Such changes may result in altered polysaccharides or in strains that produce more 
capsular polysaccharides. Consequently, these altered capsules may be less sensitive for 
vaccine induced immunity. 

1 30 



Introduction 

Streptococcus pneumoniae, the pneumococcus, is responsible for infections such as 
meningitis, pneumonia and otitis media. The main virulence factor of the pneumococcus 
is its polysaccharide capsule. It protects the bacteria against phagocytosis and plays an 
important role in colonization of the upper airways [1]. Based on the reaction of the capsule 
polysaccharides with antisera, over 90 serotypes are recognized [2-4]. The sugars of the 
polysaccharides and the linkage between these sugars differ for each of the serotypes. The 
genes encoding the polysaccharides are located within the capsular gene locus and have a 
similar arrangement in most serotypes. The locus is positioned between the genes dexB and 
aliA [5, 6]. At the 5' end, next to dexB, the genes for regulation and translocation are located. 
These genes, designated wzg, wzh, wzd and wze, are relatively conserved in all serotypes [7]. 
The genes involved in the synthesis of the polysaccharide and encoding glycosyltransferases, 
flippases and polymerases are located downstream of the regulatory genes. The wzx encodes 
flippase which is responsible for the transport of the sugars across the cytoplasmic membrane. 
Wzy codes for the polymerase-activity responsible for the synthesis of the polysaccharides 

in the so-called wzy-dependent pathway [8, 9]. Virtually all different polysaccharides are 
synthesized by this pathway except serotype 3 and 37 polysaccharides which are synthesized 
by the synthase-dependent pathway, using the synthase-encoding gene tts which is located 
elsewhere on the chromosome [6, 10]. 
For some serotypes the sequence of the capsular locus was already available [5, 6, 11, 12] 
but in 2006 the sequences of the capsular locus for the known 90 serotypes were published 

simultaneously [7]. Recently, new serotypes were recognized based on the DNA sequence of 
the genes in the capsular locus, for example serotype 6D [2]. Nowadays, serogroup 6 consists 
of serotype 6A, 6B, 6C and 6D. The difference between serotype 6A and 6B is claimed to be 
based on only a single nucleotide in wciP [13]. Two other polymorphisms in wciP have been 
found to be associated with serotype 6A or 6B, but there is uncertainty whether they are 
serotype specific [14, 15]. The polysaccharides from serotype 6A and 6B isolates differ in the 
way rhamnose is linked to ribitol. The capsular locus of serotype 6C is similar to serotype 6A, 
except for wciN which is altered and is 200 base pairs shorter in serotype 6C than in serotype 
6A [4]. The glucose in serotype 6A polysaccharide is substituted by galactose in serotype 6C 
[16]. The capsular locus of serotype 6D is similar to that of serotype 6B but it contains the same 
altered wciN gene found in serotype 6C [2]. 
The capsular gene loci of serogroup 19 were among the first to be fully investigated [17]. The 

capsular genes of serotype 19F are quite similar to those of 19A and also serotype 19B and 
1 9C have quite similar capsular genes. The differences between serotype 19A and 19F in the 
polysaccharides is based on the linkage between trisaccharides and wzy is thought to account 

for this difference in linkage [17, 18]. The serotypes 19B and 19C contain an additional side 
chain compared to serotypes 19A and 19F and have additional genes encoding these side 
chains [17]. 
In a study to assess the pneumococcal population in the pre-vaccination era in the Netherlands, 
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capsular sequence typing (CST) revealed discrepancies between the phenotypic and genotypic 
serotyping within serogroup 6 [19]. CST is a molecular typing method to assess the serotype 
of a pneumococcal isolate and is based on a 506 base pairs sequence of the wzh gene. 
Serotype 6B and 19F are included in 7-valent pneumococcal conjugate vaccine (Pfizer Inc., 
Philadelphia, PA; PCV7), the vaccine that is currently used in the Netherlands. Epidemiological 
data show that serotype 19A is increasing in the USA [20] and also in the Netherlands after 
implementation of the vaccine in the national immunization program (unpublished data). This, 
in combination with the discrepancies found using CST between the phenotypic and genotypic 
serotyping within serogroup 6 prompted us to study these serotypes to gain insight in the 
sequence variation of the capsular loci within these serotypes and the role in vaccine induced 

immunity. 

Materials and Methods 

Isolates 
Pneumococcal isolates from blood or cerebrospinal fluid in 2004, 2005, 2008 and 2009 were 
from patients with invasive pneumococcal disease and collected by the Netherlands Reference 
Laboratory for Bacterial Meningitis (NLRBM, Amsterdam, the Netherlands). Serotyping was 
performed at the NLRBM using the Quellung reaction as previously described [21, 22]. For 
molecular analyses bacteria were grown in 1 ml brain heart infusion broth with 0.5% yeast
extract overnight at 37°C and 5% CO2. Of each culture 500 µI was heated for 1 O min at 95°C 

and these lysates were either used directly or stored at -20°C until use. 

For comparison of the number of isolates within capsular subtypes in the pre- and post-vaccine 
era, only the strains isolated by 9 large medical microbiology laboratories, referred to as the 
sentinel laboratories, were used. This pneumococcal collection represents approximately 25% 

of all cases from Dutch patients with invasive pneumococcal disease in the Netherlands that 
occurred in the years 2004-2005 and 2008-2009. 

Sequencing of the complete capsular gene loci 
The capsular loci of 25 isolates of serogroup 6 and 20 isolates of serogroup 19 were sequenced. 
Primer design was based on reference sequences [4, 7] and performed with Kodon 3.6 software 
(Applied Maths, Sint-Martens-Latem, Belgium). The PCR mixture of 20 µI contained Hotstartaq 
mix (Qiagen, Hilden, Germany), 10 µM of primer and 2 µI lysate diluted 1 :10 in sterile water. 
The PCR reaction was 15 min 96°C, 35 cycles of 30 sec 96 °C, 1 min 50°C and 3 min 72°C 
followed by 10 min 72°C and for products <1 kb the PCR reaction was the same except 1 min 
72°C instead of 3. PCR products were purified with Exosaplt (GE Healthcare Life Sciences, 
Chalfont St Giles, U .K.) according to manufacturer's protocol. One µI aliquots of the purified 
PCR products were used in the sequence reaction on an AB 3730 genetic analyzer using Big 

Dye Terminator technology (Life Technologies Corporation, Carlsbad, CA). The sequences of 
the complete capsular gene loci are deposited in Genbank (www.ncbi.nlm.nih.gov/Genbank) 
with the accession numbers JF911487-JF911531. 
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Screening for serogroup 6 and 19 capsular subtypes 
If one or more genes varied in 10 or more base pairs from the reference sequences published 
by Bentley et al. [7] and Park et al. [4], the isolate was designated as a capsular subtype. This 
threshold of 10 base pairs was arbitrarily chosen to allow for sufficient differences leading to 
amino acid substitutions. All serogroup 6 (n=184), serotype 19A and 19F isolates (n=195) in 
our collection were screened using allele-specific PCRs to identify the capsular subtypes. The 
allele-specific PCRs for serogroup 6 were created for the variable parts of wzy and rm/C, for 
serotype 19A for the variable parts of wzg, rm/C, rm/8 and rm/D and for serotype 19F for the 
variable parts of wzg, wze, wchA and rm/8. For serogroup 6, the variations within the wzg and 
rm/A genes were assessed by sequencing. 

Geno typing 
Multiple-locus variable number of tandem repeat analysis (MLVA) was performed as described 
in detail by Elberse and Nunes et al. [23]. Briefly, 8 variable number of tandem repeat loci were 
amplified in 2 multiplex PCRs in which one of the primers of each primer pair carried a distinct 
fluorescent label. The PCR products were mixed with a fluorescently labeled size standard 
(Life Technologies Corporation, Carlsbad, CA) and sized on an automated sequencer (AB 
3730 genetic analyzer). Multi locus sequence typing (MLST) was performed as previously 
described [24, 25]. 

Data Analysis 

Alignment of the sequences was performed with Kodon 3.6. Data analysis and clustering were 
performed using Bionumerics version 6.5 (Applied Maths, Sint-Martens-Latem, Belgium). 
Tables with the MLVA profiles were imported from the Genemarker software into Bionumerics 
and the profiles were clustered using a categorical similarity coefficient and displayed in a 
minimum spanning tree. In a minimum spanning tree circles indicate the types. The size of the 
circle indicates the number of isolates with that particular MLVA type. The lines linking 2 types 
in the tree denote variants that differ from each other in a single VNTR locus (single locus 

variants). For the minimum spanning trees all entries from the database were used (n=3592, 

database composition on December 20th, 2010) but only the serogroup 6 and 19 isolates were 
depicted. For assignment of MLVA complexes, the entire in-house MLVA database (available 
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at www.mlva.net) was interrogated and the MLVA types with a single entry were excluded from 7 
the complex assignment. MLVA types belonged to a MLVA complex if their profiles differed in 

only a single VNTR locus. MLVA complexes were assigned as such only if they contained at 
least 3 MLVA types and a minimum of 9 entries. The discriminatory ability of the MLVA was 
measured using the Simpson's index of diversity (SID) and 95% confidence intervals were 
calculated as proposed before [26, 27]. 

1 33 



Results 

Diversity in the capsular genes of serogroup 6 and 19 
The entire capsular locus of 11 serotype 6A isolates was sequenced and capsular subtypes 
were identified using the criterion of 10 or more nucleotide differences in one or more capsular 
genes from the reference sequence [4, 7]. Six distinct capsular 6A subtypes could be identified 
(Fig.1, designated 6A I-VI). Major differences were found in wzg and in the rhamnose-genes, 
rm/A, rm/C and rm/B. Two isolates had sequences identical to the reference isolate with the 
exception of a single nucleotide and were called capsular subtype 6A-IV. An additional 64 

serotype 6A isolates from our pneumococcal collection were screened by allele-specific PCRs 
and sequencing of the wzg and rm/C genes which led to another 6 new capsular subtypes 

(Table 1 ). The most frequently found capsular subtypes were 6A-I and 6A-II (23 and 22 isolates, 
respectively). The genes with the highest degree of sequence variation were wzg, rm/A and 
rm/B. The diversity index of serotype 6A capsular subtypes was 0.799 (0.747-0.850). 

The serotype 6B isolates appeared to comprise a more homogeneous group (diversity index: 
0.143 (0.046-0.240) than serotype 6A (Fig. 1 and Table 1 ). Ninety-three percent (87 of the 94 
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Fig. 1 .  Schematic overview of the capsular gene loci of serogroup 6 isolates. The sequences were 
compared with the reference sequences [4, 7]. If 10  or more base pairs differed in one or more genes, 
a new allele number was assigned to the gene. The various alleles are indicated with colors that differ 
from the dark blue colors used for the reference genes (this figure is available in color in the appendix). 
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serotype 6B isolates) of serotype 6B isolates within our collection belonged to capsular subtype 
6B-1. The main differences were found within the wzg gene and the rm/ genes. Remarkably, 
virtually all capsular genes in the 3 capsular subtype 6B-1 1 1  isolates within the collection differed 
to a large extent from those in the reference sequence and from the capsular genes of other 
serotype 6B capsular subtypes. Screening of the serotype 6B isolates with allele-specific 
PCRs and specific gene sequencing resulted in a single additional new capsular subtype only. 
Based on the allele-specific PCRs, capsular subtype 6A-III and 6B-1 were indistinguishable but 

according to the sequences of the entire capsular genes, there was a difference of 19 base 

pairs between the capsular subtypes. 
The sequences of the complete capsular locus of 3 serotype 6C isolates were identical. 
However, the rm/A and rmf B genes in these isolates differed from those of the reference 
sequence described by Park et al. [4]. The screening of the additional 12 serotype 6C isolates 
within the collection yielded a single new capsular subtype. No serotype 6D isolates were 
found in our collection. 

Table 1. Capsular subtypes within the serogroup 6. 
Sequencing (bp.)1 PCR1 

n Subtype wzg rm/A wzy rm/C 
Serotype 6A (n=75) 23 6A-I 4 (18) 3 (52) 

22 6A-II 5 (14) 2 (64) 2 
10 6A-III 1 (45) 1 (27) 1 

7 6A-IV 6 (01) 5 (00) 
4 6A-V 4 (18) 4 (16) 
1 6A-V I 5 (13) 2 (64) 2 2 
3 6A-V ll2 1 (53) 7 (65) 1 

6A-V lll2 5 (14) 1 (27) 2 
6A-IX2 5 (14) 4 (16) 2 
6A-X2 9 (18) 3 (52) 1 
6A-Xl2 5 (14) 1 (27) 2 
6A-Xll2 8 (16) 1 (27) 1 

Serotype 68 (n=94) 87 68-1 1 (53) 1 (30) 
3 68- 1 1  7 (17) 4 (40) 
3 68-1 1 1  3 (159) 6 (135) 3 3 

68-IV2 3 (159) 5 (52) 3 
Serotype 6C (n=15) 12 6C-I 2 (02) 2 (31) 23 

3 6C-ll2 2 (02) 3 (00) 23 
1 The various alleles are indicated with different numbers. Base pair difference compared to the refer 

ence sequences [4, 7] are indicated between brackets. 
2 Subtype identified by screening only. 
4 Differences between the serotype 6C and 6A wzy gene could not be detected with this PCR. 
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Parts of the rm/A and rm/C genes within serogroup 6 were found within all capsular subtypes, 
while other parts of the rm/A and rm/C genes were specific for a capsular subtype (Fig. 2). 
This may indicate that it is a possible recombination site within these genes. The sequence of 
wzg of serogroup 6 isolates can be divided into 3 classes. Capsular subtype 6B-III consists 
of a single wzg class. The remaining serogroup 6 capsular subtypes could be divided into 2 
wzg classes, with 33 base pairs that were specific for each class. It seemed that a hotspot for 
mutations was present from base pair position 951 - 1116 within this gene. For example, the 
sequence of wzg of capsular subtype 6A-III differed from the reference sequence in 45 base 

pairs, and 78% (35) of the different base pairs were found in the mutational hotspot. 
Within the sequenced capsular gene clusters of 10 serotype 19A isolates 3 capsular subtypes 

were identified (Fig. 3). Screening with allele-specific PCRs identified no new capsular subtypes 
within serotype 19A. Within our collection, 41, 38 and 35 isolates belonged to capsular subtypes 
19A-I, 19A-II and 19A-III, respectively. The main differences between the capsular subtypes 
were found in wzg, rm/C, rm/B and rm/D. The first 363 base pairs of rm/C of the 19A capsular 
subtypes were identical to the sequence of the reference 19F isolate (Fig. 2). Furthermore, the 
rm/D gene of 19A-I and 19A-I I appeared to be in the opposite orientation compared with the rm/ 
genes in all other sequenced capsular gene clusters.Within the 10 sequenced serotype 19F 
isolates 4 capsular subtypes were identified. One capsular subtype, 19F-I II, was rather similar 
to the reference sequence of Bentley et al. [7]. Screening by allele-specific PCR identified 44, 
26, 10 and a single isolate belonging to capsular subtypes 19F-I, 19F-II, 19F-III and 19F-IV, 
respectively, but no new capsular subtypes within this serotype. 

rm/A rm/C 

6A ref, 6A-IV ) "' I I 6A-V,6B-II ✓ 
6A-l l l,6B-I ✓ 

6A-l,6B ref,6C ref I I 
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6B-I 1 1  ) I 

1 9A ref 
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1 9F ref 

Fig. 2. Mosaic structure indicating possible horizontal transfer with in the rmlA and rmlC genes. Sche
matic overview of the rmlA and rmlC genes of serogroup 6 and 1 9. The various colors indicate similar 
sequences with in the genes (this figure is available in color in the appendix). 
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Amino acid substitutions in the central region of the capsular locus of serogroup 6 

capsular subtypes 
The amino acid substitutions caused by changes in the genes involved in synthesis and export 

of the polysaccharides for the serogroup 6 capsular subtypes are depicted in Fig. 4. Capsular 
subtype 6B-III was not included in this figure, because of the extensive differences. Also, the 

capsular loci of serotype 6C differed significantly from serotype 6A and 6B isolates in the wciN 
gene and therefore the wciN gene for serotype 6C was named wciN6C .  Within serotype 6A, 
capsular subtype 6A-I I had the most amino acid substitutions and capsular subtype 6A-IV 
had no substitutions compared with the reference sequence. In wchA most non-synonymous 
substitutions were found in capsular subtype 6A-I and 6A-V. 
In the wciN and wciP genes, a single non-synonymous substitution in 6A capsular subtypes 
was identified. The wzy genes of capsular subtypes 6A-II and 6A-VI each had a 10 nucleotides 
difference compared with the reference sequence resulting in 6 amino acid changes. 
Among the capsular subtypes of serotype 6B isolates only 4 non-synonymous substitutions 

were identified; one in wzy and 3 in wzx. Capsular subtype 6B-III was substantially different 
from the other capsular subtypes (Table 2). In all 6B-III genes involved in synthesis and export 
of the polysaccharides there were numerous non-synonymous substitutions. Most of these 
changes in amino acids were identified in wzy and wchA (29 amino acids), both caused by 34 
nucleotide mutations. The lowest number of changes was found in wciP, and comprised 12 
amino acid substitutions. 
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Fig. 3. Schematic overview of the capsular gene loci of serogroup 19 isolates. The sequences were 
compared with the reference sequences [7]. If 10 or more base pairs differed in one or more genes, a 
new allele number was assigned to the gene. The various alleles are indicated with colors that differ 
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color in the appendix). 
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Table 2. Nucleotide substitutions and amino acid changes in subtype 6B-I 1 1  compared with the 6B refer-
ence sequence. 

wchA wciN wciO wciP wzy wzx 

Synonymous substitutions 44 39 36 1 9  23 45 

Non-synonymous substitutions 34 48 33 1 2  34 30 

Number of amino acid substitutions 29 27 27 1 2  29 23 

Three non-synonymous substitutions in wciN were identified in the serotype 6C isolates 
compared with the 6C reference sequence (Fig. 4). Also in wciO, wciP and wzy, 1 to 2 non
synonymous substitutions were identified. In wzy, all serotype 6C isolates showed a deletion 
of 3 residues at position 152 to 154 compared to serotype 6A and 68 sequences (data not 

shown). 
In wciP, amino acids that distinguish serotype 6A from serotype 68 were found at position 192, 

195 and 254 (Table 3). The serotype 6C isolates were identical in these positions to serotype 
6A isolates. In a single serotype 6A isolate a non-synonymous substitution in position 192 was 
identified that was not consistent with the other serotype 6A  isolates. This isolate belonged to 
capsular subtype 6A-IX, the only isolate identified within this subtype. The genetic background 
of this isolate is related to isolates within the MLVA complex comprising 6A-II and 6C-I isolates. 

Table 3. Serotype specific important residues in the wciP gene of serogroup 6. 
Position amino acid 

serotype n 1 92 1 95 254 

6A 74 GCT (A) AGT {S) AGG (R) 

1 ACT (T) AGT (S) AGG (R) 

6B 92 TCT (S) MT (N) GGG (G) 

6C 1 5  GCT (A) AGT (S) AGG (R) 

Amino acid substitutions in the central region of the capsular loci of serogroup 19 
capsular subtypes 
The serogroup 19 isolates differed only in a few amino acid residues from the reference 
sequences (data not shown). In capsular subtype 19A-I a single non-synonymous substitution 
in wchA, wchP and wzy was identified. In the capsular subtypes 19A-I I and 19A-I I I there was a 
single non-synonymous substitution in wchA and in wzy, but the positions of the substitutions 
differed between both capsular subtypes. The wze gene of capsular subtype 19F-I I I was identical 
to the reference sequence but in capsular subtypes 19F-I, 19F-II and 19F-IV this gene was 2 
amino acids shorter. Furthermore, capsular subtype 19F-I and 19F-II had 3 non-synonymous 
substitutions and 19F-IV had 4 non-synonymous substitutions in this gene compared with the 
reference sequence. The wchA gene of capsular subtype 19F-II and 19F-IV differed in 24 non

synonymous amino acid substitutions from the reference sequence. A few non-synonymous 
substitutions were identified in wchO, wchP, wzy and wzx in all of the 19F capsular subtypes. 
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wchA wciN wciP wzy wzx 

31  1 43 1 75 280 52 77 1 28 70 1 07 1 78 220 250 403 89 369 370 388 
6A Reference T V C V s G M V T M s T G F M L s 
6A-I A y V s G T V T M s T G s M L s 
6A-II A V C V A G T I A A s s M L s 
6A-I I I  T V C VIA* s G T V T M s T G s M F s 
6A-IV T V C V s G M V T M s T G F M L s 
6A-V A I y V s E T V T M s T G s V L T 
6A-VI A V C V A G T I A A s s M L s 

wzy wzx wciN6C wciO wciP � 
67 89 369 388 22 1 81 226 23 1 50 1 26 254 

68 Reference A F M s 6C Reference F H G A L M 
68-1 V F M s 6C-I y N V p F M T 
68-1 1 A s V T 
shadowing, the amino acid d iffered from the reference 
* 1 isolates with V and 1 isolate with A. 

Fig. 4. Amino acid substitutions in the alleles of the serogroup 6 capsular subtypes. The non-synony-
mous amino acid substitutions in the central region of the capsular locus of the serotype 6A, 6B and 6C 
subtypes are provided compared with the reference sequences [4, 7]. Subtype 6B-1 1 1  was not included 
in this figure because of the extensive differences. Also, the capsular loci of serotype 6C differed signifi-
cantly from serotype 6A and 6B isolates in wciN and therefore the wciN for serotype 6C was depicted 
as wciN6C. 

Genetic background compared with capsular subtypes 
MLST and MLVA were performed on the isolates for which the capsular loci were completely 
sequenced. Both MLST and MLVA were performed because MLST is still considered the gold 

standard and MLVA can be easily performed on large scale. The correlation between MLST 
and capsular subtype was high for serogroup 6 subtypes, with some exceptions. The MLST 

profiles of the capsular subtype 6A-II isolates differed in a single locus (4 base pairs) from each 
other (Table 4 ). The MLVA profiles of these isolates were different in 3 loci, of which 2 loci could 
not be amplified, probably because of mutations in the primer sites and therefore the exact 
number of repeats is unknown. A single 6B-I isolate yielded a different MLVA type (MT 528 
versus MT 524) while the ST (ST 176) was identical to other 6B-I isolates (n=4 ). The 3 serotype 
6C isolates had the same ST but different MTs. 
Both the MLST and the MLVA of the serogroup 19 isolates were highly diverse (Table 4). In 
the 10 serotype 19A isolates assessed by MLST, 8 different STs were found and 9 different 

MTs. There was no correlation between capsular subtypes and MLST or MLVA, except for 
MT67 in the capsular subtype 19A-III isolates. Also, the genetic background for serotype 19F 
isolates was very different, yielding 10 different STs and 9 different MTs within the 19F isolates. 
There were 4 new STs within the serotype 19F isolates that were yet unknown in the MLST. 
net database. 
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Table 4. Sequence types and MLVA types of the capsular subtypes . 
0 

MLST MLVA (BOX loci) 
Serotype Subtype n ST aroe gdh gki recP spi xpt ddl MT 1 2 3 4 6 1 1  1 2  1 3  
6A 6A-I 2 681 2 5 9 1 6 1 9  14  578 4 3 1 2  5 2 1 1 5 

6A-I I 1 327 1 5 7 1 2  1 0  1 14  697 5 3 99 99 2 1 1 6 
6A-I I 1 321 8  1 5 7 1 2  1 0  1 8 742 6 3 5 3 2 1 1 6 
6A-I I I  2 207 1 0  8 30 5 6 1 9 667 5 3 2 4 1 99 3 1 
6A-IV 2 65 2 7 4 1 0  1 0  1 27 66 1 2 7 3 3 1 4 3 
6A-V 2 1 1 43 7 25 4 1 1 5  1 28 392 3 2 7 4 3 2 6 2 
6A-VI 1 327 1 5 7 1 2  1 0  1 1 4  691 5 3 1 2  99 2 1 1 6 

6B 6B-I 2 1 38 7 5 8 5 1 0  6 1 4  245 2 3 2 2 3 2 7 5 
6B-I 4 1 76 7 1 3  8 6 1 0  6 1 4  524 4 2 2 3 2 2 6 6 
6B-I 1 1 76 7 1 3  8 6 1 0  6 1 4  528 4 2 2 3 2 2 99 6 
6B- I I  1 497 7 25 4 2 48 20 28 406 3 2 1 2  4 0 1 7 2 
6B- I I  1 new1 7 25 9 4 48 20 8 403 3 2 9 4 3 1 7 2 
6B-1 1 I  1 new2 7 6 1 8 6 1 1 4  41 3 3 3 1 3 2 2 1 5 
6B-I 1 1  1 90 5 6 1 2 6 3 4 775 7 2 6 3 2 2 1 2 

6C 6C-I 1 1 692 1 5 7 1 2  1 7  1 58 1 4  651 5 2 1 1  99 2 1 1 7 
6C-I 1 1 692 1 5 7 1 2  1 7  1 58 1 4  870 5 3 99 3 2 1 1 6 
6C-I 1 1 692 1 5 7 1 2  1 7  1 58 1 4  653 5 2 1 2  3 2 1 1 6 



MLST 

Serotype Subtype n ST aroe gdh gki recP spi xpt ddl 
19A 19A-I 1 1521 1 0  43 4 1 6 4 8 

19A-I 1 193 8 1 0  2 16 1 26 1 
19A-I 1 416 1 13 14 4 17 51 14 
19A-I 1 423 1 5 4 12 5 3 8 
19A-I 1 199 8 13 14 4 17 4 14 
19A-I 1 1045 7 14 4 12 1 14 14 
19A-I 1 179 7 14 40 12 1 1 14 
19A-II 1 199 8 13 14 4 17 4 14 
19A-III 1 309 8 1 0  2 5 9 48 6 
19A-III 1 416 1 13 14 4 17 51 14 

19F 19F-I 1 3008 1 5 14 4 17 51 14 
19F-I 1 1045 7 14 40 12 1 1 14 
19F-I 1 200 8 13 14 4 1 4 14 
19F-I 1 new3 5 5 62 5 9 3 19 
19F-II 1 172 7 13 8 6 25 6 8 
19F-II 1 876 8 13 14 4 6 4 14 
19F-II 1 new4 1 0  8 30 35 9 1 9 
19F-III 1 news 2 27 2 4 9 6 31 
19F-1 1 I  1 new6 1 new 9 12 9 3 19 
19F-IV 1 199 8 13 14 4 17 4 14 

99, locus could not be amplified . 

-.J Genetic diversity with in capsu lar gene loci 

MLVA (BOX loci) 

MT 1 2 3 4 6 11 12 13 
69 1 2 7 4 2 2 5 5 
846 99 2 9 2 1 1 1 6 
68 1 2 7 4 2 2 5 3 
71 1 2 7 4 2 2 6 5 
535 4 2 6 1 1 99 2 
634 5 2 3 5 2 1 10 1 
450 3 3 8 6 3 2 3 3 
80 1 2 8 4 2 1 5 3 
67 1 2 7 4 2 1 5 3 
67 1 2 7 4 2 1 5 3 
296 2 3 10 99 2 2 9 
804 7 3 12 99 2 2 7 
295 2 3 10 99 2 2 7 
434 3 3 5 3 2 1 12 2 
68 1 2 7 4 2 2 5 3 
480 3 4 7 6 0 1 5 3 
555 4 2 16 3 2 1 9 5 
162 2 2 1 2 2 1 6 
1005 3 2 6 3 2 1 5 4 
68 1 2 7 4 2 2 5 3 
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MLVA of serogroup 6, n=183 

6B-1 

I 

Subtype (n) 
- 6A-I (23) 
c==] 6A-II (22) 
- 6A-1 1 1  ( 1 0) 
c=:] 6A-IV (7) 
- 6A-V (4) 
- 6A-VI ( 1 ) 
� 6B-1 (86) 
- 6B-11 (3) 
c==] 6B-1 1 1  (3) 

l- 6C-I (12)  
c==J identified by 

screenin 1 2  

6B-1 1 1  
0 €:>-

6A-� 
6B-1 1  ..._ 

4 -
� ::: 

Fig. 5. Relationship of the serogroup 6 capsular subtypes assessed by MLVA. Minimum spanning tree of 
the results obtained by MLVA for the 183 serogroup 6 isolates. Each colored circle indicates a genotype 
and the colors indicate the different capsular subtypes. Ellipses indicate capsular subtypes that have 
related MLVA profiles. The backbone of this minimum spanning tree is created using the entire MLVA 
database (n=3592) (December 20, 2010), with only the branches made visible. The grey halos indicate 
MLVA complexes (this figure is available in color in the appendix). 
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1 9A-I 

MLVA of serogroup 1 9, n=195 

/ 

_,.,. 
0 

Subtype (n) 

- 1 9A-I (41 )  
c=J 1 9A-II (38) 
- 1 9A-I I I  (35) 

- 1 9F-I (44) 
C=:] 1 9F-II (26) 
- 1 9F-I I I  (1 0) 
- 1 9F-IV ( 1 )  

�-
� 

....., 

Fig. 6. Relationship of the serogroup 19 capsular subtypes assessed by MLVA. Minimum spanning tree 
of the results obtained by MLVA for the 1 95 serotype 1 9A and 19F isolates. Each colored circle indicates 
a genotype and the colors indicate the different capsular subtypes. Ellipses indicate capsular subtypes 
that have related MLVA profiles. The backbone of this minimum spanning tree is created using the entire 
MLVA database (December 20, 201 0), with only the branches made visible. The grey halos indicate 
MLVA complexes (this figure is available in color in the appendix). 
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MLVA for all isolates 
MLVA was performed for all serogroup 6 and 19 isolates (Fig. 5 and 6, respectively). The 
isolates within capsular subtype 6A-II and the serotype 6C-I isolates were closely related 
based on MLVA and MLST. Remarkably, capsular subtype 6B-I separated into 2 large MLVA 
complexes. The MLVA types within the 2 subtype 6B-I MLVA complexes differed from each 
other in 4 or more loci. The sequence of the capsular genes of the 2 MLVA complexes within 
the capsular subtype 6B-I isolates differed mutually in only 2 base pairs, but this did not lead 
to amino acid changes. 
Despite the high degree of genotypic diversity as assessed by MLST and MLVA 52% of the 
serotype 19A isolates belonged to a single MLVA complex. The majority (84%) of the capsular 
subtype 19A-II isolates belonged to this complex. The capsular subtypes 19A-I and 19A-I I I 

were more diverse, because only 24% and 43% of these capsular subtypes belonged to that 
single complex, respectively. The MLVA of the serotype 19F isolates revealed a higher degree 
of diversity than the MLVA of 19A isolates. Of the 70 MLVA types found within the serotype 
19F isolates, only 7 MLVA types were shared by 2 or more 19F isolates. The other 63 MLVA 
types included only a single serotype 19F isolate. Within the 19F-I capsular subtype 56% of 
the isolates were single locus variants of each other and clearly formed a group. However, this 
group did not meet the criteria to form a MLVA complex. Within the 19F-II capsular subtype, 
46% of the isolates were genetically related based on MLVA. Other 19F isolates were scattered 

throughout the MLVA minimum spanning tree. 

Distribution of capsular subtypes before and after the introduction of the vaccine 
In June 2006 PCV? was introduced in the Netherlands. Shifts in capsular subtypes within 
serotypes after the introduction of the vaccine were observed (Table 5), although numbers were 
small. The number of cases caused by capsular subtype 6A-III had decreased from 7 cases in 
2004-2005 to 1 case in 2008-2009. Also a decrease in capsular subtype 6C-I and an increase 
in capsular subtype 6C-I I  was observed. Remarkably, capsular subtype 19A-I accounted for 
41 % of the serotype 19A isolates in our collection in the pre-vaccination period and only for 
24% in the post-vaccination period. In contrast, capsular subtype 19A-II increased within the 
post-vaccination period from 27% to 44%. Although these findings are noteworthy, the shifts 
are not statistically significant. Based on MLVA, there were 4 MLVA groups of serotype 19 
isolates. The largest group contained isolates of capsular subtypes 19A-I, 19A-II and 19A-III. 
The capsular subtype 19A-I isolates, isolated after the introduction of the vaccine, were not 
present in this predominant serotype 19A MLVA complex, but were found throughout the MLVA 
minimum spanning tree and within the other 3 serotype 19A MLVA groups. The number of 
vaccine serotype 19F isolates significantly decreased after the introduction of the vaccine, in 

contrast with the isolates belonging to vaccine serotype 6B. 
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Table 5. Capsular subtypes of serogroup 6 and 19 in years pre-and post- vaccine introduction in the 
Netherlands. 

Total 2004-2005 2008-2009 
Subtype n n (%) n (%) p value1 

Serotype 6A 6A-I 18 9 (28) 9 (31) 1.000 
6A-II 18 11 (34) 7 (24) 0.414 
6A-III 8 7 (22) 1 (3) 0.055 
6A-IV 7 2 (6) 5 (17) 0.241 
6A-V 3 1 (3) 2 (7) 0.600 
6A-VI 1 1 (3) 0 (0) 1.000 
6A other 6 1 (3) 5 (17) 0.093 
Total 6A 61 32 (100) 29 (100) 0.697 

serotype 6B 6B-I 73 36 (92) 37 (93) 1.000 
6B-II 2 1 (3) 1 (3) 1.000 
6B-1 1 I  3 2 (5) 1 (3) 0.615 
6B other 0 (0) 1 (3) 1.000 
Total 6B 79 39 (100) 40 (100) 1.000 ·c3 

Serotype 6C 6C-I 12 8 (100) 4 (57) 0.077 ..Q 
Q) 

6C other 3 0 (0) 3 (43) 0.077 C 
Q) 

Total 6C 15 8 (100) 7 (100) 0.800 
Serotype 19A 19A-I 31 17 (41) 14 (24) 0.079 

19A-II 37 11 (27) 26 (44) 0.095 
l) 

19A-III 32 13 (32) 19 (32) 1.000 C 

Total 19A 100 41 (100) 59 (100) 0.102 
-� 

Serotype 19F 19F-I 39 26 (63) 13 (54) 0.601 .G' 
19F-II 18 11 (27) 7 (29) 1.000 ·u5 

Q) 

19F-III 7 3 (7) 4 (17) 0.409 .=:: 
19F-IV 1 (2) 0 (0) 1.000 l) 

Total 19F 65 41 (100) 24 (100) 0.033 Q) 
1 Fisher exact test, 2 sided, italic if statistically significant (p<0.05). (.9 

7 
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Discussion 

In this study we investigated the sequence diversity of the capsular gene loci within the 
serotypes belonging to serogroup 6 (serotypes 6A, 6B, 6C) and serogroup 19 (serotypes 19A 
and 19F) of isolates from the Netherlands. We observed considerable variations among the 
capsular genes within serotypes which enabled us to assign capsular subtypes based on the 
sequence of the entire capsular locus. The largest number of capsular subtypes was found 
among serotype 6A, but in serotype 6B the highest degree of sequence variation between 
capsular subtypes was found. Capsular subtype 6B-III differed to a large extend from the 
6B reference sequence and from the other 6B capsular subtypes. For both serogroup 6 and 
serogroup 19 most sequence diversity was found in wzg and the rm/ genes. Possible horizontal 
transfer of part of the genes was observed in rm/A and rm/C genes. Furthermore, in capsular 
subtype 19A-I and 19A-II, rm/0 was oriented in the opposite direction compared with the rest of 

the capsular loci. Remarkably, we observed a decline in a serotype 6A capsular subtype and a 
switch between the capsular subtypes of 19A just 2 years after the introduction of PCV7 in the 
Dutch national immunization program. 
The correlation between the genetic background as determined by MLVA and MLST and the 
capsular subtypes was high for serogroup 6. The isolates within a capsular subtype all had 
identical or closely related MLVA profiles. Only the isolates within capsular subtype 6B-I were 
separated into 2 MLVA complexes. Mavroidi et al. assigned cps profiles to the wciP, wzy and 
wzx genes of the serogroup 6 isolates based upon single nucleotide differences [13, 28]. MLST 
of these isolates showed considerable diversity and they found STs that included both serotype 
6A and 6B isolates. The serotype 6A and 6B isolates in our study did not show overlap in MLST 
or MLVA. We verified whether the capsular subtype assignment would be different if we would 
assign the capsular subtypes in this study based on a difference of only a single base pair in 
the wciP, wzy and wzx genes, but the capsular subtype division of our collection remained 
unaltered. A possible explanation for the difference between Mavroidi's results and ours may 
be the large diversity in source of isolation and geographic origin of the isolates of Mavroidi et 
al. whereas we used only pneumococcal isolates isolated from patients with invasive disease 
within the Netherlands. 
We identified 3 isolates of capsular subtype 6B-III in which the genes of the entire capsular 
locus differed by 943 base pairs (6%) from the serotype 6B reference sequence, resulting in 
282 (5%) amino acid changes. In the genes involved in biosynthesis, 397 (5%) base pairs 
differed from the reference sequence, resulting in 147 (6%) amino acids changes. BLAST 
results revealed that this sequence was similar to an unpublished Gen Bank entry (AF246897). 
Also, this sequence is similar to a sequence designated as a class 2 sequence of serotype 6B 
by Mavroidi et al. and a class 2 sequence contains almost always an INDEL in wciP and differs 
in 5.4% from the reference sequence in wciP, wzx and wzy [13, 28]. As virtually all capsular 

genes differ from other serotype 6B capsular subtypes, we believe that capsular subtype 6B-III 
may represent a different serotype that expresses a capsular polysaccharide which cross
reacts with the 6B specific antiserum. After serological and biochemical characterization has 
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confirmed the distinct nature of this variant it may well become 'serotype 6E'. 

Park et al. suggested that serotype 6C had evolved from a serotype 6A strain of which wciN 

was replaced by one of an unknown origin [4]. However, recently Bratcher et al. refined this 
theory and suggested that serotype 6C has evolved independently from serotype 6A. Serotype 
6C would have evolved by the recombination of a large DNA fragment including both wciN and 
wzy from a nasopharyngeal gene pool that has not yet been defined [28]. However, our data 
show that the MLST and MLVA profiles of capsular subtype 6A-II and 6C are closely related 
and this would support the theory of Park et al. that serotype 6C is a descendent of serotype 

6A. 
According to literature, the difference between the capsule produced by serotype 6A and 6B 
strains is caused by a single nucleotide substitution in wciP at amino acid residue 195 [13], 
which was found in more than 100 serotype 6A and 6B isolates. Another position in wciP, 
amino acid residue 192, is thought to differentiate also between serotype 6A and 6B, but the 
data were inconsistent [13, 14]. Recently, position 254 in wciP was also marked as a serotype 
specific residue [15]. However, this was tested in 5 isolates only and again the outcome was 
inconsistent. Therefore, Sheppard et al. proposed that these isolates express a dual serotype 
due to an incomplete serotype switch. In our study, we assessed the sequence of wciP in 75 
serotype 6A and 92 serotype 6B isolates and found that all 3 amino acid positions ( 192, 195 and 
254) were serotype specific, except for a single 6A isolate at position 192. The positions 195 and 

254 seemed to contain serotype 6A and 6B specific amino acids and therefore to distinguish 
serotype 6A from 6B, these 2 positions could be targeted for molecular identification. In this 
case, minimal sequence differences account for changes in polysaccharides and serotype. 
In our study, a threshold of 10 base pair difference in a gene is used to identify capsular 
subtypes. Smaller numbers of base pair differences are disregarded and thereby possibly 
relevant changes in the polysaccharides. However, clustering based on the sequences of the 
entire capsular loci of serogroup 6 and 19 isolates revealed the same subdivision compared to 

our threshold of 10 base pair difference in a gene. 
There was a large diversity between the wzg, rm/A and rm/B genes between the isolates 
belonging to serogroup 6. Possible sites for horizontal transfer were observed in the rm/A and 

rm/C genes. It seems that within rm/A, there has been frequent transfer of part of the genes 
between the serogroup 6 capsular subtypes resulting in a mosaic structure. It seemed that the 
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rm/ genes could be an important site for horizontal transfer, but we found no secondary mosaic 7 
site at the beginning of the capsular locus that could indicate the other recombination site 
required for transfer of the entire capsular gene locus. However, there is a mutational hotspot 
in wzg, but the capsular subtypes with the same mutations within wzg did not correspond with 
the capsular subtypes yielding the same rm/A and rm/C genes. Croucher et al. recognized that 

a serotype 6A capsular locus was inserted into a PMEN1 background. The sites for horizontal 
transfer were located in front of the capsular locus and within the rm/ genes [29]. Because 

we sequenced only the capsular genes and not the upstream region, such sites would not be 
detected in our study. 

Our data showed that the rm/D genes of 79 serotype 19A isolates were oriented in the opposite 
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direction compared to other sequenced rm/ genes, but also compared to the rest of the capsular 
genes. This gene arrangement was previously identified by Marona et al. and the promoter was 
found to be upstream of the rm/O gene [17]. Also in Streptococcus mitis and Streptococcus 
oral is rm/O is present in the opposite direction [3DJ. The finding that 69% (79 of 114) of the 19A 
isolates carried this rm/O gene suggested that this does not affect polysaccharide production 
or invasiveness. 
The genetic background of serogroup 19 is known to be highly diverse [31, 32]. In our study, 
no clear relationship exists between the capsular subtypes of serogroup 19 and the genetic 
background. Five of the 10 STs that were found for serotype 19A isolates within our study were 
recognized previously in serotype 19F isolates according to the www.MLST.net database. This 
might indicate a horizontal transfer from serotype 19A capsular genes into a serotype 19F 

background. In a study performed by van Gils et al., nasopharyngeal colonization of serotype 
19A was investigated using MLST. They found 2 serotype 19A isolates in vaccinated children 
with a sequence type previously associated with serotype 19F [33]. Selection of such variants 
in these studies might have occurred under pressure of the vaccine. 
Noteworthy is the difference in distribution of some capsular subtypes before and after the 
introduction of the PCV7 vaccine. Although the vaccine does not contain serotype 6A, a 
decrease of the capsular subtype 6A-III occurred 2-3 years after vaccine introduction. The 
sequence of the capsular genes of subtype 6A-III was remarkably similar to the most prominent 
serotype 6B capsular subtype 6B-I which may suggest cross-protection. The capsular subtype 
6A-III isolates used in this study were isolated from adults only suggesting that perhaps the 
already induced herd immunity could account for the decline in frequency of capsular subtype 
6A-III, but we cannot exclude that normal fluctuations in the pneumococcal population could 
also account for the differences. Remarkable, but yet not statistically significant differences 
were seen in distribution of the serotype 19A capsular subtypes frequencies of the pre- and 
post-vaccine collection. The data suggest capsular subtype replacement from 19A-I to19A-II 
possibly indicating that capsular subtype 19A-I I may be more successful in a human population 
where children are vaccinated against serotype 19F. The only difference between the capsular 
genes of 19A-I and 19A-II is found in the wzg gene. As wzg is involved in regulation of capsule 

production the 19A-II capsular subtype may have enhanced polysaccharide production. In 
a study of Weinberger et al. the serotypes with a higher degree of encapsulation were more 
resistant to neutrophil-mediated killing and more prevalent in carriage [34]. Therefore, higher 
production levels of the capsule would be advantageous in survival of the pneumococcus. 
In conclusion, our study on the composition of the capsular genes of serogroup 6 and 19 
revealed numerous substitutions within the serotypes. Changes within the capsular gene loci 
may result in altered polysaccharides or in increased production of the capsule making strains 
less sensitive for the vaccine induced immunity. We have isolated the polysaccharides of these 
serogroup 6 and 19 variants and are currently investigating the reactivity of vaccine induced 

and naturally induced antibodies with these polysaccharides to elucidate the effect of altered 
capsular genes on the structure of the capsule of the pneumococcus. 

148 



References 

1. Nelson AL, Roche AM, Gould JM, Chim K, 
Ratner AJ , et al. (2007) Capsule enhances 
pneumococcal colonization by limiting mucus
mediated clearance. Infect lmmun 75: 83-90. 

2 .  Bratcher PE, Kim KH,  Kang JH ,  Hong JY, 
Nahm MH (2010) Identification of natural 
pneumococcal isolates expressing serotype 
6D by genetic, biochemical and serological 
characterization. Microbiology 156: 555-560. 

3 .  Henrichsen J (1995) Six newly recognized 
types of Streptococcus pneumoniae. J Clin 
Microbial 33: 2759-2762. 

4 .  Park IH ,  Park S, Hollingshead SK,  Nahm 
MH (2007) Genetic basis for the new 
pneumococcal serotype, 6C. lnfectlmmun 75: 
4482-4489.  

5. Garcia E, Garcia P, Lopez R (1993) Cloning 
and sequencing of a gene involved in the 
synthesis of the capsular polysaccharide of 
Streptococcus pneumoniae type 3. Mol Gen 
Genet 239: 188-195. 

6. Arrecubieta C, Lopez R, Garcia E (1994) 
Molecular characterization of cap3A, a gene 
from the operon required for the synthesis of 
the capsule of Streptococcus pneumoniae 

type 3: sequencing of mutations responsible 
for the unencapsulated phenotype and 
localization of the capsular cluster on the 
pneumococcal chromosome. J Bacterial 176: 
6375-6383. 

7. Bentley SD, Aanensen DM, Mavroidi A, 
Saunders D,  Rabbinowitsch E, et al. (2006) 
Genetic analysis of the capsular biosynthetic 
locus from all 90 pneumococcal serotypes. 
PLoS Genet 2: e31. 

8. Whitfield C, Roberts IS (1999) Structure, 
assembly and regulation of expression of 
capsules in Escherichia coli. Mol Microbial 
31: 1307-1319. 

9. Cartee RT, Forsee WT, Bender MH, Ambrose 
KD, Yother J (2005) CpsE from type 2 
Streptococcus pneumoniae catalyzes the 

reversible addition of glucose-1-phosphate 
to a polyprenyl phosphate acceptor, initiating 
type 2 capsule repeat unit formation. J 
Bacterial 187: 7425-7433. 

1 0. Llul l D, Munoz R, Lopez R, Garcia E 
(1999) A single gene (tts) located outside 
the cap locus directs the formation of 
Streptococcus pneumoniae type 37 capsular 
polysaccharide. Type 37 pneumococci are 
natural, genetically binary strains. J Exp Med 
190: 241-251. 

11. Jiang SM, Wang L, Reeves PR (2001) 
Molecular characterization of Streptococcus 

pneumoniae type 4, 6B, 8, and 18C capsular 
polysaccharide gene clusters. Infect lmmun 
69: 1244-1255. 

12. Lopez R, Garcia E (2004) Recent trends 
on the molecular biology of pneumococcal 
capsules, lytic enzymes, and bacteriophage. 
FEMS Microbial Rev 28: 553-580. 

13. Mavroidi A, Godoy D, Aanensen DM, 
Robinson DA, Hollingshead SK, et al. (2004) 
Evolutionary genetics of the capsular locus of 
serogroup 6 pneumococci. J Bacterial 186: 
8181-8192. 

14. Pai R, Limor J, Beall B (2005) Use of 
pyrosequencing to differentiate Streptococcus 

pneumoniae serotypes 6A and 6B. J Clin 
Microbial 43: 4820-4822. 

15. Sheppard CL, Pichon B, George RC, Hall LM 
(201 0) Streptococcus pneumoniae isolates 
expressing a capsule with epitopes of both 
serotypes 6A and 6B. Clin Vaccine lmmunol 
17: 1820-1822. 

16. Park IH , Pritchard DG, Cartee R, Brandao A, 
Brandileone MC, et al. (2007) Discovery of a 
new capsular serotype (6C) within serogroup 
6 of Streptococcus pneumoniae. J Clin 
Microbial 45: 1225-1233. 

17. Marona JK, Marona R, Paton JC (1999) 
Comparative genetics of capsular 
polysaccharide biosynthesis in Streptococcus 

pneumoniae types belonging to serogroup 
19. J Bacterial 181 : 5355-5364. 

18. Lee CJ, Fraser BA (1980) The structures 

149 

T5 
..Q 
Q,) 
C 
Q,) 
CJ) 

:::::l en 
0.. 
ro 
(.) 

C 
..c 

'§ 
� 
-� 
Q,) > 

(.) 

C 
Q,) 

7 



of the cross-reactive types 19 (19F) 
and 57 (19A) pneumococcal capsular 
polysaccharides. J Biol Chem 255: 6847-
6853. 

19. Elberse KE, van de Pol I, Witteveen 
S, van der Heide HG, Schot CS, et al. 
(2011) Population Structure of Invasive 
Streptococcus pneumoniae in the 
Netherlands in the Pre-Vaccination Era 
Assessed by MLVA and Capsular Sequence 
Typing. PLoS One 6: e20390. 

20. CDC (2008) Invasive pneumococcal disease 
in children 5 years after conjugate vaccine 
introduction--eight states, 1998-2005. MMWR 
Morb Mortal Wkly Rep 57: 144-148. 

21. Austrian R (1976) The quellung reaction, a 
neglected microbiologic technique. MtSinai 
JMed 43: 699-709. 

22. Lund E (1960) Laboratory diagnosis of 
Pneumococcus infections. BullWorld Health 
Organ 23: 5-13. 

23. Elberse KE, Nunes S, Sa-Leao R, van der 
Heide HG, Schou ls LM (2011) Multiple-Locus 
Variable Number Tandem Repeat Analysis for 
Streptococcus pneumoniae: Comparison with 
PFGE and MLST. PLoS One 6: e19668. 

24. Enright MC, Spratt BG (1998) A multilocus 
sequence typing scheme for Streptococcus 

pneumoniae: identification of clones 
associated with serious invasive disease. 
Microbiology 144 ( Pt 11 ): 3049-3060. 

25. Maiden MC, Bygraves JA, Feil E, Morelli 
G, Russell JE, et al. (1998) Multilocus 
sequence typing: a portable approach to the 
identification of clones within populations of 
pathogenic microorganisms. Proc Natl Acad 
Sci U S  A 95: 3140-3145. 

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

27. Simpson EH (1949) Measurement of 
diversity. Nature 163 688. 

150 

28. Bratcher PE, Park IH, Oliver MB, Horta! 
M, Camilli R, et al. (2010) Evolution of the 
Capsular Gene Locus of Streptococcus 

pneumoniae Serogroup 6. Microbiology. 
29. Croucher NJ, Harris SR, Fraser C, Quail MA, 

Burton J, et al. (2011) Rapid pneumococcal 
evolution in response to clinical interventions. 
Science 331: 430-434. 

30. Yoshida Y, Ganguly S, Bush CA, Cisar 
JO (2005) Carbohydrate engineering of 
the recognition motifs in streptococcal co
aggregation receptor polysaccharides. Mol 
Microbial 58: 244-256. 

31. Jefferies JM, Smith A, Clarke SC, Dowson C, 
Mitchell T J (2004) Genetic analysis of diverse 
disease-causing pneumococci indicates 
high levels of diversity within serotypes and 
capsule switching. J Clin Microbial 42: 5681-
5688. 

32. Beall BW, Gertz RE, Hulkower RL, Whitney 
CG, Moore MR, et al. (2011) Shifting 
Genetic Structure of Invasive Serotype 19A 
Pneumococci in the United States. J Infect 
Dis 203: 1360-1368. 

33. van Gils EJ , Veenhoven RH, Hak E, 
Rodenburg GD, Keijzers WC, et al. (2010) 
Pneumococcal conjugate vaccination and 
nasopharyngeal acquisition of pneumococcal 
serotype 19A strains. JAMA 304: 1099-1106. 

34. Weinberger OM, Trzcinski K, Lu Y J, Bogaert 
D, Brandes A, et al. (2009) Pneumococcal 
capsular polysaccharide structure predicts 
serotype prevalence. PLoS Pathog 5: 
e1000476. 



Summarizing discussion 



In 2006, the pneumococcal conjugate vaccine (PCV7) was introduced in the national 
immunization program (NIP) in the Netherlands. The vaccine is administered to children in 
the first year of life in a 2-3-4 months vaccination scheme and a booster vaccination at 11 
months of age. To study the impact of the implementation of the vaccine, there are 5 main 
pillars to investigate: vaccine coverage, safety of the vaccine, clinical surveillance, immune 
surveillance and strain surveillance. In this thesis we focus on 2 of these pillars, immune- and 
strain surveillance. 
In part I of this thesis we explored the seroprevalence of lgG antibodies against 13 serotypes 
in the Dutch population after natural exposure of the pneumococcus using a new multiplex 
immunoassay (MIA). Determining seroprevalence of lgG concentrations provides insight 

into the natural acquired immunity against the pneumococcus and provides a baseline 
seroprevalence before the implementation of the PCV7. Possible changes in seroprevalence 
can then be monitored after the implementation of PCV7. Also, the relationship between lgG 
concentrations after natural exposure and invasive pneumococcal disease incidences was 
investigated. 
In part II of this thesis, we evaluated the composition of the pneumococcal population and 
explored the possible selective pressure of the vaccine upon the population of the different 
pneumococcal serotypes. The pneumococcus is well known for expanding its genetic 
repertoire through recombination and for its high mutation rates in the genome. The selective 
pressure of the vaccine may select for variants that may have altered the capsular gene loci. 
Therefore, the surveillance of the composition of the pneumococcal population before and 
after implementation of the pneumococcal vaccine is important. Monitoring the pneumococcal 
population may reveal serotype replacement, vaccine escape variants, herd effects and effects 
on the genetic background of the pneumococcal population. Horizontal transfer of genes within 
the capsular gene loci may result in altered polysaccharides or increased capsule production. 
In this chapter we discuss the experimental data, provide the main conclusions and describe 
future perspectives. 
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Successful implementation of a new multiplex immunoassay 
Serotype specific antibodies, in combination with complement, opsonize the pneumococcal 
surface and additionally induce phagocytosis of the pneumococcus [1 ]. Measuring the 
concentrations of serotype specific lgG antibodies in sera of an individual provides an 
indication of protection against the pneumococcus [2-4]. The MIA enables the assessment 
of lgG concentrations against 13 serotypes simultaneously in a single assay (chapter 2). 
The gold standard for quantifying lgG concentrations is the enzyme linked immunosorbent 

assay (ELISA). An international standard protocol for the ELISA was established by the world 
health organization (WHO) in 2000 (www.vaccine.uab.edu). To facilitate the development 
of the ELISA, training manuals, a reference serum (Lot 89S) [5, 6] and calibration sera 
were prepared [7]. Use of this WHO-ELISA protocol is required to be able to compare the 
immunogenicity of PCV7 between laboratories and between countries. However, using ELISA 
in large immunosurveillance studies in order to measure the lgG concentrations against a large 
number of serotypes, is time-consuming and expensive. The supply of the reference serum 
used in the WHO-ELISA, lot 89S, is finite (www.vaccine.uab.edu). In our assay, we used a 
new in-house reference serum, intravenous immunoglobulin (IVIG). IVIG contains purified lgG 

antibodies from a pool of at least 1,000 serum samples obtained from voluntary blood donors 
throughout the Dutch population. IVIG is administered as medication to patients with immune 

deficiencies and autoimmune disorders. It is commercially available in large quantities and it is 

preferable to be able to use the same reference serum for a large number of immunosurveillance 
studies. The main difference between IVIG and the lot 89S reference serum is that the donors 
of IVIG were not vaccinated while the donors of lot 89S were vaccinated with the 23-valent 
polysaccharide vaccine. Furthermore, Lot 89S was composed from a pool of serum samples 
from only 17 adults. The donors for IVIG were all naturally exposed to the pneumococcus 
and therefore low lgG concentrations could be expected. However, the lgG antibodies are 
delivered purified and lyophilized and if the lgG antibodies are dissolved in a small volume, the 
lgG concentration is increased. 
The polysaccharides that are used in the ELISA contain cell wall polysaccharides (CWPS) 
that are covalently bound to the capsular polysaccharides. Antibodies in human serum can 

react with the CWPS, but they provide no protection against the pneumococcus. Therefore, 
the lgG antibodies directed against the CWPS are adsorbed in the ELISA using CWPS and 

polysaccharides from serotype 22F isolates. The serotype 22F capsular polysaccharide is 

added as a sorbent to remove lgG antibodies against a second type of CWPS, CWPS2 [8]. 
In the MIA, non-specific reactions were adsorbed with CWPS Multi, a commercially available 
mixture of CWPS and CWPS2 [8]. The advantage to use CWPS Multi is that it reduces non
specific reactions more efficiently compared to CWPS + 22F polysaccharides. Moreover, the 
dynamic range of the MIA improves if CWPS Multi is used. 
Serotype specific lgG concentrations measured with the MIA were higher compared to the lgG 

concentrations measured with the ELISA ( chapter 2). As a result, the number of serum samples 
exceeding the internationally established protective threshold of 0.35 µg/ml was higher in the 

MIA than in the ELISA [9]. This implies that the threshold of 0.35 µg/ml should be re-evaluated 
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for use in the MIA. Furthermore, the protective threshold is now set to be identical for all 
serotypes, but the threshold may need to be amended for each serotype individually. The 0.35 
µg/ml as protective concentration was established combining 3 large vaccine efficacy trials [2, 
10, 11 ]. In these trials, the protective concentrations against a vaccine serotypes were different, 
ranging from 0.2 µg/ml to 1.0 µg/ml. The exact protective lgG concentrations are difficult to 
establish because lgG antibodies may differ in the ability to opsonize the pneumococcus. 

The opsonophagocytosis assay (OPA) measures the ability of antibodies in sera to opsonize 
the pneumococcus in an in vitro functional assay. This measurement represents the actual 

protective capacity of lgG antibodies. An lgG concentration of 0.2 to 0.35 µg/ml corresponds 
with an OPA titer of 1 :8 [12]. However, the use of an opsonophagocytosis assay on large scale 

studies is virtually impossible, because of the difficult procedure and therefore low throughput 
of the assay. In order to be able to use a high throughput assay, studies have been performed 
to correlate ELISA with OPA which showed that the correlation was quite good [13, 14]. There 
were some exceptions; for example serotype 6B, for which the lgG concentrations as measured 
with ELISA were low, but OPA titers were high. For serotype 19F the opposite was observed, 
there were high lgG concentrations in the ELISA and low OPA titers [15, 16]. Despite these 
differences, the WHO-ELISA is widely accepted and used as the standard assay. 
The correlation between the ELISA and MIA is good if sera of immunized individuals are used 

(chapter 2) [17-19]. In our study, the lgG concentrations against 13 serotypes were assessed. 
However, the 7-valent vaccine was used at the time of the study and the non-vaccine 
serotypes yielded lower correlations with the ELISA (data not presented in this thesis). Several 
explanations are possible for this phenomenon. The lgG concentrations of non-immunized 
individuals were in general much lower compared with the lgG concentrations in vaccinees 
and the small range of measured lgG concentrations has a negative effect on the correlation. 
Also, the lgG antibodies could differ in avidity because immune responses in carriage differ 
from the immune responses induced by conjugated polysaccharides in vaccines. Another 
explanation could be that the polysaccharides used in the vaccine are different in composition 
compared to the polysaccharides encountered during carriage. Possibly, the conjugation of 
the polysaccharides to the carrier protein in the vaccine have altered or removed epitopes on 
the polysaccharides. We are currently trying to elucidate the different nature of lgG antibodies 
induced by the vaccine and by natural exposure to the pneumococcus. 

Seropreva/ence of serotype specific pneumococcal lgG concentrations before the 
introduction of PCV7 in the Netherlands 
Using the optimized MIA, the seroprevalence of lgG antibodies against 13 serotypes of the 

pneumococcus was assessed in a cross-sectional population-based study (chapter 3). The 
seroprevalence measured before the introduction of PCV7 can serve as a baseline and can be 
used to monitor seroprevalence after the introduction of PCV7 in a future study. Also, this study 

is useful to understand the lgG response after natural exposure with the pneumococcus. For 
example, lgG concentrations were high for serotype 19F, which may indicate that this serotype 
circulates frequently in the Dutch population. lgG antibodies against serotypes 3 and 23F 
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are the first to appear in young children, which may indicate that neonates encounter these 

serotypes at first . For other pathogens, the seroprevalence profile has proved to be useful to 
elucidate the immune status of the population and the corresponding epidemiology, for example 
after vaccination, such as for poliomyelitis, rubella, tetanus and meningococci [20-25]. As for 
pertussis, the seroprevalence increased in adolescents and adults from 1995-1996 to 2006-
2007 providing evidence for an increased circulation and an increased infection rate in the 
Netherlands [26]. A seroprevalence study of Trotter et al. revealed the need for a booster and 
additional catch up vaccination campaigns for Haemophi/us inf/uenzae B in the UK, because 
children only received the vaccinations at infancy and the induced antibody levels dropped 
rapidly [27]. The seroprevalence of antibodies specific for influenza viruses were assessed to 
gain insight into the age at which children first become infected with influenza [28]. 
To perform an immunosurveillance study a large serum bank is needed and therefore comparable 
studies are limited. Balmer et al. performed a similar study on pneumococcal seroprevalence in 
the UK, including 2664 serum samples, collected in 4 years time, to establish the baseline lgG 
concentration before the introduction of the vaccine in the UK [29]. Remarkably, some of their 

results were rather different from ours. The study was performed with residual serum samples 
from routine diagnostic testing, whereas our study was cross-sectional and population based. 
The plateau of lgG concentrations in our study was reached in the cohort of 5-9 years of age, 

whereas the plateau in the UK study was reached in the cohort of 20 years of age. Balmer et al. 
hypothesized that the increase up to the age of 20 could be due to the start of parenthood and 
thereby direct contact with children who most frequently carry the pneumococcus. However, 
the average of first-child bearing age, 29 years, is similar in the UK and the Netherlands (www. 
statistics.goc.uk, www.statline.cbs.nl), but in the UK there are relatively more young mothers of 
<25 years of age compared to the Netherlands. Therefore this may be part of the explanation 
to the observed differences between the studies. We observed slightly, but significantly higher 
lgG concentrations in females of child-bearing age compared to males in the same cohort for 
3 serotypes. The higher lgG concentrations in females could be related to the intense contact 
with children. Remarkably, the higher lgG concentrations in women were directed against the 
serotypes for which also maternal antibodies were detected. 

The highest geometric mean concentrations (GMCs) were observed for lgG antibodies directed 
against serotype 14 and 19F. In line with the antibodies the IPD incidence of serotype 14 was 

one of the highest within the study, but in contrast the IPD incidence of serotype 19F one 
of the lowest. Moreover, the GMCs in children aged <2 years were similar or slightly lower 

compared to the GMCs in children aged 2-4 years, whereas the IPD incidence in the latter 
cohort was reduced considerably. Therefore, we could conclude that no uniform relationship 
between the occurrence of serotypes causing IPD and the GMCs against these serotypes 
existed. In the study of Balmer et al. a broadly inverse relationship between IPD incidence and 
the seroprevalence of lgG concentrations of ;;::0.35 µg/ml was observed [29]. As in our study, 

the lgG concentrations in children from the UK were low, while the IPD incidences were high. 
However, in both studies, the lgG levels are in plateau in the elderly and do not decline while 

the IPD incidences increase. A possible explanation for the lack of relationship between IPD 
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incidence and lgG levels could be that other mechanisms which may provoke a higher risk 
for IPD are important besides the presence of lgG concentrations in children to prevent this, 
for example the difference in the anatomy of the nasopharynx and airways in children. In the 
elderly the increase in IPD incidence could not be explained by a decline in the lgG antibody 
levels, because they remained constant. A possible explanation could be the reduced quality 
of effector cells in elderly. Also, the quality of the lgG antibodies could be reduced, although 
in a preliminary study with a small set of sera we found no reduction in avidity or capacity for 
opsonization (data not presented in this thesis, but discussed in chapter 3). In other studies, 
the opsonophagocytic titers seemed to be lower in the individuals of �63 years compared with 
adults of younger age [30, 31]. Also, it was observed that a low avidity index correlated with 

low opsonophagocytic titers [30]. Further research is needed to study the quality of the lgG 
antibodies in elderly. 

Multiple-locus variable number tandem repeat analysis (MLVA): assessing the genetic 
background of the pneumococcus with a high-throughput and economical assay 
To monitor changes in the pneumococcal population, we developed a MLVA assay that is 
reproducible, with unambiguous results, easy to perform and relatively inexpensive (chapter 
4 ). Multi locus sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE) are 

considered the gold standards for genotyping the pneumococcus. However, PFGE is laborious 
and time consuming and a well trained technician should perform the test. MLST is rather 
expensive, but results are unambiguous and reproducible. Compared with the MLST the MLVA 
yielded high congruence and in some cases the isolates that were grouped by MLST could 
be further distinguished by MLVA. The choice in BOX loci for our MLVA scheme overlapped 
with the already described MLVA scheme of Koeck et al. [32]. The selection of the loci was 
independent of the MLVA described by Koeck, but 7 of the 8 loci overlapped, indicating the 
correct choice of BOX loci. Whereas we used an MLVA scheme of 8 loci, Koeck et al. used 16 
loci in their MLVA scheme. We believe that 8 loci in this MLVA scheme are sufficient because 
we use the determination of the genetic background mainly to detect differences between the 
composition of the pneumococcal population before and after the introduction of the PCV7 
(chapter 5 and 6) and to relate the genetic background to capsular types (chapter 7). This is 
different from the use of MLVA in studies that are performed to investigate the composition 
of the pneumococcal population in outbreaks and transmission studies, for which a higher 
discriminatory power is preferred. BOX loci evolve at a relative slow pace [33], making them 
usable for a genotyping system such as MLVA. 

Capsular sequence typing (CST): determining the 'serotype' of a pneumococcal isolate 
using a single PCR reaction 
The CST is used to molecularly assess the serotype of an isolate (chapter 5). In classical 
serotyping, the Quellung reaction, the serotype is assessed using polyclonal antisera from 
rabbits [34]. Assessing the serotype with a molecular method is less time-consuming and not 
so expensive as the Quellung reaction, because the large array of type, group and factor sera 

156 



are not required and only two sequence reactions will be sufficient. Others have implemented 
molecular 'serotyping' methods, but these were based on sequential PCR reactions and gel 
electrophoresis [35-38]. 
CST is based on the determination of the partial sequence of the capsular wzh gene (chapter 
5). Wzh is a gene involved in the regulation of the biosynthesis of the capsular polysaccharides 
[39]. It is present in all pneumococcal serotypes and the sequence is rather conserved. The 
genes downstream of the wzh vary from serotype to serotype [40]. We used the conserved part 
of wzh to amplify a gene segment of all serotypes using a single mix of primers. Based on the 
sequence of this gene segment, the isolates are assigned a capsular type (CT), corresponding 
with the serotype. A drawback of this approach is that alterations in wzh may not reflect a 
change in serotype, but may be indicative of an altered level of expression of the capsule which 
can't be assessed without a phenotypic assay. Furthermore, the 'serotype specific' genes of 
an isolate may alter and thereby its serotype, while the regulatory genes remain unchanged. 
As a result the wrong 'serotype' could be assigned. For example, we found an isolate that 
was serotyped as serotype 15B while it was genotyped as CT22F-01 with CST and therefore 
would be assessed as serotype 22F by the molecular approach (chapter 6). However, the 
CST was used on more than 2200 serotyped isolates and only in a few instances we obtained 
ambiguous results. 

The pneumococcal snapshot: MLVA and CST in strong relationship 
The MLVA was in close relationship with CST and serotype (chapter 5 and 6). There were 
serotypes that yielded a homogeneous genetic background as determined by MLVA, eg. 
serotypes 7F and 9V. This indicates that the genetic background is highly conserved, possibly 
due to rapid expansion of these serotypes in the population or these serotypes might evolve 
slowly. Perhaps the capsular gene locus of these serotypes lack mutational hotspots [41 ]  and 
serotypes ?F and 9V are therefore less likely to be involved in capsular switch. The genetic 
background of serotype 1 9F isolates was fairly heterogeneous. Possibly, the capsule of 
serotype 1 9F has selective advantages over capsules from other serotypes and therefore the 
serotype 1 9F capsular gene locus is often horizontally transferred among isolates with various 
genetic backgrounds. Serotype 1 4  was divided in 2 MLVA complexes and the MLVA was in 
complete agreement with the CST results. The sequence of wzh, as determined by CST, was 
different in only a single base pair between the 2 serotype 14 lineages. Probably, this fixed 

mutation has no influence on the invasiveness of a strain, because the number of IPD cases 
of both serotype 1 4  lineages is similar. We suggested that both serotype 1 4  lineages evolved 
in the past and now seemed to be equally successful in the pneumococcal population. In 

contrast, serotype 1 was also divided in 2 MLVA complexes, but all serotype 1 isolates had the 
same CT. In this case the serotype 1 capsular gene locus is likely to have been transferred into 
a different genetic background and is successful in both genetic backgrounds. 
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The pneumococcal conjugate vaccination in the Netherlands is effective 3 years after 
the implementation in children 
The implementation of PCV7 in the Netherlands is effective because the IPD incidence of 

serotypes covered by PCV7 decreased (chapter 6). After the introduction of PCV7 in the NIP 
the overall IPD incidence in children <5 years of age declined, mainly due to a decline in 

vaccine serotypes. Within the cohort of children that were age-eligible for vaccination, no IPD 
cases were observed in 2010. However in the age group of 2:5 years the overall I PD incidence 
remained similar, while a decline in IPD incidence of vaccine serotypes in this age group was 
observed. This indicates to herd immunity effects, but the increase in IPD incidence in the age 
group 2:5 years has nullified the beneficial effects of PCV7. In the Netherlands, herd effects were 
not yet observed until 3 years after the implementation of PCV7. In other countries, for example 
the UK and Norway, herd effects were observed already at 2 years after the introduction of the 
PCV7, but the pneumococcal vaccination was introduced with a catch up campaign in these 
countries [42-44]. In the USA, a reduction of IPD incidence caused by vaccine serotypes in the 
cohort <5 years of age was seen after 2 years of vaccination, but non-vaccine serotypes also 

increased in this age groups [45-47]. We observed in our study that there were fluctuations 
in IPD incidences even when no pneumococcal vaccine was implemented, for example in 
IPD incidence caused by serotype 1 and 22F. In other countries these fluctuations were also 

observed [48-50]. Therefore, fluctuation in IPD incidences can occur without vaccine induced 
pressure. 
In the age group �5 years no large differences in the composition of the pneumococcal 
population before the introduction of the vaccine could be detected as compared to after 
vaccine implementation. Only small shifts in genetic background were observed, for example 
in serotypes 12F and 23F isolates. However, we also observed shifts in genetic background 
before the introduction of the vaccine or in non-vaccine serotypes. For example, IPD incidence 
of serotypes 1 and 22F isolates increased and the genetic background of the isolates belonging 

to serotype 1 and 22F seemed to shift. A single serotype 1 M LVA lineage increased substantially, 
while another M LVA lineage remained constant. This indicates that fluctuations in serotype, 
but also genetic backgrounds within a serotype, may change over time. The contribution of 
the vaccine may be limited in this case. Therefore, it is uncertain if the changes in genetic 
background observed after the implementation of pneumococcal vaccination are the result of 
natural fluctuations or induced by vaccine pressure. 

Selection of pneumococcal variants induced by vaccine pressure 
The implementation of pneumococcal vaccination may lead to alterations in the pneumococcal 
population due to selective pressure induced by PCV7. MLVA and CST proved to be valuable 
tools to determine the variations in composition of the pneumococcal population. In our study, 

several instances of possible capsular switch events were detected (chapter 6). In the pre
vaccination era all 4 of these events occurred with serotype 19F capsular gene loci but after 
the implementation of the vaccine, no serotype 19F associated switches were observed, 
possibly due to the negative? selective pressure of the vaccine against serotype 19F. Capsular 
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switch events may have considerable consequences for future vaccination strategies as the 
capsular genes from a non-vaccine serotype might be inserted into an isolate with a genetic 
background with invasive disease potential, thereby undermining? vaccine induced immunity. 
Monitoring the pneumococcal population has revealed a number of capsular switch events 

in other countries [45, 51-56]. Serotype 19A is frequently described to be associated with 
capsular switch events, which is an important finding because this serotype is emerging in 
many countries [51, 56, 57]. In our study, however, none of the capsular switch events involved 

a serotype 19A capsular locus. 

Sequence variation in the serogroup 19 capsular gene locus 

There is considerable DNA sequence variation among the capsular genes within pneumococcal 
serotypes belonging to serogroup 19. Based on these differences we assigned 3 and 4 
capsular subtypes to isolates belonging to serotype 19A and 19F, respectively ( chapter 7). 

We explored the possible effect of vaccination on the distribution of the capsular subtypes. 
Although numbers were small and not statistically significant, there seemed to be a shift in 
capsular subtypes of 19A after the introduction of PCV7 and capsular subtype 19A-I I seemed 

to be emerging. The shift within the non-vaccine serotype 19A might indicate that capsular 
subtype 19A-II  is filling the niche of the vaccine serotypes. Serotype 19A is emerging after the 
implementation of PCV7 in the USA [51, 56, 57] and also in other countries worldwide [58, 59]. 
In the Netherlands, a marked increase in IPD incidence caused by serotype 19A isolates was 
seen in 2010 (chapter 6). The increase in IPD caused by serotype 19A was only observed in 
the age group of >5 years and not in younger children. Further research may elucidate whether 
the increase in serotype 19A in 2010 is due to an increase in the emerging capsular subtype 
19A-I I. The main difference between the capsular subtypes of serotype 19A was the sequence 
variation in wzg and this is a regulatory gene for the biosynthesis of the polysaccharides. 
Therefore, the emerging capsular subtype possibly produces more capsular polysaccharides. 
The lgG concentrations in the Dutch population against serotype 19A and 19F were both 
amongst the highest of the 13 investigated serotypes ( chapter 3). Furthermore, the lgG levels 
against serotype 19A showed the largest increase between the age group <2 years and 2-4 
years. This may indicate that serotype 19A is carried frequently in the 2-4 years cohort. IPD 
incidence caused by serotype 19A was relatively low in the years 2006-2007. It may be of 
interest to monitor whether the seroprevalence against serotype 19A actually increases in the 
future years. Also, seroprevalence of the lgG antibodies directed against the different capsular 
subtypes may reveal that a capsular subtype of 19A may be increasing. The sequence 
variations within the capsular subtypes may account for differences in the polysaccharides and 
possibly in the epitopes that are involved in binding lgG antibodies. Further research should be 
performed to elucidate if epitope differences are relevant. 
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Sequence variations in the serogroup 6 capsular gene locus relate to the genetic 
background 

We identified 6 and 3 capsular subtypes within serotype 6A and 68, respectively, and a single 
capsular subtype within serotype 6C ( chapter 7). There is a strong association between capsular 
subtypes of serogroup 6 and the genetic background of the serogroup 6 isolates. The isolates 
within subtype 68-1 were separated into 2 MLVA complexes. Serotypes 6A and 6C shared 
an MLVA complex. Therefore, we support the theory of Park et al that the serotype 6C is a 
descendent from serotype 6A [60]. Low immunogenicity of serotype 68 was observed and this 
serotype is associated with vaccine failures [61-63]. Possibly, the serotype 68 polysaccharide 
that is used in the vaccine may be different from the capsular subtypes that are circulating. 

The capsular gene loci within serogroup 6 isolates are quite similar and also cross-reactivity 
between serotype 6A and 68 polysaccharides was found in children immunized with PCV7. 
The vaccination with PCV7 induces antibodies against one or more epitopes carried by both 
serotype 6A and 68 polysaccharides and against serotype 6B specific epitopes (chapter 2). 
The number of IPD cases with capsular subtype 6A-III declined after introduction of PCV7 in 
the Netherlands. This capsular subtype was remarkably similar to the capsular subtype 68-1 
(chapter 7) which may suggest that cross-protection against serotype 6A isolates is possible. 
To date 93 serotypes of the pneumococcus are known [64-67] This number is likely to increase 
rapidly, because nowadays genotypic tools are used whereby new serotypes are more easily 
recognized. The recently discovered serotypes include serotypes 6C, 6D and 11 E [64, 66, 67]. 
Isolates belonging to serotype 6D were first created by transformation in the laboratory and 
additionally the search for such isolates in nature was successful in Korea. Transformation 
was performed by inserting wciN from the capsular gene locus of a serotype 6C isolate in a 
serotype 68 capsular gene locus [68]. 
In our study, the capsular gene locus of subtype 68-1 1 1  was very different from other serotypes 
6B. Because of these marked differences we believe/think that the 6B- 1 1 I  isolates may represent 
a new serotype which perhaps could be called serotype 6E. However, to assign a new serotype 
to an isolate, both biochemical and immunological assays should be performed to establish 
whether this is indeed a new serotype 6E. In contrast to the large differences between serotype 
68 and the putative serotype 6E, the difference between serotype 6A and 6B in the capsular 
gene locus is based on only a single amino acid substitution [69]. Provided that a single base 
pair difference may account for a different serotype, also minor differences in the sequence of 
the capsular gene locus can have a large impact on the composition of the polysaccharides. 
In our study, we differentiated the capsular subtypes based on 10 or more differences in 1 or 
more capsular genes. Possible smaller, but essential differences are therefore unnoticed. 
The amino acids that distinguish serotype 6A from 6B are located in the capsular gene locus 
in wciP. Two additional amino acid positions are potentially associated with the difference 
between serotype 6A and 6B, but data in the literature are inconsistent [69-71]. We found that 
all 3 amino acids at positions 192, 195 and 254 were serotype specific, with the exception of a 
single serotype 6A isolate. A non-synonymous substitution in position 192 was identified which 
was not consistent with the other serotype 6A isolates. Therefore, to distinguish serotype 6A 
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from serotype 6B, the positions 195 and 254 in wciP may be targeted for molecular identification. 
The isolate with the mutation at position 192 in wciP belonged to capsular subtype 6A-IX 
and was the only isolate within this capsular subtype. Further research may be needed to 
understand the implications of such a non-synonymous substitution. 
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Conclusions 

Part I. Immune responses against the pneumococcus 
The introduction of pneumococcal conjugate vaccination in the national immunization program 
will change the immune status against the pneumococcus in the Dutch population. In order to 
study such changes suitable serological assays are required. Therefore the first objective of 
this study was to develop a serological method for large scale serological analyses and to utilize 
this method to assess the antibody levels induced by natural exposure to the pneumococcus 
in the Dutch population before the introduction of nationwide vaccination with a 7-valent 
pneumococcal conjugate vaccine (PCV7). From this part of the study we can conclude the 
following: 
• The MIA was found to be a good alternative for the ELISA to quantitate lgG antibodies 

against the pneumococcus (chapter 2). 
• The baseline seroprevalence of serotype specific pneumococcal lgG antibody levels is 

established and is useful for the comparison with the seroprevalence after implementation 
of pneumococcal conjugate vaccination (chapter 3). 
No clear relationship between lgG seroprevalence and IPD incidences could be established 
and therefore other mechanisms contribute to invasive infection with the pneumococcus 
(chapter 3). 

Part II. Genotyping of the pneumococcal population 

The implementation of nationwide vaccination with a pneumococcal conjugate vaccine will put 
selective pressure on the pneumococcal population leading to changes in its composition. This 
prompted us to define the second objective of this study: develop and use molecular typing 
tools to assess changes in the composition of the pneumococcal population and to study 
variation in the genes that code for the capsular polysaccharide. From this part of the study the 
following conclusions can be drawn: 

MLVA is a good alternative for MLST and PFGE (chapter 4), and CST is a good alternative 
for serotyping (chapter 5). 

• The herd effects of the pneumococcal conjugate vaccine were nullified by the increase in 
incidence of non-vaccine serotypes (chapter 5 and 6). 

• The selective pressure of the vaccine does not seem to influence the genetic background 
of the pneumococcal population (chapter 6). 

• The sequence variations in the capsular gene loci of serotype 6 and 19 may result in altered 
polysaccharides or in strains that produce more capsular polysaccharides (chapter 7). 

• After implementation of PCV7, the occurrence of capsular subtypes of non-vaccine 
serotypes 6A and 19A seem to shift towards different capsular subtypes, which may 
indicate that these subtypes fill the niche of the vaccine serotypes ( chapter 7). 
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Reflections 

The assessment of the seroprevalence of lgG antibodies against the pneumococcal vaccine 
serotypes provides insight in the natural exposure to these serotypes and the circulation of 
the pneumococcal serotypes among the Dutch population. The lgG concentrations against 
the serotypes remained at a plateau from 5 to 9 years and onwards. Apparently, individuals 
do not produce higher lgG concentrations when this plateau concentration is reached, even 

when approximately 6-8% of the adult population is carrier of a pneumococcus. Therefore, the 
circulation of the pneumococcal serotypes among individuals aged 10 years and older may be 
difficult to interpret. Also, in a seroprevalence study no distinction can be made between lgG 
antibodies induced by carriage or invasive disease. No relationship between IPD incidence 
and the lgG concentrations could be established, but the relationship between carriage rates 
and lgG concentrations is yet unknown. To provide insights into the relationship between 
carriage and lgG concentrations, in the next seroprevalence study a nasopharyngeal swab 
may be obtained from the participants. A good nasopharyngeal swab is not easy to obtain and 
must preferably be performed by a well-trained individual. However, little is known about the 
carriage rates and serotype distribution in the Netherlands in adults and to include this in a 
cross-sectional population based study will provide substantial knowledge about carriage of 
the pneumococcus in the Netherlands and the relationship with the seroprevalence. 

To monitor the changes in the circulation of the pneumococcal serotypes after the implementation 
of pneumococcal conjugate vaccination, a cross-sectional population based study should be 
performed after PCV? implementation. Comparison of the results of the immunosurveillance 
study described in this thesis with data from a new immunosurveillance study, may provide 
interesting information about the changing composition of the pneumococcal population due 
to the selective pressure of the vaccine. Furthermore, in order to assess seroprevalence data 

of new emerging serotypes, such as serotype 22F, 12F, 8 and 9N, we have to expand the 
multiplex immunoassay with these serotypes. 

To create a genotypic snapshot of the pneumococcal population we used CST and MLVA 
to molecularly assess the serotype and the genetic background, respectively. We monitored 
the pneumococcal population in this thesis only 3 years after implementation of PCV? and 

observed little difference in the composition of the pneumococcal population before and after 
the implementation of PCV?. Three years is a relatively short period to observe an impact of 
the vaccine and therefore it is important to continue to monitor the pneumococcal population 
to identify possible emerging new genotypes. Although vaccine induced changes in the 
serotype distribution after the introduction of the vaccine could be observed, no remarkable 
changes in the genetic background of the remaining pneumococcal population were found 

compared with that of the pre-vaccination population. Studying the genetic background of 
pneumococcal isolates may not be the best approach to assess the impact of vaccination 

against pneumococci. We have observed that there is considerable sequence variation in the 
capsular gene loci of serogroup 6 and 19 which may have consequences for the antigenic 
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nature of the polysaccharides or for the level of expression of the polysaccharide capsule. Such 
changes may result in emergence of variants that are less sensitive to the vaccine induced 
immunity. Therefore, monitoring for changes in the capsular genes may be more important 
than assessing the genetic background by MLST or MLVA. The fact that a single base pair 
difference is responsible for the difference between serotypes 6A and 6B shows that even 
minor changes may have big implications. To provide insight into the distribution of capsular 
subtypes in the pneumococcal population, the sequence of the entire capsular gene loci should 
be assessed in future studies. As whole genome sequencing becomes swiftly less expensive 
and is performed in a high-throughput manner, this may be a good alternative to CST in which 
only a part of a single capsular gene is determined. Extracting the sequences of the capsular 

genes from the entire genome sequence would suffice. Although the genetic background of 
the pneumococcal population did not change yet after the implementation of the vaccine, the 
determination of the genetic background along with the sequence of the capsular gene locus 
may reveal capsular switch events. Therefore, genotyping still is an important tool in studying 
the impact of vaccination. 

The 10-valent pneumococcal vaccine (Synflorix, GSK, ; PCV10) was implemented in the Dutch 
national immunization program for children born in March 201 1  and this vaccine replaced PCV7. 
Although PCV10 includes 3 extra serotypes (serotypes 1 ,  5 and 7F) the emerging serotypes 
such as serotypes 19A and 22F are not included in this vaccine. The polysaccharides from 8 
of the 10 serotypes in this vaccine are conjugated to non-typeable Haemophilus influenzae 

protein D. The polysaccharides from serotype 1 SC are conjugated to tetanus toxoid and from 
serotype 1 9F to diphtheria toxoid. Antibodies against protein D may provide protection against 
otitis media caused by non-typeable Haemophi/us influenzae [72]. Furthermore, carrier 
proteins may suppress the response to the polysaccharides and this effect may be less with 
the use of multiple carrier proteins [73, 74]. These are advantages for the implementation of 
PCV10, but the coverage is still not as high as with the 13-valent vaccine (Prevenar 1 3, Pfizer; 
PCV13). In the future, it may be advisable to introduce PCV1 3 in the national immunization 
program because of the current increase of serotype 1 9A and to make the pneumococcal 
vaccination more cost-effective. However, in the future the coverage of the 1 3-valent vaccine 
may also not suffice, because of other new upcoming serotypes that are currently not in any 
conjugate vaccine. The expected herd immunity effects were of importance for the decision 
to implement the pneumococcal vaccine PCV7 in the Dutch national immunization program. 
However, the herd immunity effects are nullified by serotype replacement only 3 years after 
the implementation of the vaccine putting the cost-effectiveness of this vaccination under 
pressure. Furthermore, other pathogens such as Staphylococcus aureus may fill the niche in 
the nasopharynx [75] and serious disease incidences caused by such bacteria may increase 
in the future. 
In the Netherlands, we now use a 3+1 vaccination scheme with recommended vaccinations at 
2, 3, 4 and 1 1  months of age. New studies may elucidate if the schedule could be reduced to a 
2+1 scheme. A schedule with less vaccinations makes the pneumococcal vaccination may be 
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more cost-effective. In a randomized controlled trial, the carriage of the pneumococcus after 
vaccination in a 2-dose scheme was compared with a 2+1-dose scheme. The data indicated an 
earlier further reduction of vaccine serotype carriage at 18 months of age within the cohort with 
booster dose [76]. To compare the immunogenicity in children after a 2+1 and 3+1 schedule, 
the PIM study ('Pneumo lets Minder') is now performed. However, new vaccines that are not 
solely based on the capsular polysaccharides might be needed because of possible serotype 
replacement or capsule switches. Proteins that may be new vaccine candidates other than 
polysaccharides like pneumolysin, pneumococcal surface protein A and pneumococcal surface 
antigen A are currently under investigation but they have not entered the stage of phase 2 and 

3 clinical trials. However, replacement of proteins targeted by such a new vaccine may also 
occur and therefore the pneumococcal vaccines of the future may be a combination of proteins 

and polysaccharides. 

The IPD incidences in individuals aged �60 years are considerably higher compared with 

the younger adult cohorts, but the lgG concentrations do not decline in the elderly ( chapter 

3). The high IPD incidence in the elderly could be the result of reduced quality of the lgG 
antibodies, although our preliminary results indicate that the lgG antibodies are no different 
in functionality or avidity compared to those in the younger population. Possibly, the high IPD 
incidences in the elderly might be caused by reduced quality of the mechanical barriers or 
effector cells. In children, the lgG concentrations are up to 40-fold higher after vaccination 
compared with lgG concentrations in the naturally exposed adults. The vaccination of the 
elderly may provide a similar rise in lgG concentrations, but it still remains unclear if this will 
provide sufficient protection against the pneumococcus. The efficacy of PCV13 in the elderly 
population is currently investigated in the Netherlands in the Community Acquired Pneumonia 
Immunization Trial in Adults (CAPITA) study (N = 80,000) [77]. Still, if PCV13 is effective and 

is provided routinely to the elderly in the Netherlands, the same problems may arise that we 
are facing now with the vaccination of children. The burden of disease will probably decrease 
temporarily, but this may not be a long-lasting effect. Other pathogens or serotypes may fill the 
niche of the vaccine serotypes. Therefore, it is too early to conclude that immunizing the elderly 

is the same as protecting the elderly. 
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Summary 



The Streptococcus pneumoniae, or the pneumococcus, is a bacterium that is transmitted by 
airborne droplets or direct contact with respiratory secretions. Carriage of the pneumococcus 
occurs in the nasopharynx in human and is usually asymptomatic. In the first years of life the 
carriage rates increase with a peak incidence of carriage at the age of 3 of 45%. The carriage 
rates decline with increasing age up to approximately 5% in adults. The bacteria may spread 
from the nasopharynx to the respiratory tract or to the bloodstream where it can cause an 
infection. In general, the pneumococcus may only cause an infection when there is a disruption 
of a natural barrier, such as a damaged epithelial layer due to smoking or another infection 
e.g. influenza. The pneumococcus may cause relatively mild non-invasive infections such as 
sinusitis or otitis media. However, invasive infections of otherwise sterile body parts may also 

occur, resulting in meningitis, pneumonia and bacteremia. Worldwide, approximately 1 million 
children younger than 5 years of age die from pneumococcal disease. In the Netherlands, the 
incidence of invasive pneumococcal disease (IPD) in the years before the introduction of the 
pneumococcal vaccine was about 35 cases per 100,000 in children younger than 2 years of 
age, in most cases this was meningitis. In adults the incidence is lower (11 cases per 100,000), 
but in individuals older than 65 years of age the incidence is high with 97 cases per 100,000. 
In the elderly the pneumococcus mainly causes pneumonia. 
Pneumococci possess various virulence factors. The most important virulence factor is the 
polysaccharide capsule. The polysaccharides that make up the capsule are covalently coupled 
to the peptidoglycan present in the cell wall. The polysaccharides protect the bacteria from 
phagocytosis and in this way the pneumococcus may escape the innate immune system. 
The polysaccharides of various pneumococcal strains may differ in the composition of their 
building blocks, the monosaccharides, or in the chemical linkage of these monosaccharides. 
The synthesis of the polysaccharides is coded by a set of approximately 15 genes located in 
the capsular gene cluster. Since many decades pneumococcal isolates are characterized by 
serotyping. Serotyping is based on the reactivity of specific antisera with the polysaccharide 
capsule of the pneumococci and presently over 90 serotypes can be identified. Some serotypes 
are often recognized as causative agents for carriage and others for invasive disease. The 
distribution of the serotypes may differ depending on geographical location or on the age 
groups from which they are isolated. In the Netherlands, serotypes 4, 14, 7F and 9V were the 
most prevalent serotypes associated with IPD before the introduction of the pneumococcal 
vaccine. 
Various vaccines against the pneumococcus have been licensed, that all have polysaccharides 
as the active component. The immune response of children is low against vaccines based on 
polysaccharides only. However, the polysaccharides conjugated to a carrier protein induce 
protection in young children and elicit immunological memory. At this moment, 3 conjugate 
vaccines are licensed, a 7-, 10- and 13-valent vaccine, that provide protection against 7, 10 
and 13 serotypes, respectively. In 2006 the 7-valent vaccine (Prevenar, PCV7) was introduced 
in the Netherlands and this was recently replaced with the 10-valent vaccine (Synflorix, 
PCV10) in 2011. The serotypes covered by the PCV7 (serotypes 4, 68, 9V, 14, 18C, 19F and 

23F) caused approximately 60% of the invasive pneumococcal disease in the Netherlands 
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before the introduction of the vaccine. The large scale introduction of the pneumococcal 

vaccine in many countries worldwide resulted in reduced IPD incidences caused by the 
vaccine serotypes. IPD caused by vaccine serotypes in non-vaccinated individuals has also 

declined due to vaccination, a phenomenon referred to as herd immunity. In herd immunity the 
strong reduction of the pneumococcal reservoir in young children leads to reduced circulation 
of pneumococcal strains in the population and thus reduced IPD incidence. Many countries 
that introduced pneumococcal vaccination observed an increasing IPD incidence caused by 

non-vaccine serotypes. This phenomenon is called 'serotype replacement' and is important 
because it reduces the efficacy of the vaccine to prevent IPD. Capsule switch is the capability 

of pneumococci to exchange capsular genes while retaining all other virulence traits. Due 
to selective pressure of the vaccine, pneumococcal strains carrying a non-vaccine serotype 
capsule and a genetic background of a vaccine serotype may escape the vaccine induced 
immunity. 
The surveillance of the vaccination program can be subdivided into 5 components: vaccine 
coverage, safety of the vaccine, clinical, immune and strain surveillance. In this thesis the 
focus is on immune and strain surveillance. Monitoring the effects of the vaccination on 
antibody responses is immune surveillance. A direct effect of the vaccination is the increase in 
lgG concentrations against the vaccine serotypes in the vaccinated children. To measure such 
antibody concentrations in large scale studies, high throughput serological assays are required. 
Using the multiplex immunoassay (MIA), the lgG concentrations against 13 different serotypes 
can be assessed simultaneously (chapter 2). The performance of the MIA was compared with 
the gold standard, the enzyme linked immunosorbent assay (ELISA). Using the ELISA the lgG 
concentration of only a single serotype can be assessed in one assay. The lgG concentrations 

of the sera from children obtained before and after the booster-vaccination on 11 months were 
assessed with the MIA and ELISA and mutually compared. The results obtained with the MIA 

correlated well with the results obtained with the ELISA, but the correlation was relatively 
low for serotype 19F. The lgG concentrations obtained by the MIA were slightly higher than 
those obtained with the ELISA. The surrogate correlate of protection of 0.35 ug/ml that is 

internationally used to compare studies, may therefore be different in the MIA compared with 
the ELISA. The lgG concentrations of the non-vaccine serotype 6A seemed to be higher due 
to cross-reactivity with the vaccine serotype 6B in the MIA. 

The MIA was also used to assess the seroprevalence of the lgG antibodies in a cross sectional 
population-based study in the Netherlands (7904 sera) of 13 pneumococcal serotypes ( chapter 

3). In general, the lgG concentrations against the 13 pneumococcal serotypes increase in the 
first years of life and remain in a plateau from 5-9 years onwards. The lgG concentrations in the 
plateau are different for each serotype. The highest geometric mean lgG concentration was 
found for serotype 19F and serotypes 4 and 5 yielded the lowest concentrations. This study also 
showed that individuals develop antibodies against an increasing number of different serotype 

with increasing age. An important observation was that there was no relationship between age 
stratified lgG concentrations and IPD incidences. For example, the IPD incidences decline 

considerably in the first years of life but the lgG concentrations do not substantially decrease. 
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In the elderly the lgG concentration remains in a plateau but the IPD incidence increases. A 
possible explanation for this phenomenon is that the quality of the mechanical barriers that help 
to remove the bacteria from the airways is reduced in the elderly. Another possibility is that the 
quality of the effector cells involved in the innate immune system is reduced. Also we cannot 
exclude that low antibody levels in certain individuals may have caused invasive disease. In this 
study there was an oversampling of individuals living in low vaccination coverage areas. Many 
people living in the areas refuse vaccination because of their religious beliefs. The children 
from these areas appear to have lower lgG concentrations compared to children from the 
national sample. Possibly this is due to the fact that in this subpopulation fewer children attend 
day-care centers because of the traditional division of roles between men and women resulting 
in less contact with other children, lower carriage rates and thus lower lgG concentrations. 
Furthermore, there was an oversampling of non-Western immigrants in this study. The lgG 
concentrations in this subpopulation were higher compared to the national sample in adults. A 
large proportion of these adults were born in countries with high pneumococcal carriage and 
IPD incidence rates, which possibly led to a high exposure to pneumococci and subsequent 
antibody development. 
The pneumococcus is known for expanding its genetic repertoire through recombination and 
for its high mutation rates in the genome. The selective pressure of the vaccine may select 
for variants that may have altered the capsular gene loci. Therefore it is important to examine 
the differences of the composition of the pneumococcal population before and after the 
implementation of the vaccine, the strain surveillance (second part of the thesis). To monitor 

such changes 2 genotyping methods were implemented: a method to assign a capsular type 
and a method to assess the genetic background of a strain. Using these 2 methods may reveal 
variations in the genetic background, possible capsular switches and vaccine escape variants. 
To assess the genetic background of an isolate a multiple-locus variable number tandem 
repeat analysis (MLVA) was introduced (chapter 4). The MLVA is based on the presence of 
repeating elements. The MLVA was validated using 263 carriage isolates and results were 
compared with the results of 2 frequently used molecular typing methods: pulsed-field gel 
electrophoresis (PFGE) and multilocus sequence typing (MLST). In conclusion, the MLVA is a 
promising method, relatively easy to perform and inexpensive compared with PFGE and MLST. 
A website was constructed on which the M LVA is described and profiles may be uploaded to 
assign a MLVA type (www.MLVA.net). 
The method for typing the capsule is the capsular sequence typing (CST) (chapter 5). Using 
this method the 'serotype' may be determined in a molecular assay. Classical serotyping is 
performed using the 'Quellung' or 'Neufeld' reaction. This method is based on the swelling 
of the capsule and is determined under the microscope after mixing of the pneumococci with 
serotype specific serum. All the serotype specific sera have to be available in the laboratory 
and therefore this assay is relatively expensive and time-consuming. In the CST part of 
the wzh, a regulatory gene in the capsular gene locus, is amplified in a single reaction and 
sequenced. Although a few discrepancies occurred there was high concordance between CST 
and classical serotyping. 
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After the implementation of the PCV7 in the Netherlands the IPD incidence in children <5 
years in age caused by vaccine serotypes declined dramatically and no IPD cases caused 
by vaccine serotypes were reported in 201 0  (chapter 6). Also the overall IPD incidence in 
this age group declined because of the reduction of the IPD cases of the vaccine serotypes. 
However, in the non-vaccinated age group of individuals of �5 years of age the IPD incidences 
remained approximately the same after the implementation of the vaccine. This was caused by 
the increase of IPD caused by non-vaccine serotypes where these serotypes seem to fill the 
niche of the vaccine serotypes, which is referred to as 'serotype replacement'. Especially the 
number of IPD cases caused by the non-vaccine serotypes 1 and 22F are increasing after the 
implementation of the vaccine. By combining the results of the CST and Ml VA the pneumococcal 
population before and after the implementation of the vaccine was examined (chapter 5 and 
6). In general, the genetic background of the pneumococcal population remained similar 2-3 
years after introduction of the vaccine. However, this study revealed fluctuations in the genetic 

background within certain serotypes. For example, there were fluctuations in the number of IPD 
cases of non-vaccine serotype 1 from 2001 through 2009, but also fluctuations in the genetic 
background of serotype 1 .  In this study a few instances of capsule switch were identified. In 
the years before vaccine introduction there were 4 isolates in which the serotype 1 9F capsular 
locus had been horizontally transferred to a different genetic background. Remarkably, none of 

the 5 post-vaccination isolates in which we observed possible capsule switch belonged to the 
1 9F serotype, possibly due to vaccine induce pressure. 

The pneumococcal vaccine is directed against the capsule and therefore the vaccine induced 
pressure may select for pneumococcal variants. The CST revealed discrepancies between 
the phenotypic and genotypic serotyping within serogroup 6 suggesting polymorphism of the 
capsular genes within this serogroup. Therefore the capsular genes of this serogroup were 
investigated. Besides serogroup 6 also serotype 1 9A and 1 9F were examined. We explored the 
sequence diversity of the capsular genes and a possible effect of vaccination on variation and 
distribution of these serotypes (chapter 7). The complete capsular gene locus was sequenced 
for 25 serogroup 6 and 20 serogroup 1 9  isolates. If one or more genes varied in 1 0  or more 
base pairs from the reference sequence, the isolate was designated as a capsular subtype. 
One of the capsular subtypes of serotype 6B displayed considerable sequence divergence in 
most of the capsular genes from those of the reference sequence. We concluded that isolates 
with this particular capsular subtype may represent a new serotype. Among the serogroup 6 

isolates the genetic background, as determined by MLVA, seemed to be closely associated to 
the capsular subtype, but this was less pronounced with serogroup 1 9. There were also less 
capsular subtypes within the serogroup 1 9. The data suggest a possible shift in the occurrence 
of capsular subtypes of serotype 6A and 1 9A after the implementation of the vaccine, but 
numbers were small. The shift within these non-vaccine serotypes may indicate that these 
are filling the niche of the vaccine serotypes. The changes in the capsular genes may result 

in strains that produce more or less capsular polysaccharides and consequently reduce the 
effectiveness of the vaccine. 
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Main conclusions and findings of this thesis are:  

• The MIA was found to be a good alternative for the ELISA to quantitate lgG antibodies 
against the pneumococcus. 

• The baseline seroprevalence of serotype specific pneumococcal lgG antibody levels is 
established which is useful for comparison with the seroprevalence after implementation of 
pneumococcal conjugate vaccination. 
No clear relationship between lgG seroprevalence and IPD incidences could be 
established and therefore other immune mechanisms contribute to invasive infection with 
the pneumococcus. 

• MLVA is a good alternative for MLST and PFGE, and CST is a good alternative for serotyping. 
• The reduction of the number of IPD cases caused by the vaccine serotypes induced by herd 

effects of the pneumococcal conjugate vaccine were nullified by the increase in incidence 
of non-vaccine serotypes. 

• The selective pressure of the vaccine does not seem to influence the genetic background 
of the pneumococcal population yet. 

• The sequence variations in the capsular gene loci of serotype 6 and 19 may result in altered 

capsular polysaccharides or in strains that produce more or less capsular polysaccharides. 
• After implementation of PCV?, the occurrence of capsular subtypes of non-vaccine 

serotypes 6A and 19A seem to shift towards different capsular subtypes, which may 
indicate that these subtypes fill the niche of the vaccine serotypes. 
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Samenvatting 



De Streptococcus pneumoniae, ook wel de pneumokok genoemd, is een bacterie die door 
aerosolen of direct contact met respiratoire secretie wordt overgedragen. Deze bacterie kan 
zonder problemen door de mens warden gedragen in de keelneusholte. In de eerste levensjaren 
neemt dragerschap toe, met een piek op 3 jaar van 45%. Dragerschap neemt vervolgens af 
tot 5% in volwassenen. Wanneer de bacterie zich verspreidt vanuit de keelneusholte naar het 
ademhalingskanaal of de bloedbaan, kan het een infectie veroorzaken. Over het algemeen 
zal de pneumokok alleen een infectie veroorzaken wanneer er een fysieke verstoring heeft 
plaatsgevonden, bijvoorbeeld wanneer de epitheellaag beschadigd is door roken of een andere 
infectie. De pneumokok kan relatief milde niet-invasieve infecties veroorzaken, zeals sinusitis 
en middenoorontsteking, maar ook ernstigere invasieve infecties zeals hersenvliesontsteking, 
longontsteking en bacteriemie. Naar schatting overlijden er wereldwijd per jaar 1 miljoen 

kinderen ender de 5 jaar aan pneumokokkenziekten. In Nederland was de incidentie van 
invasieve pneumokokkenziekten (IPD) voor de invoering van het pneumokokkenvaccin 
ongeveer 35 gevallen per 100.000 per jaar in kinderen jonger dan 2 jaar. In de meeste gevallen 
veroorzaakt de pneumokok bij de jonge kinderen hersenvliesontsteking. In volwassenen neemt 
de incidentie af (11 gevallen per 100,000), maar bij ouderen > 65 jaar neemt deze weer toe, 
tot 97 gevallen per 100.000 per jaar. Bij ouderen veroorzaakt de pneumokok voornamelijk 
longontsteking. 
De pneumokok heeft een aantal belangrijke kenmerken, waardoor deze de potentie heeft 
pathogeen te zijn. Het belangrijkste virulentiekenmerk is het polysacharide kapsel. De 
polysachariden die het kapsel vormen zijn gebonden aan het peptidoglycaan van de celwand. 
De polysachariden beschermen de bacterie tegen fagocytose, waardoor de bacterie de werking 
van het aangeboren immuunsysteem kan ontwijken. De polysachariden van de verschillende 
stammen verschillen in de opbouw van de bouwstenen, de monosachariden, of in de chemische 
binding tussen de monosachariden. De synthese van de polysachariden wordt gecodeerd 
door een set van ongeveer 15 genen gelokaliseerd in het kapselgenencluster. Al sinds lange 
tijd warden pneumokokkenisolaten gekarakteriseerd door serotypering. Dit is gebaseerd op 
de reactiviteit van specifieke antisera met het polysaccharide kapsel van de pneumokokken 
en er warden tegenwoordig meer dan 90 verschillende serotypen onderscheiden. Sommige 
serotypen warden vaker gevonden bij dragerschap en andere zijn meer geassocieerd met 
invasieve infecties. Ook zijn er geografische verschillen in de serotypen en verschillen tussen 
leeftijdsgroepen bij wie de pneumokokken warden ge"isoleerd. In Nederland waren serotypen 
4, 14, 7F en 9V de belangrijkste serotypes, die invasieve ziekten veroorzaakten voor de 
invoering van het pneumokokkenvaccin. 
Er zijn verschillende vaccins op de markt tegen pneumokokkenziekten, tot op heden allemaal 
met het polysacharidekapsel als actief component. De immuunrespons van kinderen tegen 
vaccins die gebaseerd zijn op alleen polysachariden is laag. Daarom warden de polysachariden 
geconjugeerd aan een dragereiwit waardoor in kinderen immunologisch geheugen wordt 

opgebouwd. Op dit moment zijn er 3 geregistreerde conjugaat vaccins, een 7-, 10- en 13-valent 
conjugaat vaccin, die respectievelijk tegen 7, 10 en 13 serotypen bescherming bieden. In 
2006 is het 7-valente vaccin (Prevenar, PCV7) in Nederland ge"introduceerd en dat is in 2011 
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vervangen door het 10-valente vaccin (Synflorix, PCV10). De serotypen waar het vaccin tegen 
beschermt, serotypen 4, 6B, 9V, 14, 18C, 19F en 23F, veroorzaakten v66r de invoering van 
het vaccin ongeveer 60% van alle invasieve pneumokokkenziekten in Nederland. Door de 
invoering van het pneumokokkenvaccin op grote schaal is het aantal invasieve IPD in veel 
landen wereldwijd, veroorzaakt door de vaccin-serotypen, afgenomen. Ook komen er minder 
IPD gevallen veroorzaakt door de vaccin-serotypen voor bij volwassenen door zogenaamde 
kudde-immuniteit. De vaccin-serotypen circuleren nu minder doordat ze niet meer warden 
verspreid door kinderen die gevaccineerd zijn. Echter door sommige andere serotypen, die 
niet in het gebruikte vaccin zitten, warden er juist meer IPD gevallen veroorzaakt. Dit wordt 
'serotype replacement' genoemd en is belangrijk omdat hierdoor de effectiviteit van het vaccin 
om I PD te voorkomen in gevaar komt. Kapselswitch is een mogelijkheid van pneumokokken 
om de kapselgenen uit te wisselen waarbij het serotype van een stam verandert maar andere 

virulentiekenmerken behouden blijven. Door selectiedruk van het vaccin kunnen varianten 
ontstaan met een kapsel van een niet-vaccin serotype en een genetische achtergrond van een 
vaccin serotype en deze zou de vaccin geinduceerde immuniteit kunnen ondermijnen. 
De surveillance van een vaccinatieprogramma kan warden onderverdeeld in 5 componenten: de 

dekkingsgraad en de veiligheid van het vaccin en de klinische-, immuun- en kiemsurveillance. In 
dit proefschrift ligt de focus op immuunsurveillance en kiemsurveillance. Met immuunsurveillance 
analyseren we het beschermingseffect van de vaccinatie door o.a. antilichaamresponsen 
te meten (het eerste gedeelte van dit proefschrift). Een direct effect van de vaccinatie 
is dat de lgG concentraties tegen de vaccinserotypen bij de ge"immuniseerde kinderen 
stijgen. Om de immuunstatus van een bevolking te onderzoeken worden er grootschalige 
serosurveillancestudies uitgevoerd. Voor het meten van de antilichaamconcentraties in 

dergelijke grote studies zijn er speciale serologische assays nodig. Met behulp van de multiplex 
immunoassay (MIA) kunnen bv. de lgG concentraties tegen 13 verschillende serotypen simultaan 
worden gekwantificeerd (hoofdstuk 2). De resultaten behaald met de MIA zijn vergeleken met 
de enzym linked immunosorbent assay (ELISA), wat wordt gezien als de gouden standaard 
voor het meten van pneumokokken lgG concentraties. Echter met de ELISA kan slechts de 
lgG concentratie tegen een serotype tegelijk bepaald worden. De lgG concentraties van sera 
van kinderen vlak voor en 1 maand na de boostervaccinatie op 11 maanden zijn bepaald met 
zowel de MIA als de ELISA en met elkaar vergeleken. De MIA correleerde goed met de ELISA, 
maar voor serotype 19F was de correlatiefactor iets lager. De lgG concentraties gemeten in de 
M IA lagen iets hoger dan in de ELISA. De arbitraire beschermingsgrens van 0.35 µg/ml, die 
internationaal gehanteerd wordt voor het vergelijken van studies, zal dus wellicht anders zijn 
in de MIA dan in de ELISA. De lgG concentratie van het niet-vaccin serotype 6A leek verhoogd 
door kruisreactie met het vaccin serotype 6B in de MIA. 
De MIA is ook gebruikt om de seroprevalentie van lgG antilichamen gericht tegen 13 serotypen 

van de pneumokok te bepalen binnen een representatieve steekproef van de Nederlandse 
bevolking (7904 sera) (hoofdstuk 3). Over het algemeen stijgen de anti-pneumokokken lgG 
concentraties tegen de 13 serotypen in de eerste levensjaren om vervolgens vanaf een 
leeftijd van 5-9 jaar tot een plateau te komen. De lgG concentratie van dit plateau was voor 
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elk serotype anders. De geometrisch gemiddelde lgG concentratie voor serotype 19F was 
het hoogste van de geanalyseerde concentraties en voor serotype 4 en 5 waren deze het 
laagst. Uit de studie bleek verder dat een individu lgG antilichamen produceert tegen steeds 
meer serotypen met het toenemen van de jaren. Een belangrijke bevinding was dat tussen 
de lgG concentraties en de IPD incidenties per leeftijd geen relatie bleek te bestaan. Zo zijn 
bij een substantiele verlaging van de IPD incidenties gedurende de eerste levensjaren de 
lgG concentraties niet substantieel verhoogd. Bij ouderen blijft de lgG concentratie op een 
plateau, maar de IPD incidentie stijgt echter wel. Een mogelijke verklaring waardoor ouderen 
toch IPD krijgen, zou de verminderde kwaliteit van de mechanische barriere kunnen zijn, die 
helpt om de bacterien te klaren. Mogelijk neemt ook de kwaliteit van de effectorcellen, die 
betrokken zijn bij de aangeboren immuniteit, af bij ouderen. We kunnen niet uitsluiten dat een 
laag antilichaamniveau in sommige individuen invasieve ziekten hebben veroorzaakt. In deze 
studie is speciaal rekening gehouden met individuen uit lage vaccinatiegraad gemeenten, 
veelal gemeenten waar mensen zich niet willen laten vaccineren uit geloofsovertuiging. Het 
blijkt dat de kinderen uit de lage vaccinatiegraad gemeenten een lagere lgG concentratie 
hebben dan de kinderen in de nationale steekproef. Een meer traditionele rolverdeling van 
man en vrouw, waardoor de kinderen niet naar kinderdagopvang gaan en daardoor minder 
in aanraking komen met andere kinderen en dus een lager dragerschap bezitten, kan een 
mogelijke verklaring zijn voor de lagere lgG concentraties. Ook is er in deze studie speciaal 
rekening gehouden met niet-westerse immigranten in Nederland. De lgG concentraties in 
volwassenen van deze bevolkingsgroep waren hoger dan die in de nationale steekproef. Een 
frequent bezoek aan het land van herkomst waardoor ze vaker gekoloniseerd warden met 
pneumokokken kan dit mogelijk verklaren. 

De pneumokok kan zijn genetische materiaal gemakkelijk uitwisselen door recombinatie en 
mutaties. De implementatie van de vaccinatie zal wellicht een selectieve druk geven op de 
pneumokokkenpopulatie. Daarom is het belangrijk om verschillen in de compositie van de 
pneumokokkenpopulatie voor en na de invoering van de vaccinatie te vergelijken (tweede 
gedeelte van dit proefschrift). Voor deze kiemsurveillance zijn er 2 typeringsmethoden opgezet: 
een om het kapseltype te bepalen en een om de genetische achtergrond van een stam te 
bepalen. De combinatie van deze twee methoden kan ons meer vertellen over variatie in de 
genetische achtergrond, mogelijke kapselswitches en opsporen van vaccin-escape varianten. 
Om de genetische achtergrond van een stam te kunnen bepalen is er een multiple-locus 
variable number tandem repeat analysis (MLVA) ge"introduceerd (hoofdstuk 4). De MLVA is 
gebaseerd op de aanwezigheid van repeterende elementen. Om de MLVA te valideren zijn 263 
dragerschapsstammen geanalyseerd en vergeleken met de resultaten van 2 veel gebruikte 
moleculaire typeermethoden: pulsed-field gel electroforese (PFGE) en multilocus sequence 
typing (MLST). Concluderend is de MLVA een veelbelovende methode, eenvoudig uit te 

voeren en relatief goedkoop in vergelijking met PFGE en MLST. Een website is opgezet waar 
de procedure van de MLVA staat beschreven en waar profielen kunnen warden ingevoerd om 
het MLVA type te kunnen bepalen (www.MLVA.net). 
De methode om het kapsel te typeren wordt capsular sequence typing (CST) genoemd 
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(hoofdstuk 5). Met deze methode kan op een moleculaire wijze het 'serotype' van een stam 
warden bepaald. De klassieke manier van het bepalen van een serotype is met behulp van 
de 'Quellung' of Neufeld reactie. Met deze methode wordt de zwelling van het kapsel onder 
een microscoop onderzocht na het mixen van de pneumokokken met een serotype specifiek 
antiserum. Omdat alle serotype specifieke antisera aanwezig moeten zijn, is deze test relatief 
duur. Tevens kost de uitvoering van deze test veel tijd. Bij de CST methode wordt een gedeelte 
van het wzh gen, een regulatiegen uit het kapselgenencluster, met behulp van sen enkele 
multiplex PCR reactie geamplificeerd en gesequenced. Hoewel er een paar discrepanties 
waren tussen CST en de klassieke serotypering, was er een goede overeenkomst tussen 
beiden. 
Door de invoering van het vaccin in 2006 is de IPD incidentie veroorzaakt door de PCV7 in 
Nederland serotypen sterk gedaald in kinderen <5 jaar, tot zelfs geen enkel geval van IPD door 

vaccin serotypen in 2010 (hoofdstuk 6). Door deze daling van PCV7 serotypen, is ook de netto 

IPD incidentie sterk gedaald in dit leeftijdscohort. In de niet-gevaccineerde leeftijdsgroep van 
�5 jaar is de IPD incidentie netto echter ongeveer hetzelfde gebleven na de invoering van het 

vaccin. Dit wordt veroorzaakt door het zogenoemde 'serotype replacement' :  er komen meer 
IPD gevallen voor door niet-vaccin serotypen. Deze vullen de niche die is ontstaan door de 

vaccin-serotypen. Het aantal IPD gevallen door niet-vaccin serotypen, met name 1 en 22F, 
zijn in de jaren na de invoering van het vaccin in opkomst. Door de resultaten van de CST te 
combineren met MLVA is inzichtelijk geworden wat de verschillen in pneumokokkenpopulatie 

van Nederland zijn voor en na de invoering van het pneumokokken vaccin (hoofdstuk 5 en 6). 
Over het algemeen is de samenstelling van de pneumokokkenpopulatie ongeveer hetzelfde 
gebleven 2-3 jaar na de invoering van het vaccin. Wei wordt uit deze studie duidelijk dat er 

in de loop van de tijd fluctuaties binnen de genetische achtergrond van een serotype kunnen 
optreden. Zo vonden we fluctuaties in het aantal gevallen van niet-vaccin serotype 1 IPD 

tussen 2001 en 2009, maar ook een verschuiving in genetische achtergrond van serotype 1. 

In deze studie zijn ook een aantal gevallen van kapselswitch waargenomen. In de jaren voor 

vaccinatie vonden we 4 stammen waarbij serotype 19F kapsel genen aangetroffen werden 
met een genetische achtergrond van een ander serotype. In de jaren na vaccinatie vonden 
we nog 5 stammen die mogelijk kapselswitch hebben ondergaan, maar serotype 19F was 
daar niet bij betrokken. Het is mogelijk dat door de druk van het vaccin geen serotype 19F 
kapselswitch meer plaatsvindt. 
Omdat het vaccin gericht is tegen het kapsel van de pneumokok, zal er mogelijk een selectie 
van pneumokokken varianten plaats vinden. Bij de uitvoering van de CST werden er in 
serogroep 6 verschillen gevonden tussen de fenotypische en genotypische serotypering wat 
de suggestie wekt dat er polymorfismen in de kapselgenen zijn binnen een serotype. Daarom 
zijn de kapselgenen van serogroep 6 verder onderzocht. Naast serogroep 6 zijn ook serotype 

19A en 19F verder onderzocht. Mogelijke verschillen in sequenties van het kapselgenencluster 

binnen een serotype zijn onderzocht en daardoor een mogelijke relatie tussen vaccineren 
en de variatie en distributie van de verkregen kapselsubtypen (hoofdstuk 7). Hiervoor is 
van 25 serogroep 6 stammen en 20 serogroep 19 stammen het gehele kapselgenencluster 
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gesequenced. Daarbij is er onderscheid gemaakt tussen de verschillende kapselsubtypen 
wanneer er 10 of meer basen in 1 of meer genen verschillend waren in een stam in vergelijking 

met de referentiesequentie. Een kapselsubtype van serotype 6B was zelfs zo verschillend in 
bijna alle kapselgenen dat het mogelijk een nieuw serotype zou kunnen zijn. De genetische 

achtergrond, bepaald met MLVA, was nog steeds wel geassocieerd met de kapselsubtypen 
van serogroep 6. Bij serogroep 19 werden er minder verschillende kapselsubtypen gevonden. 
Hoewel er maar een klein aantal stammen aanwezig was uit de periodes voor en na invoering 
van het vaccin, lijkt het er toch op dat er voor serotype 6A en 19A een switch plaatsvindt tussen 
kapselsubtypen door de invoering van het vaccin. Deze niet-vaccin serotypen zouden de niche 
die de vaccin-serotypen achterlaten aan het opvullen kunnen zijn. Een variatie in kapselgenen 

zou kunnen leiden tot meer of minder polysachariden productie door een stam, waardoor het 
vaccin minder effectief zou kunnen zijn. 

Belangrijkste conclusies en bevindingen van dit proefschrift zijn: 

De multiplex immunoassay is een prima alternatief voor de ELISA bij het kwantificeren van 

lgG anilichamen tegen de pneumococcus. 
Met de MIA is de seroprevalentie van lgG antilichamen bepaald voor de invoering van 
het vaccin en dit kan warden vergeleken met de seroprevalentie na de invoering van het 
conjugaatvaccin. 
Er is geen duidelijke relatie tussen lgG concentratie en I PD incidentie gevonden en daarom 
zouden andere mechanismen kunnen bijdragen aan invasieve infectie met de pneumokok. 

De MLVA is een goed alternatief voor de PFGE en MLST en de CST een goed alternatief 
voor de klassieke serotypering. 
De reductie van het aantal IPD gevallen veroorzaakt door vaccin serotypen ge·1nduceerd 
door kudde-immuniteit van het geconjugeerde vaccin is teniet gedaan door de opkomst 
van niet-vaccin serotypen. 
De selectieve d ruk van hetvaccin lijkt de genetische achtergrond van pneumokokkenpopulatie 
vooralsnog niet veel te be'i'nvloeden. 
De variatie in sequentie van de kapselgenenclusters van serogroep 6 en 19 zou ertoe 
kunnen leiden dat kapselpolysacharides veranderen of dat stammen meer of minder 
kapsel produceren. 
De kapselsubtypen van serotype 6A en 19A lijken te veranderen naar andere kapsel 
subtypen hetgeen verklaard zou kunnen warden doordat deze "nieuwe" kapselsubtypen 
de niche van de vaccin-serotypen aan het opvullen zijn. 
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Hier ligt het dan: mijn boekje, afstudeerverslag, kroon op mijn werk of liever gezegd; ans werk. 
Want promoveren doe je niet in je eentje. Ja, op dit boekje staat een naam, maar dat is schijn 
en schijn bedriegt. Er zijn namelijk vele mensen die hebben geholpen dit tot stand te brengen; 
de experimenten en studies, het schrijfwerk, collegealiteit en de sociale zaken eromheen. Nu 
twijfel ik even om gewoon een lijstje namen te geven van mensen die ik wil bedanken, want 
ik weet hoe leuk mijn collega's dat vinden, maar ik wil graag nag langer met ze samenwerken 
dus doe ik dat maar niet. 

Allereerst en met kop en schouders bovenaan bedank ik Leo Schouls, co-promotor. Beste 
Leo, in jouw drukke schema moest er oak nag iemand promoveren. Ontzettend bedankt voor 
alle tijd die je in mij hebt gestoken. lk bewonder je om je brede en diepgaande kennis en ik heb 

erg veel van je geleerd. Handig om een baas te hebben die letterlijk weet op welke pagina van 
je labjournaal welk experiment staat beschreven ; ). 

Guy Berbers, co-promotor. Beste Guy, wat fijn dat je wilde instappen als co-promotor. Jouw 
kennis over het immunologische gedeelte van dit proefschrift is heel waardevol. Maar oak over 
de onderwerpen die iets verder van je af staan had je altijd goede adviezen. Dank je! 

Hajo Grundmann, promotor. Beste Hajo, bedankt voor je promotor-zijn. Je hebt veel bezieling 
voor wetenschappelijk onderzoek en dat werkt aanstekelijk. 

De leden van de promotiecommissie dank ik voor hun bereidheid zitting te nemen in de 
commissie. 

De samenwerkingen van 'buitenaf' :  
Het Nederlands Referentie Laboratorium voor Bacteriele meningitis (NRLBM). Arie van der 
Ende, beste Arie, zonder de prachtige stammencollectie zou dit boekje niet veel zijn. Jij en 
jouw team leveren fantastisch werk! Bedankt voor je hulp bij manuscripten en je gastvrijheid 
op het lab. 
lnstituto de Tecnologia Quimica e Biologica, Universidade Nova de Lisboa in Portugal. 
Dear Raquel Sa-Leao and Sonia Nunes, thank you for the collaboration and as a result the 
publication. Sonia, a more personal note, thank you for your kind words regarding my nephew 

in difficult times. Hope to see you again soon. 

Mijn directe pneumo-collega's: Ingrid, Corrie, Sandra en Han. Dank jullie voor jullie geweldige 
inzet en prachtige werk. lk hoop dat jullie je realiseren dat jullie onmisbaar zijn geweest voor 
dit boekje. Ingrid, omdat je nimf bent krijg jij een eigen stukje verderop . .. Corrie, een feest 
om jou in een team te hebben. Je regelt verschikkelijk veel in en om het lab, denkt mee met 

het onderzoek en bent oak nag eens een warm en lief mens. Dank je voor alles; in, om en 
buiten het lab, de avondjes uit, de mogelijkheid om even lekker op iets of iemand te zeiken en 
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je schouder toen het moei l ijk werd. San , onze sequence-koningin !  Sowieso sta je altijd voor 
iedereen klaar, niet voor niets run j ij onze sequence facil iteit op perfecta wijze. Je hebt ook 
nog prachtig werk gedaan met de kapselgenen. Je bent een fijne en oprecht geinteresseerde 
col lega en de terechte winnaar van de eerste aflevering van ons 'wie is de mol' spel. Han,  
jouw magische werk met de computer is onmisbaar! Database bouwen voor PIENTER, de 
stammen-database, al le scripts en andere ingewikkelde d ingen waar ik de ballen verstand 
van heb en j i j  gemakkelijk uit je mouw schut. Fabriekje bouwen voor MLVA, je draait je hand 
er niet voor om. Lekkere droge opmerking erbij ,  l iggen we in een deuk. Han, dank je! Ook al le 
stagiares van de afgelopen 5 jaar bedankt! Anita, Naomi en Wil l iam, ju l l ie werk werd beloond 
met een mede-auteurschap, maar ook Angela, Maarten en,  meer recentelijk, Roy, bedankt! 

Afdeling IMM:  I rina,  mooie publ icatie met de ELISA en de luminex data. Leuk om met je samen 
te werken! Fiona, altijd vrolijk en geinteresseerd, het werkt aanstekelijk. Je prachtige Pl ENTER 
studie: op naar de derde editie! De andere IMM-ers die zo gastvrij zijn mij ,  m'n col lega's en 
m ijn stagiaires toe te staan : )  op het luminex-lab en h ier en daar de helpende hand te bieden. 

Sabine de Greeff: ik  vroeg me af of we al bij Selfoss zijn? Nee, serieus, zie ik Selfoss nou 
daar? Of zijn we er nog niet, bij Selfoss?? Sabine, dank je voor de prettige en vooral altijd even 
serieuze samenwerking ; ). Jammer dat je het pneumo-onderzoek hebt verlaten. Gelukkig kom 
je in plaats daarvan in Houten wonen, goede keuze! 

De kinkhoesters: Halve Han (want de andere helft is al genoemd bij het pneumo-groep ), 
Kees, Marieke, Anne, Marjolein en Frits en ex-kinkhoesters Tamara, Saskia en Audrey. Ander 
onderwerp maar we delen veel :  lab, gang , kamers, afdel ing, koffie en uitjes. Bedankt voor de 
tips en tricks van het vak en al le gezell igheid. 

'De koffiekamer-mensen' :  altijd gezel l ig d ie break van het werk. Even het staf-verslag, de krant 
of de dag doornemen. Bedankt voor de gezel l igheid! 

Lieve n imf I ngrid, een kip is geen mus .. .  spreekwoordelijk gezien dan. Waar het soms over 
gaat of g ing ben ik al lang vergeten ,  maar het bl ijft leuk. Tranen gelachen achter de flowkast, 
kwartels onthoofd en beeld hebben tijdens het koffie (thee), en weer tranen lachen. M aar ook 
in serieuzere omstandigheden een steun . Dank je, Ing,  voor alles! 

Lieve vrienden en vriendinnetjes. Ja, Kimmie, ik  wil het je met al le l iefde nog wel een keer 
vertellen waar ik nou onderzoek aan doe, maar nu kun je het zelf lezen! M'n meiden : Kim, 
San, Eef en Mariel ,  bedankt voor ju l l ie vriendschap, onvoorwaardelijk in  voor en tegenspoed. 
I nge, al zoveel jaar mn vriendinnetje! Ing ,  weet je wel wat voor een doorzetter je bent, en dat 
je eigenl ijk altijd voor elkaar krijgt wat je wilt? lk neem jouw enthousiasme als groat voorbeeld! 
Majo, inmiddels al weer een tijdje bij elkaar op de kamer en we weten inmiddels b ijna  al les 
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van elkaar. Je helpt me bij problemen en obstakels en geeft me een 'hop' schop onder mn 
kont waar nodig. Gezellig in de kroeg, casino, etentjes etc. Je bent heel waardevol voor me! 
Jelle (en onlosmakend en recentelijk er weer bij: Stan), gezellige vriendschap, alweer heel 
wat jaren. Gekkigheid op het HLO en inmiddels toch zo nu en dan iets serieuzer. Alie andere 
vrienden en vriendinnen, op de tennisbaan en daarbuiten, bedankt voor jullie vriendschap en 
gezelschap! 

Familie Bosch, Jos, Jeanet, Lian en Dennis. Daar in het oosten voel ik me aardig thuis. Bedankt 
voor het warme gezin waarin jullie me hebben opgenomen. 

Lieve gezuster, soms betwijfel ik of je wel weet wat voor een bijzonder mens je bent. We zijn 
altijd al 2 handen op 1 buik geweest, in al de drie levens (de levens voor, tijdens en na Jay). 
Altijd zijn we er voor elkaar. lk leer elke dag van jou. Je bent zo sterk en warm mens met zoveel 

onvoorwaardelijke liefde te geven. Je bent mijn grate voorbeeld! 
Lieve Alex, altijd belangstellend, lief en warm. Dank je dat je zo goed voor mn zussie zorgt. Je 
bent een topper! 

Lieve pap en mam, mn verslag is klaar en ik mag eindelijk afstuderen;). We hebben een warm 
en hecht gezin en gelukkig weten we met z'n allen hoe waardevol dat is. Jullie staan daarvoor 
aan de basis, als thuis-basis, in vele opzichten. Dank voor de onvoorwaardelijke liefde! 

Lieve Jayt, daar was je dan, kleine grate man. Dit boekje draag ik op aan jou. Oat is oak 
logisch, jij hebt de wereld veranderd, denkwijzen herzien en meer liefde gebracht dan wie dan 
oak. ' lemand die gered moet warden, kan oak een held zijn', schreef je moeder, en je bent een 
held voor velen en zeker voor mij. Je tante is trots op je en mist je verschikkelijk! 

Liefde van mn leven, lieve Thijs. Toen wij een stel werden dachten velen dat dat wetenschappelijk 
wel handig zou kunnen zijn. En wanneer praten wij over het werk?? Nee hoar, wij hebben 
elkaar helemaal gevonden en daar hebben wij het werk niet voor nodig. We zijn een lekker 
leventje aan het opbouwen met Moosje, Saartje en wie weet wat voor een uitbreiding de 

toekomst nag voor ans in petto heeft. Je bent mn steun en toeverlaat, liefje, ik hou van jou! 
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Fig. 2. Schematic overview of the biosynthesis pathway of capsular polysaccharides by the wzy-de
pendent pathway in serotype 19A. 
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Fig. 5. Schematic overview of the multiplex immunoassay. 
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Fig. 1. Similarity of the curves obtained by M IA with serial di lutions of the Lot 89S and IVIG reference 

sera for serotypes 6A, 6B and 1 4. The median fluorescent intensities are plotted against the lgG con

centration. Similar curves were obtained for the other serotypes. 
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Fig. 7. Relative cumulative distribution curves of the pre- and post-booster vaccination lgG concentra
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concentration of 0 .35 µg/ml .  The percentage of subjects (y axis) is plotted against the lgG concentra

tion (x axis). The graph for serotype 4 is i l lustrative for the other serotypes, for which the results are not 
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Fig. 1 .  Age stratified geometric mean lgG concentrations from the national sample and IPD incidence. 
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dotted lines indicate the 0.35 µg/ml threshold concentration. 
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were included in the analyses for the age groups. The dotted l ine indicates 50% of the individuals with 
l gG concentrations .?0.35 µg/ml. 
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Chapter 4 

Fig. 2 (right page). High congruence between MLVA and MLST. Minimum spanning tree of the results 
obtained by MLST (A) and MLVA (B) for the 263 isolates of the test collection. Each circle indicates a 
genotype. The size of the circle is proportional to the number of isolates with the same type. Lines link
ing two types denote a single locus difference between those types. In Figure 1 A  the MLST complexes 
are indicated by halos. Seven MLST complexes are discussed in the manuscript and these are colored 
and named according to the nomenclature of S. pneumoniae MLST database (www.mlst.net, last ac
cessed on October 20, 2010). The white nodes represent the isolates within this test collection that are 
not discussed. The same colors were applied to the minimum spanning tree based on MLVA in Figure 
1 B. This minimum spanning tree is based on the entire MLVA database (last accessed on October 20, 
201 0), and only the branches are made visible. The MLVA types of the 263 isolates used in this study 
were depicted as circles. The halos indicate the MLVA complexes. 
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Chapter 5 

MLVA, n=1 1 54 
6A 

� 

23F 

o"b()..._ 
---o 19A 

�'4 
� '\ 

Fig. 2. Minimum spanning tree of the results obtained by MLVA of 1154 pneumococcal isolates. The 
minimum spanning tree is based on the entire MLVA database (last accessed on October 20, 2010) 
with only the results from the current collection plotted within. The circles indicate the types and the size 
of the circles indicate the number of isolates. Lines linking two types denote a single locus difference 
between those types. The colors of the circles indicate the serotype of the isolates and complexes were 
indicated by grey halos. 
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MLVA of serotype 7F, 1 9A, 1 4  and 1 9F 

CT n 
c:::::J CT0?F-01 1 39 

c:::::J CT1 9A-01 42 

c:::::J CT1 4-01 95 
- CT14-02 80 

- CT19F-01 24 

- CT1 9F-02 1 0  
c:::::J CT1 9F-03 1 
- CT1 9F-04 1 

Fig. 3. Minimum spanning trees of the results obtained by MLVA of 4 major serotypes. The minimum 
spanning tree is based on the entire MLVA database and the results of the pre-vaccination era collection 
(n=1154) were plotted within in white nodes. The colored nodes designate the isolates of the 4 major 
serotypes described in the text. The colors of the nodes indicate the Capsular Type. For symbols and 
lines see Figure 2. 
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MLVA of serogroup 6, n=7 4 
0 

,,� 
,0 0 

o �'-

CT n 

0 CT06A-01 9 
- CT06A-03 1 4  
- CT06A-04 2 

- CT06B-01 41 
0 CT06B-02 2 

- CT06C-01 6 

Fig. 4. Minimum spanning trees of the results obtained by MLVA for serogroup 6. The minimum span
ning tree is based on the entire MLVA database and the results of the pre-vaccination era collection 
(n=1154) were plotted within in white nodes. The colored nodes designate the serogoup 6 isolates of 
this collection. The colors of the nodes indicate the Capsular Type and the serotype is indicated within 
the figure. For symbols and lines see Figure 2. 
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Chapter 6 

A. <5 years of age 
30 

25 

-- All 
- PCV7 
-- PCV1 3  minus PCV7 
- Non-vaccine 

B. 2:5 years of age 
30 

25 

0 0 
2004 2005 2006 2007 2008 2009 201 0 2004 2005 2006 2007 2008 2009 201 0  

Fig. 1 .  IPD incidence from 2004 until 2010. The data are presented for children <5 years of  age (Fig.1A) 
and individuals �5 years of age (Fig. 18). 
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Fig. 3 .  IPD incidence from 2004 until 2010 of serotype 1, 4 ,  19A and 22F. The data are presented for 
individuals �5 years of age. 
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Chapter 7 

regulation translocation lipid anchor transfer polymerize flip rhamnose 
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0 1 0 

6A-IV(n=2) 1•• .. 
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6A-V(n=2) 1•• .. 
13 2 3 3 10 64 61 

6A-Vl (n=1) 1•• .. .. 
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6B-I (n=7) .. 
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6B-11 (n=2) ...... 
159 49 65 n 135 60 1 0 

6B-111 (n=2) ..... 
6C Reference .. l◄----

31 6 1 5  .. 6C-I (n=3) 

Fig. 1 .  Schematic overview of the capsular gene loci of serogroup 6 isolates. The sequences were com
pared with the reference sequences [4, 7]. If 10 or more base pairs differed in one or more genes, a new 
allele number was assigned to the gene. The various alleles are indicated with colors that differ from the 
dark blue colors used for the reference genes. 

Fig. 4 (left page). Minimum spanning tree of the results obtained by MLVA of pre- and post-vaccine pneu
mococcal populations. The minimum spanning tree is based on the entire MLVA database (n=3592) with 
only the results from 2004-2005 (Fig. 4A) and 2008-2009 (Fig. 48) plotted within. The circles indicate the 
types and the size of the circles indicate the number of isolates. Lines linking two types denote a single 
locus difference between those types. The colors of the circles indicate the serotype of the isolates and 
complexes were indicated by grey halos. 
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Fig. 2. Mosaic structure indicating possible horizontal transfer within the rmlA and rmlC genes. Sche
matic overview of the rmlA and rmlC genes of serogroup 6 and 19. The various colors indicate similar 
sequences within the genes. 
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Fig. 3. Schematic overview of the capsular gene loci of serogroup 19 isolates. The sequences were 
compared with the reference sequences [7]. If 1 0  or more base pairs differed in one or more genes, a 
new allele number was assigned to the gene. The various alleles are indicated with colors that differ 
from the dark blue (19A) and red (19F) colors used for the reference genes. 
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MLVA of serogroup 6, n=1 83 
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68-1 
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Subtype (n) 
6A-1 (23) 
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6A-I I I  (1 0) 
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Fig. 5 .  Relationship of the serogroup 6 capsular subtypes assessed by  MLVA. Minimum spanning tree of 

the results obtained by MLVA for the 1 83 serogroup 6 isolates. Each colored circle indicates a genotype 

and the colors indicate the different capsular subtypes. Ell ipses indicate capsular subtypes that have 

related MLVA profiles. The backbone of this minimum spanning tree is created using the entire MLVA 

database (n=3592) (December 20, 201 0), with only the branches made visible. The grey halos ind icate 

MLVA complexes. 
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MLVA of serogroup 1 9, n= 1 95 

1 9A-I 

/ 

Subtype (n) 
- 1 9A-I (41 )  
c=i 1 9A-II (38) 

1 9A-II I  (35) 

- 1 9F-I (44) 
c=i 1 9F-II (26) 
- 1 9F-I I I  ( 10) 
- 1 9F-IV ( 1 )  

Fig. 6. Relationship o f  the serogroup 19  capsular subtypes assessed by MLVA. Minimum spanning tree 
of the results obtained by MLVA for the 195 serotype 1 9A and 1 9F isolates. Each colored circle indicates 
a genotype and the colors indicate the different capsular subtypes. E llipses indicate capsular subtypes 
that have related MLVA profiles. The backbone of this minimum spanning tree is created using the entire 
MLVA database (December 20, 2010), with only the branches made visible. The grey halos indicate 
MLVA complexes. 
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