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PHENOTYPIC AND GENOTYPIC ANALYSIS OF STREPTOCOCCUS PNEUMONIAE
DIVERSITY DURING THE INTRODUCTION OF PNEUMOCOCCAL CONJUGATE
VACCINES IN THE UK

REBECCA ASHLEY GLADSTONE

Streptococcus pneumoniae is a major global pathogen capable of causing pneumonia
and meningitis, particularly at the extremes of age. Pneumococcal conjugate vaccines
(PCV) to protect against invasive pneumococcal disease were implemented from 2006
in the UK. Asymptomatic carriage occurs in approximately one third of children aged 4
years and under in the UK, whilst colonisation is known as a precursor to disease.

Vaccination against a limited number of the >90 serotypes was hypothesised to result
in serotype replacement in carriage which, would in turn affect disease epidemiology.
This thesis set out to characterise carried pneumococci from children aged 4 years and
under, collected each winter from the introduction of 7-valent PCV in 2006 through to
winter 2010/11, which extended one year after the introduction of 13-valent PCV. This
work sought to detect changes in serotypes and genotypes, using traditional
phenotypic and genotypic techniques, as well as to further validate and utilise next
generation sequencing for determining typing data, and characterisation of the gene
diversity targeted by current and investigational vaccines.

Whole genome sequence analysis allowed robust derivation of typing that contributed
to epidemiological analysis. Carriage remained stable, as did the number of serotypes
and sequence types (STs) observed each year. Vaccine serotypes (VT) significantly
decreased with a concomitant increase in non-vaccine serotypes (NVT). Significant
decreases for VT 6A, 6B, 19F and 23F and increases for NVT 21, 23B, 33F and 35F
were observed. Significant changes in prevalence were also observed for genotypes
associated with these serotypes. Novel sequence variation was observed in capsular
defining genes and pneumolysin, which has potential to affect the efficacy of vaccines
against these targets.

Near complete serotype replacement occurred during the introduction of PCV7 and is
likely to continue for PCV13. This resulted in a greater number of NVT pneumococci
colonising individuals, which could result in disease cases. Others have consequently
observed serotype replacement in disease in the UK. The future of control of
pneumococcal disease through vaccination will therefore require a response to this
replacement, through targeting the most prevalent replacing serotypes or broader
pneumococcal vaccines taking into account the variation within potential targets.






Contents

A B S T R A T et e et e et e e et et e e e e e e e e eeraans i
(O70] 01 (=] o 1 TP I
LISt Of TADIES ..eeeeeee e Vil
LISt Of FIQUIES i IX
DECLARATION OF AUTHORSHIP ... Xi
Clarification of CONHDULION ........covvviiiiiiiiiiiiiiie e Xii
ACKNOWIEAGEMENTS ... e e e e e e e XV
A [ 011 o Yo 10 o3 1 oY o I 17
1.1  StreptOCOCCUS PNEUMOINIBE ...cooeeieieeeeeeeee et 17
1.2 PneumocoCCal ISEASE ........ccoevieiieieeee e 17
1.2.1 MENINGILIS ..eeviiiiieiiiiiiiiiieie ettt 17
O e 1 T=T 0o To] - PP 18
1.2.3 Invasive pneumococCCal diSEASE ............ccvvviiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeee 18
1.2.3.1  RISK QIOUPS .. .ciiiiiiiiiee et e e et e s e e e e e e e areaaa s 18
1.2.4  ACULE OLItiS MEAIA ....cevviiiiiiiiiiiiiiiiieeeeeee e 19
1.3 PNneumocOoCCal Cartiage ........couuuiiiieeeiiieeiiie e e e ettt e e e e e e eeanees 19
1.3.1 Detection Of CArfiage ......covvviiiiiiiiiiiiiiiiiiieeeeeeeeee e 20
1.3.1.1 SamPling SIt ..coeeeiiiiee e 20
1,302 SWaAD (YD e 21
1.3.1.3 Swab transport medium ..........ccooiiiiiiiiiiiiice e 22
1.3.1.4  Storage and rECOVEIY ......ccovuuuiiieiieeeee e e et e e e e e e e e eeaaaes 22
1.4 PneumoCOCCal tYPING......cooiiiiieeeeeeeee e 24
O Y= 0] Y o | o PSSP 24
1.4.1.1  PhenotypiC SErOtYPING ...cccooeeeeeeeeeee e 24
1.4.1.2 Genotypic Serotype INfEreNCe.........couiiieiiiiiai e 25
1.4.1.3  IMportance of SErotYPING.....ccoueeeeeeeeeeeeee e 25
1.4.2 Multi-locus sequenCing tYPING .......ceeeueuumiaii e ee e eeeeeeeees 26
1.4.3 Whole genome SEQUENCING .....ccuviiiiiiiiiiiiiiiiiieieeeeeee ettt 27
1.4.3.1 Next generation sequencing technologies............cccccceeiiiiiiiiiiinnn. 28
1.43.1.1 454 GenOmMeE SEQUENCEIS .....couuuuuuiiiaeaeeiieiiiiiaaaeeeeeeeennniiaaaaeeaeas 29
1.4.3.1.2 lllumina sequencing technology .........cccccovviiiiiiiieeeeieiee e, 32
1.4.3.1.3  Additional platforms..........ccooviiiiiiiiiii e 32
1.4.3.2  Third generation teChnNoIOGIES .........cccoeeieeieeeee e 35
1.4.3.3  BIOINFOIMALICS ... 36



2.

1.5 Control of pneumococcal diISEASE ........uceiiieeiiiiiiiiicie e

1.5.1 PRNEUMOCOCCAl VACCINES .. cuenieeieeee ettt ettt et et e e e e e e enaeaeen

15111

Use of conjugate VacCCINES...........cceeiiieeiiiieiiiiiie e

1.5.1.2 Vaccines in development ............cuiiiiiiieeiiieicee e

15121
15122

Serotype independent VACCINES...........coivveeeiieeiiiiiiiee e
Mechanisms Of ProteCtioN.............uuueerreriiiiiiiiiiiiieiiieiieeeeeeeeeees

1.5.2  Serotype replaCemeNnt..........oouuiiiiiiiii e

1.5.3 Vacci
1.5.4 Vacci

(TSRt 0) V=T = o = 2R
L TSIE=T 2= (U= 1) o PN

1.5.4.1 Disease SPECIfiC IMPACT.........ccuvviiiiiiiiiiiiiiiiiiiiieeeeee e

1.6 Study rationale & deSIgN ......cciiiiiiiiecee e

1.7 HYPOUTNESIS ..ttt

1.7.1 Aims

1.7.2  ODJECHIVES. ...

Methods ....

2.1 Samples
2.1.1  Micro

biological ProCeSSING ....ccooeeeieeeee e

2.1.2  Culture and StOrage .........cuuuuieiii et e et a e e e aaaees

2.1.3  Strain exclusion and iNCIUSION..........oie i
2.2 DINA EXIACHION «eeeeeee ettt ettt et e e e e e e eaens

221 ForP

CR OF MLST <

2.2.2 For whole genome SEQUENCING ........ccvvviiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e
2.2.21 Genomic DNA qQUAlILY ......ccooeviiiiiei e

2.3 Typing...

A T R O o 11U =T g 1Y/ o 11 o [ URPPPPRRPIR
2.3. 1.1  PCR SEIOLYPING ...uuuuuuuinniiiiiiiiiiiiiiiitsiaeiebiiiesabebebbeebebbebeebeesebenneanennes
2.3.1.2  PhenotypiC SEIrOtYPING ....ccceiiieieiiai ettt e e e

23.1.21

Slide agglutination method ...,

2.3.2  Multi Locus Sequence TYPING .....couiviiiiiiiiiiiiiiiieeeeeeeeeee ettt

2.3.3 Speuci

€S AISCIIMUNALION .ttt et e e et e e eeeen

2.3.4  Whole genome SEQUENCING .......ccuuiiiiiiiiiiiiiiiiiieeeeee et

2.3.4.1  Quality, mapping and assembIy .............cccccuuummmimmiiiiiiiiiii.

2.3.4.2  INSIlICO @NAIYSIS .eeeruieiee e



2.3.4.2.1 IN SIHCO MLST e e 67

2.3.4.2.2  INSICO PCR ...uiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii s eeseaennneenee 67
2.3.4.2.3 Insilico PNneumolysin PCR ......cccocooiiiiiiiiiiiii e, 67
2.3.4.2.4 Insilico PCR capsular typing.........ccccoovuiiiiiiiieeeeiieiiiiiiee e eeeeeennnns 68
2.3.4.25  Allele desSigNator..........ccciiieiiiiiiiii e 68
2.3.4.2.6  Capsular MapPINg ........uuuumummmmunniiiiiiiiniiiiiieieenee e 71
2.3.4.3  AlleliC dIVEISILY ..ccooeeeeeeeeeeee e 71
2.4 SEALISHCS .eeiiiiiiiiieiiieiee ettt 72
3. Results - Whole genome data.........ccceuvuiiiiiiiiiiieiiiiiicn e 73
70 R © 10 = 11472 @ |1 o] PP 73
3.1.1  SequeNCINg STALISHCS ... .cccceiiieiiici e e 73
3.1.2  Insilico PCR Validation...........ccuuuiiiiiieiiiiiiiiieee et e e e e e 74
3.1.3  InSilico MLST validation ............uuuuuuumiiiiiiiiiiiiiiiiiiiiiiinieinnennnneenneneenenennennee 78
10 700 0 A B - = W o) g L= T F=1 o] o 78
3.1.4.1  MLST deSigNation ........uuueiiiieeiiiiiiiiies e e e e e e e e e aanees 78
3.1.4.2  Serotype deSIgNatiON ........cceeveeiiiiiiiiiiiiiiiiiiiiiieeee ettt 79
31421 YEAIS L-3 i 79
31422  YearS4 and B.....coi i e 79

3.1.5 Discriminating non-typeable pneumococci and non-pneumococgci........... 82
3.1.6  DiISCUSSION Of FESUILS. .....uuuuiiiiiiiiiiiiiiiiiiii i eeeeneenennnene 85
3.2  Whole genome SequeNCe @NAIYSIS ..........uuuuuuurmmmmmmmiiiiiiiiiiiiiienieiieineeeeeenene. 87
3.2.1  Pneumolysin allel@S.........ccooiiiiiiiiii i 87
3.2.1.1 Gene phylogeny constructed from Ply...........cccccvviiiiiiiiiiiiiiiiiiiiiiin, 88
3.2.1.1.1  Clustering of novel Ply alleles...........cccoooeeiiiiiiiiiiiiiieen, 88

3.2.2 Capsular geNE SEOUEINCES ........uuueiieeeeieeetiiiee e e e e e e e e et e e e e e e e e searr e aaes 93
32,21 SEIrOQIOUP B ..ttt sttt e e ettt e e e e e e e e re e eeeeeennee 93
3.2.21.1  wciN/beta alleles ... 94
3.221.2  WCIP @lleleS ..o 94
3.2.2.2  SErogroUP L1 ... 103
3.2.2.3  SEerogroup 15 ... 104
3.2.2.4  SErogroUpP 19 ... e 108
3.2.2.5  SErOLYPE 21 ..o 110
3.2.2.6  SEIrOQIOUP 22 ...ttt e e e e 110
3.2.3  DISCUSSION Of rESUILS.....eiiieieieeiiiiiie e 111
4. Chapter 4 results — epidemiolOgy ...ccooveieeiiiieeiiiiiii e 115
4.1 Carriage epidemiOlOgy ......uueiiieeeiiieiiiiee e 115
ot O R L= F= V[0 I =1 =SSR 115
4.1.2 Participant metadata.............cooeuuiiiiiiie e 117



R B =Y 01 01 P 119

4.1.3.1 PCV7 Vaccine and non-vaccine serotype prevalence .................... 123
4.1.3.2 PCV13 vaccine and non-vaccine serotype prevalence.................... 127
4.1.3.3  VacCCINe SErotyPe COVEIAGE .....cceeeeeeeeeeeeeeeeee e 127
4.1.3.4  Specific vaccine serotype fluctuations ...........cccceevviiiiiiiieeeriieiiiinnnnn. 131
4.1.3.5 Specific non-vaccine serotype fluctuations...............cccoeeeeeeieeeeeenn. 131
4.1.3.6 Invasive disease potential ............ccccevvuiiiiiiiiieeeiie e 134

4.1.4  Multi IOCUS SEQUENCE tYPES ... .cceiieeeiiiiiie e ee e eeetiee e e e e e e et e e e e e eeanees 136
4.1.5 MLST and Serotype asSOCIAtIONS .........uuurrrrerrurrrrrennnnennrnninnnnnnnnnennnnnnnnnnes 139
4,151 Capsular SWItChES ..........ooviiiiiii e 144
4.1.5.2 eBURST analysisS of MLSTS .......cooooiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeee e 148

4.1.6  DISCUSSION Of FESUILS .. .uuueeiiieiiiiiiiiiiiiiiiiiitireesrererennnereneesnenennerennnreernnennnne 152

5. Discussion, Conclusions and Future Work ............cccccevvveiiiiiiiininnnnnnn. 155
5.1 WhOole genome data..........coooeiiiieiieeeeeeeeeeeeeee e 155
5.1.1 Comprehensive whole genome genotyping .......cccceeeeeeeriiiiiiiiiiieeeeneeennnns 157
5.1.2  INSIHCOMLST ..o 157
5.1.3 Defining the pPNeUMOCOCCUS...........ccvtiiiiii i eaaens 158
5.1.4 Sequencing the SEIOtYPE ......ccovviiiiiiiiiiiiii e 160

5.2  Carriage epidemiolOgy .......coooviiiiiiiiiiie e 161
5.2.1 Does carriage extrapolate t0 diSEASE?.......cccvvvviiiiiiiiiieeiiieiiee e, 162
5.2.1.1 UK pneumococcal IPD epidemiology ............ccccccuummmmmmmmmimniniinininnnns 163

5.2.2  Continuing control of pneumococcal diSEaSe.......ccceeeeevviviiiiiiiiiieeeeeeeninn, 164

LR T I o 11 =1 (o T 165
5.4 FULUrE dir€CHONS ....cooeeeeeeeeeeee e 167
5.5 Concluding remarks .........ooooiiii i 167

F Y o] =T g Lo [ o3 =SSP 169
CDC PCR for deduction of pneumococcal SErotype ...........oouveiiiieeieiieeeiiiiiaeeeeenn. 169
GlOSSAIY ittt ane 181
] =T =T oot = PSPPSR 185
(7T oY Lo T =T o o Y27 209

Vi



List of Tables

Table 1. Details of carriage study isolate analyses...........cccceeviieiiiiiiiiiiiiiieeeeeeen, Xiii
Table 2. Details of licensed pneumococcal vaccines, serotype inclusion and current

USse WIthin the UK ....... ... 43
Table 3. Pneumococcal factor sera reactivity profiles ...........cccccovvviiiiiiiiiiiiii, 64
Table 4. Estimated Dase COVEIage...........couuuiiiiiiiiiiiiiiiieieeeeee e 76
Table 5. Resolution of discordant results years 1-3...........ccccviiiiiiiiiiiiiiiiiiieeeeeeeeee 81

Table 6. BLAST top species percentage match max identity for extended MLST gene

panel for potential non-pneumococcal streptococcal isolates............. 84
Table 7. Protein allele frequency and associated ST for serogroup 6 wciP gene. ........ 99
Table 8 A, B & C. Substitutions in protein alleles for serogroup 6 wciP gene............. 100
Table 9. Amino acids and their PropertieS........ccceevieeeiiiiiiiie e 101
Table 10 A & B. Substitutions in protein alleles for serogroup 19 wzy gene............... 109
Table 11. StreptocoCCUS PNEUMONIAE CAITIAGE ....ceeeeeieeeiiiiie e e e e e e e e eeeeeaans 116

Table 12. Year 5 metadata analysis of pneumococcal carriers versus non-carriers.. 118
Table 13. P values, all against all years for PCV7 and PCV13 vaccine serotype, non-
VaCCINe SErotype PrevalenCe.........cceeieeeeeiieeiiiiiee e eeeeeeeee e eeeeeeanns 125

Table 14. Annual rates and confidence intervals for PCV7 vaccine and non-vaccine

oY= 011/ 01 126
Table 15. P values, all against all years for unique PCV13 vaccine serotypes versus all

Other SEIOLYPES ... 129
Table 16. Annual rates and confidence intervals for the six vaccine serotypes unique to

P OV LS 130
Table 17. Serotypes for which significant changes were observed between year 1 and

L PP 132
Table 18. Odds ratios of invasive disease potential ..............ccccccvvvviiiiiiiiiiiiiiiiiiiienn, 135

Table 19. Significant changes to individual ST prevalence between year 1 and year 5138

Table 20. Simpson’s Diversity index (1-D) for serotypes and STS........ccccccvvvvvevvnnnnnn. 141
Table 21. STs for which significant changes were observed and their associated

S1<] 0] 1] 01 U TO PSP UPPPPTRUPPPIN 142
Table 22. Significant changes for both serotype and primary associated ST............. 143
Table 23. Indications of capsular Switch eVents ..............cccoiiiiiiiiiiiii e, 145
Table 24. Serotype PCR cycling parameters ...........ccccovvvviiiiiiiiiiiiiiiieeeeeeeeeeeeeeee 169
Table 25. ReaCtion MIXIUIE ..........coiiiiiiiiiiiieeeee e 169
Table 26. Primers concentrations multiplexing and product Size.........ccc.oooevveeeiinnnnnn. 170
Table 27. Primer SEQUENCES .......couiiiii e e e e e eaeee s 174



viii



List of Figures

Figure 1. 454 pyrosequencing CREMISEIY .............uuuuuimimiimiiiiiiiiiiiii e 31
Figure 2. lllumina sequencing CREMISIIY ...........uuuuuiuiiiiiiiiiiiiiiie e 34
Figure 3. AlleliC deSIgNALOT. ........uuuiiiiiiiiiiiiiiieieie e nennenee 69
Figure 4. EXample QC OULPUL.........uuuuiiiiiiiiiiiiiiitiiii e eenenennes 75
Figure 5. GC indication of non-streptococcal contamination ..................cccceeeveeennnnnnnn. 77

Figure 6. Multiple alignments of pneumolysin protein alleles, known and novel, AA 1-

Figure 7. Gene phylogeny of pneumolysin protein alleles previously documented or
observed inN 519 gEeNOMES.......ccooi i 92
Figure 8. Protein alignment, of dominant, serogroup 6 wciP alleles ...............ccc.......... 96
Figure 9. Protein alignment, of dominant, serogroup 6 wciN and wciNbeta alleles...... 97
Figure 10. wciN protein alleles from serotype 6B isolates ..........ccccceeevieeeiiiiiiiiiieeneeenn., 98
Figure 11. Phylogram of wciP DNA alleles for serogroup 6........ccceeeeeeeeviiviiiiienneeennn, 102
Figure 12. Partial sequence DNA Alignment of the wciZ gene tandem repeat region 105
Figure 13. Coverage across wciZ reference of isolate 0223..........cccoooeevviviiiiiieeneeennn, 106
Figure 14. Section of BAM read pileup for isolate 0223 against reference for wciZ... 107
Figure 15. Distinct serotypes observed by time point.............ccccovieeiiiiiiiieee e, 121
Figure 16. Incidence of serotypes for the study period in rank order ..............c.......... 122

Figure 17. Carriage rate of total pneumococci, PCV7 vaccine types and non-vaccine

{4 01T PSPPSR 124
Figure 18. Carriage of shared PCV7 and PCV13 vaccine types, PCV13 unique vaccine

types and PCV13 NON-VACCINE LYPES ........evvivieeeiiiiiiiiiiiieeee e 128
Figure 19. Temporal fluctuation of serotypes 6C and 11A...........coccviiiiiireeriiinicinnnnn. 133
Figure 20. Distinct sequence types (ST’s) observed by time point ..............ccccvvvnnees 137
Figure 21. eBURST diagram of carriage MLST dataset as a query of the entire S.

pneumoniae MLST database as of 06/2013............ccccoevveeevvvvininnnnnn. 149
Figure 22. eBURST diagram of carriage MLST dataset .................uuvuevmmmiimmiinnnnnnnnnnns 150

Figure 23. eBURST diagram of carriage MLST datasets year 1 and year 5 comparison151






DECLARATION OF AUTHORSHIP

I, Rebecca A Gladstone declare that the thesis entitled:

‘Phenotypic and genotypic analysis of Streptococcus pneumoniae diversity during the
introduction of pneumococcal conjugate vaccines in the UK’

and work presented in the thesis are both my own, and have been generated by me as

the result of my own original research.

| confirm that this work was done wholly or mainly while in candidature for a research

degree at this University;

« Where any part of this thesis has previously been submitted for a degree or any
other qualification at this University or any other institution, this has been clearly
stated;

* Where | have consulted the published work of others, this is always clearly
attributed;

¢ Where | have quoted from the work of others, the source is always given. With the
exception of such quotations, this thesis is entirely my own work;

¢ | have acknowledged all main sources of help;

* Where the thesis is based on work done by myself jointly with others, | have made
clear exactly what was done by others and what | have contributed myself

summarised on the following pages;

* Parts of this thesis introduction have been published as: (Gladstone et al. 2011;
Gladstone et al. 2012b), the full text and my additional publications related to this
subject but not included in this thesis can be found in the Bibliography.

Signed:

Date: 27/09/2013.......

Xi



Clarification of Contribution

The pneumococcal carriage study is an on-going collection of isolates. Analysis of the
first three years of the study has been reported elsewhere by past members of the
research team (Tocheva et al. 2010; Tocheva et al. 2011; Tocheva et al. 2013). This
section declares and defines the analysis performed by Rebecca Gladstone or others
(Table 1).

Determination of serotype and MLST of pneumococci collected during winters (October
to March) of 2006/07 through to 2008/09 was carried out using traditional methods by
Dr Anna Tocheva. Rebecca Gladstone performed all analyses of S. pneumoniae
collected during winters 2009/10 and 2010/11. DNA extraction for whole genome
sequencing and consequent genome analysis for all years 1-5 was carried out by
Rebecca Gladstone for this thesis. All data from years 2006/07 through to 2010/11 was
then analysed together by Rebecca Gladstone to produce a full analysis for five years

of carriage study data.
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Table 1. Details of carriage study isolate analyses

Year of Winter Comments Analysis performed by
Study
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1-3 2006/7- Dr Anna Tocheva
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Time series analysis of S (Tocheva et al. 2011,
. y ' Tocheva et al. 2013)
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1-5 2006/7- Rebecca Gladstone
2010/11
1-5 2006/7- Preparation of DNA for Rebecca Gladstone
2010/11 | genomic sequencing and

whole genome analysis
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Introduction

1. INTRODUCTION

1.1 Streptococcus pneumoniae

Streptococcus pneumoniae, also known as the pneumococcus, was first isolated in
1880 by both Pasteur and Stenberg independently (Pasteur et al. 1881; Sternburg
1881). It is one of the oldest recognised pathogens, and was clinically demonstrated in
the 1880’s to be a major cause of pneumonia. Its association with pneumonia earned
the gram-positive bacterium the title “Captain of the men of death”, quoted by Sir
William Osler in the early 1900’s. These encapsulated diplococci have nonetheless
contributed a great deal to the advancement of science in microbiology, immunology
(Tillett & Francis 1930) and genetics. Work by Frederick Griffith in the 1920’s revealed
that bacteria were capable of transferring genetic information by studying the
conversion of an avirulent pneumococcal strain to a pathogenic strain (Griffith 1928).
This went on to influence the work of Avery and colleagues and subsequently led to the
confirmation of DNA being the hereditary material, at the centre of all biology (Avery
1944). The volume of knowledge generated through research into S. pneumoniae is a

consequence of its well-established pathogenic nature.

1.2 Pneumococcal disease

The global yearly burden of serious pneumococcal disease was estimated at 14.5
million episodes and an excess of 800,000 child deaths each year based on estimates
for the year 2000 (O'Brien et al. 2009). While the majority of this burden lies in the
developing world (Johnson et al. 2010), the burden within the UK is still substantial
(Melegaro et al. 2006; Miller et al. 2011b; Ladhani et al. 2013). The pneumococcus has
a spectrum of manifestations in the human host ranging from asymptomatic

colonisation and acute otitis media to fatal cases of sepsis and meningitis.

1.2.1 Meningitis

Meningitis is a medical emergency due to its potential to cause permanent disability
and be rapidly fatal, due to cerebral and systemic complications (Grimwood et al. 2000;
Kastenbauer & Pfister 2003). It involves the inflammation of the meninges, the
protective layers that surround the brain and spinal cord, when the infectious agent has
managed to invade the cerebral spinal fluid. Meningitis has a number of bacterial, viral

and fungal aetiologies. S. pneumoniae is reported as the second most common cause
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of bacterial meningitis within the UK in 2009-2010 (Meningitis Research Foundation
2010) and has been reported to have a mortality rate in the UK of approximately 7.5%
in children under five years old, whilst a European study suggested 30% mortality in

those over 64 years old (Kastenbauer & Pfister 2003; Johnson et al. 2007).

1.2.2 Pneumonia

An infection of the lung, pneumonia causes breathing difficulties though inflammation of
the infected tissue. The etiological link between S. pneumoniae and this disease had
contributed to its taxonomy by the early 1900’s (Chester 1901). Untreated cases of
pneumonia can progress to empyema (the build-up of pus in the pleural cavity) or
pneumococcal sepsis. Cases of pneumonia are hard to define clinically and the World
Health Organisation (WHO) has been working towards a standardised definition
(Cherian et al. 2005). Diagnosis is still heavily dependent upon x-ray interpretation.
Even microbiological confirmation currently lacks sensitivity, but potentially this could
be increased with the use of non-culture detection (Lahti et al. 2006). It is plausible that
the incidence of pneumonia is under reported, yet community associated pneumonia,
most commonly caused by S. pneumoniae, is still the leading infectious cause of death

worldwide (Anevlavis & Bouros 2010).

1.2.3 Invasive pneumococcal disease

Invasive pneumococcal disease (IPD) is typically defined by the isolation of the
bacteria from blood, cerebral spinal fluid or a normally sterile site. This therefore
includes pneumonia with sepsis, sepsis alone or meningitis in the presence or absence
of bacteraemia. These clinical presentations can be amalgamated under the term IPD
for the purpose of simplifying the evaluation of disease burden in populations but the
exact definition can differ between studies dependant on the method used to positively

identify pneumococci such as culture or PCR positivity (Avni et al. 2010).
1.2.3.1 Risk groups

Certain populations are at a higher risk of IPD and other pneumococcal diseases.
Infants under two years of age, for whom a UK study of an unvaccinated population
estimated 15 pneumococcal meningitis cases per 100,000 (Melegaro et al. 2006) are a
primary risk group. The elderly are also at high risk of invasive disease, approximately
45 cases of IPD per 100,000 occurred in persons over 65 years in Scotland for 1999-
2001 and an adjusted estimate of 28 cases per 100,000 for 2009-10 in those 265 in

England and Wales (Kyaw et al. 2003; Miller et al. 2011b). Additional risk groups for
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serious pneumococcal infection include children between two and five years old and
those that are immunosuppressed or immunocompromised due to genetic or infectious
conditions, treatment or substance misuse (Burman et al. 1985; Kyaw et al. 2003).
Smoke exposure and overcrowded conditions are thought to contribute to high carriage
rates and increased risk of disease in these circumstances (Hoge et al. 1994; Lee et al.
2010).

1.2.4 Acute otitis media

S. pneumoniae is also major causative agent of acute otitis media (AOM), (Bluestone
et al. 1992; Rovers et al. 2004), an infection of the middle ear with a 61% global
incidence of all cause AOM in children aged 1-4 years reported for the year 2005
(Monasta et al. 2012). AOM is a major reason for childhood attendance at clinics,
however the causative agent is challenging to unequivocally identify due to the
polymicrobial nature of the environment and the difficulty of correctly sampling the
middle ear (Casey et al. 2009).

This common cause of childhood illness is associated with high morbidity and
economic burden, particularly as reoccurring or prolonged infection can result in
impaired hearing and learning ability and even mortality, estimated as 90/100,000
children aged 1-4 years in 2005 from complications (Teele et al. 1990; World Health
Organisation 2004; Melegaro et al. 2006; Monasta et al. 2012). Treatment options are
a topic of debate with two particular clinical trials published in 2011 in The New
England Journal of Medicine (NEJM) reporting evidence for antimicrobial treatment.
This sparked a stream of discussion and replies in NEJM on the validity of the findings,
suggesting they overstated the case for antibiotics versus the ‘wait and see

prescription’ (Hoberman et al. 2011; Tahtinen et al. 2011).

1.3 Pneumococcal carriage

Despite the potential of pneumococci to cause infections, the bacterium is
predominantly commensal in nature and can colonise the upper respiratory tract
without clinical presentation. Colonisation is thought to be an essential step in the
progression to disease, although such progression only occurs in a minority of carriers
(Bogaert et al. 2004a). Humans have long been considered the only natural host for S.
pneumoniae, yet carriage has been observed in animals that have close contact with

people such as pets, zoo and laboratory animals (van der Linden et al. 2009).
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In developed countries such as the UK, asymptomatic carriage occurs in around 30-
40% of children less than five years old as is reported in this thesis and other work
(Roche et al. 2007; Tocheva et al. 2011). Developing countries and population groups
including native populations in developed countries have been reported to have higher
carriage and consequent disease rates (Lloyd-Evans et al. 1996; Woolfson et al. 1997,
Watson et al. 2006; Millar et al. 2009; O'Brien et al. 2009)

The respiratory tract is also occupied by additional commensals, some of which are
potential pathogens. It is becoming apparent that pneumococci exist in a polymicrobial
environment in the nasopharynx (Gladstone et al. 2010; Bogaert et al. 2011). This
includes other alpha haemolytic streptococci, Haemophilus influenzae, Moraxella
catarrhalis, Staphylococcus aureus and potentially Neisseria meningitidis (Kononen et
al. 2002; Emlickov et al. 2006; Christensen et al. 2010). This multi species environment
is complex and there are reports suggesting that pneumococci have different specific
abilities to co-colonise with other respiratory bacteria (Bogaert et al. 2004b; Margolis et
al. 2010; Lebon et al. 2011; Lijek et al. 2012; Spijkerman et al. 2012). This has

implications for the impact of pneumococcal vaccines on the commensal niche.

1.3.1 Detection of carriage

The epidemiology of pneumococcal carriage can be evaluated through the collection
and characterisation of pneumococci that are colonising individuals in a population, in
both a culture dependent and independent manner. This can be achieved by a variety
of methods; each differing in their sensitivity dependent upon the variables chosen.

1.3.1.1 Sampling site

S. pneumoniae can be isolated from the nasal passage, nasopharynx and oropharynx
(Capeding et al. 1995; Rapola et al. 1997; Watt et al. 2004). Nasal washings (Abdullahi
et al. 2007) or nasopharyngeal aspirates also permit collection of pneumococci,
although aspirates are not usually available from healthy individuals (Rapola et al.
1997; Leach et al. 2008). Additionally oropharyngeal swabbing has been demonstrated
to be significantly poorer than nasopharyngeal swabbing for isolation of pneumococci
in children (Capeding et al. 1995; Watt et al. 2004) whilst the combined sampling of the
oropharynx and nasopharynx is suggested for adults (Watt et al. 2004). Nasal swabs
are reported to give comparable results to nasopharyngeal swabs in Finland, although
significant differences in isolation rates may be masked by small study size (Rapola et
al. 1997). Abdullahi et al reported that nasal washing is of increased sensitivity than

nasopharyngeal swabbing but noted that nasal washings were less well tolerated by
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participants (Abdullahi et al. 2007), demonstrating that ethical limitations may prevent

use of methods with superior sensitivity.

No single sample can detect all pneumococcal colonisation, therefore sampling a
combination of sites or repeated sampling of a single site could increase detection
rates (Capeding et al. 1995; Watt et al. 2004; Abdullahi et al. 2007). The added benefit
of detecting pneumococci or additional serotypes using multiple sites may not outweigh
the discomfort/inconvenience to study subjects or change the clinical course of care for

those with disease who may be sampled for carriage.

The most sensitive sample type differs with age group, with implications for sampling
carriage in the elderly to evaluate PCV use in this risk group (Hendley et al. 1975;
Boersma et al. 1993; Watt et al. 2004). No single study has compared all relevant
sampling sites to determine the most sensitive and pragmatic sample source for any
age group. Despite this, the current consensus for pragmatic and feasible
epidemiological research is that the nasopharyngeal swab alone is adequate for
sampling pneumococcal carriage. Consequently carriage rates may be

underestimated.
1.3.1.2 Swab type

The swab material has not been examined extensively for its influence on detection
sensitivity. Two studies from the 1930’s and 1940’s suggested that fatty acids
contained within cotton are inhibitory to pneumococci (Wright 1934; Pollock 1948). No
further studies have confirmed or disputed the impact of cotton swabs. A study by
Rubin et al has however demonstrated differences in both culture detection rate and
culture-independent PCR sensitivity that vary with swab composition for pneumococci
(Rubin et al. 2008). Calcium alginate swabs were observed to be superior to rayon or
Dacron® for culture and PCR detection, whilst Dacron®, was inferior to both calcium
alginate and rayon for culture detection (Rubin et al. 2008). However, during the
1990’s, studies investigating the effect of calcium alginate on PCR gave conflicting
results (Wadowsky et al. 1994; Poddar et al. 1998). Nylon flocked swabs have recently
come to market, the multi-length fibres of these swabs are proposed to improve sample
absorbency and release of specimens, however there is little literature on their use for
nasopharyngeal bacterial sample collection, with one study on S. aureus reporting no
difference in sensitivity to rayon swabs (De Silva et al. 2010). Any unknown impact of
swab composition could be greater in studies with longer transportation periods and
those that store the original swab for retrospective analysis. As there appear to be

differences between swabs it would be advantageous for the scientific community to
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determine which swab type is least detrimental to identification of pneumococci in

samples.
1.3.13 Swab transport medium

Swab transport medium is responsible for maintaining viability of bacteria before
analysis whether it is transferred to a plate for culture or to storage medium. O’Brien et
al reported that, when compared to direct plating on solid media, use of the WHO-
recommended STGG liquid medium resulted in subsequent equivalent rates of
recovery (O'Brien et al. 2001). Additionally greater numbers of pneumococci can be
recovered from STGG than SGG over four days at 20-30°C (Charalambous et al.
2003). Gray described the superiority of Egg-thioglycolate-antibiotic (ETA) medium to
Amies or Stuarts media in situations where rapid processing or freezing (a requirement
of numerous media types for maintaining pneumococci) is not possible (Gray 2002).
Relatively few studies have been performed to determine the optimal media for
transportation and storage of pneumococci, comparing a limited number of media types
(O'Brien et al. 2001; Gray 2002; Charalambous et al. 2003). Comprehensive
investigations of the differing abilities of transport media to preserve pneumococci and
other respiratory microorganisms would provide evidence to allow appropriate selection

of media for carriage studies.
1.3.14 Storage and recovery

Archived isolates are an excellent resource for research, but require that pneumococci
recovered from samples that have been stored for long durations are representative of
the original sample. Direct storage of the swab or swab contents lends itself to high-
sensitivity molecular techniques independent of culture that do not require abundant
presence of viable bacteria. This genotypic approach has its limitations in extrapolation
to true phenotype as it detects only the presence of genes not their expression.
Additionally in a species known to readily exchange genetic material the detection of
genes considered to be species specific is not equivalent to phenotypic species

designation.

Alternatively, storage of single colonies allows researchers to return to a specific
cultured isolate. The WHO recommends the selection of two morphologically distinct
presumptive pneumococcal colonies. Long term storage of isolates at -70 to -80°C is
considered the gold standard (Gibson & Khoury 1986; O'Brien et al. 2003). It is
important to note that the act of long term storage itself or frequent freeze thaw cycles

has been shown to alter the phenotype of pneumococci, for example susceptibility to
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optochin (Robson et al. 2007). The WHO recommends STGG medium for long term
storage, both for the original swab and for primary cultures. This medium has been
shown to give enhanced ability for recovery of pneumococci on solid media after nine
weeks storage when compared to direct plating, particularly for samples with low
colony counts (O'Brien et al. 2001). Tryptone-deficient SGG has however been shown
to be as good as STGG for maintaining viability in long term storage at -70°C (Siberry
et al. 2001; Charalambous et al. 2003) which could reduce costs associated with
carriage studies. This latter point is important for developing countries where PCV
evaluation may increase as GAVI (formerly The Global Alliance for Vaccines and

Immunisation) supports PCV immunisation programs.

Rubin et al go on to describe enhanced recovery of plated pneumococci when the plate
is inoculated with a swab that has been stored in STGG, when compared to inoculation
of a plate with a volume of STGG from a vial that contains the swab (Rubin et al. 2008).
Any study using the supernatant from a stored swab for further analysis could benefit
from sample vortexing, ensuring dispersal of microbial matter from the swab, endorsed
by the WHO (O'Brien et al. 2003). An alternative method for enhancement of
pneumococcal recovery is use of a broth enrichment step, either prior to plating or prior
to direct molecular assessment of serotype presence. Broth enrichment for culture and
PCR has been reported to have an increased sensitivity for detection of multiple
serotype colonisation. Results from these genotypic and phenotypic techniques are
complementary in nature as no one technique detected all serotypes detected (Kaltoft
et al. 2008; Carvalho et al. 2010). Broth enrichment detects more multiple serotypes
and low density groups however it may still introduce some unknown culture bias with a
potential for differential enrichment of some low-density groups due to the competitive
growth environment. Specimens are often shared and transported between
laboratories for research, in this situation the WHO recommend Dorset egg media for
transportation of pneumococcal strains, Inverarity et al point out that this product
cannot be imported into certain countries due to avian influenzae related concerns
about egg products and suggest Amies charcoal media to be a suitable alternative
(Inverarity D et al. 2006). Again there are not extensive evidence-based comparisons
of long-term storage options of recovery for pneumococci. Other media or recovery
amendments such as enrichment may have an equal or superior ability to STGG for

maintaining pneumococci, not yet investigated.

In an era where the importance of polymicrobial interactions within the respiratory niche
is now being realised, identification of colonisation events with multiple potential

pathogens is becoming more common and desirable but is not standard. Optimal
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detection of each organism within a panel is still necessary and the description of the
best method for simultaneous detection would be most valuable to a broad range of
carriage studies. Ideally detection of pneumococci would involve the use of a
standardised method that had been shown experimentally to be proficient at all stages
for preserving and reporting the original specimen. Widespread use of such a method
would augment the value of collected data. The benefits and disadvantages of high
sensitivity detection over the increased validity of standardised study comparison need
to be carefully considered. When assessing a polymicrobial niche it also needs to be
recognised that viral and fungal agents may also co-colonise, and a description of this
broad range of microbes would add further to the level of complexity regarding a
detection protocol.

1.4 Pneumococcal typing

The pneumococcal population is diverse and dynamic worldwide (Hausdorff et al.
2005). Identification of pneumococci and classification below the species level is
valuable for defining outbreaks, global spread and additional epidemiological analysis
including vaccine evaluation. A variety of techniques based on both phenotypic and
genotypic properties are available to identify and distinguish pneumococci.
Presumptive identification of pneumococci is based on colonial morphology, alpha
haemolysis on blood agar, bile (deoxycholate) solubility and susceptibility to optochin
(Bowen et al. 1957; Pikis et al. 2001). As the pneumococcus is such a diverse

population, further sub species classification is needed.

14.1 Serotyping

Sub-classification of pneumococci based on the polysaccharide capsule is a gold
standard approach for distinguishing between pneumococci due to the associations of
the capsule with invasive potential, disease manifestation and role as a primary
virulence determinant (Hausdorff et al. 2000; Brueggemann et al. 2004; Hausdorff et al.
2005). Capsular type can be deduced by a variety of methods both phenotypic and

genotypic each with their own benefits and disadvantages.
1411 Phenotypic serotyping

The pneumococcus is typed based on the immunological properties of the
polysaccharide that encapsulates it. The capsule is considered a primary determinant

of pneumococcal immunogenicity (Melin et al. 2010a; Melin et al. 2010b; Lammers et
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al. 2011). The Quellung reaction was first described in 1902 by Neufeld and is used for
phenotypic classification of the capsule based on the swelling effect of antibodies
specific to the polysaccharide motifs (Neufeld 1902). This swelling reaction allows
pneumococci to be classified into serogroups and serotypes. Serotypes belong to a
serogroup when they share cross-reactive antibodies due to similar capsular structure
and shared antigens. Currently 46 serogroups and 96 serotypes have been
documented, the latest additions being serotypes 6C, 6D, 6F, 6G (Park et al. 2007b;
Jin et al. 2009; Oliver et al. 2013b), 11E (Calix & Nahm 2010) and 20B (Calix et al.
2012). Specific antibodies against polysaccharide capsules can also be utilised in latex
and traditional slide agglutination assays (Kronvall 1973; Lafong & Crothers 1988) and
in multiplex cytometric bead assays (Pickering et al. 2002; Yu et al. 2011).

1.4.1.2 Genotypic serotype inference

In the molecular era capsule type can also be deduced genotypically, for example by
using the PCR method developed at the Centers for Disease Control and Prevention
(CDC). The CDC protocol includes primers for the 40 most commonly observed
serogroup/types in IPD, with schemes specific to the geographical regions of the US,
Latin America and Africa (Pai et al. 2006; Centers for Disease Control and prevention
2012). However, Carvalho and colleagues have reported that non-pneumococcal
isolates tested PCR positive for some pneumococcal capsules due to their close
relation (Carvalho et al. 2012). This phenomenon could potentially confound
pneumaococcal typing results and is an argument for confirmation of capsule expression

through phenotypic methods.

Multiple serotype colonisation occurs in some individuals (Brugger et al. 2009) but
detection of the lesser serotypes presents its own sensitivity issues, broth enrichment
combined with PCR (Carvalho et al. 2010) and microarray have been shown as
capable methods for detection of pneumococcal capsular biosynthesis genes allowing
identification of multiple serotype colonisation with enhanced sensitivity when
compared to traditional culture based phenotypic techniques (Brugger et al. 2010;
Newton et al. 2011; Turner et al. 2011; Glennie et al. 2013).

1.4.13 Importance of serotyping

Pneumococci genomes contain mobile genetic elements including bacteriophage and
are subject to intra- and inter- species horizontal gene transfer and the homologous
recombination of genetic material, all of which add to the plasticity of the pneumococcal

genome (Romero et al. 2009; Croucher et al. 2011). For this reason serotypes can be
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associated with, but not exclusively linked to genetic lineages as recombination events
in the capsular locus can allow pneumococci to switch their serotype (Coffey et al.
1991; Coffey et al. 1998; Silva et al. 2006). Pneumococcal serotypes have been
observed to have differing associations with carriage, disease and clinical outcome
(Brueggemann et al. 2003; Brueggemann et al. 2004; Greenberg et al. 2011), with a
minority of the >90 known serotypes responsible for the vast majority of disease cases.
Serotype 3 and serogroup 15 are examples of this as they are commonly found in
carriage but cause comparatively few disease cases. Conversely serotypes such as 1
and 5 are often observed in invasive disease cases and are particularly associated with
outbreaks (Smith et al. 1993; Brueggemann et al. 2003; Brueggemann et al. 2004).
Serotypes can be associated with specific disease manifestations such as the serotype
1 association with complicated pneumonia and empyema (Eastham et al. 2004; De
Schutter et al. 2006; Greenberg et al. 2011). Several studies have therefore calculated
odds ratios to determine the invasive potential of an individual serotype to cause a
case of invasive disease, taking into account the prevalence in carriage (Brueggemann
et al. 2004; Hanage et al. 2005b; Battig et al. 2006; Greenberg et al. 2011). As
serotypes can be associated with but not limited to a specific genetic background, it is

also important to gather pertinent genotypic information on circulating strains.

1.4.2 Multi-locus sequencing typing

Multi locus sequence typing (MLST) was first proposed as a sequence based
epidemiological tool for the analysis of S. pneumoniae isolates in 1998 (Enright &
Spratt 1998). MLST is widely used for the surveillance of S. pneumoniae (Jefferies et
al. 2004; McChlery et al. 2005; Miller et al. 2011b) and a variety of other pathogens.
This typing method is an adaptation of the earlier multi locus enzyme electrophoresis
(Selander et al. 1986) and uses the sequences of seven conserved house-keeping
genes to classify isolates and elucidate the relationship between strains. The
determined sequence type (ST) can be associated to varying degrees with a particular
serotype or serotypes. The occurrence of isolates within a serotype from a ‘new’
genetic background previously associated with another specific serotype can be
indicative of capsular switch events. MLST has proved very useful for collecting
epidemiological data for routine comparison, tracking the spread of novel variants or
antibiotic resistant clones (Silva et al. 2006; Lambertsen et al. 2010; Tocheva et al.
2013). MLST can aid outbreak investigation (Vainio et al. 2009) and adequately identify
and track genetic lineages, though its resolution is limited to the seven sequenced loci

representing the genetic background of the strain. Isolates involved in the outbreak
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often belong to the same ST and therefore look identical. MLST therefore does not
allow easy identification of the direction of spread and ultimately the source of the
outbreak. Clonal complexes (CC) can be defined as a group of STs that are not
identical but share a set number of the seven alleles, for example five or six.
Comparison between members of a CC allows the expansion or emergence of clones
to be put in the context of their genetic background with the associated metadata of the
member STs. The algorithm eBURST (electronic-based on related sequence types)
(Feil et al. 2004), is used to examine the relationships within clonal complexes. This
web-based BURST utilises allelic profiles but does not take into account the sequence
data contained, and it cannot draw conclusions on the relationships between different
alleles of the same loci.

The standard seven gene MLST is designed to include genes which are not subject to
external evolutionary pressure and therefore regrettably tells us nothing of genes of
clinical importance including virulence determinants, antibiotic resistance cassettes and
vaccine targets that can be readily exchanged and highly variable. However, additional
advances in the field of genomics enable larger quantities of epidemiologically valuable
data to be generated by alternative means.

1.4.3 Whole genome sequencing

The genome of an organism contains complete information for its survival and
reproduction. The whole genetic repertoire therefore includes genes of clinical
importance and those genes that could be utilised for epidemiological purposes such
as virulence profiling and outbreak tracing due to their importance in disease or their

level of conservation respectively.

The bacteriophage phi X174 was the first genome to be fully sequenced, in 1977
(Sanger et al. 1977a), this made use of the ‘plus and minus’ sequencing method
(Sanger & Coulson 1975). Alternative sequencing methods were fast becoming
available including methods by Maxam and Gilbert and further advances by Sanger
(Maxam & Gilbert 1977; Sanger et al. 1977b). Developed in the 1970’s, Sanger
sequencing fast became the gold standard for determining the nucleotide sequence of
a specific region of the genome, and is still utilised for a multitude of applications
including MLST (Sanger et al. 1977b; Enright & Spratt 1998). Sanger sequencing
employs analogues of dNTPs (deoxynucleoside triphosphates) which cause specific
termination of DNA extension by the DNA polymerase, the sequencing is divided into

four reactions each containing all four standard dNTPs and one modified ddNTP that
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specifically terminates the chain at A, T, C or G. This produces an array of DNA
fragments, which can be separated by gel electrophoresis, and a combination of the
four reactions allows the sequence to read from gel images. Adaptations of the Sanger
method vastly increased the automation, rapidity and value of this technique, notably
the conjugation of the ddNTPs with radiolabels and later fluorophores which resulted in
the dye termination method (Smith et al. 1985) and the use of capillaries for
electrophoresis. These advances encouraged by the drive for completed genomes
ultimately led to the publication of the first whole bacterial genome sequence,
Haemophilus influenzae Rd KW20, in 1995. This was also the first use of a random
fragment library, also known as shotgun sequencing, a method that is designed to
avoid cloning biases (Fleischmann et al. 1995).

The Human Genome Project greatly accelerated developments in sequencing. The
guest to determine the whole sequence of the human genome first started with debates
in 1985 and formally became a worldwide effort in 1990 (Watson & Cook-Deegan
1991). In that year the head of the National Centre for Human Genome Research,
James Watson was quoted by the New York Times "It is essentially immoral not to get
it [the human genome sequence] done as fast as possible". The size and complexity of
the human genome put considerable strain on the current sequencing technologies and
forced the development of high throughput, massively parallel technologies to allow its
completion in 2003 (International Human Genome Sequencing Consortium 2004).

14.3.1 Next generation sequencing technologies

Conventional capillary based sequencing can perform up to 96 parallel reactions, the
limitation of further extending this method being mainly one of cost (Shi et al. 1999).
The ability of high throughput technologies to process millions of sequence reads in
parallel is what defines “next generation” methodologies. While several platforms exist
they are all high throughput and use massively parallel sequencing chemistry (Metzker
2009); working from fragment libraries to produce sequence reads. Read length,
however, does differ between sequencers and few are comparable yet to the 650-800
base pairs (bp) of capillary sequencers without loss of base calling accuracy (Metzker
2009). The read length produced by next generation technologies varies considerably
dependant on the platform (Metzker 2009). The massively parallel approach goes
some way to overcome this limitation while commercial researchers continue work
towards increasing the read length produced by their platforms. A number of

competitive platforms currently exist on the market, each with their own chemistry,
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areas of strength and potential biases. The key platforms used within this thesis and

related work will be described in detail.
14311 454 Genome Sequencers

In 2007 and 2010 the GS FLX and the bench top GS Junior systems respectively were
released by 454 Life Sciences (Roche). Both adhere to the workflow ‘One Fragment =
One Bead = One Read’ coined by 454. Essentially this enormous simplification refers
to the wet chemistry of the GS system (Figure 1) that comprises of four main steps.
Step one - the generation of a single stranded DNA template library, containing the
‘fragment’, which is individually immobilized onto a single ‘bead’. Step two - the clonal
amplification of this library using emulsion based PCR, which results in several millions
copies of the original ‘one fragment’ on each bead. This is then followed by the
sequencing-by-synthesis reaction, where an individual ‘bead’ occupies a single well of
the picotitre reaction plate. The picotitre plate (PTP) is for all intents and purposes a
flow cell, which has the four nucleotide bases sequentially incubated within its wells
and is washed between cycles. 454 sequencers use Pyrosequencing® technology
where incorporation of bases results in a release of light, in this case, via the
chemiluminescent enzyme luciferase (Nyren & Lundin 1985; Hyman 1988). Recorded
by the instrument camera, the signal strength is equal to that of the number of bases
incorporated; this limits the GS system in accurately calling the number of bases in a
homopolymeric tract. The imaging of the sequential reactions in this single well
produces the third step ‘one read’, which in the 454 system is an average of 450bp, the
longest consistent read length of next generation platforms. All of these steps occur in
parallel with one bead in each of the 1,000,000 wells of the PTP, allowing the formation
of contiguous and overlapping DNA reads (contigs) and the mapping of series of
contigs to form scaffolds to deduce the original sequence. 454 additionally offers a
paired end protocol that helps to overcome gaps between reads and contigs forming a
more complete scaffold. This involves the circularisation of DNA fragments of a specific
length (3, 8 or 20kb) using specialised adaptors, further fragmentation and selection of
fragments including the now internalised adaptors. These paired end fragments are
now a library of paired stretches of DNA (for example A and B) that were originally,
dependant on the library prepared, 3, 8 or 20kb apart, linked by the adaptors. This
allows two contigs that do not overlap but that contain DNA ‘A’ and DNA ‘B’ to be
placed in the scaffold, based on the scaffold location of one of pair. Importantly, paired
end sequencing allows inclusion of reads that do not overlap resulting in a more
complete scaffold but does not necessarily mean a more complete sequence as the 3,

8 or 20kb sequence between ‘A’ and ‘B’ is not known. The superior read length
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combined with paired end data, makes 454 GS systems a good choice for de novo
assembly of reads, which does not require a template to map against. The last step in
sequencing, but arguably the most multifaceted, follows with the acts of assembly,

annotation and further bioinformatic analysis of the data.
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Figure 1. 454 pyrosequencing chemistry
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143.1.2 Illumina sequencing technology

All lllumina platforms share the same chemistry as each other and include the Genome
Analyser lIx, the high capacity HiSeq 2500, 2000 and 1000, the ‘personal sequencer’
MiSeq and finally the HiScan SQ, all of which have slightly different applications. With
similarities to the 454 technology, libraries are fragmented and adaptors ligated. In
contrast to 454 technology, fragment amplification occurs via the immobilisation of the
fragments on a solid surface and cycles of bridge amplification and denaturation, which
form clusters of fragments attached to the surface before addition of the sequencing
primer (Figure 2). lllumina sequencing chemistry is another example of sequencing by
synthesis, but in this case the technology utilises reversible terminator nucleotides
labelled with individual fluorescent dyes for each of the four bases. Each cluster is
provided with the modified components to allow extension and sequencing in a fluid
environment. A single base is incorporated into each cycle due to the inactivation of the
3’ hydroxyl group, and this incorporation is detected by an imaging step where the
fluorescence of a particular cluster is used to call the base. Finally this is followed by a
chemical step to reverse the termination by removal of the fluorescent group. Due to
the base by base approach of this technology homopolymeric tracts do not have such a
dramatic effect on the data quality as with 454, though in this situation the reads that
are produced are at the bottom end of the lllumina read length spectrum of 35-250bp.
lllumina technology offers both short insert (200-500bp) paired end and long insert (2-
5kb) mate pair libraries which can be combined to greatly improve the overall genome
coverage. These protocols, particularly mate pair, differ from 454 paired ends but the
principle of linking regions of the DNA, to allow better assembly of these short reads
including de novo assembly, remains the same. The shorter read lengths of Illumina
sequencing chemistry are also balanced by the increased throughput; in excess of 50

million reads are produced in parallel per flow cell.
1.4.3.1.3  Additional platforms

454 and lllumina sequencing platforms are the most established sequencing
technologies at present and microbial whole genome projects and sequencing centres
predominantly use these technologies (Lewis et al. 2010; Mutreja et al. 2011; Everett et
al. 2012; Croucher et al. 2013; Holden et al. 2013) as did this thesis and a pilot study of
work related to this thesis (Loman NJ et al. 2013). However alternative next generation
sequencing technologies exists including the lon Torrent platform, which differs from
other technologies primarily in that it utilises a specialised silicon chip to detect the

release of hydrogen ions upon base incorporation which is independent of imaging
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(Rothberg et al. 2011) and the SOLID platform which is an example of sequencing by
ligation (Valouev et al. 2008).
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Figure 2. lllumina sequencing chemistry
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1.4.3.2 Third generation technologies

Further innovation mean that technologies described above may well be superseded
by a third generation of sequencers. Characteristics of the 3™ generation include the
sequencing of bases, as they are incorporated real time and the use of single
molecules that circumvent the need for PCR amplification reducing pre-sequencing
preparation. A number of third generation technologies exist; HeliScope, Helicos
Biosciences, GridION and MinlON from Oxford Nanopore, and PacBio, Pacific

Biosciences.

The PacBio platform promises to produce longer read lengths of up to 1.5kb in
considerably shorter run times of around 20 minutes. It does this by using a real time
single DNA molecule sequencing method where the polymerase is continuously
monitored by a zero-mode wave detector to detect the continuous incorporation of
bases (Levene et al. 2003). The PacBio long reads, which lend itself well to de novo
assembly, combined with the intrinsic sequencing errors of all platforms, has led to
combinations of technologies such as PacBio and lllumina being used for whole
genome sequencing (WGS) characterisation (Okoniewski et al. 2013). In addition the
PacBio real time single molecule sequencing had an unexpected significant scientific
advantage, the detection of the methylation states of bases that can be applied to
epigenetics (Clark et al. 2012). The Nanopore Minlon has the potential to be a truly
portable example of a sequencer (Oxford Nanopore Technologies 2012). The
Heliscope was the first single molecule sequencer to reach the market but Loman et al
suggest there may not be a future for this platform due to a failing business plan
(Helicos Biosciences 2012; Loman et al. 2012).

Looking to the future, a joint venture between the Chemistry department and the
Optoelectronics Research Centre (OPC) at the University of Southampton secured
funding from the Biotechnology and Biological Sciences Research Council (BBSRC) in
2012 to develop an optical DNA sequencer that reads DNA directly (University of
Southampton 2012). Further and current information on sequencing platforms, the
system workflow advances and comparison between technologies which are constantly
improving and evolving in the fast paced technological race can be found on company
websites and in a number of reviews (Mardis 2008; Ansorge 2009; Metzker 2009;
Loman et al. 2012). This race is exemplified in the pursuit of the $1000 genome which
represents progress towards personalised medicine and routine human genome
sequencing and for which even prizes have been offered (Wade 2006; Kedes &
Campany 2011).
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1.4.3.3 Bioinformatics

Once the sequencing has been performed bioinformatic analysis is required to handle
the resultant data, perhaps the largest constraint of the entire process of genome
sequencing. The task of deriving biologically meaningful genetic data from raw
sequences is still developing. Mardis has pointed out satirically that for the generation
of the $1000 genome the bioinformatics may cost $100,000, to illustrate that there are
still great costs within the complete process of sequencing (Mardis 2010). User-friendly
bioinformatic advances have not matched the surge of development in the wet
chemistry of sequencing, and those that do exist are perhaps premature over
simplifications of a complex analytical process. Short read lengths prove challenging
for assembly software designed for the longer read length Sanger sequence data, and
to date only limited software is available that can easily handle these short sequences
as well as the longer reads. High-throughput sequencing has become accessible and
consequently the demand for bioinformaticians, computing resources and high
performance software is greater than ever before. New pipelines, programs and
algorithms specific tailored to short read sequence data and the characteristic errors of
platforms are required. Software that is open source has the potential to hasten
development in this field and benefit the wider scientific community more than
protected technology (Pop & Salzberg 2008). Whole genome data itself is widely
published and available, however, whole genome sequences are not routinely finished’
or even ‘whole’ which involves sequencing through the gaps, confirming sequence data
and permanently annotating the genome, therefore many published genomes contain

regions of unknown sequence and fragmented assemblies (NCBI 2011).

The increasing availability and substantial power of next generation technologies is
revolutionising the field of genomics, the power of such technologies is increasing
rapidly and the possible applications are almost limitless. Utilising such technologies in
the name of clinical microbiology, epidemiology and public health is now gathering
momentum with translational results becoming reality, with great future potential for
tracing and tracking outbreaks among the likely public health applications (Didelot et al.
; Rohde et al. 2011). Discerning the complete sequence of any microorganism provides
genotypic detail which could potentially be used to determine the serotype, MLST and
countless other specifics which are of epidemiologic importance. The presence or
absence of virulence determinants and heterogeneity of vaccine candidates could also
be described from the data. Determining serotype and pneumococcal typing via
methods such as MLST, is essential for epidemiological surveillance but a whole

genome approach can not only provide this information but also provide a wealth of
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information for evolutionary studies, phylogenetics and the description of
pneumococcal pan genome. The comparative use of multiple sequences of an
organism, serotype or sequence type, combined with the high resolution this data
offers allows detailed analysis of the relationship and relatedness of strains which can
be used to track outbreaks, origins and mechanisms of antimicrobial resistance, and
evaluate vaccine pressure (Lewis et al. 2010; Croucher et al. 2011; Mullick et al. 2011,
Everett et al. 2012; Croucher et al. 2013; Holden et al. 2013).

1.5 Control of pneumococcal disease

The high economic burden and potentially fatal nature of pneumococcal disease
requires medical intervention. Antibacterial agents can be used to treat pneumococcal
infection, the route of administration dependent on the clinical manifestation. Empirical
prescription of antibiotics based on clinical condition is however a relatively non-
specific intervention. In the presence of microbiological confirmation or high suspicion
of pneumococcal aetiology, narrower spectrum antibacterials are usually administered.
However, antibiotic resistance emerged, in particular to penicillin, soon after its first
usage in the 1960’s (Hansman & Bullen 1967). There are a rising number of
pneumococcal lineages which exhibit antibiotic resistance, particularly associated with
serotype 19A and 23F in the USA and Spain respectively, making antibiotic treatment
more difficult (McGee et al. 2001; Centers for Disease Control and prevention 2007;
Croucher et al. 2009; Pillai et al. 2009; Jones et al. 2010; Croucher et al. 2011). Song
et al comprehensively reviewed the relationship between pneumococcal serotype and
antibiotic resistance, particularly the global observation that after PCV7 introduction
there was an increase in non-vaccine type antibiotic non-susceptibility relating to the
phenomenon of serotype replacement in countries with a high level of vaccine uptake
(Song et al. 2012). This increase could be predominantly explained by the expansion of
previously documented antibiotic resistant serotype specific lineages in the US rather
than increased acquisition of resistance (Gertz et al. 2010) with the exception of a 19A
clonal complex 271 resulting from a suspected capsular switch event which was not
detected before PCV7 (Pai et al. 2005). However this CC271 multi drug resistant 19A
was observed in the first year of PCV7 use in the US and suggests that the capsule
switch event may well have occurred pre-PCV7 and been selected for as has been
concluded for other lineages (Croucher et al. 2013). Serotype independent vaccines
were suggested as a method to further control pneumococcal resistance by Song et al
by preventing replacement and therefore associated rises in NVT antibiotic resistance

(Song et al. 2012). However antibiotic resistance in pneumococci has been shown to
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have a statistical association with country specific antibiotic usage in Europe, therefore
tighter regulation of antibiotic usage that could reduce non-susceptibility for more than
just pneumococcal disease would also seem an important policy (van de Sande-
Bruinsma et al. 2008).

Protection from disease is a better means of preventing morbidity, mortality and the
associated financial, personal and social costs of treatment. Therefore a number of
pneumococcal vaccines have been developed by academics and the pharmaceutical

industry.

151 Pneumococcal vaccines

The first pneumococcal vaccine trials occurred as early as 1911, using whole-cell heat-
killed pneumococci in miners in the absence of understanding serotype specific
disease potential (Wright et al. 1914). Grabenstein and Klugman give an account of the
progression of pneumococcal vaccine as a centenary review describing the initial
development of both multi-valent purified free polysaccharide and protein-conjugated
polysaccharide vaccines (Avery & Goebel 1929) in the 1930’s (Grabenstein & Klugman
2012). In the advent of antibiotics Grabenstein and Klugman also reviewed the
clinicians preference for antimicrobial therapy rather than mass vaccination and
consequent decreased vaccine development and use (Grabenstein & Klugman 2012),

until the early 1980’s with the development of a high valency polysaccharide vaccine.

The 23-valent pneumococcal polysaccharide vaccine (PPV, Pneumovax™)

manufactured by Merck was first licensed over a quarter of a century ago. This vaccine
includes the polysaccharide capsule from 23 of the most common disease causing
serotypes (Table 2). Pneumovax™ however, relies on T-cell independent immune
stimulation by polysaccharides (Stein 1992). This mechanism is under developed in
children of less than two years old (Stein 1992), a major at risk group for pneumococcal
disease (O'Brien et al. 2009). PPV efficacy in those over 65 years of ages has been
recently called into question due to a deficit of supportive evidence (Huss et al. 2009;
Department of Health 2011b; Department of Health 2011a; Department of Health
2011c). However current recommendations within the UK is that PPV is recommended
for use for the elderly and is administered to other younger adult risk groups including
the immunocompromised (Didelot et al. ; Melegaro & Edmunds 2004a; Huss et al.
2009). To reduce pneumococcal disease in young children of <2 years of age,
vaccines were developed to trigger T-cell immunity against polysaccharides via

conjugation to an adjuvant protein.
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The early development of protein-pneumococcal polysaccharide conjugation in the
1930’s (Avery & Goebel 1929) did not readily advance to clinical value until the end of
the 20™ century. Prevenar™, a seven valent pneumococcal conjugate vaccine (PCV7,
Pfizer) was developed and subsequently licensed in 2000 but unlike the US it was not
added to the UK childhood immunisation schedule until 2006 (Department of Health
2006). This vaccine contains the capsular polysaccharide of seven serotypes,
conjugated to CRM197, a non-toxic diphtheria variant carrier protein (Eskola et al.,
2001). This immunogenic protein increases the vaccine efficacy in young children by
inducing a T-cell-dependent response (Black et al., 2000; Rennels et al., 1998). The
seven serotypes included in the vaccine — 4, 6B, 9V, 14, 18C, 19F and 23F — were
selected as prior to use of the vaccine they caused the majority of invasive disease in
the US (Hausdorff et al., 2000) (Table 2). These serotypes were also associated with
antibiotic resistance prior to vaccine implementation (Hicks et al., 2007; Tyrrell et al.,
2009).

In the conjugate vaccine era there is debate over the continued use of PPV regarding
its use alongside conjugate vaccines and its complete replacement by conjugate
vaccines. There is evidence to suggest blunting of the PCV response in adults
previously vaccinated with PPV when compared to those who had only received PCV,
this observation did not result in PCV inferiority to PPV for the shared serotypes and
therefore the clinical extrapolation of this phenomenon is limited (de Roux et al. 2008;
Musher et al. 2008; Jackson et al. 2013). Additionally one dose of PPV after the PCV
course is recommended for children >2 <5 years old to broaden serotype immunity
(Department of Health 2012). The clinical benefit of this additional vaccination in
children between 2 and 5 has also been called into question with evidence suggesting
that there was no significant increase in the number of children that had protective
antibody concentrations for the serotypes in PPV but not in PCV7, with a IgG1
response after PCV7 with PPV rather than IgG2 with PCV7 or PPV alone (Uddin et al.
2006; Balmer et al. 2007). A recent review of the subject after seven years of
discussion highlights the lack of evidence and agreement on PPV use in children
(Borrow 2013).

Second generation pneumococcal conjugate vaccines followed, GlaxoSmithKline’s
(GSK) 10-valent PCV (Pneumococcal H. influenzae protein D conjugate vaccine
(PHID-CV), Synflorix ™) and Prevenar 13™ (PCV13, Pfizer) were licensed in 2010.
PHID-CV and PCV13 are now both licensed in the UK, with the latter superseding

Prevenar in the UK childhood immunisation schedule in April 2010 (Department of

39



Introduction

Health 2010). These vaccines target additional serotypes that are important to current

disease incidence and are not well targeted by PCV7 (Table 2).

The PHID-CV developed by GSK includes two capsular polysaccharide types
conjugated to either diphtheria (serotype 19F) or tetanus toxoid (serotype 18C), and
eight others (1, 4, 5, 6B, 7F, 9V, 14, 23F) conjugated to non-typeable Haemophilius
influenzae (NTHi) protein D (Wysocki et al. 2009) (Table 2). NTHi protein D was
included in PHID-CV to provide potential protection against AOM caused by NTHi.
Carriage of NTHi and episodes of AOM were shown to reduce in a clinical trial of an
11-valent PHID-CV experimental vaccine but the aetiology of AOM is inherently difficult
to determine. (Prymula et al. 2006; Prymula et al. 2009; Wysocki et al. 2009). An effect
on carriage of NTHi and any real effect on NTHi AOM could positively influence the
impact and cost effectiveness of the GSK pneumococcal vaccine (Kim et al. 2010;
Giglio et al. 2011; Robberstad et al. 2011). Originally the GSK experimental vaccine
included 11 serotypes but the inclusion of serotype 3 was later rejected due to a lack of
inducible immunogenicity in clinical trials (Prymula et al. 2006). PCV13 developed by
Wyeth (now Pfizer) targets the same pneumococcal serotypes as the PHID-CV plus
three additional serotypes (3, 6A and 19A), all conjugated to the immunogenic
diphtheria toxoid (Scott et al. 2007). There is still some debate surrounding the
immunogenicity of serotype 3 in PCV13, however studies have shown using
opsonophagocytic assays that functional antibodies are induced (Centers for Disease
Control and prevention 2010; Yeh et al. 2010).

15111 Use of conjugate vaccines

Whilst conjugate vaccines are freely available on the market it is predominantly
countries of the developed world that have introduced them into routine immunisation
schedules, notably the UK and the US (Centers for Disease Control and prevention
2011; Department of Health 2012; Gladstone et al. 2012a). However as a large burden
lies in the developing world introducing vaccination schedules in these countries is
arguably more important (Johnson et al. 2010). GAVI have been going some way to
rectify this disparity by supporting vaccination schedules in ~100 GAVI eligible
countries. This has been through advance market commitments to purchase vaccines
and agreements to fixed sustainable prices with pharmaceutical companies (GAVI
2011; Gladstone et al. 2012a).
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15.1.2 Vaccines in development

An investigational 15-valent PCV is being developed by Merck (Skinner et al. 2011).
This investigational vaccine is formulated in a similar manner to PCV13, except for the
inclusion of two additional serotypes 22F and 33F (Skinner et al. 2011). Expanding
valency of vaccines is a response to serotype replacement observed globally for
carriage (Hanage et al. 2011; Tocheva et al. 2011) and disease caused by PCV7 types
and by extrapolation, expected for PCV13 types (Hicks et al. 2007; Miller et al. 2011b).
Serotypes 22F and 33F were selected for inclusion due to increases in their prevalence
in IPD, resulting in these serotypes being primary causes of IPD in the US after PCV13
vaccine types (Pilishvili et al. 2010; Skinner et al. 2011). A phase | trial of the 15-valent
experimental vaccine (NCT01215175) has been completed for healthy adults and
toddlers. A phase II, randomised, multicentre, double blind clinical trial of the vaccine is
now being carried out by Merck (NCT01215188) to assess its non-inferiority to
Prevenar 13™ in healthy infants with its primary outcome completed in July 2012 (U.S
National institutes of Health 2012). The uptake of the next generation conjugate
vaccines will in part depend on the extent to which disease replacement is observed
after widespread routine use of PCV13 —specifically upon changes in the epidemiology
of the additional serotypes. The ability to further expand the valency of conjugates in
response to replacement is limited both by manufacturing restraints and hypothetical
antigenic overload. Antigenic overload is a theoretical issue as vaccines are routinely
given concomitantly with immunogens from a wide range of pathogens, which could
blunt the immune response of each component, however there are those that argue
that there is no evidence for this hypothesis (Gregson & Edelman 2003). Finally and
perhaps maost importantly there are prohibitive costs per dose incurred through

expanding the valency.
15.1.21  Serotype independent vaccines

Serotype dependant vaccines do not prime broad-spectrum pneumococcal immunity.
They are composed of purified, free or conjugated, polysaccharides from a limited set
of serotypes. Serotype-independent vaccines would circumvent this issue, and a
number are in development including killed whole cell vaccines (WCV), with
formulations being tested in mouse models to determine the optimal aluminium
adjuvant stimulation of the desired cytokine profiles (Hogenesch et al. 2011; Lu et al.
2011). The administration of killed whole cell vaccine has already been shown to illicit

both T-cell dependant IL-17A and antibody responses (Lu et al. 2011).
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Another alternative is the use of highly conserved, immunogenic pneumococcal surface
proteins that are involved in bacterial virulence. Single and multi-component protein-
based vaccines are being investigated by analysing the protective capacities of a
number of different proteins, protein combinations, and protein fusions to maximise
synergistic effects. Protein candidates include pneumococcal surface protein A (PspA),
pneumococcal surface protein C (PspC), pneumolysin (Ply) and caseinolytic protease
(ClpP) (Hamel et al. 2004). At present a number of candidate proteins are being
evaluated in murine models, including the demonstration of passive immunity from
polyclonal antibodies against specific pneumococcal proteins (Cao et al. 2007;
Ogunniyi et al. 2007; Morsczeck et al. 2008; Cao et al. 2009; Olafsdottir et al. 2011;
Zhang et al. 2011). Protein based vaccines could potentially give broad protection from

pneumococcal infection independent of serotype and invasiveness.
15122 Mechanisms of protection

Establishing protection against otitis media and carriage would ideally require
stimulation of a mucosal antibody response (Zhang et al. 2002). If proven to be safe in
administration, efficacious and capable of conferring indirect effects to a vaccinated
population serotype independent vaccines could offer greater potential for controlling
pneumococcal disease. Additional advantages of serotype independent vaccines could
include the induction of T-cell responses and ease of vaccine formulation resulting in

reduced production costs when compared to conjugate vaccines.

Additional approaches are aimed at stimulating the immune system in a similar way to
natural colonisation. The WHO only supports vaccine delivery via the intramuscular or
subcutaneous routes due to the current lack of evidence of the immunogenicity and
safety of alternative delivery (World Health Organisation 2008). Despite this, research
is being carried out into mucosal delivery of vaccines (Malley et al. 2001; Douce et al.
2010). Malley and colleagues have shown protection against colonisation and sepsis in
mouse models with both mucosal and peritoneal immunisation with WCV (Malley et al.
2001; Lu et al. 2011). Additional research is investigating the potential of pneumolysin
as an adjuvant for improving the mucosal stimulation by proteins which do not normally
induce strong immune responses (Douce et al. 2010). However, broad-spectrum
protein or whole cell vaccines could potentially have major effects on overall
pneumococcal carriage with as yet unknown clinical significance of non-pneumococcal

bacterial replacement.
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Table 2. Details of licensed pneumococcal vaccines, serotype inclusion and

current use within the UK

(Prevenar 13™)

9V, 14, 18C, 19A, 19F,
23F

Vaccine Manufacturer Serotypes UK Status
PPV Merck 1,2,3,4,5,6B, 7F, 8, | Licensed for use in
(Pneumovax™) 9N, 9V, 10A, 11A, 12F, | adult high risk

14, 15B, 17F, 18C, groups

19F, 19A, 20, 22F, 23F,

33F
PCV7 Pfizer 4, 6B, 9V, 14, 18C, Licensed,
(Prevenar™) 19F, 23F superseded by

PCV13

PHID-CV GSK 1,4,5, 6B, 7F, 9V, 14, | Licensed
(Synflorix™) 18C, 19F, 23F
PCV13 Pfizer 1,3,4,5, 6A, 6B, 7F, Licensed, included

in childhood
immunisation
schedule

Bold underlined text indicates vaccine serotypes within conjugate vaccines that are

additional to those contained within PCV?7.
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1.5.2 Serotype replacement

Replacement is an epidemiological phenomenon that occurs when targeting a sub
population where the decrease in vaccine types is offset to some extent by a rise in
prevalence of the subtypes not targeted that replace the vaccine types. Serotype
replacement was predicted in advance of PCV use (Lipsitch 1997). Following PCV7
introduction in the US, a shift in the prevalent serotypes circulating in the population
and causing disease was observed, termed ‘serotype replacement’ (McEllistrem et al.
2003). This was predicted to be mirrored in the UK (Spratt & Greenwood 2000).

Although there has been a dramatic reduction in vaccine type (VT) IPD, the
phenomenon of “replacement” has occurred in both disease and carriage in the UK
(Miller et al. 2011b; Tocheva et al. 2011). Replacement disease is due to the increase
in non-vaccine serotype (NVT) IPD cases offsetting the decrease in VT IPD. The
incidence of IPD per 100,000 in the population of England and Wales between 2000
and 2006 was 16.1, in 2008/09 it had reduced to 10.6 per 100,000 (Miller et al. 2011b).
Importantly, there was an increased incidence of IPD caused by PCV7 NVT detected in
all age groups, particularly involving serotypes 7F, 19A and 22F as early as 2009
(Public Health England 2009). An increase of 100% was observed for serotype 7F for
all age groups, 372 cases to 742 cases between 2000-2006 and 2008-2010 after
adjustments were made for reporting bias (Miller et al. 2011b). Serotype 7F is however,
included in PCV13, 22F though is not targeted by the PHID-CV or PCV13. 22F has
also dramatically increased in IPD prevalence in children less than two years of age in
England and Wales and was ranked 6" in children aged less than five years for
Scotland in 2009 (Shakir 2009; Miller et al. 2011b).

The inclusion of a serotype in a vaccine was previously assumed to infer some level of
cross protection against other members of the same serogroup the so-called vaccine
related types (VRT), this assumption has not borne out (Hausdorff et al. 2000; Jacobs
et al. 2008). Since PCV7 implementation VRT 19A IPD incidence has increased in the
US, UK and elsewhere despite the fact that the related serotype 19F was included in
the vaccine (Jacobs et al. 2008; Pillai et al. 2009; Miller et al. 2011b). The 19F
polysaccharide is known to be the least immunogenic of the PCV7 VTs (Pletz et al.
2008). In addition cross reaction of antibodies stimulated by PCV7 against 19F on 19A

has also been shown to be weak in vitro (Lee et al. 2009).

Since PCV7 introduction an increase in the prevalence of serotype 6C have been

observed for both carriage and disease worldwide (Nahm et al. 2009; Green et al.
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2011; Miller et al. 2011b; Tocheva et al. 2011). The rapid and clonal expansion of 6C
was observed to be significant within the first three years of the on-going
pneumococcal carriage study in Southampton (Tocheva et al. 2010; Tocheva et al.
2011). This is despite the presence of the 6B polysaccharide in PCV7 that does
provide protection against 6A (Vakevainen et al. 2001). Serotype 6B cross reactivity
does not extend to 6C, therefore the PCV7 elicits negligible or no immune protection
against this serotype (Park et al. 2007a). The inclusion of 6A in PCV13 (6A also
included in PHID-CV) has been shown to offer cross-functional antibodies against 6C
and should go some way to protecting against 6C disease (Cooper et al. 2010; Cooper
et al. 2011).

Serotypes related to the vaccine types have contributed to serotype replacement more
than was perhaps first expected (Hanage 2008; Jacobs et al. 2008; Ladhani et al.
2008). It could be supposed that vaccine related types were in a prime position, sharing
immunological epitopes and to a lesser extent genotype due to genome plasticity, to fill
the specific niche vacated by their counterpart in an environment under vaccine

pressure.

It must however be noted that serotype distribution can fluctuate substantially in the
absence of vaccination. A highly significant increase in serotype 1 was observed within
the UK prior to routine PCV7 immunisation highlighting that other factors are also
involved in pneumococcal serotype dynamics (Kirkham et al. 2006; Jefferies et al.
2010a). The most common serotypes causing IPD vary with both location and time
(Harboe et al. 2010; Jefferies et al. 2010a).

Although not the only influence, PCV7 is likely to have been playing an important part
in serotype fluctuations in the UK by reducing VTs and creating a niche, which is being
filled by NVT or potentially other species of bacteria. On-going surveillance, typing and
research will help uncover the reasons why certain species and strains appear better at
filling this niche than others, and why some cause invasive disease while others cause

little or none at all.

Traditionally the serotypes chosen for vaccine inclusion have been based on the rank
order incidence of disease. These serotypes are often the most prevalent in carriage
but they are not necessarily those with the highest potential for invasiveness. By
targeting the serotypes in rank order of disease incidence, any serotype replacement
that occurs may result in increased prevalence of a particularly invasive serotype. One
study highlighted that moderately prevalent NVT serotypes 3, 8, 33 and 38 all had a

similar potential to cause invasive disease when compared to the VT 6B, 19F and 23F
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(Brueggemann et al. 2003), previously responsible for a considerable proportion of IPD
in the pre vaccine era (Miller et al. 2011b). If a shift in carriage prevalence occurred, for
example, reduced VT 23F with increased NVT 8, this could then potentially result in
serotype 8 having a similar disease incidence as VT 23F previously. NVT 19A and 7F
that have recently increased as a cause of IPD in the UK (Miller et al. 2011b) have also
previously been reported to be associated with invasive disease (Brueggemann et al.
2003; Sjostrom et al. 2006). This may indicate that greater virulence of certain
serotypes has been central to the rise in case numbers rather than an expansion of
clones with these serotypes. Examination of the genetic background of serotypes
causing invasive disease suggests the acquisition of an alternative capsular locus has
occurred in some cases which has allowed vaccine escape (Brueggemann et al. 2007,
Temime et al. 2008; Hanage et al. 2011; Golubchik et al. 2012). Capsular variants are
likely to have existed in the in pneumococcal population before vaccine implementation
and the selective pressure resulted in the expansion not the occurrence (Croucher et
al. 2011).

The presence of additional serotypes in PHID-CV and PCV13, as compared to PCV7
should, to some degree, help to protect against the emergence of some previously

under-represented serotypes with significant invasive potential.

153 Vaccine coverage

Historically, PCV7 covered 90% of the serotypes causing IPD in the US. Crucially,
even before PCV7 introduction the disease serotype coverage in the UK was much
lower. In Scotland only 76.5% of all IPD cases in those aged less than five years old
were calculated to be covered by PCV7 (Clarke et al. 2006), whilst in the developing
world coverage was suggested to drop as low as 45% for IPD in Asia (Hausdorff et al.
2000).

Based on national (England and Wales) surveillance data, the percentage of serotypes
causing cases of IPD covered by PCV7, PHID-CV and PCV13 were calculated (Public
Health England 2009). In 2007-2008 only 24% of IPD cases in those under 5 years old
were caused by serotypes covered by PCV7, in stark contrast to the 76.5% UK
estimate based on IPD coverage in this age group prior to vaccine implementation
(Clarke et al. 2006). The serotype coverage of IPD in children under five years of age
for PHID-CV and PCV13 was 53% and 74% respectively for 2007/8, a dramatic
decrease from the 81% and 92% 2005/6 coverage. A fundamental observation is that

the potential coverage of PHID-CV and PCV13 had already decreased prior to
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implementation due to the routine use of PCV7 and the associated serotype
replacement, as well as shifts in pneumococcal epidemiology caused by other non-

vaccine factors.

A decrease in VT IPD incidence has been seen in children over the age of five and
adults, who are largely unvaccinated (Public Health England 2012). Herd protection
against VT pneumococci has been induced in the UK population as an indirect effect of
infant PCV7 immunization (Miller et al. 2011b). Herd protection is primarily due to
reduced exposure through decreased carriage and transmission from the vaccinated
population. These indirect effects contribute extensively to the overall impact and cost-
effectiveness of vaccination (Melegaro & Edmunds 2004b; Centers for Disease Control
and Prevention 2005). Without such effects, the PCV introduction may not have been
considered economically viable in the UK (Melegaro & Edmunds 2004b). The level of
herd protection has been suggested to increase with the number of doses given (Haber
et al. 2007). Prior to this observation, surveillance carried out in the US demonstrated a
42% fall in the incidence of IPD in infants, 90 days old (Carter 2006), indicating that
herd protection can also extend to those not yet old enough to be vaccinated or to have
completed the vaccination course. A US model also predicted that even incomplete
coverage and/or limited dose schedules would still confer indirect protection (Haber et
al. 2007).

154 Vaccine evaluation

Clinical trials and mathematical models offer a basis for prediction of vaccine impact.
Studies using such algorithms suggested that the PHID-CV will be at least as effective
as PCV7 in protecting against pneumococcal invasive disease worldwide (Hausdorff et
al. 2009). The design of such an algorithm is complex due to the fluidity and dynamics
of the pneumococcal population and has to be based on assumptions that may affect
the model output. This is not untrue of the Hausdorff model, which did not take account
of the positive impact of herd immunity, the impact on NTHi AOM or the negative
influence of serotype replacement on vaccine success. Despite being a valuable tool,

the conclusions of any model should be treated with caution.

In clinical trials the study population will naturally be exposed to multifaceted
epidemiological factors that will affect vaccine impact. Therefore clinical trials should
reflect more accurately, the ‘true’ impact of a vaccine even under their tightly controlled
conditions, but this does not include herd protection, which requires high coverage in

the population. A German clinical study, powered to show immunological non-inferiority
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showed that PCV13 should be just as efficacious as PCV7 at protecting against the
seven serotypes included within the PCV7, as well as inducing sufficient immunity for
the further VT (Kieninger D. M et al. 2008). Importantly PCV13 was shown to induce an
opsonophagocytic response to serotype 19A that indicates it will be efficient in
preventing cases of serotype 19A invasive disease (Kieninger D. M et al. 2008).
Surveillance of carriage has an important place in vaccine evaluation for a number of
reasons, carriage is a precursor to disease so changes in carriage will affect disease
epidemiology even when serotypes has differing potential for disease (Brueggemann et
al. 2003), additionally the carriage state is vastly more common than disease and
statistically significant changes can be detected rapidly due to the larger sample size
available (Tocheva et al. 2010; Miller et al. 2011b). Clinical trials offer valuable but
incomplete information on the potential outcome of a vaccination campaign, therefore
vaccines require efficacy trials and both disease incidence and carriage surveillance to

evaluate effectiveness after introduction.

Both PHID-CV and PCV13 are likely to be effective in further reducing IPD and non-
invasive pneumococcal disease, however the additional serotypes unique to PCV13
were of clinical importance in the UK and contributed to the decision to replace PCV7
with PCV13 (Public Health England 2009; Department of Health 2010). Nonetheless,
the relative effect of PHID-CV compared to PCV13 immunisation on the combined
prevention of pneumococcal and NTHi invasive or all cause disease has not yet been
tested in a head to head trial. As well as the effect of routine vaccination on invasive
disease it also affects carriage. Carried serotype prevalence for the most part can be
related to invasive disease cases despite individual serotype invasive propensities as
high incidence of colonisation offers increased opportunities to progress to disease
(Miller et al. 2011b; Tocheva et al. 2011). Public Health England (PHE) has reported
the enhanced surveillance of IPD serotypes in England and wales (Miller et al. 2011b;
Miller et al. 2011a)

154.1 Disease specific impact

The impact of conjugate vaccination on specific disease manifestations such as
pneumonia is harder to quantify but studies such as the Clinical Otitis Media and
Pneumonia Study (COMPAS NCT00466947) have been designed to try to answer
these questions (U.S National institutes of Health 2012). Pneumococcal pneumonia
cases are difficult to define as they can result in pneumococcal invasion of bacteria into
the blood (Jacups & Cheng 2011). Despite this variation, studies have indicated that

PCV7 efficacy for clinical and x-ray defined pneumonia is between 5% and 25% (Black
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et al. 2002; Lucero et al. 2009). In addition, the incidence of pneumonia-related
hospitalisation in the US of children under two years old was observed to decrease by
up to 39% after PCV7 introduction (Grijalva et al. 2007; Centers for Disease Control
and Prevention 2009). All-cause pneumonia cases remained stable in the US during
PCV7 introduction, a potential example of replacement disease contributed to by other
species not targeted by PCVs, but it is however also possible that it is due to an
increase in reporting after vaccine deployment (Centers for Disease Control and
Prevention 2009).

Enhanced disease surveillance during 2004-2009 revealed changes in the molecular
epidemiology of meningitis with serotype 7F with ST191 being the most prevalent
cause of meningitis by 2008-2009 (Pichon et al. 2013). Bacterial pneumonia and
empyema admissions in England were on the increase before the introduction of PCV7
and began decreasing between 2006 and 2008 (Koshy et al. 2010). Conversely
another recently published study of pneumonia aetiology in children suggested that
pneumococcal pneumonia in children of less than 16 years of age was comparable
between the pre and post PCV with PCV7 non-vaccine serotypes continuing to be a
significant cause of childhood pneumonia in the UK (Elemraid et al. 2013). However
the age of the subjects is important, 25% of the subjects were not eligible for
vaccination due to age, whilst the majority of participants were under the age of 5 and

all serotypes recovered are included in PCV13.

Pneumococcal conjugate vaccines have been shown to offer some protection against
AOM (Eskola et al. 2001; Prymula et al. 2006). As the clinical diagnosis of AOM is to
some extent subjective and the definitive identification of the causative agent difficult, it
is important to consider that data from these studies is useful but not necessarily
representative of the true situation. AOM incidence has been shown to decrease in the
US post PCV7 (Eskola et al. 2001; Black et al. 2004; Block et al. 2004; Prymula et al.
2006). However US cases of otitis media due to NVT were also seen to increase in
incidence in the post-PCV7 era, a 10% rise in NVT was reported by one study (Block et
al. 2004), along with observations of capsular switch events (McEllistrem et al. 2003).
Serotype data for AOM in the UK and Europe is scarce (Rodgers et al. 2009). Data
from the US suggests that serotype replacement, capsular switch and species
replacement may limit the effectiveness of pneumococcal vaccination against otitis
media in the UK. H. influenzae, specifically NTHi, is also an important cause of AOM
(Casey et al. 2009). NTHi AOM was seen to increase by 15%, following wide-spread
PCV7 vaccination in the US (Casey et al. 2009), a situation which the PHID-CV may be
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better able to control. It could be supposed that increases in NTHi carriage and AOM

may fill part of the niche left by pneumococcal VT in the UK.

Vaccination is essential for the prevention of pneumococcal disease. As currently
licenced vaccines target only a subpopulation of dynamic and diverse S. pneumoniae
serotypes that are not fixed to genetic lineages, vaccine pressure is likely to cause

epidemiological shifts that need to be monitored and reacted to.
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1.6  Study rationale & design

As S. pneumoniae is responsible for a substantial burden of disease worldwide, it is a
humane responsibility to act to control and prevent pneumococcal disease.
Interventions to this end, such as national vaccination programs, aim to prevent
disease cases in the vaccinated but also act indirectly in the unvaccinated community
via herd protection.

Years of research have been undertaken to elucidate the mechanisms of immune
stimulation and protection to allow rational vaccine design. Even with evidence such as
this it is not possible to make exact predictions regarding the level of effectiveness of
vaccination within a population. Particularly in respect to any consequent changes in
the epidemiology of colonisation and disease. Therefore it is essential to monitor any
impact, positive or negative to allow the pharmaceutical industry, policy makers and
health service providers to respond to unforeseen or exaggerated effects.

The human nasopharynx is potentially inhabited by multiple bacterial species, strains
and other microorganisms. Finite nutrients and space are thought to result in
competition for colonisation (Murphy et al. 2009). Intra species competition and niche
specificities occur for pneumococci; serotypes and even STs are known to differ in their
association with colonisation and disease (Lipsitch 1997; Rajam et al. 2007; Auranen et
al. 2010). Any intervention that is likely to result in removal of constituents of a niche
will affect the complex balance and dynamics resulting in reconstitution of the new
natural equilibrium. Therefore targeting a subpopulation of pneumococcal types with
conjugate vaccines has the potential to alter the epidemiology of colonisation, both

pneumococcal and total species diversity.

The present study was undertaken to characterise pneumococci in the nasopharyngeal
niche during conjugate vaccine introduction. Determining the prevalence of
pneumococcal nasopharyngeal carriage, and monitoring serotype and genotype
distribution in healthy children, during conjugate vaccine introduction allowed this
evaluation. The surveillance was conducted over a five-year period from the
introduction of the first pneumococcal conjugate vaccine in the UK in 2006. The study
aimed to detect changes in the circulating pneumococcal population and provide data

that could inform current and future vaccine policy.

Next generation sequencing technologies that allow whole bacterial genome

sequencing are available and increasingly affordable. The work described in this thesis

seeks to validate and utilise such technology for comprehensive typing and analysis of
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the carriage study isolate collection, as a cost and time efficient alternative to traditional

methods for epidemiologists.

To date, a small number of completed pneumococcal genomes have been published
(Donati et al. 2010; Camilli et al. 2011) and many more draft genome sequences are at
various stages of completion or are part of on-going sequencing projects (Institute
2011; NCBI 2011; The Sanger Institute 2011). These genomes predominantly
represent laboratory strains and IPD clinical isolates (Dopazo et al. 2001; Hoskins et al.
2001; Tettelin et al. 2001; Lanie et al. 2007; Ding et al. 2009).

The determination of whole genome sequences described in this thesis will add value
to current publically available genomes; providing the genomic sequence of a large
number of carried pneumococci that are currently under-represented. This will include
a diversity of serotypes and genotypes associated with colonisation that could be used

as comparators to invasive isolates.
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1.7

Hypothesis

The hypothesis of this thesis was that during PCV implementation there would be a

shift in pneumococcal carriage epidemiology. This was predicted to occur through

vaccine serotype and associated genotypes decreases with subsequent replacement

by non-vaccine serotype and associated genotypes

1.7.1

1.7.2

Aims

To infer how PCV implementation has impacted pneumococcal carriage
epidemiology for extrapolation to disease and contribute explanation for current
disease epidemiology.

Deduce epidemiologically relevant data from whole genome sequences for

surveillance purposes.

Objectives

To determine the pneumococcal carriage rate, characterise the carried
pneumococci and detect and temporal changes in the carriage rate and
serotype and genotype prevalence.

To validate the robust inference of serotype and determination of genotype from
whole genome sequences by comparing to data generated by traditional
methods.
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2. METHODS

2.1 Samples

Bachelor of Medicine (BM) and subsequently BMedSci students, were trained to
perform nasopharyngeal swabbing by qualified research nurses. They then collected
nasopharyngeal swabs from children aged four years and under attending the
outpatient department of Southampton General Hospital, as part of their 4th year
BM/BMedSci research project. Written parental/guardian informed consent was
obtained with ethical approval for this procedure from Southampton and South West
Hampshire Research Ethics Committee ‘B’ (REC 06/Q1704/105). Age was the primary
exclusion criteria, additionally only one member of an approached family was swabbed
with one exception in year 2. The child swabbed was not necessarily the child
attending the clinic. Rayon tipped, Transwabs (Medical wire, Corsham, UK) with
flexible shafts were used to obtain samples and were immediately immersed into the
charcoal Amies media. Swabs were taken during the winter months of October to
March of 2006/7, 2007/8, 2008/9, 2009/10 and 2010/11 until 2100 S. pneumoniae were
isolated within each sampling period.

In period 2010/11 a questionnaire was introduced for the parent/guardian to complete
after the informed consent process. This questionnaire allowed metadata, of relevance
to potential pneumococcal carriage, to be collected on the participants including age,
recollected vaccination history, and recent antibiotic usage and respiratory illness
which could be extrapolated to the study population for the entire study period. The
primary aim of the carriage study was to build a collection of pneumococcal carriage
isolates from which any changes in pneumococcal carriage epidemiology could be
detected and this data used to help understand any change in the epidemiology of
pneumococcal disease with respect to the introduction of PCV7. The ability to detect a
change in the carriage rate was achieved by collecting a sample size of 2100
pneumococci positive swabs per study year. This was based on the lowest expected
carriage rate of 10% and would provide 80% power to detect an estimated 50% relative
reduction in pneumococcal carriage after the introduction of PCV-7 at a 5%

significance level.
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211 Microbiological Processing

State registered biomedical scientists at the Health Protection Agency Microbiology
Services, Southampton, carried out initial microbiological processing of swabs. Swabs
were processed within 9 hours of collection by plating onto Columbia Colistin Naladixic
Acid agar (CNA, Oxoid, Basingstoke, UK) to screen for S. pneumoniae each sampling
period. Presumptive S. pneumoniae were plated on Columbia blood agar (CBA, Oxoid)
with an optochin disc (Oxoid). Ten well-isolated colonies of pneumococci from each
patient were used to inoculate individual Microbank vials of beads (Pro-Lab
Diagnostics, Neston, UK) as master stocks. Isolates were collected at this stage from
the HPA and stored at —70°C.

2.1.2 Culture and storage

Al strains were initially grown from the 1* master stock vial by inoculating Columbia
blood horse agar (Oxoid) with a single bead. Where growth was not observed for the
first master stock the second vial was used to inoculate, this was necessary for <5% of
samples. When growth could not be achieved in this manner one bead was enriched
for 4 hours in 100ul BHI at 37°C in 5% CO.,. 75ul of the enriched BHI was streak-plated
onto agar. An optochin disc (Mast Group Ltd, Merseyside, UK) was placed on all agar
plates to determine optochin susceptibility. Isolates with a >14mm zone of inhibition
around the disc were classed at sensitive. Isolates that had any colonies within this
inhibition zone were classed as intermediately resistant and growth that showed no
zone or sign of inhibition was classed as resistant. Plates were incubated upside down
at 37°C in 5% CO, overnight (~18 hours).

Working stocks were created from pure cultures of the master stock, sub-culturing of
one colony onto a second CBA plate was performed if necessary in cases of mixed or
scanty growth, observed for up to 20% of isolates particular in samples stored for
longer periods of time, years 1-3. Approximately half a plate of growth was collected
and used to inoculate 1ml sterile 50% glycerol (Fisher Scientific UK Ltd, Loughborough,
UK), Brain Heart Infusion (BHI) broth (Oxoid) and repeated with the second half of the
growth to create duplicate glycerol stocks. One of the glycerol stocks was used as the
working stock whilst the other was stored separately as a backup. Master and glycerol

stocks were stored at -70°C.

56



Methods
2.1.3 Strain exclusion and inclusion

A previous temporal analysis of the initial years (1-3) of this pneumococcal carriage
study (Tocheva et al. 2011) excluded one isolate of S. pneumoniae, strain 2337, from
year 2. Isolates 2336 and 2337 were collected sequentially from siblings and were
likely to be colonised by similar organisms and strains. Therefore isolate 2337 was
previously excluded to remove bias from the calculation of carriage rates and
subsequent analysis. The isolate 2337 was included for whole genome sequencing.
Two isolates from year 5 of the carriage study, 5265 and 5267 were excluded from
sequencing as low growth did not permit extraction of high yield, high quality DNA
(2.2.2) for sequencing. Sequencing data that suggested that DNA extractions were not
pure —heterologous SNPs, resulted in the exclusion of four isolates, 0316, 2336, 5202
and 5251. Final and definitive strain data e.g. serotype and sequence type included in
the analysis was derived from whole genome data. Where there was disagreement
between previously generated data and WGS resultant data, WGS data was taken as
the primary data provided that all other WGS data supported it. This decision was
made as any one sample may potentially contain multiple pneumococcal
serotypes/strains. This study does not aim to nor has the design to properly investigate
this phenomenon, due to the culture based collection methodology, particularly in the
early years, 1-4 for which the protocol did not include storage of the swab and relied
solely on culture. Non-typeable presumptive non-pneumococcal streptococci, 5006,
5047, 5163 and 5170 were excluded from temporal analysis of pneumococcal
epidemiology. Therefore, of the 527 samples sent for sequencing, data for 519 were

included in the core analysis.
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2.2 DNA Extraction

DNA was extracted from cultured isolates to allow their molecular characterisation. The
extraction method differed depending on the downstream molecular analysis required.

221 For PCR or MLST

Samples were grown by plating 20pl of the glycerol/BHI working stock on CBA (Oxoid)
and incubating overnight at 37°C in 5% CO, with an optochin disc (Mast Group). DNA
extraction was initiated using an in-house lysis step. A sweep of 5 colonies was
transferred from an agar plate into 200ul of lysis buffer (L0mM Tris pH8, 100mM EDTA
pH8, 0.5% w/v SDS) in a micro-centrifuge tube. Vigorous vortexing was used to
resuspend the bacteria. The solution was incubated at 37 °C for 1 hour. 20pl proteinase
K (Qiagen, Crawley, UK) was added and vortexed, after which a further incubation at
56 °C for 1 hour was carried out. The QlAamp DNA mini and Blood mini kit protocol
(Qiagen) was then followed as per manufacturer’s instructions from step 5b of the DNA
purification from tissue protocol (Qiagen 2010). Briefly, 200ul of the Qiagen lysis buffer
AL was added and mixed by pulse vortexing before 10 minutes incubation at 70°C.
Following this step 200ul ethanol was added then vortexed. The sample was then
added to the QIAamp mini spin column and centrifuged at 6000 x g (8000rpm) for 1
minute in a bench-top centrifuge (Sanyo MSE, Micro Centaur). The filtrate was
discarded and 500pl of buffer AW1 added before centrifuging at 6000 x g (8000rpm) for
a further minute, the filtrate was discarded. Five hundred microlitres of buffer AW2 was
then added and centrifuged at 20,000 x g (14, 000rpm) for 3 minutes. The column was
moved into a clean 1.5ml micro-centrifuge tube and 200pl of the elution buffer AE
added to the column. This was spun 6000 x g (8000rpm) for 1 minute and the elution
kept, this step was repeated once more. The two resulting DNA elutions were stored at

less than 4°C.

2.2.2 For whole genome sequencing

Twenty microlitres of working stock was used to inoculate a CBA plate (Oxoid) and
grown overnight. The plate was sub cultured from one colony the following day and
allowed to grow overnight with an optochin disc (Mast Group) to confirm susceptibility.
The resulting growth was then scraped into 1ml pre-warmed BHI (Oxoid) and spun at
4000rpm for 1 minute. 0.75ml of the supernatant was added to 9ml pre-warmed BHI

(Oxoid). Approximate cell viability and culture incubation time of 6 hours was calculated
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from viable counts of three representative pneumococcal liquid cultures at 4, 5 and 6
hours, where 100pl was taken at each time point and serially diluted down to 10%. To
calculate viable bacteria per ml of culture 10ul of each dilution was spotted in triplicate
onto CBA (Oxoid) and incubated overnight. Colonies were counted at a dilution that
had between 10-50 colonies and the number of cells in 10ml was calculated in order to
produce a pellet of approximately (but no more than) 2.2 x 10*° colony forming units/ml
to avoid blocking the column. Seeded liquid cultures were incubated at 37°C for 6
hours to achieve this. The resultant bacterial suspension was centrifuged at 5500rpm
for 15 minutes, and the supernatant discarded. The resulting pellet was frozen for
future use with the Qiagen 100/G genomic tip protocol.

DNA was extracted for whole genome sequencing using the Qiagen 100/G genomic
tips as per manufacturer’s instructions for gram-positive bacteria from liquid culture
(Qiagen 2001). In brief, the bacterial pellet was re-suspended in 3.5ml buffer B1
containing 10mg/ml RNase A by thorough vortexing. Eighty microlitres of 200mg/ml
Lysozyme (Sigma-Aldrich Company Ltd, Gillingham, UK) and 100ul Proteinase K
(Qiagen) were added to the sample which was then incubated at 37°C for 30 minutes.
One point two ml of buffer B2 was added and mixed by inverting three times before
incubation at 50°C for 30 minutes. Each Qiagen Genomic-tip 100/G was equilibrated
using 4ml of buffer QBT and allowed to empty by gravity flow between each step. The
sample was vortexed and added to the column and washed twice with 7.5ml buffer QC.
The column was moved to a 15ml collection tube before addition of 5ml of the elution
buffer QF, pre-warmed to 50°C. The eluted DNA was precipitated using 3.5ml
isopropanol, inverted several times to mix and centrifuged at 5500 x g for 15 minutes at
4 °C. The supernatant was discarded and replaced with 2ml of 70% ethanol chilled to 4
°C, vortexed briefly and centrifuged at 5500 x g for 10 minutes at 4 ° C in a Biofuge
Primo R centrifuge (Thermo Scientific, Heraeus, Loughborough, UK). The pellet was air
dried and re-suspended in 0.1-0.4pl of TE (10mM Tris, ImM EDTA, pH 8.0 with HCI),
dependant on the visible size of the DNA pellet. The pellet was dissolved overnight on
a shaker (Luckham, Sussex, UK). All buffers as required by the Qiagen genomic DNA
handbook were prepared in-house as per manufactures instructions outlined in the

manual.
2221 Genomic DNA quality

The Qubit™ fluorometer (Invitrogen, Paisley, UK) was used to measure the
concentration of DNA in each sample. Samples were diluted to approximately 20ug/pl

with a minimum volume of 100pl in TE buffer as per instructions from the Wellcome
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Trust Sanger Institute. Ten microlitres of neat DNA sample was added to 1l of loading
buffer (Bioline, London, UK) and mixed, samples were run on a 1% w/v agarose
(Geneflow, Fradley, UK) gel in 1 x TAE buffer (121g Tris base, 28.6ml glacial acetic
acid, 50ml 0.5M EDTA). Ten microlitres of hyperladder Il (Bioline) was used to
determine the approximate average length of DNA fragments. Gels were run for 1 hour
at 150 volts before staining in 100m1 x TAE plus 10pul/l ethidium bromide for 20
minutes on a Rotartest shaker (Luckman Ltd, Sussex, UK). The gels were viewed in a
2UV™ trans-illuminator (UVP, Cambridge, UK) under UV light (302nm) and a digital
image taken to confirm that bands were distinct and not fragmented and that the
predominance of the DNA was >1kb in size.
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2.3 Typing

Serotyping, multi-locus sequence typing (MLST) and genomic sequence analysis was
performed to allow phenotypic and genetic characterisation of isolates.

231 Capsular typing

The pneumococcal capsular type can be determined or inferred by a number of
different methods a combination of which was used in this thesis.

23.11 PCR serotyping

S. pneumoniae isolates were serotyped by PCR using the CDC protocol for deducing
pneumococcal serotype designed for USA clinical samples (Pai et al. 2006; Centers for
Disease Control and prevention 2012). DNA was extracted as per 2.2.1. The CDC
protocol is split into pools of multiplex reactions of three to six serotypes for which the
primers have been carefully selected to produce different stepwise bands sizes, each
pool also includes the primers for the pneumococcal capsular polysaccharide synthesis
gene A (cpsA) as a positive pneumococcal control. The reaction volume used was
12.5yl, for all of the pneumococcal pools. Each reaction mixture contained 0.5ul 50mM
MgCl, (Bioline), 6.5ul Biomix ™ red (Bioline), 1ul of DNA extract, the varying quantities
of forward and reverse primers for each of the serotypes in the pool and primers for
cpsA. The appropriate volume of nuclease-free water was used to make up the
reaction to 12.5ul. DNA extracts from isolates of known serotype were used as positive

controls and water was used as a negative control.

Serotype was deduced from the PCR products using gel electrophoresis. The full
reaction volume that includes a red loading dye was loaded into a 2% wi/v agarose
(Geneflow) gel in 1 x TAE buffer. Ten microlitres of a 100bp hyperladder IV (Bioline)
was used to determine band size. The cycling parameters, reaction mixtures and
serotype pools are described in the appendices Table 24, Table 25 and Table 26
respectively. Gels were run for 1-2hours at 150 volts before staining in a 10ul/2100ml
ethidium bromide in 1 x TAE for 20 minutes on a shaker. The gels were viewed in a
trans-illuminator (UVP) under UV light (302nm) and a digital image taken.
Serotype/group was then deduced when all positive and negative controls were
satisfactory and a band was present in a sample that corresponds exactly to an

expected serotype band size.
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23.1.2 Phenotypic serotyping

The CDC protocol for deduction of serotype can only positively identify 40 serotypes
out of the 94 known. Additionally for a number of reactions it cannot discriminate to the
serotype level but only to the serogroup level (a serogroup can represent a number of
serotypes). Therefore further serotyping is required. Where necessary, isolates were
either sent to Statens Serum Institut (Copenhagen, Denmark) for Quellung (Neufeld
1902) to be performed or serotyped in-house using the slide agglutination method

described below.
2.3.1.2.1 Slide agglutination method

An unpublished standard operating procedure obtained through collaboration with
Public Health England (PHE) was used to determine pneumococcal capsule type via
slide agglutination (S. Martin 2012). A CBA plate was inoculated from the working
stock. One ¥4 or % plate of pure growth was transferred into 5ml of Todd Hewitt Broth
(Oxoid) to seed a liquid culture. These liquid cultures were incubated with loose lids, to
allow gas exchange, at 35°C in 4% CO, incubator overnight. After overnight culture the
tube was spun down at 1500rpm for 30 minutes and the supernatant removed leaving
~200ul and bacterial pellet. The pellet was re-suspended by vortexing or pipetting
mixing this suspension was used to perform slide agglutination using appropriate
Statens Serum institute antisera or latex factors raised against pneumococcal
polysaccharide capsular antigens. Targeted slide agglutination based on the results of

PCR serotyping was performed.

A suspension of 10ul was dispensed onto a glass slide, and then 10ul of antisera or 1ul
of latex factor was added. The slide was then rocked to mix the reagent and culture.
Agglutination (clumping with clearing background) of the suspension was recorded as a
positive result. If no agglutination was seen, gentle rocking of the slide was continued
for up to 30 seconds to observe a positive result. Interpretation of the agglutination
reactions seen with the factor antisera follows (Table 3). A single reaction or a pattern
of reactions may have been necessary to determine the final serotype of an isolate. If
there was weak/possible or no visible agglutination a further aliquot antiserum and/or
culture suspension was added to the 'drop' and mixed. If there was still no
agglutination, the test was repeated with 10ul omniserum (polyvalent antiserum
containing antibodies to ~90 known serotypes of pneumococcal capsular
polysaccharide), a positive reaction confirmed the presence of pneumococci
expressing one of the ~90 capsules for which antibodies are included. If there was no

agglutination with omniserum the isolate was noted potentially acapsular or closely
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related streptococcal species to be confirmed with a combination of phenotypic and

genotypic data.
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Table 3. Pneumococcal factor sera reactivity profiles

Serotype Reaction factors Serotype Reaction factors
6b 6¢C 6d 19b 19c 19f 7h
6A + - - 19F + - - -
6B - + - 19A - + - -
6C - - + 19B - - - +
7b 7c 7e 7f 19C - - + +
7F + - - - 22b  22c
7A + + - - 22F + -
7B - - + - 22A - +
7C - - - + 23b  23¢ 23d
9b 9d 9e 9g 23F + - -
9A - + - - 23A - + -
oL + - - - 23B - - +
9N + - + - 24c  24d  24e
9V - + - + 24F - + -
10b 10d 10f 24A + + -
10F + - - 24B - - +
10A + - 25b  25c
108 + + - 25F + -
10C + - + 25A - +
11b 11c 11f 11g 28b  28c
11F + + 28F + -
11A - + - - 28A - +
11B + - + + 32a  32b
11C + + + - 32F + -
11D + + - - 32A + +
12b  12c 12e 33b 33e 33f 6a 20b
12F + - - 33F + - - - -
12A - + - 33A + - - - +
12B + + + 33B - - + - -
15b 15¢ 15e 15h 33C - + (+) - -
15F + + - - 33D - - + + -
15A - - - 35a 35b 35c 29b 42a
15B + - + + 35F + + - - -
15C - - + - 35A + - + - -
16b 16¢ 35B - + + -
16F + - 35C + - + - +
16A - + 41la 41b
17b  17c 41F + +
17F + - 41A + -
17A - + 47a  43b
18c 18d 18e  18f 47F + -
18F + - + + 47A + +
18A - + - -
18B - - + -
18C + - + -

Vaccine serotypes indicated in bold (PCV7/13 blue, PCV13 only red). (+) Weak

positive reaction. Data from (Statens Serum Institut 2012)
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2.3.2 Multi Locus Sequence Typing

Fragments of the following seven house-keeping genes were sequenced to determine
the pneumococcal MLST by Qiagen Genomic Services for isolates collected in years 1
through to 4 of the study (Hilden, Germany); aroE (shikimate dehydrogenase), ddI (D-
alanine-D-alanine ligase), gdh (glucose-6-phosphate dehydrogenase), gki (glucose
kinase), recP (transketolase), spi (signal peptidase |) and xpt (xanthine
phosphoribosyltransferase) (Enright & Spratt 1998). MLST DNA sequence data (raw
data and text files) and ST assignments were received by our laboratory. MLST for
year 5 isolates were derived from whole genome data using a method described in
section 2.3.4. Further analysis on all ST data was performed using the pneumococcal
MLST website (MLST.net 2012). New alleles or combinations of alleles were submitted
to the curated online database (MLST.net 2012), new allele or ST numbers were
assigned by the curator following quality checks on the submitted data. eBURST was
utilised produced graphical representations of the MLST distribution of the carriage
isolates (Feil et al. 2004). Clonal complexes (CC) were defined as a network of STs
that share 6 out of 7 alleles for the 7 loci with at least one other ST in the network
termed as single locus variants (SLVs). The founded of the clonal complex is defined
as the ST connected with the largest number of other STs that differ from itself only by
one allele (SLVSs). A subgroup founder is a ST that appears to have diversified to
produce multiple SLVs.

2.3.3 Species discrimination

To discriminate between strains of capsular deficient non-typeable pneumococci and
other closely related streptococci that lack the pneumococcal specific capsular loci, an
extended set of MLST genes were analysed. Capsular negative isolates that exhibited
21 unknown MLST allele, n=5, had each of the seven MLST alleles submitted for online
analysis using the nucleotide basic local alignment search tool (BLASTn) (National
Centre for Biotechnology Information 2013) to determine the top species match. All
capsular negative isolates, n=12, had eMLSA (electronic Multi locus sequence
analysis) alleles for the genes map (Methionine aminopeptidase), pfl (pyruvate formate
lysase), ppaC (Inorganic pyrophosphatase), pyk (Pyruvate kinase), rpoB (RNA
polymerase beta subunit), sodA (Superoxide dismutase), and tuf (Elongation factor
Tu) submitted for online analysis using BLASTn. Presumptive species assignment was
made from the most commonly occurring species found as top match for a single

strain. The designation of non-pneumococcal streptococci was additional confirmed
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with consistent phylogenetic separation from the non-capsular pneumococci for each of

the eMLSA genes individually and their concatenation.

234 Whole genome sequencing

Library preparation and sequencing was performed solely by staff at the Wellcome
Trust Sanger Institute, Wellcome Trust Genome Campus, Hinxton in collaboration with
Dr Stephen Bentley. Quantified DNA extraction tubes of the required >100pl of 20ng/ml
for sequencing were barcoded as part of this body of work for tracing within the Sanger
Institute prior to being couriered. Sequencing was performed on multiple Illumina HiSeq
2000 instruments in seven individual HiSeq runs. The sequencing utilised v3 reagents
in multiplexed pools of 24 per lane. Paired end libraries were prepared with 150-250bp
inserts. Read length parameters were set to 2 x 75bp with 8 cycles for the sequencing

of the multiplex IDs, consequently 158 cycles were performed.
234.1 Quality, mapping and assembly

FASTQ read data from the lllumina sequencers entered the automated gc_grind
pipeline for quality control (QC) including both the standard Illlumina QC and in house
post sequencing analysis using NPG: Short read Sequencing pipeline (The Sanger
Institute 2012). This included assignment of quality scores to each base position within
reads, distribution of percentage GC content, mean insert size falls within requested
size range and % mapping to the designated reference genome
Streptococcus_pneumoniae_ ATCC_ 700669 of serotype 23F, ST81 (Croucher et al.
2009) using SMALT version 0.5.3 and generating BAM files (The Sanger Institute
2012). The publically available Integrative Genomics Viewer (IGV) from the Broad
Institute was used for visualisation of the bam alignments to the reference (Broad
Institute 2012).

FASTQ reads were manually submitted for de novo assembly using Velvet assembler
(European Bioinformatics Institute 2012) to generate FASTA contig files on the Sanger
Institute’s high performance cluster computing facility. This utilised an in-house Velvet
optimiser script for bacterial genomes that adjusts parameters such as K-mer length for

each assembly.
2.3.4.2 In silico analysis

In silico analysis for the purpose of this thesis will be defined as the bioinformatics
analysis of whole genome data to obtain results that would traditionally be gathered by

alternative methods including MLST and PCR.
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2.3.4.2.1 In silico MLST

An in-house Sanger Institute script was utilised to submit batches of sample data to
determine the seven, pneumococcal, MLST alleleic sequences from each sample’s
FASTQ reads. This script requires a concatenated MLST allele reference, then the
Sanger Institute software SSAHA-sequence to which sequence search and alignment
by hashing algorithm SSAHA (The Sanger Institute 2012) maps reads to and uses
iICORN- iterative correction of reference nucleotides (Otto et al. 2010) to morph the
reference into the concatenated sample ST. The output in xml format contained the
extracted seven alleles for each sample that could then be submitted to MLST.net for

allele and ST assignment.
2.3.4.2.2 In silico PCR

An existing Sanger Institute script that extracts a set of query genes using primer
sequences was used to perform in silico PCR (Sanger institute, unpublished method).
A tab delimited 5 column input file of primer name, forward primer sequence, reverse
primer sequence, maximum product length, and minimum product length was required.

Each new line could contain additional primer specifications.

The script searched a specified FASTA contig file for the forward and reverse primers
with a tolerated 3bp mismatch per primer. To yield the extracted FASTA sequence and
output it to file primers had to be observed in the expected orientation within the
specified maximum and minimum size range. This required both primers to be located
within a single contig. The option to include primer in the output sequence was utilised
where primers were located at the termini of the sequence of interest. The locations of
potential primer regions that did not satisfy the stated requirements were printed to file
to allow manual interrogation of why a sample might be unexpectedly negative. The in
silico PCRs were performed on genome assemblies using primers listed in Appendix
Table 27.

2.3.4.2.3 In silico Pneumolysin PCR

Pneumolysin sequences derived from assemblies were translated and compared to
published alleles (Kirkham et al. 2006; Jefferies et al. 2010b) to allow designation of
allele type or identification of novel sequences (2.3.4.2.5). Where data was available
from previous work the two data source results were compared to allow the validity of

designation from whole genome sequence to be assessed.
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2.3.4.2.4 Insilico PCR capsular typing

In silico capsular typing offered a method to infer capsular type by replicating PCR
(Centers for Disease Control and prevention 2012) in a fast and highly parallel manner
from assemblies with the added advantage of extracting the complete sequence of the
genes targeted. As serotypes within a serogroup can differ in a single SNP, the in silico
capsular sequence output was used to offer increased discriminatory power over

conventional PCR.
2.3.4.25  Allele designator

A Perl script was designed for comparisons of alleles outputted from in silico PCR
(1.3.4.2), this was formulated and designed by Rebecca Gladstone with assistance
from a Perl scripter at the Sanger Institute. The script (Figure 3) compared submitted
alleles in FASTA format to known alleles contained in an accessory file. When an allele
matched a known allele the appropriate allele assignment was made and the
observation recorded to file. If the allele was novel it was added to the supplementary
list of alleles and assigned the next novel allele number. This allowed the interrogation
of large numbers of alleles, identifying novel alleles and assigning an allele number to
the allele for each sample. Finally, the output was designed to list all the allele names
and their sequences observed, the number of times an individual allele was seen and a
list of samples the specific allele was observed in. This script could be adapted to any
gene allele comparison by replacement of all references to the four-character gene
name with the next gene of interest, which crucially would be in the name of the input
FASTA files to be interrogated. Manual exclusion of alleles that contain paired end
gaps consisting of unknown base (N) inserts were excluded from new allele

designation.
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Figure 3. Allelic desighator

#ifusr/bin/perl
use strict;
use warnings;

#¥¥ Script finds and counts occurence of xxxX alleles both existing and novel

my {%hash, #newhash, ¥filehash); # Initizlise hashes for use later
open(xooX, " /directory_file path/rooX. fa"); # Open file thzt contains known alleles
while (<x;o<X>} {
£ (3 =~ fooxoo/) { #* If line begins with " >xxxX”

# print *§ \n*;

my @line = split{/>/,S$_); # Split the line containing segquence and nanme info for zoxX alleles

Shash{$line[2]} = $line[1l]; # Store segquence of known xxxX zllele as key {(§1linef2}), and name of the xoxX zllele zs the value (§linef1})

}

}
close (zooxX);
open{MASTER, " /directory_file path/:ocoddone. txt"); # File 1list for sitrains that have undergone insilico pcr for oxX and returned z xxxX fastz file
#EiF (-e “Sdirectory file patihsoxinatch. txt®) { # Checks if file xoxXmatch. txt exists
#* ‘rm Sdirectory file path/xxxXmatch. txt’; # If above itrue then removes previous files to prevent rewriting resulis to the files multiple times
# ‘rm Sdirectory File path/xxxXempty.ixt ;
# ‘rm sirectory file path/xxxZhovel ixt’;
#*7
open{OUT, ">/directory_file path/occdmatch. txt"); #opens/creates files that now def dont exist

open{0UT2, ">/directory file path/rocoXempty. txt");
open{OUT3, ">/ directory file path/roodnovel. txt");

while {(<MASTER>}) {
ny $file = i # assigns the §  (line) to $file
s$file = “\/lustre\/scratchlDB\/bacterla\/rgQ\/cdcpcr\/" . $file; #rename $file, concatenate to file path so that script has absolute location of file
chomp{$file);
open{IN, "$file"); #opens »xxX. fasta file
my $size = -s $file; #stores size of file in $size
# print “$size\n”;
if ($size == 0) { #if File empty
print OUT2 “"$file\n"; #prints out to file roociempily. txt
next; # then go to next file

}
while (<IN>) { Rreads roxX. fasta file
if {$_ =~ f°ONODE#) { #skips header line

next; #cont. of adove
¥
my $line = § ; #default assigned to $line
Snevhash{S$line}++;
#assigning seq to key, value Is assigned I (seen once so far) if not yet seen and Incrementing the value each subsequent time it is seen
$filehash{s$file}=$line; #seq Is assigned to value in %filehash key is file path ($file)
if (grep {S_ eq Sl:.ne} keys zhash) {
# eq is == equivalent for ’‘sirings’, finds seqg {($1ine) in each of the keys in %hash which contain the seq of known »oxX alleles IF IT exists in this set of X alleles
chc-mp(Sfile)
print OUT "$file\tShash{$line}\n"; #iF Ffound prints path to file and seg maich In xxoxXmatch. txi
} else {
print OUT3 "$fileym$line\n\n"; #if not found i.e. novel zllele, prints path and seq to xxXhovel txt
}
3
close (IN);
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Figure 3. Continued: Allelic desighator

open (ALLELES, ":/directory_file path/ocd wariants. txt"); #open new output File Aandles
open{NOVEL, "> /directory file path/Novel soodialleles. tst"); #as above
ny @keys = keys Znewhash; #array, list of keys of fmewhash segquences that fave been seen at least once
ny Bsorted = sort (keys 2filehash); #array, sorts Filepatis ABCD
ny Srumber = 100; #set Incremental start value for new somX alleles
print ALLELES "There are " . scalar{Gkeys) . " different alleles. yn\ninin'; #orints o sk varisnts Ext C‘there sre X mmber of wnigue (differemt) alleles
foreach ny $zllele (keys Znevhash) { #loops through wnigue zlleles seen and assigns current one to Fallele
1f (thash{zallele}) { #iz the wnique sequence one of e hnown omX alleles
print ALLELES "‘mthash{$zllele}\tinevhash{%allele}\n"; #:if true print cpsd zllele nunber, number of times seen
foreach ny 3filepath2 {@sorted) { #atores the current File path which Aave Been sorted, In dfilepath

if (3filehash{ifilepath2} eq Sallele) { #if the sequence of Ehe Filepath natches the seg of #he wnigue §fallele
print ALLELES "$filepathZvn"; #prints files associated with each: unigue ailele

}
}
} else { #1f seq Iz not & known allele, novel ply alleles added to xoooirlleles fz on 030512
print NOVEL “:rooX" . Snumber . "‘mSallelen"; #print incremented from I8 »Ply assigns plymumber to a novel ply seg
print ALLELES "‘mSequence (o' . Snumber . ") below is seen . Snewhash{fallele} . " timesynSallele'n";
# prints aumber of times seg found followved by that seg
Srumber++; #rncrement sotion
foreach ny 3filepath {Rsorted) { #stores the current File path which Aave Been sorted, In dfilepath
if (ifilehash{ifilepath} eq $allele) { #if the sequence of the Filepath matches the seg of the wnigue and novel Fallele
print ALLELES "$#filepathyn"; #orints files associzted with wnigue novel zllele
}
}
}
}
close (NOVEL);
close (ALLELES);
close (MASTER);
close{DUT);
close(0UTZ);
close{0UT3);

exit;

Written in the programming language Perl for this Thesis by a bioinformatician of The Sanger Institute with guidance and complete (line by line)

biological and functional instruction from Rebecca Gladstone. Identifies all unique alleles and assigns allele designation.
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2.3.4.2.6  Capsular mapping

Utilising a script written by Nick Croucher at the Sanger Institute, capsular grouping
could be inferred from Fastq reads. Reads were mapped against the concatenated
capsular locus sequence, aliA through to dexB, of 91 serotypes. Where the coverage
was greater than one, a match was called. Multiple matches could occur as serotypes,
particularly within a serogroup, can have closely related sequences in the capsular
region, in this case all matches were reported and ordered by their mapping score (%
coverage of the CPS locus), The top matches infer capsular grouping and were used to

support other findings.
2.3.4.3 Allelic diversity

A number of web-based tools were utilised for comparison of the sequence diversity
within a gene using the alleles outputted from the allelic designator (Methods 1.3.4.3).
ClustalW?2 was used for the multiple alignment of DNA or amino acid sequence
inputted in FASTA format for SNP/non-synonymous change detection (EMBL-EBI
2012) whilst phylogeny.fr allowed maximum likelihood phylogenetic tree generation
from FASTA sequences in ‘one click’ mode using MUSCLE, Gblocks, PhyML and
Treedyn (Dereeper et al. 2008). A phylogram was chosen to represent the phylogenetic
tree that has branch spans proportional to the amount of character change. Translation
of DNA to AA was performed using the online EXPASY tool (Swiss Institute of
Bioinformatics 2013).
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2.4 Statistics

The data in the study was descriptive. Data is collected as counts of observed
colonisation. Therefore the data set was categorical with the frequencies of events
recorded and percentages calculated. Confidence intervals (CI) were calculated at 95%
confidence for incidence values, unless otherwise stated. Statistically significant
changes in proportions between two groups were determined using Fisher’s exact test
to produce a two-tailed p-value. The statistically significant changes between the
means of two groups were determined using an independent sample t-test for
differences in means to produce a two-tailed p-value. To determine whether there was
an association between two factors the Fisher’s exact with Monte Carlo estimation and

99% confidence intervals was used.

Odds ratios for examining invasive disease potential of serotypes were calculated as
OR=(ad)/(bc) were a) is the number of IPD isolates of serotype X b) is the number of
carriage isolates of serotype X c) is the number of IPD isolates that are not serotype X
and d) is the number of carriage isolates that are not serotype X (Brueggemann et al.
2003), an OR >1 indicates increased invasive disease potential, and an OR <1
indicates decreased invasive disease potential. 95% confidence intervals were
calculated using CIA, epidemiological studies, and the unmatched case control study
option. Cls that did not cross 1 indicate significance (p<0.05). For serotypes that were
either not observed in carriage or IPD the ORs and their Cls could not be calculated.
CIA, proportions and their differences, unpaired, were therefore used, with 95%
confidence intervals for the differences. Cls that did not cross 0 indicate significance
(p<0.05)

The Simpson's Diversity Index was used to measure the sequence type and serotype
diversity of the nasopharyngeal habitat. It takes into account the number of types
present, as well as the abundance of each type. The Simpson’s diversity index 1-D was
used and calculated, D=} n(n-1)/N(N-1). Where n is the total number of organisms of a
particular sub population and N is the total number of organisms of all sub populations.
The 1-D Simpson’s diversity index is consequently more intuitive as 0 indicates no

diversity through to 1 where all isolates are different.
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3. RESULTS - WHOLE GENOME DATA

3.1  Quality Control

It was necessary to assess the quality of the sequencing procedure, the sequences
produced and the in silico methods used to derive data from the sequences, before

analysis of epidemiologically relevant data could be performed.

3.1.1 Sequencing statistics

The results of the quality control of whole genome sequencing performed by qc_grind
are presented to the researcher in the form of a Sanger internal web interface, per
sample, to be referred to but non exportable, an example from this data set, typical of
the majority of sample output graphs, is used to illustrate the quality of the sequencing,
with a GC plot that follows the reference for both the forward and reverse reads,
average Q scores of >30 for each base along the length of the read in both orientations
and ~150bp inserts (Figure 4). This data confirms that sequencing process completed

as anticipated and the genome has the expected GC profile (Figure 4).

The average sequencing depth for the 527 samples submitted for sequencing was 411
times coverage per base (411X). The minimum observed depth of coverage of 68X
was well above the sequencing gold standard of 20X (Table 4). Only 12/527 isolates
submitted for sequencing fell below the 80% mapping QC threshold. Two of these
isolates, 0008 and 2070, had abnormal GC plots indicative of low-level non-
streptococcal contamination (Figure 5). These isolates had 79.2%, 76.5% mapping and

334X, 74X sequencing depth respectively.

In silico MLST and serotype results for these two isolates exactly matched wet-lab
results due to the high level sequencing depth, therefore their serotype and MLST data
was included in the overall analysis but any novel alleles derived from the genome data
underwent more rigorous manual inspection. Four of the 12 isolates had >70%
mapping and were classed as non-typeable (NT) by both the analysis performed within
this thesis and by previous investigation (Tocheva et al. 2011). One sample (0011) with
75.5% coverage similar to that of NT isolates was previously classed as 22F, the
ST449 (designation from previous analysis (Tocheva et al. 2011) and this analysis)
was only observed as NT in the MLST database thus also supported that this was
indeed a NT isolate as the 22F capsular genes could not be observed in the whole
genome data. The remaining five isolates were otherwise excluded from the core data
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set: as they were non-pneumococcal isolates h=4 or mixed population sequencing n=1
(2.1.3 Strain exclusion and inclusion, 2.3.3 Discriminating non-typeable pneumococci

and non-pneumococci).

3.1.2 In silico PCR validation

PCR results for the pneumolysin gene were used to validate the in silico PCR and
allele designator script. The pneumolysin gene was selected as there are a limited set
of described protein alleles (Ply), and historical data existed for early isolates of the
carriage study on Ply allele type (Kirkham et al. 2006; Jefferies et al. 2010b). A total of
192 isolates from years 1 and 2 had Ply alleles assigned historically by PCR and
Sanger sequencing (Jefferies et al. 2010b) that could be compared to the Ply alleles
assigned from whole genome data. There was 100% concordance between the two
data sets therefore the in silico PCR and allele designator were declared fit for purpose
to replace conventional gene detection and designation of alleles.
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Figure 4. Example QC output
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Table 4. Estimated base coverage

Per Sample Min Max Mean Median
Coverage depth (X) 68 1307 411 402
*Mapping against 23F reference | 74% 99% 89% 89%
(%)
Yield (Kb) 171089 |3087239 (1021514 | 1004885

*Excludes isolates excluded from core dataset in Methods strain exclusion and

inclusion
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Figure 5. GC indication of non-streptococcal contamination
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3.1.3 In silico MLST validation

MLST was determined by conventional methods (Qiagen genomic services) for isolates
from years 1-4. This data was used to validate MLST assignation from whole genome
data. Comparable data was initially available for 420 isolates. There was disagreement
between the two methods for four isolates (Table 5). The conventionally assigned ST
differed from the in silico ST at all seven loci, additionally for three out of the four
isolates the corresponding serotype also differed between the two data sets. To assess
whether the sequencing chemistry could introduce errors in typing exact isolate pairs
were needed for the comparisons, the contradictory profiles for the four isolates were
distinct but previously observed profiles that could not have been produced by random
sequencing errors and are a result of obtaining data from distinct strains from within a
single sample. Therefore these four isolates were excluded from the validation but
included in the final dataset. The remaining 416 strains achieved 100% concordance in
ST designation therefore in silico MLST was declared fit for purpose to assign STSs,
specifically for those isolates for which MLST had not been determined by conventional
methods.

3.14 Data consolidation

When comparing the serotype and MLST data sets determined by the traditional
methods and results generated in silico, there were a number of conflicting results to

be resolved.
3.14.1 MLST designation

There was a single instance of matching serotype data with disagreement between
generated STs for strain 2082 (11A), the original designation of ST4695 was not
otherwise observed in the entire MLST database as serotype 11A (MLST.net 2012).
Additionally serotype 11A is commonly seen as ST62 as generated by WGS. ST62
was subsequently deemed to be the true ST (Table 5) and the original designation
ST4695 belongs to a strain, likely not serotype 11A that may have been a result of
multiple serotype colonisation or human error. Three strains 0232, 2173 and 3226 were
in disagreement between the two data sets for both serotype and ST. In all cases the
whole genome data was used as the primary data for subsequent analysis after it was
revealed that sequencing of a secondary strain of S. pneumoniae obtained from single
patient sample had likely occurred. Investigation into sequential pneumococcal positive

isolates 2255 and 2258 revealed that a labelling/multiplexing error was detected for
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which the exact combination of expected ST, serotype and Ply allele were found in the

other, this error was easily corrected and data included.
3.14.2 Serotype designation

The following section is split into discussing isolates from years 1-3 and years 4-5, as
the former includes serotype determination as part of previous work and in silico from
genome data generated as part of this thesis whilst the later was determined in the
laboratory and derived from genome data both as part to this thesis.

3.1.421 Years 1-3

The in silico PCR output for capsular type was compared to final serotype designation
from the first three study years (Tocheva et al. 2011). This comparison highlighted nine
isolates (year 1 n=0, year 2 n=3, year 3 n=6) previously designated serotype 14 using
serotype 14 primers (Pai et al. 2006) which were determined to be 15B/15C in silico
(Table 5) using the CDC primer recommendations of 2012 (Centers for Disease
Control and prevention 2012). The isolates belonged to ST199 n=6, ST2220 n=1 and
ST411 n=1, none of which have ever been recorded as occurring in a serotype 14
background within the MLST database up to 01/06/2013 (MLST.net 2012). This
conflicting serogroup 15(B/C) and serotype 14 designations were confirmed to be
serogroup 15(B/C) by the Statens Serum Institute using the Quellung reaction. The
serotype 14 primers previously used (Pai et al. 2006) have subsequently been replaced
by primers that do not cross react with serotypes 15B and 15C in the CDC protocol
(Dias et al. 2007; Centers for Disease Control and prevention 2012), a repeat of the

wet lab PCR with updated primers again confirmed 15B/15C designation.

Twelve additional isolates from years 1-3 with conflicting serotype information were
noted. These designations were re-assigned using Quellung and/or MLST data to
determine if A: a distinct strain had been sequenced or B: the original designation was

a false positive (Table 5).
3.1.422 Yearsd4and5

For years 4 and 5, 216 presumptive pneumococcal isolates were available for
comparison of the two methods. Multiple non-specific PCR products were observed
within the serotyping pools for 35 samples with the potential to be interpreted as
specific capsular gene product dependent on band size. For the majority (n=32), one of
the bands corresponded to the single capsular type indicated by the in silico analysis.

Furthermore, for isolates with the final designation serotype 21, 8/22 isolates from
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years 4 and 5 had a PCR band additional to (7/8) or instead of (1/8) the serotype 21
specific band, which appeared to correspond to capsular PCR grouping 35A_C 42. In
all cases the in silico PCR only identified capsular type 21 and MLST data was in

support of the in silico designation.

Despite the dependency on good assembly there were no observed in silico false
negatives due to contig breaks in the capsular region. All isolates for which there was
no match with the in silico PCR, where either a serotype not included within the CDC
protocol (33D, n=1) or did not have a capsule, were confirmed with Quellung. There
were however PCR false positives where non-specific bands for 4/12 non-capsular,
CpsA negative, isolates were observed. Two PCR false negatives were also observed
where the genes for 15B_C and 6A B _C_D were detected in silico and confirmed by

Quellung.

Overall, the in silico capsular typing method, when whole genome data already existed,
was extremely rapid and results were reproducible, highly sensitive and specific, not
subject to interpretation and incurred only cost associated with personnel time.
Therefore for capsular typing of diverse carriage isolates with the in silico method was
superior to the CDC PCR (Centers for Disease Control and prevention 2012) which
was designed for well-characterised invasive isolates with limited diversity. In silico
capsular typing was declared fit for purpose to assign capsular type, specifically for
those isolates for which there were ambiguous results by conventional methods.
Capsular designation was further supported by isolate specific known MLST-serotype
associations and confirmed where necessary with Quellung to the serotype level for

those isolates grouped but not typed and those that produced negative results.

The in silico capsular analysis also highlighted the sequencing data from DNA
extractions were not pure for three isolates, (0316, 2336, 5251) as they were positive
for two distinct serotypes (not observed in-vivo), the whole genome data for these
isolates could then be excluded from further analysis as described in 2.1.3 Strain

exclusion and inclusion.

There were 522 pneumococcal positive isolates available for analysis. Of these, 519
isolates were successfully processed for whole genome sequencing (2.1.3 Strain
exclusion and inclusion), the data for which was used for all subsequent analysis below

the level of species described in this thesis.
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Table 5. Resolution of discordant results years 1-3

Discordant results

Final designation

Strain ID  [Serotype MLST Serotype MLST Comments

(Tocheva et al. (Tocheva et al.

2011)/Rebecca Gladstone R011)/Rebecca Gladstone
0011 22F/INT 449/449 NT 449 Misattributed serotype
0048 11A/10A 1497/1497 10A 1497 Misattributed serotype
0232 15B/19A 1262/276 19A 276 Different strain sequenced
0305 15A/15B 199/199 15B 199 Misattributed serotype
0311 15B/15A 63/63 15A 63 Misattributed serotype
2076 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
2082 11A/11A 4695/62 11A 62 Distinct strain previously submitted for MLST
2142 14/15C 199/199 15C 199 14-15B/C cross reaction with (Pai et al. 2006) primers
2173 11A/35F 1760/1635 35F 1635 Different strain sequenced
2227 17F/31 568/568 31 568 Misattributed serotype
2287 14/15C 199/199 15C 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3079 14/15C 2220/2220 15C 2220 14-15B/C cross reaction with (Pai et al. 2006) primers
3165 4/15B 1262/1262 15B 1262 Misattributed serotype
3226 B3F/22F 100/433 22F 433 Different strain sequenced
3234 15A/38 393/393 38 393 Misattributed serotype
3250 14/15B 411/411 15B 411 14-15B/C cross reaction with (Pai et al. 2006) primers
3251 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3257 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3259 7C/20 235/235 20 235 Misattributed serotype
3271 14/15C 199/199 15C 199 14-15B/C cross reaction with (Pai et al. 2006) primers
3315 14/15B 199/199 15B 199 14-15B/C cross reaction with (Pai et al. 2006) primers
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3.15 Discriminating non-typeable pneumococci and non-pneumococci

There were 11 isolates (sequenced and passed quality control measures) that could
not be assigned a serotype and were designated non-typeable in terms of capsule.
This group could consist of both traditional pneumococci that are a-capsular and
closely related pneumococcal species that lack a capsule. It was important to
distinguish which isolates were true pneumococci for the epidemiological analysis of
pneumococcal carriage rates. All non-typeable isolates from years 1-3 (n=5) had been
previously been confirmed by Quellung and non-pneumococci already excluded before
isolates were used for this thesis. All 11 isolates were subjected to the data analysis
described below to distinguish between non-pneumococcal or non-typeable

pneumococci.

Isolates exhibited a dry colony texture in line with a lack of capsule expression. All five
isolates from years 1-3 were optochin sensitive as were the two isolates from year 4.
Of the year five isolates two were clearly resistant and two sensitive to optochin in a
5% CO, atmosphere which can be used to distinguish pneumococci from S.
pseudomoniae which can display a sensitive phenotype in this environment but
pneumococci stored at -70°C can exhibit resistance (Arbique et al. 2004; Robson et al.
2007).

The PCR assay for deducing capsular type were all cpsA negative for these 12 isolates
as well as being negative for all serotype specific products. This was reproduced in
silico with no match for serotype specific primers or cpsA. Mapping of reads for these
isolates against known capsular loci all had a top match to capsule 25F but of less than
50% identity with the exception of 4165 which had a 87% match to the serotype 21 loci

but still serotype 21 wzy negative.

Pneumolysin could not be detected in assemblies from isolates 0011, 3140, 3143,
3267, 5163 and 5170. Novel Ply alleles Ply-21, Ply-26, the homologue Ply-20 and
previously described Ply-17 were detected in the isolates and could not be used to

distinguish non-pneumococcal and non-typeable isolates.

MLST assigned STs to all year 1-3 isolates (ST448, 449). New ST allelic combinations
were observed for two isolates from year four whilst four isolates, all collected in year 5,
exhibited new allelic sequences for the majority (25/7 genes n=3), or all seven of the
MLST genes (n=1).
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The phenotypic and genotypic descriptions above did not conclusively determine
whether isolates were non-typeable or non-pneumococci. Therefore all eleven ‘non-
typeable’ isolates had the sequence determined for the seven MLSA (Bishop et al.
2009) typing genes which are additional to the MLST genes and can be used to
differentiate between Streptococcal species. Each MLSA gene sequence and all novel
MLST gene sequences were submitted to BLASTn to determine the top species hits in

online databases.

Seven isolates had known MLST alleles for all genes and had a 299% match to S.
pneumoniae for all seven MLSA genes and were concluded to be non-typeable
pneumococci. The remaining four capsular negative isolates (5006, 5047, 5163, 5170)
top BLASTn species matches were almost exclusively Streptococcus mitis or
Streptococcus pseudopneumoniae and not S. pneumoniae, with high percentage max
identities of 296% (Table 6). The combined phenotypic and genotypic data presented
above allowed the inclusion of 7 non-typeable pneumococci and the exclusion of four
isolates (5006, 5047, 5163, 5170) from the pneumococcal epidemiological analysis as

evidence suggests they are not pneumococci but other very closely related species.
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Table 6. BLAST top species percentage match max identity for extended MLST

gene panel for potential non-pneumococcal streptococcal isolates

Strain 1D

Gene 5006 5047 5163 5170

arok Spp 99% Sp 97% Sm/Sp 97% Sp allele 1
gdh Sp allele 166  Sm 98% Sm 98% Spp/Sm 99%
gki Sm 100% Sm 96% Sp/Sm 98% Sp 100%
recP Sp/Sm 98% Sm 97% Sm 96% Spp 100%
spi Sp 100% Sm 97% Sm 96% Spp 99%
Xpt Sp allele 1 Sp 97% Sp 98% Sp 97%
ddl Spp 100% Sp 97% Sp allele 300 Spp 100%
map Spp 100% Sm 100% Sm 96% Spp 100%
pfl Spp 100% Sm 99% Sm 99% Spp 100%

ppaC Sm 96% Sm 98% Sm 97% Sm 96%
pyk Spp 99% Sm 100% Sm 99% Spp 99%
rpoB Sm 99% Sm 98% Sm 98% Spp 100%

sodA Spp 100% Sm 98% Sm 100% Sp/Spp 100%
tuf Spp 100% Sm 99% Sm 100% Spp 100%

Consensus
Streptococcal
Species Ssp Sm Sm Ssp

Sp= Streptococcus pneumoniae, Spp=Streptococcus pseudopneumoniae,

Sm=Streptococcus mitis, multiple top matches listed if shared percentage max identity.

84



Results

3.1.6 Discussion of results

Data derived from next generation sequencing platforms was used to provide
epidemiological inputs for analysis of the pneumococcal carriage study isolates.
Therefore it is important to discuss the validity and potential weaknesses of the data
and any changes in the method for obtaining traditional typing data. SNP based
differentiation is a core use of whole genome data however next generation
sequencing platforms are associated with their own inherent errors in base calling. For
lllumina specifically this is associated with de-phasing — a sequencing lag in some
fragments (n+1 or n-1) which is routinely corrected for during the Illumina base calling
process (Allhoff et al. 2013). Additionally there are known to be higher error rates
towards the ends of reads, with an error rate of 0.3% at the start of a read and 3.8% at
the tail end of the read previously reported (Dohm et al. 2008; Allhoff et al. 2013).
Particular motifs are known to trigger de-phasing base call errors, these are sequence
depend errors and therefore only found in that orientation/direction of sequencing
(Dohm et al. 2008; Allhoff et al. 2013). All of these errors have the potential to introduce
SNPs impacting genotyping including MLST and serotype inference however paired
read technology goes some way to compensate for errors at the end of reads or in
particular orientations by providing complementary data, this is further combated when
there is high coverage, as with the sequences in this thesis, as a consensus sequence
is made during assembly from the sequencing reads for which the majority will mask
errors occurring at a lower frequency. The observation made in thesis, when using
exact pairs of data from WGS data and traditional methods, that pneumolysin alleles
and MLST profiles could be exactly reproduced when a single base pair difference
would have prevented this observation indicates an undetectable error rate when the

consensus assembly data was used.

The CDC protocol for deducing pneumococcal capsular type was developed based on
the serotype distribution and rank order in the Active Bacterial Core surveillance
(ABCs) and validated with disease isolates during 2002-2003 (Pai et al. 2006). The
serotype specific primers were developed using the cps loci data published from The
Sanger Institute for which only single representatives of each serotype were included
(Bentley et al. 2006). The wet laboratory PCR may not have functioned as well as the
in silico adaption due to the number of factors stated above; the isolates in question
were carriage isolates from a latter period of time during an epidemiological shift which
was changing the rank prevalence of serotypes and increasing previously rare types.

Any of these factors could result in sequence diversity in the primer region and a
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subsequent reduction in the biological specificity and sensitivity of the primers and
introduced unforeseen cross-reactions. The pool ordering was designed as a screening
process identifying the most common types first and only continuing through further
pools if not yet identified so that large numbers of isolates could be screened in the
most time efficient manner preventing the need to run unnecessary PCR pools.
However cross reactions appearing in the early pools for serotypes not screened for
until later pools result in mistyping, with an increased number of isolates with serotypes
screened for in the later pool due in changes in prevalence. Additionally atypical
product sizes would be mistyped, as this is central to assigning serotype in this
method. This is where the in silico adaption has an advantage, all primers are easily
screened for in all isolates and furthermore the sequence is obtained to confirm that the

product is specific regardless of the product size.
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3.2 Whole genome sequence analysis

Whole genome data was used to determine the sequence of a number of genes
encoding virulence factors, antigens important to pneumococcal vaccines- current and
experimental, and genes used for molecular typing. Characterisation of the diversity
within these genes and their resultant proteins highlights the degree of heterogeneity,
which may have the potential to impact vaccine effectiveness through vaccine type

replacement, reduction in efficacy or allow vaccine escape.

3.2.1 Pneumolysin alleles

All 519 pneumococcal whole genome sequences and the four presumptive non-
pneumococcal sequences were included in this analysis as species closely related to
pneumococci have been documented to contain pneumolysin homologues (Jefferies et
al. 2007; Johnston et al. 2010). Pneumolysin is a pore-forming toxin of the cholesterol
dependant cytolysin family. Associated with pneumococcal virulence it is a component
of a number of experimental serotype independent vaccines that are likely to provide
the next generation of vaccines for protection against pneumococcal disease (Ljutic et
al. 2012; Hu et al. 2013; Kamtchoua et al. 2013). Pneumolysin sequence heterogeneity
and the presence of divergent alleles could affect antigenic epitopes, it important for
this to be documented before implementation so that the potential for replacement or

decreased efficacy can be considered and inform policy.

A pneumolysin allele could not be extracted using this assembly-based method for only
seven isolates; four non-typeables, two non-pneumococci and one serotype 21 isolate.
Fifty-two unique pneumolysin DNA sequences (ply) were observed in the carriage
study isolates. A further eight ply sequences previously deposited on Genbank

(Kirkham et al. 2006; Jefferies et al. 2007) were not observed in this population.

Translation of the fifty-two nucleotide alleles detected in this dataset resulted in 20
unique protein alleles (Ply), of which ten were novel. The eight previously recognised
nucleotide alleles that were not observed in this dataset represented a further eight
known protein alleles. Therefore a total of 28 Ply alleles have now been reported to
date. However the two potential non-pneumococcal isolates for which the Ply sequence
could be determined accounted for one novel pneumolysin allele P20 (n=1) and the
only observation of the previously documented pneumolysin sequence P17 allele
(n=1), (Kirkham et al. 2006; Jefferies et al. 2010b). Despite being previously
documented in pneumococci Ply 17 had a 100% BLASTP top match of the extracted
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and translated protein sequence with the NCBI reference sequence
(WP_001284352.1) of pneumolysin from a Streptococcus pseudopneumoniae strain,
but a 99% 2" match with GenBank AB021358.1 a pneumococcal strain. The novel Ply
20 allele had a 100% BLASTP top match with GenBank pseudopneumolysin
ACJ76900.1 from a Streptococcus pseudopneumoniae strain and a further six 99%
matches with Mitilysin and other pseudopneumolysins. The lengths of the Ply alleles
observed were 469 AA (Ply 5 and Ply 28) and 471 AA with majority of alleles being the
latter (Ply 1, 2, 8, 9, 11, 15-27).

3.21.1 Gene phylogeny constructed from Ply

A gene tree was created, based on the pneumolysin protein alleles, to describe the
diversity of the protein sequences and their relation. DNA alleles were not used as
multiple alleles coded for the proteins and protein alignments have 21 characters
reducing multiple sequence misalignment when compared to the four 4 bases of DNA,
therefore the phylogenies can be more robust. All novel Ply alleles grouped with other
previously documented alleles in multiple alignments in terms of length and non-

synonymous SNP/INDEL pattern (Figure 6) and the gene tree (Figure 7).

The gene tree phylogram (Figure 7) includes soft polytomies, when branches with very
low (<10%) support are collapsed, that are a result from the reduced amount of data in
the protein alleles for resolving the evolutionary relationship between closely related
alleles. The predominance of strains carried the Ply-2 (51%) or Ply-1 (36%) alleles,
when the Ply-1 and 2 clades were taken into account they accounted for 94% of the
isolates analysed (41% and 53% respectively), only a small minority of strains (<6%)
carried alleles that were not part of clades that included Ply-1 or Ply-2. Ply-28, Ply-23
and Ply-21 were the most commonly occurring novel alleles (n=5, 3 and 2 respectively)
with all other novel alleles observed only in one isolate. The clade that includes Ply-2
shares a most recent common ancestor (MRCA) before it shares a MRCA with the
clade that includes Ply-1. Within the Ply-1 clade, Ply-9 and novel Ply-27 are more
closely related to each other than to the rest of the clade. For the Ply-2 clade, Ply-10
and novel Ply-28 are more closely related to each other than they are to the rest of the

clade.
3.2.1.1.1  Clustering of novel Ply alleles

Novel Ply-26 observed in a NT strain in the dataset clusters with Ply-17 a pneumolysin
allele observed in a non-pneumococcal strain in this dataset. Novel Ply-21 that was

observed in NT strains 4096 and 4165, clusters with known Ply-16, which, was
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observed in this dataset in the serotype 6D isolate 2029. The remaining novel alleles all

belonged to one of the polytomous clades that include Plyl (n=3) or Ply2 (n=3).

Importantly the placement in the gene tree of the ‘pneumolysin’ protein allele Ply-20 of
isolate 5006, which is excluded from the pneumococcal carriage analysis as it was not
identified as a pneumococcus using the criteria described in section 2.3.3 Species
discrimination, supports the non-pneumococcal designation. Ply-20 from 5006 shares a
MRCA with the pneumolysin homologue mitilysin (Jefferies et al. 2007) before it shares
one with the known pneumolysin genes, therefore allele Ply-20 is not a novel
pneumolysin but a homologue and a total of 27 genuine pneumococcal protein alleles
have now been described to date.
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Figure 6. Multiple alignments of pneumolysin protein alleles, known and novel, AA 1-244
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Ply 14 allele, which has a large insertion (Jefferies et al. 2007) was not observed in this dataset, and was not included in alignment for
visualisation purposes in SeaView (Gouy et al. 2010). Greyed out allele names indicate groups of alleles differing in length from 471AA.
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Figure 7. Gene phylogeny of pneumolysin protein alleles previously documented

or observed in 519 genomes
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Maximum likelihood phylogram of protein sequences for known pneumolysin alleles

denoted P if present in the dataset and p (grayed text) if not observed in this carriage

dataset. Branch support values are given in red. Translated mitilysin gene (GenBank

EF066519.1) used as an out-group, to root the tree. Blue font highlights the dominant

protein alleles Ply 1 and Ply 2. Branches with support values of less than 10% were

collapsed. Ply 14 allele, which has a large insertion (Jefferies et al. 2007) and was not

observed in this dataset, was not included in phylogram for visualisation purposes.
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3.2.2 Capsular gene sequences

The genetic diversity within capsule defining genes has the potential to affect capsular
structure, immunogenic profile and therefore the efficacy of vaccines against different
subsets of a serotype (as defined at present) or recognition of a novel serotype.
Therefore the sequence of capsule defining genes was used to definitively designate
serotype for serotypes for which the genetic basis is known but are not all readily
distinguished by traditional methods. This analysis was performed for serotypes within
the serogroups 6 (Park et al. 2007a; Bratcher et al. 2010), 11 (Oliver et al. 2013a), 15
(van Selm et al. 2003), 19 (Morona et al. 1999) and 22 (Salter et al. 2012) as they
accounted for 310 (60%) of the isolates, the genetic basis was known and the
serogroup components could not be otherwise be fully resolved using other genotypic
methods. Serotype 21 wzy was also characterised as PCR based technigues gave
ambiguous results (3.1.4.2 Serotype designation). The remaining serotypes within a
serogroup for which the genetic basis is hot known or were not common in the dataset

were not analysed in this manner.

The increased serotype designation allows epidemiological analysis of serotype level
fluctuations. Additionally determination of the sequence of these genes allowed
characterisation of the diversity of those capsular defining genes within a single
serotype that have previously been assumed to be highly conserved (Bentley et al.
2006).

3221 Serogroup 6

Serogroup 6 currently includes four distinct serotypes, 6A-D, which were all observed
in this data set (6 n=130, 6A n=39, 6B n=46, 6C n=44, 6D n=1). A single non
synonymous SNP (within the wciP gene encoding a putative rhamnosyl transferase
produces the immunological difference between serotype 6A and 6B (G584A, S195N)
(Mavroidi et al 2004), whilst serotypes 6C and 6D have a 1,029bp sequence that
replaces a 1,222bp region in wciN (314 AA), termed wciNbeta (374 AA) both of which
encode glycosyltransferases (Park et al. 2007a; Bratcher et al. 2010). The 6C/D
wciNbeta gene occurs in the 6A or 6B wciP SNP background respectively. These
differences mean that serotypes in serogroup 6 can be easily deduced from the
sequences of these two genes. The combination of a wciP allele containing the 6B
non-synonymous SNP (Figure 8) and a 1455bp wciNbeta allele (Figure 9), isolate 2029
was determined to be the only serotype 6D observation in this dataset. There are not

currently PCR or antibody based techniques available to definitively assign 6D and this
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isolate 2029 was previously designated 6C within this carriage study (Tocheva et al.
2011).

3.2.2.1.1 wciN/beta alleles

Within-serotype variation was observed for the wciN and wciNbeta alleles that
contribute to the 6A/6B 6C/6D capsular types respectively. There were six WciN 6A
alleles that translated into three protein alleles that occurred in 35, 5 and 1 isolates,
with differences at two positions (Ala52Ser, Alal50Thr). The Alal50Thr change in a 6A
background has been recently reported and suggested to result in an alteration in the
serological and chemical profiles and has been putatively assigned the novel serotype
6F (Oliver et al. 2013b), as this report comes after the formation of this thesis this
single isolate 4237 from year 4 remains to be considered serotype 6A for
epidemiological analysis.

The dominant 6B wciN allele (n=43) was identical to the dominant 6A wciN allele
(n=35, Figure 9) but two additional alleles (DNA and subsequent protein) also existed
each found in one isolate. One of these two proteins designated wciN 6B_B differed by
only one amino acid (Gly121Asp) whilst the second allele in isolate 0041 designated
6B by Quellung had a much larger DNA allele; 2029bp rather than 1689bp and a
314AA coding sequence which differed dramatically in the 247-305 positions of the
protein with changes at 24 different positions when compared to 6B_A (Figure 10). For
6C there were five alleles that translated to four protein sequences differing at three
positions in the 374AA sequence for wciNbeta (Tyr22Phe, Ala281Thr, Asn371Asp).
The single representative of the 6D wciNbeta allele (Figure 9) differed from the
dominant 6C protein sequence by only one AA (GIu368Gly).

3.2.2.1.2 wciP alleles

The consistently distinguishing SNP of 6A from 6B is in wciP, however additional
variation within this gene and its resultant protein, which potentially could also affect
the immunogenic profile of the capsule, was observed. There were four distinct wciP
alleles observed for 6A, one dominant allele wciP_6A_1 and three rare alleles
wciP_6A_2, wciP_6A_3 and wciP_6A 4, for which there was some association with
STs (Table 7). These alleles were all 987bp in length but differed at three nucleotide
positions, all three were non-synonymous resulting in AA substitutions in the resultant
328AA protein in the open reading frame (Table 8A). The AAs involved in the
substitutions have differing properties of hydropathy, polarity and charge of side chains

(Table 9) and could therefore alter protein structure of the putative rhamnosyl
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transferase encoded by the wciP gene that is involved in sugar linkage for which a

single non-synonymous SNP differentiates 6A and 6B.

Similarly for the wciP gene in serotype 6B strains there were 5 distinct alleles with one
dominant allele wciP 6B_1 and four rare alleles wciP 6B_2 to wciP 6B_5. All five alleles
were 987bp in length but with a greater number of variable sites than for the wciP 6A
alleles, which result in five non-synonymous changes and four distinct protein alleles
(Table 8). Translations of wciP_6B_1 and wciP_6B_4 have only synonymous
differences and the protein termed wciP_6B_A. The AAs involved in the substitutions
that result in the four distinct protein sequences have differing properties of hydropathy,
polarity and charge of side chains (Table 9) although for residue 62 this is only a small
change in hydrophilicity from substitution of Leucine for Phenylalanine in 6B_D. All five
sites are different to the three sites of non-synonymous variance in wciP 6A alleles.
The wciP gene for 6C isolates had four distinct alleles with four variable sites in the
987bp sequence of which three were non-synonymous (Table 8C). Again the AAs
involved in the substitutions have differing properties of hydropathy, polarity and charge
of side chains although for residue 129 this is only a small change in hydrophilicity from
substitution of Leucine for Methionine in 6C_A and 6C_D (Table 9)

The relationship of the serogroup 6 alleles is inferred in Figure 11. It is clear that the 6D
wciP allele is most closely related to serotype 6B as it shares a MRCA with a number
of 6B alleles before it shares a MRCA with the other serotypes. It is also clear than the
wciP alleles in 6C isolates are most closely related to serotype 6A alleles as they share
a MRCA with all 6A alleles before they share a MRCA with the other serotypes. This
supports the theory that 6C descended from 6A and suggests that 6D has arisen from
6B with the recombinogenic replacement of wciN with wciNbeta. Conversely the
wciNbeta allele has a single non-synonymous SNP from the dominant 6C wciNbeta
allele, supporting the hypothesis that the origins of the wciNbeta allele of the 6D isolate

is serotype 6C or a common source (Figure 9).
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Figure 8. Protein alignment, of dominant, serogroup 6 wciP alleles
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Figure 9. Protein alighment, of dominant, serogroup 6 wciN and wciNbeta alleles
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Results

Figure 10. wciN protein alleles from serotype 6B isolates

wciN_6B_A MNIVYATDNNFVDVLSASIKSLYTTNSDLDLNLWIIADKVSDRNKEKINRLSKQFAQREI 60
wciN_6B_B MNIVYATDNNFVDVLSASIKSLYTTNSDLDLNLWITADKVSDRNKEKINRLSKQFAQREI 60
wciN_6B_C MDIVYATDNNFVDVLSASIKSLYTTNSDLDLNLWITADKVSDRNKEKINRLSKQFAQREI 60
e R R L R R B e R R e R R R R R R R R E R S R E R R B R R B R R R R R R e
wciN_6B_A NWIENVEIPFKLHLDRGSISSFSRLFLGSVLPSSMSKVLYLDSDIIVMDSLRSIFDIDFK 120
wciN_6B_B NWIENVEIPFKLHLDRGSISSFSRLFLGSVLPSSMSKVLYLDSDIIVMDSLRSIFDIDFK 120
wciN_6B_C NWIENVEIPFKLHLDRGSISSFSRLFLGSVLPSSMSKVLYLDSDIIVMDSLRSILDIDFK 120
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wciN_6B_A ILYGVNDTFNKEYKOVLGIPIDKPMFNAGVMLINLELWRNNNVEERFLOVIOKFNGTI 180
wciN_6B_B ILYGVNDTFNKEYKQVLGIPIDKPMFNAGVMLINLELWRNNNVEERFLQVIQKFNGTI 180
wciN_6B_C DKILYGVNDTFNKEYKQVLGIPIDKPMFNAGVMLINLELWRNNNVEEKFLQVIQKFNGTI 180
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wciN_6B_A LQGDLGVLNAVLYNSFGVLPPEYNYMTIFEDLTYEEMIVFKKPINYYSKEEIKNARERIV 240
wciN_6B_B LOGDLGVLNAVLYNSFGVLPPEYNYMTIFEDLTYEEMIVFKKPINYYSKEEIKNARERIV 240
wciN_6B_C LQGDLGVLNAVLYNSFGVLPPEYNYMTIFEDLTYEEMIVFKKPINYYSKEEIKNARERIV 240
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wciN_6B_A LRHFTTSFLSKRPWOEGSNVAHIDQFKKYYEGSYKNVKESILLKIVQKLPKKCSVFLLGI 300
wciN_6B_B LRHFTTSFLSKRPWQEGSNVAHIDQFKKYYEGSYKNVKESILLKIVQKLPKKCSVFLLGI 300
wciN_6B_C LRHFTTICELSLRPWOENSEVAHVE I FKKYYRGTYKOVSPSKL SRIYKILPKKMSLYLLGF| 300
AN AR HNKNR L IR D T NNk R IR IK, K K Tk 1 NNk kD DNk
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Blue box highlights single AA change between wciN protein alleles 6B_A and 6B_B.
Red box highlights region of high AA change in protein allele 6B_C.
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Table 7. Protein allele frequency and associated ST for serogroup 6 wciP gene

Count Year/s ST/s
wciP_6A_A 31 1-5 65, 460
wciP_6A B 6 1,2,4&5 42,327,1862
wciP_6A C 2 1&4 1876, 3240
wciP_6A_D 2 1862
wciP_6B_A 42 1-5 138, 176, 402, 469, 2457, 2496, 4020
wciP_6B_B 1 176
wciP_6B_C 4 176
wciP_6B_D 2 242
wciP_6C A 35 1-5 395, 1692, 1714, Novel ST
wciP_6C B 7 2,3&5 398, 1150, 1390, 4581, 8028
wciP_6C_C 1 3 1600
wciP_6C_D 1 2 1692

Bold type ST indicates STs for which multiple wciP alleles were observed
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Table 8 A, B & C. Substitutions in protein alleles for serogroup 6 wciP gene

A. (6A)

Position of 328

Protein
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B. (6B)

Position of 328

Protein
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Table 9. Amino acids and their properties

Results

AMi : 3 letter 1 letter Side-chain | Side-chain | Hydropathy
mino Acid : :
code code polarity charge index

Alanine Ala A Non-polar Neutral 1.8
Arginine Arg R Basic polar Positive -4.5
Asparagine Asn N Polar Neutral -3.5
Aspartic acid Asp D Acidic polar | Negative -3.5
Glutamic acid Glu E Acidic polar | Negative -3.5
Glycine Gly G Non-polar Neutral -0.4
Isoleucine lle I Non-polar Neutral 4.5
Leucine Leu L Non-polar Neutral 3.8
Lysine Lys K Basic polar Positive -3.9
Methionine Met M Non-polar Neutral 1.9
Phenylalanine Phe F Non-polar Neutral 2.8
Serine Ser S Polar Neutral -0.8
Threonine Thr T Polar Neutral -0.7
Tyrosine Tyr Y Polar Neutral -1.3
Valine Val V Non-polar Neutral 4.2

Adapted from (Kyte & Doolittle 1982; Cooper & Hausman 2004), only AAs relevant to

results included
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Figure 11. Phylogram of wciP DNA alleles for serogroup 6
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A phylogram, gene tree of serogroup 6 wciP using mid-point rooting. Coloured blocks

highlight different serotypes. Broken line indicates shortened branch for visualisation

purposes.
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3.2.2.2 Serogroup 11

Serogroup 11 currently includes six serotypes, 11A-E, of which only 11A were
observed in this dataset (11A n=37). Serotypes 11A and 11D were indistinguishably
typed as 11A/D in the CDC PCR methodology (Centers for Disease Control and
prevention 2012). Recently the genetic basis for distinguishing 11A and 11D has been
determined as a non-synonymous SNP in the glycosyl-transferase encoding gene
wcrL. This results in the replacement of Asparagine with Serine in 11D at AA112
(Oliver et al. 2013a). The presence of serine AA122 in the allele translations was
therefore used to designate the serotype 11A to all 11A/D PCR typed isolates (n=37)
four of which gave subjectively ambiguous results for slide agglutination of factor 11b
which should be negative for 11A and positive in 11D and appeared to exhibit weak
positivity. All isolates had an identical nucleotide and consequent protein allele for werL
except for one isolate (5113) that had two SNPs resulting in non-synonymous changes
in the 240AA protein at positions 153 and 159 the former being a change from
Threonine, a AA with a polar hydrophobic side chain, to Isoleucine with a non-polar

hydrophilic side chain and the latter Leucine to Phenylalanine (Table 9).
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3.2.2.3 Serogroup 15

Serogroup 15 currently includes four serotypes, 15A-C, F, of which only 15A-C were
observed in this dataset (15 n=50, 15A n=13, 15B n=23, 15C n=14). The wzy gene is
used to differentiate 15A/F from 15B/C using PCR (Centers for Disease Control and
prevention 2012). Quellung was used to further differentiate 15A from 15F. The genetic
and biochemical basis is known for the differences between 15B and 15C, the wciZ
gene (synonym cps15bM) allows differentiation of these serotypes from the sequence.
15B contains an eight unit tandem repeat of TA, 15C has a more variable number of
TA tandem repeat units which result in a non-functional O-acetyltransferase gene and
differences in O-acetylation between the two serotypes (van Selm et al. 2003). The
tandem repeat was used to serotype 15B/C isolates in this study (Figure 12). For
isolates of serotypes 15B (n=23) and 15C (n=14) two and three DNA alleles were
observed respectively. Previously van Selm et al, reported that 15C isolates contained
7 or 9 TA repeats, this observation was repeated in this dataset, additionally two

isolates of 15C (0145, 0310) were observed to have only 6 TA repeats.

All alleles for wciZ for 15B and 15C alike differed only in the tandem repeat region with
the exception of 15B_2 which was only observed once in isolate 0223, and despite
having the 15B eight-unit tandem repeat had an additional putative deletion of 13 bp in
the assembly (Figure 12), which, when translated would induce a premature stop in the
protein. However mapping against a wciZ reference sequence (GenBank AY250187.1)
revealed complete coverage of the wciZ gene, with a drop in coverage at the region in
guestion, 535-547 of 978bp (Figure 13). Viewing the BAM file in Artemis revealed that
a large number but not all reads contained the deletion (Figure 14). With previous work
documenting this isolate as 15B by Quellung combined with mapping evidence the
observations for this isolate are best explained by a mixed sample with two separate
coding sequences for wciZ, one with a deletion which would likely result in 15C like
capsular expression and one without that would account for the 15B positive Quellung

reaction.
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Figure 12. Partial sequence DNA Alignment of the wciZ gene tandem repeat

region

123456 78]
15C_2 TGTGGTATTTATTTGCTATATTATATATATATATATATATCTTTATTTTTCCAATAAAAG
15B_2| TGTGGTATTTATTTGCTATATTATATATATATATATAT-CTTTATTTTTCCAATAAAAG
158 1| TGTGGTATTTATTTGCTATATTATATATATATATATAT-FCTTTATTTTTCCAATAAAAG
15C_1 TGTGGTATTTATTTGCTATATTATATATATATATAT-——--CTTTATTTTTCCAATAAAAG
15C_3 TGTGGTATTTATTTGCTATATTATATATATATAT-———- -CTTTATTTTTCCAATAAAAG
B T T o L S S S e B

15C_2 ACTACTATTGACAAAACGATGGATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGC
156_2 ACTACTATTGACAAAACGATGGATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGC
15B_1 ACTACTATTGACAAAACGATGGATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGC
15C_1 ACTACTATTGACAAAACGATGGATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGC
15C_3 ACTACTATTGACAAAACGATGGATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGC

L

15C_2 TACAATTAGCGATTCAATTTTTTATAGAAATTTTTTATTTATGGGAATACCATTTTTTGG
15B_2 TACAATTAGCGATTCAATTTTTTAT-———————————- TTATGGGAATACCATTTTTTGG
15B_1 TACAATTAGCGATTCAATTTTTTATAGAAATTTTTTATTTATGGGAATACCATTTTTTGG
15C_1 TACAATTAGCGATTCAATTTTTTATAGAAATTTTTTATTTATGGGAATACCATTTTTTGG
15C_3 TACAATTAGCGATTCAATTTTTTATAGAAATTTTTTATTTATGGGAATACCATTTTTTGG

e e s koo KRk RR KRR KKK K

Tandem TA repeat region highlighted in red. Eight TA units, which infer 15B capsule

type highlighted in dark blue. Six, seven and nine TA units indicative of 15C capsule.
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Figure 13. Coverage across wciZ reference of isolate 0223

b Mg Pt

— Coverage — GC content(%) - - mean GC content

Flanking base positions either side of region missing from assembly show a clear drop in coverage at this location
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Figure 14. Section of BAM read pileup for isolate 0223 against reference for wciZ

Entry: @cpsleM.!asta
13 selected bases on forward strand: 535..547

471 : 491 . 511 ; 531 : 551 : 571 . 591
GATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGCTACAATTAGCGATTCAATTTTTTATAGAAATTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAAGCA
A
GATTTCTATACTTTTACTATTTTCTTTCATTATGGAGGCTACAATTAGCG ACAGAAGCA
GATTTCTATACTTTTACTATTCTCTTTCATTATGGAAGCTA ATTGCACAGAAGCA
GATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGCTACAATTAGCGATTCAATTTTTTATAGGARTA A
CTACAATTAGCGATTC AATTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAAGCA
GATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGCTACAATTAGCGATT ATTCTTATTGCACAGAAGCA
AGCTACAATTAGCGATTC ARTTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAAG A
AAGCTACAATTAGCGATTC AATTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAA CA
TTCATTATGGAAGCTACAATTAGCGATTC AATTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTA GCACAGAAGCA
ATTATGGAAGCTACAATTAGCGATTC AATTTTTTATTTATGGGARTACCATTTTTTGGAATAGGAATTCTTATTG  CAGAAGCA
GGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAAGCA
TTATTGCACAGAAGCA
TATGGRAAGCTACAATTAGCGATTC AATTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCA AGAAGCA
GATTTCTATACTTTTACTATTT TGCACAGARGCR
GATTT CGATIRTTTTTTATTTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAAGCA
GATTTCTAT GGAATTCTTATTGCACAGARGCA
GATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGCTACAATTAGC TAGGAATTCTTATTGCACAGAAGCA

CATTTCTATACTT T TACTATT T TCTTTCATTATCCAMCCTACAMATTACCCATTCALTTTTTTAT

>>
<<

I §$ I L L L F S F I MEATTISOD S ITF Y YRN PO MGIZPTFTFSGTIGTIZULTIA- ATQTEKSZG
G FL YF Y YFILSLWIKIZLGQLATIGQTFTFTIETITFUYJLWET YHTFTLEST®+ETFTLTLHTER S

DGR B R E RO RGO G RS SN e R RO B e Rk E RS G N TN BN SN R NS Y NG TS E A

GATTTCTATACTTTTACTATTTTCTTTCATTATGGAAGCTACAATTAGCGATTCAATTTTTTATRGARATTT T TTATTATGGGAATACCATTTTTTGGAATAGGAATTCTTATTGCACAGAAGCA
la80 [s00 [520 [540 [s60 [580

CTARAGATATGAARATGATAAARGARRGTAATACCTTCGATGTTAATCGCTAAGTTARAAANTATCTTTARAARATAAATACCCTTATGGTAAARAMACCTTATCCTTAAGAATARCGTGTCTTCGT
S K + vV K v I KK * # P L + L # R N L K K Y FNIKTI # P F V M K Q F L F E# Q V S A
IR IS KRN E T RN TS A A T LS S E KO L AR R R SN TR ST GEN RSSO R TTIR TR EC

N R ¥ XK # + K R E N HF § C N A I #* N K I § I K # K H § ¥ W K K §8 ¥ S N K N C L L L

The region missing from the assembly is highlighted in red (reads) and yellow (reference sequence).
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3.2.2.4 Serogroup 19

There are four recognised members of serogroup 19, 19A, B, C and 19F, of which only
19A and 19F were observed in this dataset (19A n=31, 19F n=20). Serotypes 19A and
19F are reported to have syntenic (same arrangement of genetic loci) capsular loci and
structurally differ only in linkage between glucose and rhamnose during polymerization
of the polysaccharide capsule; this is thought to be conferred by the action of the wzy
gene a putative oligosaccharide repeat unit polymerase (Morona et al. 1999; Mavroidi
et al. 2007). Within the dataset described in this thesis, the alleles for 19A and 19F
were clearly specific for the serotype with a large number of SNPs and a ClustalW
score of only 78.43 for the two dominant alleles confirming the serotype designation by
PCR methods.

Four distinct alleles were observed the for the 19A-specific 1335bp wzy gene with four
variable base positions. When translated to a 444AA protein there were only three
alleles that varied in frequency in the population (Table 10A). Interestingly two of the
wzy protein alleles (19A_A,19A_B) that differ by two AAs are observed within a single
ST 199. The position 109 Isoleucine-Valine change and position 88 Valine-alanine
change resulted in a minor and larger reduction in hydrophilicity respectively. The
Isoleucine-serine change at position 81 could have a more substantial effect on the
resultant protein with changes in side chain polarity and a switch between being
hydrophobic and hydrophilic (Table 9).

Three distinct alleles were observed the for 19F-specific 1338bp wzy gene with three
variable base positions. When translated to a 445AA protein there were only two alleles
circulating the dataset with similar incidence (Table 10B). The AA change only resulted
in a change in hydrophilicity (Table 9).
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Table 10 A & B. Substitutions in protein alleles for serogroup 19 wzy gene

A. (19A) Position

Protein 81 88 109 Count STs
wzy 19A_A I \Y I 22 199, 276, 416
wzy_19A B S \ Vv 162, 193, 199, 201, 482
wzy 19A C I A I 172

B. (19F)

Protein Position 72 Count STs
wzy_19F A I 12 162, 309, 422, 4696
wzy_19F B L 7 177,179, 311
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3.2.25 Serotype 21

Twenty-eight isolates were determined to be serotype 21. The serotype 21 capsular
locus has been shown to cluster with the biosynthetic loci of Streptococcus mitis and
oralis whilst the CPS structure is unknown (Mavroidi et al 2007). Therefore the key
genetic components of the serotype 21 expression are still to be determined. The wzx
gene, which encodes a flippase involved in translocation of the CPS, has however
been deemed suitably divergent to wzx found in other serotypes to allow the capsular
designation of serotype 21 based on PCR amplification of a band of 192bp from this
gene (Centers for Disease Control and prevention 2012). The exact sequence of this
gene was therefore selected to assess the sequence diversity of this gene. This
serotype was displaying multiple bands PCR positive for alternative serotypes also
typed using the wzx gene (23B and 35A/35C/42) using the CDC methodology (Centers
for Disease Control and prevention 2012). There were two alleles observed, both
1425bp long with only a single bp difference, the C-T SNP in the dominant allele (n=19)
also differed from the gi|68643497 13131-14555 GenBank reference. The 2™ allele
(n=9) was identical to the reference. The two resulting protein sequences differed at

only one position (Phe445Ser).
3.2.2.6 Serogroup 22

Sergroup 22 consists of serotypes 22A and 22F of which only 22F was observed in this
dataset (22F n=27). The genetic basis for differentiation of 22A and 22F, based on the
highly distinct and wewC genes (Salter et al. 2012), was delayed due to the sequencing
of an atypical 22F in a previous study (Mavroidi et al. 2007). The 22A/F designation of
the CDC PCR was supported by the sequences of the wcwA and wewC genes and
allowed a designation of 22F, which was also further confirmed by slide agglutination
as part of this thesis for isolates from years 4-5 and by Statens Serum Insititut for all

other isolates.

The wcwA and wewC genes encode a glycosyltransferase and O-acetyltransferase
both involved in polysaccharide biosynthesis. Two 1270bp alleles of 22F wcwA were
observed with an insertion in both alleles when compared with the 22F wcwA reference
HE651300.1 out with the coding sequence when translated and not affecting the
protein sequence. An additional SNP in the was present within the protein coding
sequence in the rare allele (n=1), which was non-synonymous at AA position 144 of
402 (Alanine to Valine) when compared to the dominant allele (n=27) with an increase

in hydrophilicity. Furthermore there was only one 705bp allele for wewC, which differed
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by only one non-synonymous SNP from the 22F wcwC reference HE651300.1 with an
Alanine to Valine difference from the reference at AA164 of 234.

3.2.3 Discussion of results

In recent years pneumococcal studies additional to that described in this thesis have
been published that have deduced MLST and serotype data from WGS primarily using
a mapping approach for deriving this data (Croucher et al. 2011; Everett et al. 2012).
The extra resolution and complete repertoire that whole genome data offers allowed
the designation of serotypes and identification of heterogeneous alleles for further
analysis from an epidemiological perspective within this thesis. The characterisation of
a number genes involved in pneumococcal virulence, that code for current and
experimental vaccine targets was necessary as this thesis hypothesized that carriage
isolates would represent a more diverse collection, than the IPD isolates that are
traditionally studied, with implications for vaccine usage and design. The observation of
novel pneumolysin alleles in the carried pneumococcal population and the presence of
these alleles and homologues in other streptococcal species (Jefferies et al. 2007,
Johnston et al. 2010) has importance for the design and development of future
vaccines using a pneumolysin component. The inclusion of pneumolysin is designed to
provide broad serotype independent protection therefore the specificity of an immune
response is important, it could preferentially act upon particular pneumolysin protein
variants potentially leading to vaccine type replacement or conversely have broad
activity and also apply immunological pressure to non-pneumococcal strain containing

pneumolysin homologues potentially leading to species replacement.

This thesis also documents that there is protein sequence diversity for a number of
serotypes -in the genes that determine capsular type- that has not been well described
to date. Until recently, only one representative cps locus sequence was published for
90 of the >95 serotypes (Bentley et al. 2006) but as PCVs have been introduced a
number of studies have looked in more detail at the diversity of cps genes within a
serogroup - primarily serogroup 6 and 19 with multiple isolates for each serotype
(Elberse et al. 2011a; Song et al. 2011; Oliver et al. 2013b). However the number of
isolates representing each serotype was still less than 14 for each of these studies
compared to the larger number of strains in this thesis ranging from 14 strains per
serotype (15C) up to 46 isolates for 6B (with the exception of 6D, n=1 and putative 6F,
n=1).

111



Results

For serogroup 6, Elberse et al reported three 6A wciN alleles with differences in two
positions Ala52Ser also observed in this dataset and Glu77Gly only observed as
Glutamic acid. Two alleles were observed for 6A wciP, Met128Thr only observed as
Methionine in this thesis. For serotype 6B there were no non-synonymous SNPs
reported in the wciN or wciP alleles by Elberse et al contrary to the four observed in
this thesis. Finally for 6C they observed the Leul126Met but not the additional
Asp4d4Tyr, lle313Asn changes identified in this thesis. This thesis and Elberse et al
identified 3 variable protein positions for wciNbeta in 6C but only one of these was
present in both datasets Try22Phe. The serogroup wciN protein substitution at AA121
has also been observed, with additional changes at site 137 reported but not observed
in this dataset (Song et al. 2011). Finally the single AA sequence polymorphism was
also observed between 6C and 6D isolates at Glu368 outside this thesis (Song et al.
2011). There have been additional investigations into the evolution of serogroup 6 that
report multiple independent recombinogenic events that result in the serotype 6D, in
this thesis the 6D data from wciNbeta and wciP suggests a similar event to that which
Bratcher et al describe with 6C being the donor and 6B the recipient (Bratcher et al.
2011; Otsuka et al. 2013).

Elberse et al additionally looked into serotypes 19A/F where they identified a single
non-synonymous SNP in 19A wzy and “a few non-synonymous substitutions” (Elberse
et al. 2011a) in 19F wzy with one strain reported to have 2 SNPs and a second to have
4 when compared to a reference but it was not disclosed which nature these were or
whether some of the SNPs were shared. This suggests that they observed more
diversity in 19F than 19A in wzy unlike the observation made that 19A was more
diverse in this thesis. Their data also suggested that these variants were circulating in
the same population simultaneously with multiple representatives of the different wzy
alleles for 19A and 19F (Elberse et al. 2011a).

As perhaps expected when sampling larger number of isolates novel amino acid
substitutions were observed in capsular defining genes within this dataset that were not
observed in other studies to date, a number of non-synonymous changes were
identified by both recent work by others and this thesis. However studies also identified
additional protein sequences not seen in this dataset highlighting that the current
sampling depth is not sufficient to allow the identification of all variants in the diverse
pneumococcal population (Elberse et al. 2011a; Song et al. 2011). Whilst this thesis
investigated the diversity in the capsular defining genes of particular serogroups others

have looked at diversity in a number of capsular genes (Elberse et al. 2011a; Song et
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al. 2011), there is potential for changes in any cps loci gene to result in novel serotypes

that would not have been characterised in this analysis.

The investigation by Oliver et al into the serological and chemical profiles of serogroup
6 isolates resulted in the indication of two novel serotypes and further demonstrates the
power of single non-synonymous SNPs on immunogenic epitopes and the importance
of investigating within serotype genetic diversity. Any of the amino acid substitutions
have the potential to be a subclass of a serotype and affect affinity or have a different
immunogenic profile and be a novel serotype belonging to that serogroup. The ability to
screen genome data real time as information on the genetic basis is published for novel
serotypes or other new discoveries is a strong advantage of working with whole
genome sequences and allowed the quick identification of the single isolates of
serotype 6D and 6F in the carriage dataset.
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4. CHAPTER 4 RESULTS - EPIDEMIOLOGY

It was hypothesised that during PCV implementation there would be a shift in
pneumococcal carriage epidemiology as the vaccines target a minority of the existing
serotypes. This was hypothesised to occur through vaccine serotype and associated
genotypes decreases with subsequent replacement by non-vaccine serotype and
associated genotypes. Comparisons between years of the study were made to identify

any such changes with statistical methods.

4.1  Carriage epidemiology

A total of 1,712 swabs were collected between winters 2006/7 and 2010/11 with 287-
399 collected in a single year to obtain ~100 pneumococcal isolates in each study
period (Table 11).

4.1.1 Isolation rates

Only isolates successfully sequenced and unequivocally determined to be S.
pneumoniae within this study were used to calculate carriage rates. Pneumococci were
isolated from 519 of the 1,712 swabs (Table 11) giving an overall carriage rate of
30.32% for the five years with 95% confidence of the true carriage rate being within
2.17% of this value (28.15 to 32.49%). The base line carriage rate in year one was
31.79% (ClI, 26.72 to 36.86%). The lowest and highest carriage rates of 27.82% and
34.49% occurred in years four (Cl, 23.42 to 32.22%) and five (ClI, 28.99 to 39.99%)
respectively with a non-significant difference in carriage rates between these two years
based on the Fishers exact test which produced a two tailed p-value (p=0.065),
combined with considerable overlap in their confidence intervals. There were no
significant differences between the base line carriage in year 1 and any other year, with
p-values of >0.1 (Table 11). The carriage rate has therefore been observed to remain

statistically stable throughout the study period.
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Table 11. Streptococcus pneumoniae carriage

S. pneumoniae

Study year

Number of

%

(Winter) swabs Isolated carriage 95% Cl p-value
1 (2006/7) 324 103 31.79 26.72 to 36.86 | Base line
2 (2007/8) 373 104 27.88 23.33t0 32.43 0.28
3 (2008/9) 328 102 31.40 26.38 to 36.42 0.87
4 (2009/10) 399 111 27.82 23.42t0 32.22 0.25
5(2010/11) 287 99 34.49 28.99 to 39.99 0.49
Combined 1712 519 30.32 28.15t0 32.49
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4.1.2 Participant metadata

Participant demographic and clinical information was available from a questionnaire
completed by the parents/guardians of participants in the 5" study year. Comparisons
were made between children from whom pneumococci were isolated (carriers) and
those children whose nasopharyngeal swabs did not grow pneumococci (non-carriers).
The mean age of carriers and non-carriers were 23.28 and 18.66 months old
respectively, there was a statistically significant difference between the mean ages for
these two groups (p=0.019) using a two-tailed independent samples T-Test for
differences in means, with the pneumococcal carriers being statistically older. Of the
carriers and non-carriers 54.55% and 65.08%, respectively, were under 2 years old.
There were no statistically significant differences detected between carriers and non-
carriers, for the age categories 0-23, 24-35, 36-47 or 48-60 months of age (Table 12).
There was weak evidence for a difference in pneumococcal carriage status in those of
less than 1 year old (p=0.0542) with a greater proportion of non-carriers than carriers
belonging to this age group. However the 95% confidence intervals overlapped (non-
carriers 34.25% to 48.29%, carriers 20.33% to 38.25%).

There was no significant association or disassociation between antibiotic usage in the
past month and pneumococcal carriage (Table 12). A statistically significant difference
between carriers and non-carriers was observed when the occurrence of any upper
respiratory tract illness (URTI) in the last month was reported (p=<0.0001) with more
URTIs reported for the pneumococcal carriers (Table 12). The appropriate doses of
PCV, according to their guardian, had been received for over 91% of non-carriers and
88.79% of carriers, with no statistically significant difference between the two groups
(p=1) (Table 12).
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Table 12. Year 5 metadata analysis of pneumococcal carriers versus non-carriers

Proportion of

Proportion of

Pneumococcal | Pneumococcal Pneumococcal | Pneumococcal
negative negative positive positive
Age category in participants participants participants participants
months (N) (%) Cl 95% (N) (%) Cl 95% P-value
61.43% to 44.74% to
0-23 123 65.08% 74.73% 54 54.55% 64.36% 0.0975
9.3% to 9.74% to
24-35 27 14.29% 19.28% 17 17.17% 24.6% 0.6052
6.19% to 6.48% to
36-47 20 10.58% 14.97% 13 13.13% 19.78% 0.561
4.5% to 6.48% to
48-60 16 8.47% 12.44% 13 13.13% 19.78% 0.2215
Antibiotics in 14.96% to 17.59% to
past month 44 23.28% 31.6% 26 26.26% 34.93% 0.567
Respiratory
illness in past 55.13% to 77.79% to
month 122 64.55% 73.97% 84 84.85% 91.91% 0.0003*
Received PCV
doses as 85.38% to 85.25% to
required 172 91.01% 96.64% 90 90.91% 96.57% 1
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4.1.3 Serotypes

Thirty-eight different serotypes were observed during the study. Annually this ranged
from 23 to 29 distinct serotypes, with eight serotypes (21% of all observed serotypes)
observed at only one time point. Thirteen serotypes were observed in all time points
(Figure 15), nine of which were NVT, three were VTs unique to PCV13 (6A, 19A and 3)
and only one PCV7 VT was present in all years, serotype 6B. A single year
represented a minimum of 59% of the serotypes seen in the entire study period. Eleven
presumptive pneumococcal, cpsA negative, isolates could not be typed using PCR
(traditional and in silico) or Quellung. Five of these isolates, all collected in year 5,
exhibited features atypical of pneumococci and these were therefore excluded and
analysed separately (2.1.3 Strain inclusion and exclusion). The seven remaining non-
typeable pneumococcal isolates were observed in year 1 n=1, year 3 n=4 and year 4
n=2, these NT isolates were included as 7 examples of one NVT ‘serotype’ entity in the

following calculations.

The Simpson’s diversity index (1-D) was used to assess the serotype diversity of the
population taking into account the number of types and their abundance, where 0 is
equal to no diversity and 1, infinite diversity. A serotype diversity of 0.95 was calculated
for the total study period. The indexes calculated for each study year remained stable
and reflected the index for the total study period with a range of 0.91 (Yearl) to 0.95
(Year 3 and 4). This describes a consistently highly diverse population with regards to

serotype.

The most common serotype was 6B with 46 isolates closely followed by 6C (n=44) and
6A (n=39) representing 8.8% (6.36% to 11.24%), 8.5% (6.1% to 10.9%) and 7.5%
(5.23% to 9.77%) of the complete isolate set respectively. The distribution of the study
isolates across the serotypes observed when viewed in rank order of prevalence
(Figure 16) is a continuous sliding scale from those serotypes which are very common
through to those that are rare, with an absence of any steps separating the most
common and rarest serotypes. This representation of the serotype makeup also makes
clear that a large number of rarer serotypes contribute less to the total isolate set than
a small number of very common serotypes with the first 8 serotypes accounting for
>50% of the isolates and last 19 serotypes accounting for <10% of the isolates (Figure
16).

The 38 serotypes represented 26 serogroups, when this is accounted for in a

Simpson’s diversity index (1-D) calculation the population diversity is reduced to 0.89
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but still describes a highly diverse serotype distribution. The predominant serogroup
was serogroup 6 with 130 isolates representing over 25% of the complete isolate set
(21.32% to 28.78%).
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Figure 15. Distinct serotypes observed by time point
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Figure 16. Incidence of serotypes for the study period in rank order
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41.3.1 PCV7 Vaccine and non-vaccine serotype prevalence

Whilst the carriage rate of pneumococci remained stable, the relative proportions of

vaccine serotype to non-vaccine serotypes did not (Figure 17).

PCV7 vaccine types decreased significantly (p=<0.0001) between the baseline, year 1
(53%, Cl 43.36 to 62.64%) and year 5 (1%, -0.96 to 2.96%). Conversely PCV7 non-
vaccine types were observed to significantly increase (p=<0.0001) between the
baseline year 1 (47%, 37.36 to 56.64%) and year 5 (99%, 97.04 to 100.96%).
Significant changes to the mutually exclusive vaccine serotype and non-vaccine
serotype groups occurred between all alternate year combinations and concurrent
years 1 and 2 and year 2 and 3 (Table 13,Table 14). At the year five time-point, near
complete replacement of PCV7 vaccine types with non-vaccine types had occurred
with only a single isolate of 6B observed (Figure 17).
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Figure 17. Carriage rate of total pneumococci, PCV7 vaccine types and non-vaccine types
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Table 13. P values, all against all years for PCV7 and PCV13 vaccine serotype,

non-vaccine serotype prevalence.

PCV7
Year 1 2 3 4 5

1 0.0032* <0.0001* <0.0001* <0.0001*
2 0.0161* 0.0002* <0.0001* <0.0001*
3 <0.0001* 0.0006* 0.2058 0.005*
4 <0.0001* 0.0002* 0.8775 0.123

5 <0.0001* 0.0001* 0.0041* 0.0078*

PCV13

*Statistically significant, orange cells PCV7 data, blue cells PCV13 data
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Table 14. Annual rates and confidence intervals for PCV7 vaccine and non-

vaccine serotypes

Year | PCV7 VT Cl PCV7 NVT 95% ClI
n(%) n(%)
1 55 (53%) | 43.36t0 62.64% 48 (47%) 37.36 to 56.64%
2 34 (33%) | 23.96 to 42.04% 70 (67%) 57.96 to 76.04%
3 11 (11%) 49310 17.07% 91 (89%) 82.93 t0 95.07%
4 6 (5%) 0.95 to 9.05% 105 (95%) 90.95 to 99.05%
5 1 (1%) -0.96 t0 2.96% 98 (99%) 97.04 to 100.96%

P-values calculated with respect to the year 1 baseline data.
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4.1.3.2 PCV13 vaccine and non-vaccine serotype prevalence

A statistically significant change (p<0.0001) in the relative proportion of PCV13 vaccine
to non-vaccine types was observed between year 1 and year 5 (Table 15). Additionally
a significant change to the relative proportions of vaccine serotype to non-vaccine
serotypes occurred between concurrent years 4 and 5 (p<0.01) not observed when
analysed in the context of PCV7 serotype (Table 15).

As PCV13 shares 7 serotypes with PCV7 it was necessary to separately analyse the 6
serotypes unique to PCV13 (Table 2) to distinguish the potential impact of PCV7 and
PCV13 on carriage (Table 2). A significant decrease (p<0.05) in vaccine serotypes
unique to PCV13 occurred only between years 4 and 5, which relates with PCV13
implementation between these two time points (Table 15,Table 16)

4.1.3.3  Vaccine serotype coverage

By year 5 the PCV7 coverage of the serotypes in carriage was only 1% compared to
the base line year coverage of 53%. The baseline year coverage of PCV13 before its
implementation was 68% (95% CI, 58.99 to 77%), which dropped to 26% (95% ClI,
17.84-35.16%) due to the shared PCV7 serotypes during PCV7 introduction. In the
year 5 winter (2010/11), immediately following PCV13 introduction in April of 2010, the
coverage of PCV13 dropped further to only 11% (95% Cl, 4.84 to 17.16%).
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Figure 18. Carriage of shared PCV7 and PCV13 vaccine types, PCV13 unique vaccine types and PCV13 non-vaccine types
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Table 15. P values, all against all years for unique PCV13 vaccine serotypes

versus all other serotypes

Year 2 3 4 5
1 0.5742 0.7033 0.2835 0.3974
2 0.855 0.7316 0.111
3 0.4862 0.2157
4 0.0381*
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Table 16. Annual rates and confidence intervals for the six vaccine serotypes
unigue to PCV13

Year Unigue PCV13 VT n(%) 95% ClI
1 15 (15%) 8.1-21.9%
2 19 (18%) 10.62-25.38%
3 17 (17%) 9.71-24.29%
4 23 (21%) 13.42-28.58%
5 10 (10%) 4.09-15.91%
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41.3.4 Specific vaccine serotype fluctuations

Statistically significant decreases in serotype prevalence between the baseline year 1
and the final study year 5 were observed for PCV7 serotypes 6B (p=<0.0001), 19F
(p=0.0002), 23F (p=0.0033) and PCV7 VRT/PCV13 VT 6A (p=0.0335). Weak evidence
for an increase (p=0.0692) was observed for PCV13 VT 19A between year 1 (0.15% to
7.61%) and year 4 (5.03% to 16.59%) before the introduction of PCV13 to the routine
childhood immunisation schedule. A decrease in PCV7 serotype 14 between years 1
and 5 was approaching significance (p=0.0597), however prevalence was low (year 1
n=5, year 5 n=0). As the 15B/C isolates originally misidentified as serotype 14 (n=9)
were only from years 2 and 3, correction of this data did not therefore affect this
analysis. PCV13 vaccine serotype 5 was not observed in the data set. All fluctuations
observed for the remaining six PCV serotypes 1, 3, 4, 7F, 9V and 18C were not
statistically significant (p>0.4).

4.1.3.5 Specific non-vaccine serotype fluctuations

Twenty-seven serotypes were observed during the course of the study that are not
included in PCV13. Of the 27 non-vaccine serotypes significant increases between
year 1 and year 5 were observed for serotypes 21, 23B, 33F and 35F (Table 17). Weak
evidence for increases was observed for serotype 15A and 6C (p=0.0601, p=0.0778)
between year 1 and year 5. Serotypes 11A and 6C did however have statistically
significant fluctuations within the study period not detectable between years 1 and 5
(Figure 19). The PCV vaccine related serotype 6C was previously reported to
significantly increase in prevalence during the introduction of PCV7 between years 1
and 2 and years 1 and 3, primarily through clonal expansion (Tocheva et al. 2010;
Loman NJ et al. 2013), however a significant decrease (p=0.012) was also observed
between years 3 (7.05% to 20.41%) and 4 (0.13% to 7.07%) (Figure 19).
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Table 17. Serotypes for which significant changes were observed between year 1

and 5
Vaccine | Serotype Year 1 Cl Year 5 Cl P-value
n (%) n (%)
PCV7/13 19F 13 (12.62%) | 6.21% to 0 (0%) - 0.0002
19.03%
PCV7/13 23F 9 (8.74%) 3.29% to 0 (0%) - 0.0033
14.19%
PCV7/13 6B 24 (23.30%) | 15.14%to | 1 (1.01%) | -0.96% to | <0.0001
31.46% 2.96%
PCV13 6A 10 (9.71%) 3.99%to | 2(2.02%) | -0.76% to 0.0335
15.43% 4.76%
NVT 6C 3 (2.91%) -0.34%to | 9(9.09%) | 3.43%to | #0.0778
6.16% 14.75%
NVT 15A 1 (0.97%) -0.92%to | 6(6.06%) | 1.36%to | #0.0601
2.86% 10.76%
NVT 21 1 (0.97%) -0.92% to 12 5.69% to 0.0011
2.86% (12.12%) 18.55%
NVT 23B 1 (0.97%) -0.92% to | 8(8.08%) | 2.71%to 0.0170
2.86% 13.45%
NVT 33F 0 (0%) - 8 (8.08%) | 2.71%to 0.0029
13.45%
NVT 35B 0 (0%) - 3(3.03%) | -0.35% to 0.0268
6.41%
NVT 35F 1 (0.97%) -0.92% to | 9(9.09%) | 3.43% to 0.0087
2.86% 14.75%
Year 1 Year 4
NVT 11A 2 (1.94%) -0.72% to | 13 (11.7%) | -5.77to 0.0061
4.6% 29.17%
Year 1 Year 2
NVT 6C 3 (2.91%) -0.34% to 14 6.9% to 0.0203
6.16% (13.46%) 20.02%
Year 3 Year 4
NVT 6C 14 (13.73%) | 7.05%to | 4(3.60%) | 0.13%to 0.0120
20.41% 7.07%

# Above significance threshold, weak evidence
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Figure 19. Temporal fluctuation of serotypes 6C and 11A
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4.1.3.6 Invasive disease potential

The invasive disease potential of a serotype relates to how often it is found to cause
IPD and how often it occurs in carriage. Odds ratios, i.e. the odds of the serotype being
isolated from IPD relative to the odds of the same serotype being isolated from
carriage, can be used to estimate invasive disease potential. An OR >1 indicates
increased invasive disease potential, and an OR <1 indicates decreased invasive
disease potential (Table 18). This can be interpreted as the likelihood of a serotype
occurring in IPD relative to carriage, for example, an OR of eight would suggest that
the serotype is eight times more likely to occur in IPD than carriage. Odds of isolation
from carriage identified in this study were calculated relative to odds of isolation from
IPD as calculated from a study carried out in England and Wales by Miller et al using
adjusted data from children <5 years of age in 2008-2010 (Miller et al. 2011b). The
serotypes that were most prevalent in year 5 (6C, 21, 23B, 33F, 35F) had statistically
significant ORs of <1 except for serotype 33F (n=8, 8%, 2.71% to 13.45%), which had
a non-significant OR of 1.25. The non-vaccine serotype 8 was not common in this
carriage dataset (n=1) and had statistically significant OR of 15.15. Vaccine types 3, 7F
and 19A had statistically significant ORs of >1 and were observed in carriage in year 5
(n=1, n=1, n=5 respectively). Of the 24 serotypes observed in year 5, four were
observed to have a statistically significant OR of >1 (1, 3, 7F and 19A) all four are
targeted by PCV13. Four of the top five serotypes observed in year five had statistically

significant ORs of <1.

A comparison of the statistically significant ORs reported from an Oxford, UK study
(Brueggemann et al. 2003), with the ORs calculated from this carriage data and PHE
data (Miller et al. 2011b) was made. Statistically significant ORs were observed for five
serotypes in the Oxford study, three >1 (1,18C and 4) and two <1 (14, 23F). For the
carriage data set there were 13 serotypes for which statistically significant ORs could
be calculated, five of which were ORs >1 and eight ORs <1 (Table 18). Ten of these
serotypes were significant where the Oxford study was not, conversely significance for
serotypes 4 and 14 could not be observed in this dataset unlike the Oxford dataset
(Table 18).
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Table 18. Odds ratios of invasive disease potential

Results

Thesis IPD (n) OR Cl
Carriage | Miller et Brueggemann | Brueggemann
Serotype |isolates (n)| al 2011 OR 95% ClI et al 2003 et al 2003
1 3 68 25.43 7.95to 81.36 9.6 1.1to 86.5
7F 5 104 25.22 10.18 to 62.43 4.7 0.4 to 52.6
8 1 15 15.15 1.99 to 115.09 0.9 0.2t0 4.9
12F 1 8 7.97 0.99 to 63.95 0.0 CNC
18C 1 7 6.96 0.851t056.77 5.8 2.61t013.2
3 8 30 3.85 1.75to 8.48 0.3 0.1to1.1
19A 31 100 3.68 2.41t0 5.62 1.1 0.4t03.1
24F 1 3 2.96 0.31 to 28.55 0 CNC
4 1 3 2.96 0.31 to 28.55 12.1 1.4to 104.2
33F* 15 19 1.25 0.63t02.5 0.5 0.1to 4
10A 5 6 1.18 0.36t0 3.9 0 CNC
22F 27 30 1.10 0.64t0 1.87 0 CNC
15C 14 13 0.91 0.42t0 1.96 0.1 (B/C) Otol.1
9N 4 3 0.74 0.16t0 3.3 0.4 0to 3.2
19F 20 15 0.73 0.37t0 1.44 0.6 0.3t01.1
20 3 2 0.65 0.11t0 3.93 0 N/A
38 9 6 0.65 0.23t01.84 0.6 0.1t05.3
35B 5 3 0.59 0.14t0 2.47 0 CNC
15B 23 13 0.54 0.27 t0 1.09 0.1 (B/C) Oto1.1
9V 4 2 0.49 0.09 to 2.68 15 0.6t04
15A 13 5 0.37 0.13t0 1.05 0 CNC
14 8 3 0.37 0.1t01.38 8.8 5.1to0 15.4
16F 9 3 0.32 0.09t0 1.2 0 CNC
17F 9 3 0.32 0.09t0 1.2 0 CNC
23B* 22 7 0.30 0.13t0 0.72 0 CNC
23A 15 4 0.26 0.08to 0.78 0 CNC
11A 37 8 0.20 0.09to 0.43 0 CNC
21* 28 6 0.20 0.08 to 0.49 0.2 Oto 1.6
6A/C* 83 19 0.20 0.12to0 0.33 0.7 (6A) 0.3t01.7
6B/D 47 8 0.15 0.07 to 0.33 0.6 (6B) 0.3to1
23F 25 4 0.15 0.05t0 0.44 0.4 0.2t0 0.8
35F* 23 3 0.12 0.04 to 0.41 0 CNC
Thesis IPD (n) OR
carriage | Miller et |Difference in 95% CI of Brueggemann | 95% CI of
Serotype | isolates (n) | al 2011 | proportions difference et al 2003 difference
5 0 5 0.01 0t0 0.02 DNC DNC
7C 1 0 0.00 -0.01 to0 0.01 DNC DNC
33D 1 0 0.00 -0.01 t0 0.01 DNC DNC
NT 7 0 -0.1 -0.03t0 0 0 DNC
31 6 0 -0.1 0.02t0 0 0 DNC
34 4 0 -0.1 0.02t0 0 DNC DNC
CNC= Could DNC-= Did not
PCV7/13 [PCV13 only| NVT not calculate calculate

Adjusted IPD data for children >5 years old between 2008-10 (Miller et al. 2011b).

Historical OR (Brueggemann et al. 2003). * Top 5 most common serotypes in year 5

carriage data set. Bold type- significant difference (p=<0.05) in likelihood, between

occurrence in carriage and disease.
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414 Multi locus sequence types

One hundred and twenty seven distinct ST's were observed during the study. Annually
this ranged from 43 to 51 distinct ST’s, with 78 ST’s (61% of all observed STs)
observed at only one time point (Figure 20). Any single year was a minority
representation (33.86% to 40.15%) of the STs seen in the entire study period. Of the
78 STs observed at a single time point, 70 of these were observed as a consequence
of a single isolate, whilst the additional eight were a consequence of pairs of isolates

within a single year. Eight ST’s were observed at all time points.

When clonal complexes (CC) of SLVs (identified by this dataset using eBURST (Feil et
al. 2004) Methods 2.3.2) were accounted for there were only 78 ST units comprising of
56 single STs and the 22 clonal complexes. Of the twenty-two clonal complexes noted
within the dataset half of these were pairs of STs differing by a single allele. When
clonal complexes were taken into account 39 of the 78 ST units (49% of all observed
ST units) were observed at a single time point. Additionally 9 of the 78 ST units were
observed at all time points.

Statistically significant changes in prevalence of STs between year 1 and year 5 were
observed for 7 individual ST’s, with decreases for ST’s 138, 162, 176 and increases for
ST’s 100, 432, 439 and 1635 (Table 19). There was weak evidence for a decrease of
ST 65 (p=0.0653) between year 1 and 5, however a significant change (p=0.0026)
could be observed between year 2 (11.54%, 5.4% to 17.68%) and year 5 (1.01%, -
0.96% to 2.98%). All other fluctuations observed between year 1 and 5 for the
remaining 119 sequence types did not reach statistical significance (p>0.1), only 15
STs were shared between the two years.

When clonal complexes were considered the number of shared ST units increased to
17, between year 1 and year 5, these 17 units encompassed 54 different STs. All
significant changes for STs remained significant when clonal complexes were taken
into account except ST 439, as part of CC42, for which there was no longer a

significant difference (p=0.1603).
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Figure 20. Distinct sequence types (ST’s) observed by time point
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Table 19. Significant changes to individual ST prevalence between year 1 and

year 5
ST Year 1 Cl Year 5 Cl p-value | Change
n(%) (N, %)
65 7(6.8%) | 1.93% to | 1(1.0%) -0.96% to |#0.0653 Decrease
11.65% 2.98%
100 0(0%) - 5(5.0%) | 0.71t09.29% | 0.0268 | Increase
138 | 6(5.8%) 1.29 to 0(0%) - 0.0291 | Decrease
10.31%
162 | 9(8.7%) | 3.26to | 1(1.0%) |-0.96t02.96%| 0.0187 | Decrease
14.14%
176 | 10(9.7%) | 3.98to | 1(1.0%) |-0.961t02.969% | 0.0098 | Decrease
15.42%
432 0(0%) - 6(6.0%) 1.32to 0.0128 | Increase
10.68%
439 | 1(0.97%) | -0.92t0 | 7(7.0%) 1.97 to 0.0325 | Increase
2.86% 12.03%
1635 | 0(0%) - 6(6.0%) 1.32to 0.0128 | Increase
10.68%

# Not significant, weak evidence for change
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The Simpson’s diversity index (1-D) for MLST diversity was 0.97 for the total study
period, reduced only to 0.96 when accounting for clonal complexes. Each year the
index remained stable with a range of 0.96 (Year 2) to 0.98 (Year 5), and describes a
highly diverse population throughout the study period with greater diversity described
by ST than serotype.

415 MLST and serotype associations

A highly significant statistical bi-directional association between ST and serotype, was
observed for the 519 isolate data set with a Fisher’s exact p-value of <0.0001. This
observation was replicated with data from years 1 and 5 individually with all Fisher’s
exact p-values <0.0001. However a Chi-Squared p-value of <0.0001 and <0.001 was
calculated using the entire data set for the association of serotypes with STs, and the
associated of ST with serotypes respectively. This highlights the greater diversity of the

serotype in terms of ST than the ST in terms of serotype.

To explore this further the Simpson’s diversity index (1-D) was calculated for all
serotypes with >15 isolates (n=13) and all STs with >10 isolates (n=13), (Table 20).
Whilst STs are highly associated with a single or very limited number of serotypes,
serotypes are associated with STs in a more variable manner with as many as 10 STs
associated with serotype 6C (n=44) and only one for serotype 3 (n=8). It could be
observed that the average Simpson’s diversity index (1-D) for serotype and STs was
higher for the serotypes than for the STs, (0.53, 0.11 respectively). Eight STs were
entirely clonal in terms of serotype; serotype 11A had the least diversity observed for
the serotypes, with only two associated ST’s among the 37 isolates giving an index of
0.05, a highly conserved population. Conversely serotype 19F had the highest genetic
diversity with seven different ST’s within 20 isolates and ST 199 had an index of 0.62.

As Simpson’s index of diversity does not take into account the relationship between
ST’s or the relationship within a serogroup the analysis was repeated after the clonal
complex grouping of ST’s within a serotype and serogrouping of serotypes within an ST
was performed in order to better represent the diversity. When clonal complexes and
serogroups were taken into account the Simpson’s diversity index (1-D) decreased in
both cases to 0.36 and 0.08 respectively. Whilst collapsing the CC and serogroups had
little effect on 19F and 11A and STs 199 and 162 this analysis highlights the clonality of
serotypes 35F and 23F and ST 62 for which the diversity index decreased to 0 when
CC or serogroup were taken into account (Table 20). Additionally this analysis shows

that the exact level of diversity is variable and specific to the ST or serotype in
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question. When observing the ST’s for which significant changes were observed
between year 1 and 5 the majority (6/7) were associated with a single serotype (Table
21). For the 57 STs represented in the dataset by more than one isolate only 9 of these
were associated with more than one serotype and only three STs with the maximum of
three serotypes. When serogroups were taken into account, only 7 STs were
associated with more than one serogroup and not a single ST was associated with >2

serogroups.

When observing dominant STs for which there was a significant change in prevalence
between year 1 and 5, of the associated serotype, all fluctuations in the STs mirrored
the serotypes in terms of direction (increase/decrease). Furthermore for the 9
serotypes with significant changes between years 1 and 5 there was also a significant
change observed in the dominant ST for 7 of the serotypes (Table 22) with weak
evidence for ST65 the dominant ST for serotype 6A (p=0.0653).
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Table 20. Simpson’s Diversity index (1-D) for serotypes and STs

Results

Simpson’s Simpson’s
Serotype | Isolates (n) ST's (n) 1-D CC (n) 1-D CC
6B 46 9 0.71 5 0.47
6C 44 10 0.65 5 0.33
11A 37 2 0.08* 1 0.05
6A 39 7 0.41 6 0.37
19A 31 8 0.45 8 0.45
21 28 6 0.72 3 0.64
22F 27 5 0.67 2 0.48
15B 23 5 0.58 2 0.40
35F 23 4 0.44 1 0.00*
23B 22 4 0.26 3 0.18
19F 20 7 0.79** 6 0.74**
23A 15 5 0.56 1 0.00*
33F 15 4 0.60 2 0.51
Simpson’s
Serotype's | Simpson’s | Serogroups 1-D
ST Isolates (n) (n) 1-D (n) Serogroup
199 45 3 0.62** 2 0.51**
62 35 2 0.16 1 0.00*
65 30 1 0.00* 1 0.00*
1692 25 1 0.00* 1 0.00*
176 22 1 0.00* 1 0.00*
439 19 1 0.00* 1 0.00*
1635 17 1 0.00* 1 0.00*
36 15 1 0.00* 1 0.00*
193 13 2 0.15 2 0.15
433 13 1 0.00* 1 0.00*
162 12 3 0.53 2 0.41
138 11 1 0.00* 1 0.00*
438 10 1 0.00* 1 0.00*

*Lowest diversity **highest diversity
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Table 21. STs for which significant changes were observed and their associated

serotypes
ST Count Associated serotype (n,%)
65 30 6A (30,100%)
100 9 33F (9,100%)
138 11 6B (11,100%)
162 12 19F (8,67%) 9V (3,25%), 19A (1,8%)
176 22 6B (22,100%)
432 8 21 (8,100%)
439 19 23B (19,100%)
1635 17 35F (17,100%)
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Table 22. Significant changes for both serotype and primary associated ST

Associated

ST Change P-value Serotype Vaccine status Change P-value

# Non statistically significant change, weak evidence
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4151 Capsular switches

The presence of multiple serotypes belonging to a single ST or vice versa is an
indication that a capsular switch event is likely to have occurred at some point during
pneumococcal evolution. If it is assumed for simplicity and to prevent false positive
indications that, any capsular switch events involving a specific serotype and a specific
genetic lineage did not occur multiple times then the presence of multiple STs
belonging to a clonal complex associated with that serotype can be explained by
evolution of the MLST through mutation. If it is also assumed that the presence of
multiple serotypes belonging to a single serogroup sharing an ST is due to evolution of
the capsule after the establishment of the ST then a screen for the most likely capsular
switch events can be made that involves independent genetic lineages and
independent capsules. NT isolates were excluded from this analysis. There were 10
indications of capsular switch events observed where multiple serogroups were
associated with a single ST unit and a further 57 where multiple ST units were
observed for a single serogroup (Table 23). Serogroups 6 and 19 were observed with
the largest number of ST units, 15 and 13 respectively. Clonal complexes CC33,
CC172 and CC193 were seen in association with largest number of serogroups, with 3
different serogroups each. The direction, donor or recipient, or timing of these events

cannot be inferred from MLST and serotype data alone.
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Table 23. Indications of capsular switch events

Serotype/group

ST units

10A

11

15

16F 19

20

21

22F

23

31

33

34

35

Count

9,15

30, 414
CC42
36
58
62, 10002
63
65, 97, 460
66
73
81
100
124
138
162
172, 1150,
1373
CC176
177, 179
191
CC193
198
CC199
227
235
242
276

[ERN

NFPRRRPRPRERNRPRPRERR®OWN

PRPRRPRPNRPWRRERPEPW
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Table 23. Indications of capsular switch events continued

Serotype/group

ST units

10A

11

14

15

16F 19

20

21

22F

23

31

33

34

35

Count

306
309
CC395
398
405
416
422
432, 6190
433, 819,
4325
444
CC1635
452
461, 861
482
568
673, 1012,
3916
698, 3734
1201
1262, 8711
1390
1497
1600, 4581,
8028
1766
1797

*

RPRPRRPRRRPRRPRE RPRRRPRRRREPR

PR R RRRE
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Table 23. Indications of capsular switch events continued

Serotype/group

ST units 1 6 7 9 | 10A 11 14 15 16F 19 20 21 22F 23 31 33 34 35 | Count

*
=

1862
1876 *

1877 *
1884 *
2042 *
2457 *
2631 *
3240 *
3460 *
4019 *
4423 *
4424
4696 *
4697 *
6187 *
6188 *
8027 *

RPRPRRPRRRPRRPRPRRRPRRPRERRRRER B

Count 3 15 2 5 3 2 2 7 2 13 2 3 2 3 3 3 2 3

* Represents observation of the specific combination of ST and serotype. Count of specific observations does not relate to the number of

isolates involved.
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4.15.2 eBURST analysis of MLSTs

The ST’s observed in this study represented the preponderance of the major clonal
complexes observed in the MLST database (MLST.net 2012) with the exceptions of CC276
and CC320 (Figure 21) which are highly associated with serotypes 19A/F submitted
predominantly from mainland European locations, in this study 19A and 19F were most
commonly found to be ST199 and ST162/179 respectively. The carriage study STs are
spread throughout the database diagram and the novel STs observed (green halos,Figure
21) are within established CCs also represented elsewhere in the carriage dataset; CCs 62,
199, 1692 associated with serogroups 11, 19 and 6 which corresponded to the serotypes of
the isolates with the novel alleles. The major clonal complexes present in the carriage
dataset and the percentage contribution of the CCs to the complete data set can be
observed in the eBURST representation (Figure 22). The variable number of associated
serotypes of the CCs demonstrates that the degree to which clonality in terms of serotype is
unique to the clonal complex (Figure 22). A comparison of the STs and CCs unique to and
shared between the first and last year of the study largely recreates the representation of the
whole carriage dataset, the major clonal complexes exist in a combination of shared STs and
those unique to both years (Figure 23). Thirteen clonal links of the 22 CCs can be observed
in the comparison of these two years alone indicative of the existence of stable clonal

lineages throughout the study.
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Figure 21. eBURST diagram of carriage MLST dataset as a query of the entire S. pneumoniae MLST database as of 06/2013
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Figure 22. eBURST diagram of carriage MLST dataset
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Figure 23. eBURST diagram of carriage MLST datasets year 1 and year 5 comparison
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4.1.6 Discussion of results

It was interesting to note that a smaller percentage of carriers than non-carriers
respectively, were under 2 years old although there were no statistically significant
differences between the two groups for age detected. Carriage in the pre PCV era has
been documented to be highest in the under twos not observed in this study (Hussain
et al. 2005) but a Spanish study also observed carriage to be lower in this age group in
the PCV era (Hernandez-Bou et al. 2012). Upper respiratory tract infections (URTI)
identified as being associated with pneumococcal carriage in this thesis have
previously been identified as a risk factor for children and association with influenza like
illness in adults (Ansaldi et al. 2012b; Hsieh et al. 2012). The interactions between
colonising bacteria and their relationship with URTI is a not yet well understood and
interesting area of investigation outside of the remit of this thesis (Pettigrew et al. 2008;
van den Bergh et al. 2012; Bosch et al. 2013; Ruohola et al. 2013).

Although the pneumococcal population remained stable over the introduction of PCVs,
in terms of the carriage rate and the diversity as a function of the number of serotypes
and genotypes observed year by year, the exact make-up of the population changed
dramatically over time. The replacement of vaccine types with non-vaccine types and
the consequent genotypic replacement of VT associated STs with STs associated with
NVTs contributed to this stable state during PCV introduction. The presence of the
major clonal complexes STs in both years 1 and 5 suggests that all though the exact
genotypes varied over the course of the study there were still a continuation of specific
genetic lineages. The significant changes in STs associated with specific VT or NVT
illustrates further the strong relationship between serotype and genotype. This
replacement with genotypes already existing in the pre PCV era was also observed in
the US, which also suggested that the capsular switch variants also existed in the
population (Croucher et al. 2013). Evidence for serotype switch events was common in
this data set although they were not investigated at the genome level for the
homologous exchange of the capsular loci, work by others suggests that capsular
switch events occur regularly in the pneumococcal population but any that have been
involved in ‘vaccine escape’ are historical events that have been selected for (Pai et al.
2005; Hanage et al. 2011; Croucher et al. 2012).

The 5 year data analysis mirrored and continued the overarching trends of vaccine
types being replaced by non-vaccine types observed for the first three years of the
study reported previously, with VT and associated genotype replacement with the

sustained significant decrease for STs 162 and observed changes that then reached
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statistical significance in the 5 year data set for serotypes 6A, 6B, 21, 23B and STs
176, 138 (Tocheva et al. 2011; Tocheva et al. 2013). Conversely the statistically
significant change for 6C and associated ST 1692 (Tocheva et al. 2010) was not
sustained and disappeared by year 4 before the introduction of PCV13 which, included
6A reported to stimulate cross reactive antibodies for 6C (Cooper et al. 2010). This
observation could be explained by the hypothesis made in 1997 on the vaccination
against bacteria with multiple serotypes that there may be increases in serotype with
partial protection (PCV7 6B cross reactivity for 6C) followed by a decrease as a
function of vaccine coverage (Lipsitch 1997).
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Discussion

5. DISCUSSION, CONCLUSIONS AND FUTURE
WORK

This thesis hypothesised that during PCV implementation there would be a shift in
pneumococcal carriage epidemiology. This was predicted to occur through vaccine
serotype and associated genotypes decreases, with subsequent replacement by non-
vaccine serotypes and the associated genotypes. Secondly this thesis hypothesised
that data required to make the above epidemiological observations could be robustly
derived from whole genome sequences (WGS). Furthermore the whole genome data
could provide additional data of relevance to epidemiological temporal surveillance of
circulating pneumococci, during PCV introduction and on-going delivery. The
implications of the findings of this thesis in context will now be discussed.

5.1 Whole genome data

New sequencing technologies are set to revolutionise the field of molecular and clinical
microbiology and many others (Chan et al. 2012; Didelot et al. 2012; Koser et al.
2012a; Reuter et al. 2013). The current era is one in which sequencing capabilities
have been increasing faster than Moore’s law (Moore 1965), suggested to be doubling
every 6-9 months (Loman et al. 2012). Meanwhile the cost per isolate through
increasing data yields and run throughput is reducing to the extent where it is no longer
prohibitive to produce the raw data. Additionally companies provide sequencing
services making whole genome data (WGD) accessible outside of dedicated
sequencing centres, which have a large amount of sequencing expertise and

investment in sequencing platforms for their own purposes.

There is growing interest for the integration of next generation sequencing in the
clinical setting with proof of principal studies fast emerging. These include
Mycobacterium abscessus transmission in cystic fibrosis, retrospective Mycobacterium
tuberculosis outbreak transmission networks, MRSA outbreak investigations and
genome derived antimicrobial resistance profiles (Koser et al. 2012b; Bryant et al.
2013; Harris et al. 2013; Koser et al. 2013; Walker et al. 2013). The utilisation of these
technologies for research purposes and clinical use, needs to be fully validated and
incorporated into general practice alongside the more traditional sequencing projects,

to further advance science and clinical practice.
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The instruments and protocols themselves are already becoming more user friendly,
and could be introduced to diagnostic laboratories in a comparable manner to the
introduction of PCR into routine microbiology. However there are still hurdles yet to
overcome and barriers to the integration of WGS into clinical practice. One major
consideration for the successful introduction of the technology is the selection of, the
most appropriate applications of the technology, for practical and beneficial routine
clinical use. Moreover, thought needs to be given to how the data needed will be

derived and what standardised procedures there will be for doing so.

An important decision point and logistical issue is the question of who will routinely
analyse clinical WGD. Currently dedicated specialist personnel are required for the
bioinformatics, as there are features of the analyses that inhibit full automation at
present. Such features include the complexity of the raw data generated and the sheer
number of approaches and questions that could be asked of the data. Additionally the
storage of the consequent data is also of paramount importance. Whilst data volume is
perhaps an obvious problem, the storage of data in an accessible manner of benefit to
the whole clinical community is perhaps a more important one. This would be essential
for purposes such as strain comparison, outbreak surveillance and tracing, and will
likely be harder to achieve than the physical storage space and require global
collaborative databases. Finally the translation of data, to clinical action should require
an understanding of the technology and analysis, by those involved in the clinical use
of whole genome data. This would include the registrar or consultant microbiologists
making the care decisions for individual patients, epidemiologists and communicable
disease control consultants for public health measures. It would also require those in
direct contact with patients to be confident and capable of imparting the meaning and
importance of results derived from whole genome sequencing. This will likely require
raising awareness, engagement, and training in readiness for the introduction, to
ensure the change is managed successfully, and should not be underestimated in the
importance or the size of the task. One approach could be to form dedicated specialist
teams to work with the data with a high level of training, rather than full integration into
routine practice, at present specialist academic and clinical partnerships are leading
the way (Chan et al. 2012; Didelot et al. 2012; Koser et al. 2012a; Torok & Peacock
2012; Reuter et al. 2013).

Whole genome sequencing will allow powerful, clinically relevant and previously
infeasible analysis. Examples of such research in the pneumococcal field include; the
investigation into the evolution of pneumococci in the context of PCVs, and identifying

and understanding pneumococcal vaccine escape strains, both providing data on the
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evolutionary response to clinical intervention (Croucher et al. 2011; Golubchik et al.
2012). One additional application of whole genome sequences to clinical science will
be to allow comprehensive genotyping of isolates through a single method, whilst
generating the whole sequence, which can then be stored and further interrogated after
the initial typing.

5.1.1 Comprehensive whole genome genotyping

Genotyping is a central part of characterising a population of microorganisms and can
be used to clearly distinguish or cluster isolates and monitor their prevalence over time.
MLST has been widely used for genotyping S. pneumoniae, both from carriage and
disease, as a simple proxy for genetic groups. This allows monitoring of the prevalence
of similar isolates in terms of genetic background and emergence of new groups or
clonal expansion (Enright & Spratt 1998; Maiden et al. 1998; Hanage et al. 2005a;
Tocheva et al. 2010; Pichon et al. 2013; Tocheva et al. 2013). MLST is usually
determined using Sanger sequencing but can equally be determined using alternative
sequencing methods. MLST is of limited resolution and will not always be able to
distinguish subgroups of a clonal population whereas whole genome sequencing is of
the highest possible resolution. As | have demonstrated in this work MLST and other
genotypic methods can be deduced from the data with vast additional discriminatory
power. The pneumococcal MLST scheme utilises seven housekeeping genes as do a
number of bacterial MLST schemes. In the advent of MLST from whole genome
sequences, the panel of genes used to differentiate strains need not be limited to
seven and can be extended considerably. The Bacterial isolate genome sequence
database (BIGSdb) is one example of extending the MLST to a gene-by-gene
approach of whole genomes. It is designed to be scalable for both the number of
strains in the collection and the number of loci you wish to interrogate. As with the
analysis performed in this thesis BIGSdb relies upon the assembly of contiguous

regions of sequence from WGS reads (Jolley & Maiden 2010; Maiden et al. 2013).

5.1.2 In silico MLST

Determination of MLST from whole genome sequences is now becoming widely
accepted within the bioinformatics community. A number of publically available tools
now exist including web based platforms that can be used for this purpose utilising both
assembly based and mapping based approaches (Jolley & Maiden 2010; Otto et al.
2010; Inouye et al. 2012; Larsen et al. 2012).
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Since the inception of the pneumococcal MLST database, new alleles have been
assigned after quality checking of sequence data by the database curator(s). In the
past this data was in the form of trace files from Sanger sequencing. It is uncertain
whether a defined process for submission and quality checking of MLST alleles
extracted from whole genome data is yet in place. The submission of WGS from this
study to the curators of the pneumococcal MLST database for allele assignment
prompted internal discussion regarding development of protocols for the curation of this
type of data. Following some delay, it was suggested that submission of VCF or FastQ
files trimmed to the allele region was the preferred approach. In principle these formats
mimic the role of the trace file in conventional curation and would require different but

similar expertise to curate.

MLST from WGS may become the norm in the future, with large genome
pneumococcal projects looking to characterise population diversity determining MLST
in this manner already occurring (Everett et al. 2012; Croucher et al. 2013). These
studies, particularly those characterising isolates from previously underrepresented
geographical locations, have the potential to identify large numbers of new allelic
sequences in more divergent lineages, which would increase the need to submit WGD

for curation.

5.1.3 Defining the pneumococcus

The differentiation of pneumococci, most easily classified by the expression of a
capsule, from closely related streptococcal species is not as clear-cut for non-typeable
isolates. Two classes of non-typeable pneumococci have been described previously,
the classical non-typeable lineage clearly phylogenetically distinct from other
pneumococci, and other more sporadic losses of the capsule spread through different
lineages (Croucher et al. 2013). The latter have typical capsular pneumococcal
genomes lacking predominantly only a fully functional capsular loci resulting in low-
level expression not easily detectable or no capsule expression. Isolates that are
phenotypically non-typeable pneumococci can be distinguished from non-
pneumococcal species by detection of the remnants of pneumococcal capsular
biosynthesis genes which can elucidate the serotype background before loss of

function as has been described using microarray (Scott et al. 2012).

The profile of the classical non-typeable lineage is harder to distinguish from non-
pneumococcal species using phenotypic and genotypic methods and has resulted in

the mistaken disease aetiology of pneumococci rather than the non-pneumococcal
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streptococci. Only three quarters of 132 atypical pneumococci from IPD in Spain
actually determined to be pneumococci after extensive genotyping and phenotyping
(Rolo et al. 2013). The pneumococcal population is highly diverse and recombinogenic
not only within the species but also the Streptococcal genus (Donati et al. 2010;
Croucher et al. 2012). No known single species-defining feature can be used which will
not be missing in the minority or occasionally present in other species. This includes
the specificity of optochin susceptibility, bile solubility and even the detection of
‘pneumococcal like’ pneumolysin, autolysin lytA and capsular biosynthesis genes in
other streptococcal species (Whatmore et al. 2000; Arbique et al. 2004; Robson et al.
2007; Carvalho et al. 2012; Carvalho Mda et al. 2013).

The distributed genome hypothesis (Ehrlich et al. 2005; Donati et al. 2010) suggests
that pneumococci have genomic plasticity, whereby isolates have a unique subset of
genes from the pneumococcal ‘pan-genome’ or ‘supragenome’ which is the full
complement of genes of the species. The core genome shared between all isolates
has been estimated, using clusters of orthologous genes, to represent between 1.14
and 1.5Mb of the ~1.98-2.19Mb genomes (Hiller et al. 2007; Donati et al. 2010;
Croucher et al. 2013). It has been reported than on average 74% of the genome is
core, the remainder of the genome, termed the accessory genome, is more variably
distributed in strains. There are two theories for the pan-genome, the finite (closed) and
unlimited (open) pan-genome, whereby horizontal gene transfer is thought to contribute
new genes to an open pneumococcal pan-genome, with up to 30% of sequence
diversity in genes shared with S. mitis estimated to be from horizontal transfer events
(Donati et al. 2010; Croucher et al. 2012).

The complete genetic resolution of whole genomes provides the data and a means of
characterising isolates and differentiating non-typeable pneumococci and other
streptococcal species (Salter et al. 2012). However, as more isolates are sequenced
and the pan genome further sampled, particularly rare and more distantly related
divergent strains, the concept of species maybe further tested as a genetic continuum
is unveiled (Arbique et al. 2004; Donati et al. 2010). Perhaps then the use of the term
species would be better complimented with a classification based on functional context,
with the clinical perspective of disease potential. Furthermore the ideas of the
commensal, opportunistic and pathogenic bacteria could contribute to the clinically
relevant grouping of streptococci if the key differing virulence determinants were further

understood.
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514 Sequencing the serotype

With computing power and scripts available and after the initial set up the process of
deducing serotype from whole genome data was quick, easy and useful. However
utilising sequence data from multiple isolates to characterise the diversity of capsule-
defining genes of serotypes has not been fully exploited to date particular outside of
serogroups 6 and 19 for which a number of studies exist (Morona et al. 1999; Bratcher
et al. 2011; Elberse et al. 2011b; Song et al. 2011; Otsuka et al. 2013). There has only
been one major genotypic study into all pneumococcal serotypes, which only had
single or a limited number of representatives of each serotype, documenting the
diversity within a serotype may allow the quick identification of sub-types for which
phenotypic and biochemical investigations can then be made (Bentley et al. 2006;
Mavroidi et al. 2007). Predictions have been made on the functions and specificities of
the capsular loci genes but full investigation into the relationship between sequence
and capsular expression has been limited to a few serotypes (Aanensen et al. 2007,
Calix et al. 2011; Oliver et al. 2013a; Oliver et al. 2013b), many genes are documented

as putative.

Data from this thesis confirms that there is protein sequence diversity in the capsular
defining genes of all serotypes for which this analysis was performed. The genes
encoded were involved in a number of key stages of capsular expression including an
oligosaccharide polymerase, flippase, glycosyltransferases, O-acetyltransferases and a
rhamosyltranferase. This diversity has the potential to alter the capsular structure and
immunogenic properties and therefore may represent previously unrecognised
serotypes that could affect vaccine effectiveness through reduced efficacy, coverage
and replacement. If serotypes with differing immunological properties are not
completely resolved, estimates of vaccine serotype coverage, cost effectiveness and
efficacy against any current definition of a serotype not yet fully discriminated, could be
an inaccurate estimation of the potential of the vaccine to prevent disease cases. High
throughput sequencing offers a method to generate large quantities of data on genes
of the pneumococcal capsular loci and cost no longer prohibits the sequencing and
analysis of multiple strains representing a serotype. It is important to investigate the
diversity and identify potential sub-strains that could affect vaccine effectiveness. It is
also of importance to follow these discoveries with phenotypic confirmation of
expression and biochemical analysis to determine if there are any substantial
immunological differences of clinical relevance, the number of serotypes that exist
however is large and therefore focus should be placed on those causing disease and

targeted by current and investigational vaccines.
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5.2 Carriage epidemiology

Previously in this carriage dataset the phenomenon of serotype replacement was
observed for PCV7 implementation and vaccine type associated genotype replacement
(Tocheva et al. 2011; Tocheva et al. 2013). The data presented in this thesis adds to
this observation, revealing that further replacement occurred for PCV7 serotypes and
associated lineages. Additionally replacement continued to be observed after PCV13
introduction including for the additional six PCV13 vaccine types and is also likely to
continue until near complete replacement has occurred as has been observed for
PCV7 in this thesis and in the US in carriage (Hanage et al. 2010). Similar
observations have been made elsewhere in studies around the world have also
reported the loss of VT in the carried pneumococcal population and rapid replacement
with NVT suggesting this is not a local geographical phenomenon (Ansaldi et al.
2012a; Cho et al. 2012; Croucher et al. 2013; Parra et al. 2013).

The significant reduction in serotypes unique to PCV13 in the winter immediately
following the April 2010 introduction into the UKs routine childhood immunisation
schedule illustrates the speed at which clinical interventions can impact pneumococcal
epidemiology. This further demonstrates the value of carriage studies for rapidly
detecting these epidemiological shifts. Weinberger et al have also recently presented
evidence that carriage data can be used to model PCV impact on IPD (Weinberger et
al. 2013). Furthermore, carriage is establishing itself as an endpoint for assessing
vaccine efficacy because of the important contribution of carriage to indirect vaccine
effects -herd protection, and serotype replacement. Methodologies for vaccine trials
now exist, which, allow estimation of vaccine efficacy from cross sectional
measurements of carriage taking into account prevalence, acquisition rate and duration
of carriage (Rinta-Kokko et al. 2009; Auranen et al. 2013). Surveillance of carriage over
the course of both PCV7 and PCV13 implementation and routine usage provides us
with data that describes how the pneumococcal population, or indeed any microbial
population with only a subset of the existing subtypes targeted by an intervention,
could respond to future interventions. This allows the formulation of the most suitable
approach for sustaining control of disease. Serotype replacement of H. influenzae after
the introduction the serotype B (Hib) vaccine or meningococci after the meningitis C
vaccine has not been observed to the same extent as for pneumococci despite the
existence of multiple serotypes (Borrow 2013; Menzies et al. 2013). This has been
hypothesised to be due to the initial low prevalence of H. influenzae type B (Hib)

carriage making changes harder to detect (Lipsitch 1997) and this explanation could
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ultimately apply to N. meningitidis as well (Trotter et al. 2005). Ultimately
pneumococcal carriage study data needs to be related to pneumococcal disease
epidemiology to make informed decisions and clinically relevant response to carriage
replacement that has the potential to impact disease.

5.2.1 Does carriage extrapolate to disease?

A crude way to assess potential vaccine serotype coverage is to extrapolate from the
serotype prevalence in carriage, as colonisation is a precursor to disease. However,
this doesn’t take in to account the differing potential for serotypes to cause a disease
case (Brueggemann et al. 2003) and over simplifies the prediction. Nonetheless,
observed PCV7 vaccine serotype coverage was 1% in the 5th year of study and it
could be deduced that the majority of colonisation events, a precursor to infection,
would not be PCV7 preventable if they progressed to disease cases. Therefore PCV7
would have very little capacity to sustain control of pneumococcal disease. This
supports the decision to replace PCV7 with PCV13 (Department of Health 2010) in
response to other replacement observations, primarily in IPD surveillance from the then
Health Protection Agency (Public Health England 2009). Furthermore in year 5 PCV13
vaccine serotype coverage in carriage was already only 11% with complete carriage

replacement as seen for PCV7 in this thesis likely in the following years.

The invasive disease potential of the serotypes that replace vaccine types is a
fundamental influence on the level to which replacement in carriage results in disease
replacement, and the extent to which the overall burden of disease impacted. It was
observed in this thesis that the predictions of the invasive disease potential of a
number of serotypes, using this carriage data set and UK post PCV IPD cases, differ
from those previously generated in the pre PCV era in Oxford (Brueggemann et al.
2003). However the Oxford study generated ORs from a smaller carriage data set
n=351 of children <5 years and limited set of IPD isolates n=150 rather than the PHE
surveillance used in this thesis n=528 and 519 carriage isolates. The only non-vaccine
type that was found in this thesis to have a significant difference between occurrence in
carriage and disease with a propensity for disease was serotype 8. The most prevalent
serotypes circulating in the carriage population observed in this thesis were more
highly associated with carriage than disease, but the frequency at which these are
carried can still result in substantial number of disease cases. Targeting of serotypes
that are of high prevalence in carriage with low disease potential can result in more
disease replacement than the targeting of serotypes of low prevalence in carriage with

high propensities for disease (Flasche et al. 2011).
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5.2.1.1 UK pneumococcal IPD epidemiology

Epidemiological shifts have also been observed in the UK for IPD. Furthermore the
observations for carriage made in this thesis can be related to changes in IPD
epidemiology. National surveillance of IPD in England and Wales allowed PCV7
serotype replacement in disease to be assessed (Miller et al. 2011b). When data from
2009-10 was compared with 2000-06 there was a staggering 98% reduction in PCV7
VT IPD in children of less than 2 years old which relates to the observation of near
removal of PCV7 VT from carriage in this thesis. Additionally there was an 81%
reduction in IPD in the elderly (>65 years) reported. This elderly population is not
routinely vaccinated with PCVs and the observed reduction in disease is a likely
consequence of herd protection conveyed through the reduced carriage of VT
observed. However in 2009-2010 there were still 5809 cases of IPD in all age groups
with an annual incidence of 10.6 per 100,000 compared with an adjusted incidence (for
missing data and increases in ascertainment) of 16.1 per 100,000. This was only a

34% reduction in the annual incidence (Miller et al. 2011b).

NVT replacement in carriage observed in this thesis also occurred in disease, a 68%
increase in NVT IPD carriage was observed in children of less than 2 years of age. The
key difference between the observations in carriage and disease is the extent of
replacement. In carriage, replacement was near complete and the overall carriage rate
remained unchanged whilst for disease the reduction in PCV7 VT was offset by
increases in NVT disease but overall there was still a reduction in disease. One
possible reason for this observation is that the replacing NVTs in carriage in this
instance have a greater propensity for the carriage state and a reduced invasive
disease potential than the VT. These VT were specifically targeted because of their
association with disease cases. The key serotypes involved in PCV7 disease
replacement were by 2010 were reported to be 7F, and 19A both included in PCV13
and 22F which is included in Merck’s PCV15 (Miller et al. 2011b; Skinner et al. 2011),
the latter not yet in routine clinical use. Changes in these serotypes in carriage did not
reach statistical significance, which may be a factor of sample size. For 19A and 7F it
could be explained by their statistically significant Odds Ratio being greater than 1,
used as a measure of the invasiveness and showing higher association with disease.
The OR value for 7F, calculated from the PHE IPD data and this thesis’s carriage data
was comparable to the OR of serotype 1 established to be a particularly invasive
serotype (Miller et al. 2011b).
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In this thesis a significant reduction in PCV13 unique serotypes (n=6) was observed,
which was associated in time with a 50% reduction in PCV13 specific IPD. This
reduction in IPD was observed for the serotypes additional to PCV7 in children under 2
years between 2009/2010 (n=175) and 2010/2011 (n=89), by a comparison of pre and
post PCV13 implementation IPD cases. This further illustrates the speed at which
vaccination impacts disease epidemiology as with carriage (Miller et al. 2011a).

Reports from the US suggested that serotype replacement has not featured as heavily
in the epidemiology of disease as the UK with a maximum estimate of 5 additional
cases per 100,000 annually reported by one study, particularly involving 19A (Rosen et
al. 2011). However Miller et al suggest that when like comparisons are made with
paediatric hospital admissions, PCV7 serotype replacement in the US and England
and wales is comparable to that observed in the US (Miller et al. 2011b).

The observations discussed above illustrate that PCVs have a rapid ability to eliminate
the targeted serotypes from the nasopharyngeal niche and subsequently disease, but
that they allow serotype replacement and therefore have a limited life span to continue
preventing disease cases. Prevention of colonisation rather than only prevention of
invasion is a key feature of PCVs that contributes to their cost effectiveness by adding
to herd protection (Melegaro & Edmunds 2004b).

5.2.2 Continuing control of pneumococcal disease

Serotype switches have been documented to occur in the pneumococcal population.
The identification of numerous serotypes found with a single ST and larger numbers of
STs found within a single serotype within this thesis further demonstrates how common
the artefacts of serotype switches are in the population (Pai et al. 2005; Temime et al.
2008; Hanage et al. 2011; Croucher et al. 2013). The importance of these extant
switches in vaccine effectiveness comes into play when targeting specific serotypes of
high disease potential to control particularly virulent genotypes. These genotypes may
be contributing to the invasive disease potential of a serotype because of the
association between serotypes and genotypes. Antibiotic resistant lineages are an
important example of this where the presence of these lineages with alternate
serotypes prevents the control of hard to treat disease cases previously associated

primarily with a vaccine type.

With an increased serotype valency PCV from Merck in development but not yet
licensed (Skinner et al. 2011) and a number of experimental protein based or whole

cell vaccine in experimental stages, the future of vaccine policy progression and
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immediate continued control of pneumococcal disease is unclear. It is likely that a
decision will need to be made on how to tackle serotype replacement, either with a
vaccine that does not promote serotype replacement or a vaccine policy that responds
continuously to it. Vaccine cost effectiveness relies in part on the elimination of
carriage which results in replacement if this is combined with broad spectrum
pneumococcal targets this could well avoid serotype replacement but result in species
replacement. This could have a detrimental affect on controlling broader infectious
diseases that would perhaps be more difficult to quantify or attribute to a vaccination

schedule.

Continuing control with conjugate vaccines could involve further increasing the valency
of vaccines with a 15-valent in trials and anecdotal suggestions of ~20 valent in the
pipeline from pharmaceuticals. An alternative strategy would be to react to serotype
replacement in an influenza-like periodical arms race. Conjugate vaccines could not be
manufactured in seasonal timeframes but over 5-year periods, which would fit with the
timeframe and observation of this study. To enable this to happen there would likely
need to be changes to regulatory and licensing requirements with smaller safety and
immunogenicity trials to make this approach to controlling specific serotypes with

limited valency conjugates feasible.

5.3 Limitations

A limitation of this study is that it utilised children attending an outpatient clinic, which
may not be a true representation of pneumococcal epidemiology in healthy individuals.
However this population is a proxy for the wider community that will contain individuals
in various states of health and allowed the timely collection of strains in a time sensitive
study. Furthermore subjects were not attending clinics, which would likely contain
immunosuppressed, or immunocompromised individuals with no intentional bias
towards any particular clinic. Wherever possible the sibling of the outpatient was
swabbed to reduce this potential bias. The observed carriage rate was comparable
with other UK and developed world studies between 25-50%, which targeted
populations classically considered to be ‘healthy’ (Pebody et al. 2009; Hanage et al.
2011; Wroe et al. 2012), but it is important to note that all populations will have a
distribution of health statuses. This population did however have a high vaccine uptake
so it adequately represents the vaccinated population. Additionally others have also
used the outpatient clinic to provide timely access to children for pneumococcal

carriage studies (Hernandez-Bou et al. 2012).
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It has to be considered that the surveillance of carriage in this study as with other
culture dependant studies will likely be underestimating the level of pneumococcal
carriage as discussed in 1.3.1 -Detection of carriage, and the full review of
pneumococcal carriage study protocol (Gladstone et al. 2012b). Furthermore this study
did not set out to identify multiple serotype colonisation events and therefore only
includes data for a single strain per positive participant. A previous culture based pilot
study, as part of a BM student study in depth, did not identify multiple serotypes
(unpublished data). However differences identified between participant isolates
cultured for this thesis and those previously isolated from an individual participant
samples (3.1.4 —Data consolidation) and the identification of mixed serotype
sequences in WGD (2.1.3 —Strain exclusion and inclusion) suggests this did occur in
the study population. This phenomenon would be better investigated in a culture
independent fashion (Turner et al. 2013) or with more sensitive methods to detect the
minority serotype including broth enrichment and microarray (Carvalho et al. 2010;
Turner et al. 2011).

The impact of PCVs on the nasopharyngeal niche inclusive of all microbial inhabitants
was not the focus of this thesis. There is potential however for PCV related species
replacement given the documented specific interactions between constituent species of
the nasopharynx and the removal of pneumococcal VT. The carriage study has
collected key nasopharyngeal bacteria additional to pneumaococci since year three of
the study. The three years of additional species available at the formulation of this
thesis project were not considered sufficient for the deduction of PCV impact due to the
lower isolation rates and is now being analysed by others as part of the growing data

set.

A limitation of working with genotypic data to describe and explain pneumococcal
epidemiology is that genotype does not always relate to phenotype. For example, any
functional or structural repercussions of novel sequence, that may affect vaccine
efficacy, cannot be identified from genotype alone; this will require complimentary

phenotypic, biochemical and immunological work.

Finally the gene-by-gene approach that thesis took to utilising whole genome data also

does not fully explore all the data generated.
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54 Future directions

This thesis generated new hypotheses to be tested including the potential for protein
sequence variation to have structural implications and consequently distinct
immunological profiles for which protein structures could be modelled and
immunogenicity profiles investigated. A huge amount of data was generated by whole
genome sequencing the >500 isolates into which many more exploratory lines of
investigations could be made. This thesis made a gene-by-gene investigation for typing
purposes. However, it would be of interest to investigate further utilising the complete
compliment of sequence data to describe the phylogenetic structure of the population
over PCV7 introduction, and determine both the accessory and core genome size for
the population and further years by year to reveal further the impact of PCV7 on the
genetic diversity of the population over time. Finally the collection of pneumococcal
isolates used in this thesis continues with seven years of isolates already collected and
plans in place for reaching the 10-year time point. This growing collection will need to
be further characterised to determine the continued impact of PCV13 and assess when
equilibrium is reached.

5.5 Concluding remarks

The data in this thesis has embraced cutting edge technology and provides a novel
application of next generation sequencing to a new medical public health intervention;
the surveillance of pneumococcal carriage epidemiology over the course of PCV

implementation in the UK.

During the introduction of PCV7 and PCV13 the pneumococcal carriage population
shifted rapidly with vaccine serotypes and associated genotypes replaced by non-
vaccine serotypes and associated genotypes, this was mirrored to a lesser extent in
disease in the UK. Additionally, variation in the protein sequences of future and
experimental vaccine targets was observed previously undocumented with the
potential to affect vaccine serotype coverage or further implications for replacement in

the pneumococcal population.

The data generated adds to the characterisation of the pneumococcal population and
current understanding of pneumococcal response to clinical interventions that can help
to inform future vaccine policy and progression and the design of experimental

vaccines.
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CDC PCR for deduction of pneumococcal serotype

Table 24. Serotype PCR cycling parameters

Thermal Cycling

Parameters

1x | 95°C for 15min

35 | 94°C for 30 sec

X 54°C for 90 sec
72°C for 60 sec

1 x | 72°C for 10min

o0 10°C

Table 25. Reaction mixture

Reagent Concentration | (uL)/rxt
MgClI2 50mM 0.5
Fwd Primers | 100uM Varies*
Rev Primers | 100uM Varies*
Red PCR 2x 6.25
Mix
DNA Extract | Neat 1

Make up to
H,O Neat 125
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Table 26. Primers concentrations multiplexing and product size

Primer Info To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 1 (LM) (uL) (UL)/ Mmix rxn (bp)
CpsA -F 100 0.0125 1.875 0.1 160
CpsA -R 100 0.0125 1.875 0.1
6(6A/6B/6C)-F 100 0.0375 5.625 0.3 250
6(6A/6B/6C)-R 100 0.0375 5.625 0.3
3-F 100 0.0375 5.625 0.3 371
3-R 100 0.0375 5.625 0.3
19A-F 100 0.0375 5.625 0.3 566
19A-R 100 0.0375 5.625 0.3
22F/22A-F 100 0.0625 9.375 0.5 643
22F/22A-R 100 0.0625 9.375 0.5
16F-F 100 0.05 7.5 0.4 717
16F-R 100 0.05 7.5 0.4
Primer Info To get final concentration:
Original Conc.
Conc. Primer (uM) 1 Band
Reaction 2 (LM) (L) (UL)/Mmix rxn (bp)
cpsA -F 100 0.0125 1.875 0.1 160
cpsA -R 100 0.0125 1.875 0.1
8-F 100 0.025 3.75 0.2 201
8-R 100 0.025 3.75 0.2
33F/33A/37-F 100 0.0375 5.625 0.3 338
33F/33A/37-R 100 0.0375 5.625 0.3
15A/15F-F 100 0.0375 5.625 0.3 434
15A/15F-R 100 0.0375 5.625 0.3
TFI7A-F 100 0.05 7.5 0.4 599
7TF/7TA-R 100 0.05 7.5 0.4
23A-F 100 0.0625 9.375 0.5 722
23A-R 100 0.0625 9.375 0.5
Primer Info To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 3 (LM) (uL) (LL)/Mmix rxn (bp)
cpsA-F 100 0.0125 1.875 0.1 160
cpsA-R 100 0.0125 1.875 0.1
19F-F 100 0.0625 9.375 0.5 304
19F-R 100 0.0625 9.375 0.5
12F/12A/44/46-F 100 0.0625 9.375 0.5 376
12F/12A/44/46-R 100 0.0625 9.375 0.5
11A/11D-F 100 0.0375 5.625 0.3 463
11A/11D-R 100 0.0375 5.625 0.3
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38/25F-F 100 0.0375 5.625 0.3 574
38/25F-R 100 0.0375 5.625 0.3
35B-F 100 0.0625 9.375 0.5 677
35B-R 100 0.0625 9.375 0.5
Primer Info To get final concentration:
Original Conc. Band
Conc. Primer (M) 1 (bp)
Reaction 4 (UM) (uL) (ML) Mmix rxn
24(24A/24B/24F)-
F 100 0.0125 1.875 0.1 99
24(24A/24B/24F)-
R 100 0.0125 1.875 0.1
cpsA -F 100 0.0125 1.875 0.1 160
cpsA -R 100 0.0125 1.875 0.1
7C/7B/40-F 100 0.0375 5.625 0.3 260
7C/7B/40-R 100 0.0375 5.625 0.3
4-F 100 0.0375 5.625 0.3 430
4-R 100 0.0375 5.625 0.3
18(18A/18B/18/C/
18F)-F 100 0.0375 5.625 0.3 573
18(18A/18B/18/C/
18F)-R 100 0.0375 5.625 0.3
9V/9A-F 100 0.0625 9.375 0.5 816
9V/9A-R 100 0.0625 9.375 0.5
Primer Info To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 5 (LM) (uL) (UL)/Mmix rxn (bp)
cpsA -F 100 0.0125 1.875 0.1 160
cpsA -R 100 0.0125 1.875 0.1
14-F 100 0.0375 5.625 0.3 189
14-R 100 0.0375 5.625 0.3
1-F 100 0.0375 5.625 0.3 280
1-R 100 0.0375 5.625 0.3
23F-F 100 0.0625 9.375 0.5 384
23F-R 100 0.0625 9.375 0.5
15B/15C-F 100 0.0375 5.625 0.3 496
15B/15C-R 100 0.0375 5.625 0.3
10A-F 100 0.0625 9.375 0.5 628
10A-R 100 0.0625 9.375 0.5
Primer Info To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 6 (LM) (uL) (LL)/Mmix rxn (bp)
39-F 100 0.025 3.75 0.2 98
39-R 100 0.025 3.75 0.2
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cpsA -F 100 0.0125 1.875 0.1 160
CpsA -R 100 0.0125 1.875 0.1
10F/10C/33C-F 100 0.0375 5.625 0.3 248
10F/10C/33C-R 100 0.0375 5.625 0.3
5-F 100 0.0375 5.625 0.3 362
5-R 100 0.0375 5.625 0.3
35F/A7F-F 100 0.0375 5.625 0.3 517
35F/47F-R 100 0.0375 5.625 0.3
17F-F 100 0.0625 9.375 0.5 693
17F-R 100 0.0625 9.375 0.5
Primer In To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 7 (UM) (uL) (UL)/Mmix rxn (bp)
cpsA -F 100 0.0125 1.875 0.1 160
cpsA -R 100 0.0125 1.875 0.1
23B-F 100 0.025 3.75 0.2 199
23B-R 100 0.025 3.75 0.2
35A/35C/42-F 100 0.0375 5.625 0.3 280
35A/35C/42-R 100 0.0375 5.625 0.3
34-F 100 0.0375 5.625 0.3 408
34-R 100 0.0375 5.625 0.3
9ON/9L-F 100 0.0625 9.375 0.5 516
9N/9L-R 100 0.0625 9.375 0.5
31-F 100 0.0625 9.375 0.5 701
31-R 100 0.0625 9.375 0.5
Primer In To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 8 (LM) (uL) (UL)/Mmix rxn (bp)
CpsA -F 100 0.0125 1.875 0.1 160
cpsA -R 100 0.0125 1.875 0.1
21-F 100 0.025 3.75 0.2 192
21-R 100 0.025 3.75 0.2
2-F 100 0.0375 5.625 0.3 290
2-R 100 0.0375 5.625 0.3
20-F 100 0.0375 5.625 0.3 514
20-R 100 0.0375 5.625 0.3
13-F 100 0.05 7.5 0.4 655
13-R 100 0.05 7.5 0.4
Primer In To get final concentration:
Original Conc.
Conc. Primer (M) 1 Band
Reaction 6C (LM) (uL) (UL)/ Mmix rxn (bp)

172




Appendices

CpsA -F 100 0.0125 1.875 0.1 160
CpsA -R 100 0.0125 1.875 0.1
6A/6B/6C-F 100 0.0375 5.625 0.3 250
6A/6B/6C-R 100 0.0375 5.625 0.3
6C-F 100 0.0625 9.375 0.5 727
6C-R 100 0.0625 9.375 0.5
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Table 27. Primer sequences

Target Gene Forward Reverse Reference/sequence Use
from

Serotype 1 wzy CTCTATAGAATGGAGTATATAA |CCAAAGAAAATACTAACATTAT | (Centers for Disease |PCR, in silico
ACTATGGTTA CACAATATTGGC Control and prevention,

Serotype 2 wzy TATCCCAGTTCAATATTTCTCC |ACACAAAATATAGGCAGAGAG 2012) PCR, in silico
ACTACACC AGACTACT

Serotype 3 galu ATGGTGTGATTTCTCCTAGATT |CTTCTCCAATTGCTTACCAAGT PCR, in silico
GGAAAGTAG GCAATAACG

Serotype 4 wzy CTGTTACTTGTTCTGGACTCTC |GCCCACTCCTGTTAAAATCCT PCR, in silico
GATAATTGG ACCCGCATTG

Serotype 5 wzy ATACCTACACAACTTCTGATTA |GCTCGATAAACATAATCAATAT PCR, in silico
TGCCTTTGTG TTGAAAAAGTATG

Serotypes wciP AATTTGTATTTTATTCATGCCTA| TTAGCGGAGATAATTTAAAATG PCR, in silico

6A_6B 6C 6D TATCTGG ATGACTA

Serotypes wciNbet |CATTTTAGTGAAGTTGGCGGT |AGCTTCGAAGCCCATACTCTT PCR, in silico

6C_6D a GGAGTT CAATTA

Serotypes wcwL CTATCTCAGTCATCTATTGTTA |GAACATAGATGTTGAGACATC PCR, in silico

7C _7B 40 AAGTTTACGACGGGA TTTTGTAATTTC

Serotypes wzy TCCAAACTATTACAGTGGGAAT |[ATAGGAATTGAGATTGCCAAA PCR, in silico

TF 7A TACGG GCGAC

Serotype 8 wzy GAAGAAACGAAACTGTCAGAG |[CTATAGATACTAGTAGAGCTG PCR, in silico
CATTTACAT TTCTAGTCT

Serotypes wzX GAACTGAATAAGTCAGATTTAA |[ACCAAGATCTGACGGGCTAAT PCR, in silico

O9N_9L TCAGC CAAT

Serotypes wzy GGGTTCAAAGTCAGACAGTGA |[CCATGAATGAAATCAACATTGT PCR, in silico
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from

9V_9A ATCTTAA CAGTAGC

Serotypel0A |wcrG GGTGTAGATTTACCATTAGTGT |GAATTTCTTCTTTAAGATTCGG PCR, in silico
CGGCAGAC ATATTTCTC

Serotypes WZX GGAGTTTATCGGTAGTGCTCA |CTAACAAATTCGCAACACGAG PCR, in silico

10F_10C_33C TTTTAGCA GCAACA

Serotypes wzy GGACATGTTCAGGTGATTTCC |GATTATGAGTGTAATTTATTCC PCR, in silico

11A 11D CAATATAGTG AACTTCTCCC

Serotypes WZX GCAACAAACGGCGTGAAAGTA |[CAAGATGAATATCACTACCAAT PCR, in silico

12F 12A 44 GTTG AACAAAAC

46

Serotype 3 wzX TACTAAGGTAATCTCTGGAAAT |[CTCATGCATTTTATTAACCGCT PCR, in silico
CGAAAGG TTTTGTTC

Serotype 14 wzy GAAATGTTACTTGGCGCAGGT |GCCAATACTTCTTAGTCTCTCA PCR, in silico
GTCAGAATT GATGAAT

Serotypes wzy ATTAGTACAGCTGCTGGAATAT |GATCTAGTGAACGTACTATTC PCR, in silico

15A_15F

CTCTTC

CAAAC
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from

Serotypes wzy |TTGGAATTTTTTAATTAGTGGCTT |CATCCGCTTATTAATTGAAGTA | (Centers for Disease |PCR, in silico

15B_15C ACCTA ATCTGAACC Control and prevention,

Serotype 16F |wzy |GAATTTTTCAGGCGTGGGTGTTA |CAGCATATAGCACCGCTAAGC 2012) PCR, in silico
AAAG AAATA

Serotype 17F |wciP | TTCGTGATGATAATTCCAATGATC | GATGTAACAAATTTGTAGCGA PCR, in silico
AAACAAGAG CTAAGGTCTGC

Serotypes wzy |[CTTAATAGCTCTCATTATTCTTTTT |TTATCTGTAAACCATATCAGCA PCR, in silico

18A 18B 18C TTAAGCC TCTGAAAC

_18F

Serotypel9A |wzy |GAGAGATTCATAATCTTGCACTTA|CATAATAGCTACAAATGACTCA PCR, in silico
GCCA TCGCC

Serotype 19F |wzy |GTTAAGATTGCTGATCGATTAATT |GTAATATGTCTTTAGGGCGTTT PCR, in silico
GATATCC ATGGCGATAG

Serotype 20 wciLk |GAGCAAGAGTTTTTCACCTGACA |[CTAAATTCCTGTAATTTAGCTA PCR, in silico
GCGAGAAG AAACTCTTATC

Serotype 21 wzx |CTATGGTTATTTCAACTCAATCGT |GGCAAACTCAGACATAGTATA PCR, in silico
CACC GCATAG

Serotypes wewV | GAGTATAGCCAGATTATGGCAGT |[CTCCAGCACTTGCGCTGGAAA PCR, in silico

22F 22A TTTATTGTC CAACAGACAAC

Serotype 23A |wzy |TATTCTAGCAAGTGACGAAGATG |CCAACATGCTTAAAAACGCTG PCR, in silico
CG CTTTAC

Serotype 23B |wzx |CCACAATTAGCGCTATATTCATTC |GTCCACGCTGAATAAAATGAA PCR, in silico
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Target Gene |Forward Reverse Reference/sequence Use
from
AATCG GCTCCG
Serotype 23F |wzy |GTAACAGTTGCTGTAGAGGGAAT |CACAACACCTAACACTCGATG PCR, in silico
TGGCTTTTC GCTATATGATTC
Serotypes wzy |GCTCCCTGCTATTGTAATCTTTAA |GTGTCTTTTATTGACTTTATCA PCR, in silico
24A_24B_24F AGAG TAGGTCGG
Serotype 31 wzy |GGAAGTTTTCAAGGATATGATAG |CCGAATAATATATTCAATATAT PCR, in silico
TGGTGGTGC TCCTACTC
Serotypes wzy |GAAGGCAATCAATGTGATTGTGT |CTTCAAAATGAAGATTATAGTA PCR, in silico
33F_33A_37 CGCG CCCTTCTAC
Serotype 34  (wzy |GCTTTTGTAAGAGGAGATTATTTT |[CAATCCGACTAAGTCTTCAGT PCR, in silico
CACCCAAC AAAAAACTTTAC
Serotypes wzx |ATTACGACTCCTTATGTGACGCG |CCAATCCCAAGATATATGCAA PCR, in silico
35A_35C_42 CATA CTAGGTT
Serotype 35B |wcrH |GATAAGTCTGTTGTGGAGACTTA |CTTTCCAGATAATTACAGGTAT PCR, in silico
AAAAGAATG TCCTGAAGCAAG
Serotypes wzy |GAACATAGTCGCTATTGTATTTTA |GACTAGGAGCATTATTCCTAG PCR, in silico
35F_47F TTTAAAGCAA AGCGAGTAAACC
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Target Gene |Forward Reverse Reference/sequence Use
from
Serotype Wzy |CGTTCTTTTATCTCACTGTATAGT |ATGTTTGAATTAAAGCTAACGT | (Centers for Disease |PCR, in silico
38 25F 25A ATCTTTATG AACAATCC Control and prevention,
Serotype 39 |Wzy |TCATTGTATTAACCCTATGCTTTA |GAGTATCTCCATTGTATTGAAA 2012) PCR, in silico
TTGGTG TCTACCAA
CpsA cpsA |GCAGTACAGCAGTTTGTTGGACT |GAATATTTTCATTATCAGTCCC PCR, in silico
GACC AGTC
Methionine map |GCWGACTCWTGTTGGGCWTATG |TTARTAAGTTCYTTCTTCDCCT (Bishop et al., 2009) |in silico
aminopeptidas C TG
e
Pyruvate Pfl AACGTTGCTTACTCTAAACAAACT |ACTTCRTGGAAGACACGTTGW in silico
formate lyase GG GTC
Inorganic ppaC |[GACCAYAATGAATTYCARCAATC |TGAGGNACMACTTGTTTSTTA in silico
pyrophosphata CG
se
Pyruvate Pyk |GCGGTWGAAWTCCGTGGTG GCAAGWGCTGGGAAAGGAAT in silico
kinase
RNA rpoB |AARYTIGGMCCTGAAGAAAT TGIARTTTRTCATCAACCATGT in silico
polymerase G
beta subunit
Superoxide sodA |TRCAYCATGAYAARCACCAT ARRTARTAMGCRTGYTCCCAR in silico
dismutase ACRTC
Elongation tuf GTTGAAATGGAAATCCGTGACC |GTTGAAGAATGGAGTGTGACG in silico
factor Tu
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Target Gene |Forward Reverse Reference/sequence Use
from
Pneumolysin |Ply |ATGGCAAATAAAGCAGTAAA CTAGTCATTTTCTACCTTATCT |FQ312041.2 in silico
TCTA

Serogroup 15 |wciZz |ATGGTTACTAAAGATAAAGGATTA|TTAACTAAACCTTTTTAATAGT |CR931663 in silico
ACA CTGTTT

Serotypel9A |Wzy |ATGACTTATTTATTTTTACTCTGC |TCAGTTTTCCGATTTAATACTT [CR931675 in silico
CTGACCTTAT GTGTCAGAG

Serotype 19F |Wzy |ATGAGTTATTTATTTTTACTTTGC |TTATTCTTCTTTTAATTTGATAC |[CR931678 in silico
CTTACAT TTGAGTCAG

Serogroup 6 WCiP |ATGGGAAAGTCAGTTGCAATTTT |TTATAAGAGTTCTTTCATAATA |CR931638 in silico
AATG TATTTTTT

Serogroup 6 WCIN | TTTTATAATGTTCTAAAGGGAGAT |GCTTTTTTAGCAGGCGACATA |EF538718.1 in silico

beta |ATGAGT GTTTTTCTT

Serotype 21  |wzx |ATGAAAGTTCTTAAAAATTACGCC |TTAAATCTCCCTATTTTTTAATA |CR931680 in silico
TATAAT GTTCCT

Serotype 22F |wcwA |TTATACTTTAGGCTTTCACCATCA |TTAATTAATCTTTTGATTATCAT |[HE651300 in silico
CGTA TTGTAATC

Serotype 22F |wcwC |ATGAAAGGATTACAAATGATAATC | TTTAATACTACTTTCTTTCCATT |[HE651300 in silico

AAA

AAAAT
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Glossary

GLOSSARY

Term

Contig

In silico

Abbreviation
AOM
arok

BHI
bp
CC
CDC
CDS
Cl
ClpP
CNA
cpsl5bMiwciz
CpsA
ddl
(d)dNTPs
eBURST
ermB

ETA

Definition

A contig (from contiguous) is a set of overlapping DNA segments that

together represent a consensus region of DNA

Analysis performed using computational methods

Detail

Acute otitis media

Encodes shikimate dehydrogenase

Brain heart infusion

Base pair

Clonal complex

Centers for Disease Control and Prevention

Coding sequence

Confidence interval

Caseinolytic protease

Colistin naladixic acid agar

Encodes capsular polysaccharide O-acetyltransferase
Encodes capsular polysaccharide synthesis gene A
Encodes D-alanine-D-alanine ligase
(Di)-deoxynucleoside triphosphates
Electronic-based on related sequence types
Encodes erythromycin ribosomal methylase
Egg-thioglycolate-antibiotic medium

181


http://en.wikipedia.org/wiki/Overlapping_gene
http://en.wikipedia.org/wiki/Consensus_sequence

Glossary

GAVI Formerly The Global Alliance for Vaccines and Immunisation
gdh Encodes glucose-6-phosphate dehydrogenase
gki Encodes glucose kinase
IPD Invasive pneumococcal disease
Mb Megabase

MLST Multi locus sequence type/typing
NS Non synonymous

NTHi Non typeable Haemophilus influenzae
NVT Non vaccine serotype
PCV Pneumococcal conjugate vaccine

PCV-13 Thirteen valent pneumococcal conjugate vaccine
PCV-7 Seven valent pneumococcal conjugate vaccine
PHE Public Health England

PHID-CV Pneumococcal, with Haemophilus influenzae protein D, conjugate

vaccine

Ply/ply Encodes pneumolysin Protein/DNA
PPV Pneumococcal polysaccharide vaccine
PspA Pneumococcal surface protein A
PspC Pneumococcal surface protein C

PTP Pico titre plate

recP Encodes transketolase

SLV Single locus variant

SNP Single nucleotide polymorphism

spi Encodes signal peptidase |
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ST

STGG

tetM

VRT

VT

WCV

wCciN

wciNbeta

wCiP

wcerL

WCWA

wcwC

WGS

WGD

WHO

wzX

wzy

xpt

Glossary
Sequence type
Skim milk-tryptone-glucose-glycerin
Encodes tetracycline-resistant ribosome protection protein
Vaccine related serotype
Vaccine serotype
Whole cell vaccine
Encodes capsular polysaccharide glycosyltransferase
Encodes capsular polysaccharide glycosyltransferase
Encodes capsular polysaccharide rhamnosyl transferase
Encodes capsular polysaccharide glycosyltransferase
Encodes capsular polysaccharide glycosyltransferase
Encodes capsular polysaccharide O-acetyltransferase
Whole genome sequence
Whole genome data
World Health Organisation
Encodes capsular polysaccharide translocation flippase
Encodes capsular oligosaccharide repeat unit polymerase

Encodes xanthine phosphoribosyltransferase
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Streptococcus pneumoniae, also known as the pneumococcus, is an important cause of morbidity
and mortality in the developed and developing world. Pneumococcal conjugate vaccines were first
introduced for routine use in the USA in 2000, although the seven-valent pneumococcal
conjugate vaccine (PCV7) was not introduced into the UK's routine childhood immunization
programme until September 2006. After its introduction, a marked decrease in the incidence of
pneumococcal disease was observed, both in the vaccinated and unvaccinated UK populations.
However, pneumococci are highly diverse and serotype prevalence is dynamic. Conversely, PCV7
targets only a limited number of capsular types, which appears to confer a limited lifespan to the
observed beneficial effects. Shifts in serotype distribution have been detected for both non-
invasive and invasive disease reported since PCV7 introduction, both in the UK and elsewhere.
The pneumococcal Haemophilus influenzae protein D conjugate vaccine (PHID-CV, Synflorix;
GlaxoSmithKline) and 13-valent pneumococcal conjugate vaccine (PCV13, Prevenar 13; Pfizer)
have been newly licensed. The potential coverage of the 10- and 13-valent conjugate vaccines
has also altered alongside serotype shifts. Nonetheless, the mechanism of how PCV7 has
influenced serotype shift is not clear-cut as the epidemiology of serotype prevalence is complex.
Other factors also influence prevalence and incidence of pneumococcal carriage and disease,
such as pneumococcal diversity, levels of antibiotic use and the presence of risk groups.
Continued surveillance and identification of factors influencing serotype distribution are essential
to allow rational vaccine design, implementation and continued effective control of pneumococcal
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Introduction

(ST) (Coffey et al., 1998). The polysaccharide capsule is a
key component of virulence, and serotypes differ in their

Streptococcus pneumoniae is a Gram-positive encapsulated
bacterium. Currently 46 serogroups and 93 serotypes have
been documented, the latest additions being serotype 6C
(Park et al, 2007b), serotype 6D (Jin et al, 2009) and
serotype 11E (Calix & Nahm, 2010). Capsular polysacchar-
ides are highly immunogenic and are the main target for
pneumococcal vaccines. However, the bacterium is capable
of transformation, the horizontal exchange of genetic
information, at both the intra- and interspecies level. This
recombination of genetic material can result in subtle
changes, which impact on the disease biology of strains and
can also allow capsular switch to occur (Silva et al., 2006).
This phenomenon results from recombination of heter-
ologous DNA at the capsular locus. As a consequence, clonal
isolates, as determined by multilocus sequence typing, can
express different polysaccharide capsules (serotype). Isolates
of the same serotype can also be of different sequence type

association with invasive disease, antibiotic resistance and
outbreak potential (Brueggemann et al, 2003; Magee &
Yother, 2001; Weinberger et al., 2009).

The pneumococcal niche

Humans are the major reservoir of S. pneumoniae, carrying
the bacteria asymptomatically in the nasopharynx (Hussain
et al., 2005). Within the human population, young children
are the key source of pneumococci. Prior to the seven-
valent polysaccharide conjugate vaccine (PCV7) introduc-
tion in the UK, a carriage rate of 45 % had been reported in
children under 2 years old, compared to only 8 % in those
older than 18 (Hussain et al., 2005).

Despite being part of the respiratory commensal flora, the
pneumococcus is also responsible for significant morbidity
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and mortality in the UK and worldwide (Melegaro et al,
2006; Mulholland, 2007). Pneumococcal disease ranges
from acute otitis media (AOM) through to pneumonia and
invasive disease (IPD) such as meningitis and septicaemia.
Certain populations are at high risk of IPD and other
pneumococcal diseases. These include infants under 2
years old, for whom a UK pre-PCV7 study estimated 15
pneumococcal meningitis cases per 100 000 (Melegaro
et al., 2006). The elderly are also at risk, with approximately
45 cases of IPD per 100 000 occurring pre-PCV7 in persons
over 65 years in Scotland (Kyaw et al., 2003). Additional
risk groups for serious pneumococcal infection include
children between 2 and 5 years old and the immunocom-
promised (Burman et al., 1985; Kyaw et al, 2003).

Control of pneumococcal disease

The 23-valent polysaccharide vaccine (PPV, Pneumovax;
Merck) has been available for over 25 years. This vaccine is
used today to vaccinate at-risk adults and the elderly.
Unfortunately, immunization with PPV has recently been
found to be largely unsuccessful in the UK elderly population
(Joint Committee on Vaccination and Immunisation, 2009).
In addition, PPV is known to elicit a T-cell-independent
immune response, which is underdeveloped in those under 2
years old (Stein, 1992). Conjugate vaccines were designed to
improve efficacy in those under 2 years old.

PCV7 Prevenar (Pfizer, previously Wyeth) was first
recommended for use in the US in the year 2000
(Committee on Infectious Diseases, 2000). The vaccine
contains the capsular polysaccharide of seven serotypes,
conjugated to CRMjg;, a non-toxic diphtheria variant
carrier protein (Eskola et al., 2001). This immunogenic
protein increases the vaccine efficacy in the young by
inducing a T-cell-dependent response (Black et al., 2000;
Rennels et al, 1998). The seven serotypes included in the
vaccine — 4, 6B, 9V, 14, 18C, 19F and 23F — were selected as
they caused the majority of invasive disease in the US
(Hausdorftf et al., 2000). These serotypes are also associated
with high antibiotic resistance (Hicks et al., 2007; Tyrrell
et al., 2009).

PCV7 impact in the UK

PCV7 vaccination in the UK was predicted to result in a
decrease in pneumococcal disease incidence (Clarke et al.,
2006), as described in the US (CDC, 2005), where PCV7
also resulted in a reduction in pneumococcal antibiotic
non-susceptibility (Richter et al, 2009). In September
2006, PCV7 was added to the UK routine childhood
immunization programme to help reduce the burden of
pneumococcal disease (Department of Health, 2006).

Serotype surveillance data for IPD in England, Wales and
Scotland since PCV7 vaccine introduction are being
continuously collected (www.hpa.org.uk, www.hps.scot.
nhs.uk). Current data for England and Wales (Kaye
et al., 2009) show a 41 % decrease in the number of IPD

cases in those aged 5 years and under between 2005-2006
(797 cases) and 2007-2008 (470 cases). This is primarily a
result of a dramatic decrease in the number of IPD cases
caused by vaccine types (VTs) in children <5 years old.
This decrease can also be clearly seen when comparing the
cumulative total of cases reported in the under 5s by week
20 of 2006, 2007 and 2010 (Table 1). VT disease, previously
accounting for 70 % of cases in this age group during
2005-2006, reduced to only 24 % in 2007-2008. These
overall trends have also been observed in Scotland (Shakir
et al., 2009).

In addition to the decrease in IPD in the vaccinated
population, herd immunity to VT pneumococci has been
induced in the UK population as an indirect effect of infant
PCV7 immunization. A decrease in VT IPD incidence has
been seen in children over the age of 5 and adults, who are
largely unvaccinated (Kaye et al., 2009). The level of herd
immunity has been suggested to increase with the number
of doses given (Haber et al, 2007). Prior to this
observation, surveillance carried out in the US demon-
strated a 42% fall in the incidence of IPD in infants
<90 days old (Carter, 2006), indicating that herd immu-
nity can also extend to those not yet old enough to be
vaccinated or to have completed the vaccination course. A
US model also predicted that even incomplete coverage
and/or limited dose schedules would still confer herd
immunity (Haber et al., 2007). Herd immunity, primarily
due to reduced exposure through decreased carriage and
transmission from the vaccinated population, contributes
extensively to the overall impact and cost-effectiveness of
vaccination (CDC, 2005; Melegaro & Edmunds, 2004).
Without such effects, the PCV7 introduction may not have
been considered economically viable in the UK (Melegaro
& Edmunds, 2004).

Serotype replacement

Following PCV7 introduction in the US, a shift in the
prevalent serotypes circulating in the population and
causing disease was observed, termed ‘serotype replace-
ment’ (McEllistrem et al., 2003). This was predicted to be
mirrored in the UK (Spratt & Greenwood, 2000).

Table 1. Approximate number of IPD reports in those <5 years
old by week 20 of 2006, 2007 or 2010

Data adapted from Current Epidemiology of Invasive Pneumococcal
Disease (IPD) graphs, HPA website (www.hpa.org.uk).

Year In PCV7 Not in PCV7 Total cases
2006 400 150 550
2007 275 175 450
2010 25 375 400
Increase 1 /decrease | ! ) J

2
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Although there has been a dramatic reduction in VT IPD,
the phenomenon of ‘replacement disease’ has occurred in
the UK. Replacement disease is due to the increase in non-
vaccine serotype (NVT) IPD cases, which has greatly offset
the decrease in VT IPD (Table 1). The total number of IPD
cases in those over 5 years of age did not change
significantly between 2005-2006 (5514 cases) and 2007-
2008 (5496 cases). Importantly, a recent increased
incidence of IPD caused by PCV7 NVTs has been detected
in all age groups, particularly involving serotypes 7F, 19A
and 22F (Kaye et al.,, 2009). These NVTs have also been
observed to cause an increased incidence of IPD in
countries outside the UK using PCV7, such 7F in
Portugal (Sa-Ledo et al, 2009) and 19A and 22F in the
US (Hicks et al., 2007). The post-PCV7 19A increase in the
US was particularly associated with one multilocus
sequence type, ST320, a clone which had high antibiotic
resistance (Hanage et al., 2007; Pillai et al., 2009). This may
have been the driving force in its increase (Dagan et al.,
2009). However, the 19A clone increasing in the UK is
predominantly ST199 (Pichon et al., 2008), not ST320,
suggesting factors other than antibiotic resistance were
involved in causing this increase.

Vaccine inclusion of related serotypes within a serogroup
was previously assumed to confer some level of cross-
protection (Hausdorff et al., 2000). However, serotype 19A
IPD incidence has increased in the UK despite the fact that
the related serotype 19F was included in the vaccine. The
19F polysaccharide is known to be the least immunogenic
of the PCV7 VTs (Pletz et al., 2008), and in addition cross-
reaction of antibodies for 19F to 19A has also been shown
to be weak in vitro (Lee et al, 2009). In carriage, a
significant increase in the prevalence of serotype 6C has
been observed since PCV7 introduction in the UK (Nahm
et al., 2009; Tocheva et al, 2010). This is despite the
presence of the 6B polysaccharide in PCV7, which does
provide protection against 6A (Vikeviinen et al., 2001). 6B
cross-reactivity does not extend to 6C, therefore the PCV7
elicits negligible or no immune protection against this
serotype (Park et al., 2007a). Serotypes related to the VTs
have contributed to serotype replacement more than was
perhaps first expected, potentially because they are in a
prime position to fill the specific niche vacated by their
counterpart in an environment under vaccine pressure.
Replacement disease has dramatically reduced the effec-
tiveness of PCV7 vaccination and is likely to be a major
factor in the decision to replace PCV7 with PCV13 in April
2010.

The most common serotypes causing IPD can change
rapidly. In Scotland, IPD-causing serotypes changed
considerably from 2005/2006 to 2009 (Table 2). In 2009,
7F was reported to be the most common IPD-causing
serotype in the under 5s, accounting for 12% of cases
(Kaye et al., 2009). Before the introduction of PCV7, this
serotype caused little disease; in fact, 7F was not isolated
from a single reported IPD case for children under 5 years
old in Scotland during 2006 (unpublished data). Dramatic

Table 2. Serotypes (no. of cases) involved in IPD in Scotland:
rank order of incidence in those <5 years old

Rank 2006* 2009+
1 14 (26) 7F (50)
2 1(8) 1 (35)
3 19F (5) 8 (32)
4 6A (5) 3 (30)
5 6B (5) 19A (24)
6 9V (5) 22F (24)

*Our unpublished data.
tData from Shakir et al. (2009).

changes in serotype prevalence can occur over time. This
demonstrates the importance of long-term epidemiological
surveillance in allowing appropriate response and action to
changes.

It must also be noted that serotype distribution can
fluctuate substantially in the absence of vaccination. A
highly significant increase in serotype 1 was observed
within the UK prior to routine PCV7 immunization,
highlighting that other factors are also involved in
pneumococcal serotype dynamics (Jefferies et al, 2010;
Kirkham et al., 2006).

Although not the only cause, PCV7 is likely to have been
playing an important part in serotype fluctuations in the
UK by reducing VTs and creating a niche, which is being
filled by NVTs or other species of bacteria. Ongoing
surveillance and research will help uncover the reasons why
certain organisms appear better at filling this niche than
others, and why some cause invasive disease while others
cause little or none at all.

PCV7 coverage

Historically, PCV7 covered 90 % of the serotypes causing
IPD in the US. Crucially, even before PCV7 introduction,
the disease serotype coverage in the UK was much lower. In
Scotland, only 76.5 % of all IPD cases in those aged under 5
years old were calculated to be covered by PCV7 (Clarke
et al., 2006), whilst in the developing world coverage was
suggested to drop as low as 45 % for IPD (Hausdorff et al.,
2000).

Pneumococci are the primary causal agent for pneumonia.
The impact of PCV7 on pneumonia is hard to quantify as
confirmed pneumococcal pneumonia cases are difficult to
define. Some result in IPD, while the majority probably do
not. Despite this variation, studies have indicated that
PCV7 efficacy for clinical and X-ray-defined pneumonia is
between 5% and 25% (Black et al., 2002; Lucero et al.,
2009). In addition, the incidence of pneumonia-related
hospitalization has decreased by up to 39 % since PCV7
introduction in the US in children under 2 years old
(Grijalva et al., 2007; CDC, 2009). All-cause pneumonia
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cases remained stable during US PCV7 introduction,
suggestive of other species contributing to disease replace-
ment (CDC, 2009). Direct UK data regarding the impact of
PCV7 on lower respiratory tract infection are not available,
although it is likely that serotype replacement is occurring
for pneumococcal pneumonia, as has been reported for
IPD.

S. pneumoniae is also a leading cause of AOM. This non-
invasive disease is a particular issue in young children and
has a high economic burden worldwide (Melegaro et al.,
2006). Pneumococcal conjugate vaccines have been shown
to offer some protection against AOM (Eskola et al., 2001;
Prymula et al, 2006); additionally the incidence has been
shown to decrease in the US post-PCV7 (Black et al., 2004;
Block et al., 2004; Eskola et al., 2001; Prymula et al., 2006).
US cases of otitis media due to NVTs were also seen to
increase in incidence in the post-PCV7 era, a 10 % rise in
NVTs was reported by one study (Block et al., 2004), along
with observations of capsular switch events (McEllistrem
et al., 2003). Serotype data for AOM in the UK and Europe
are scarce (Rodgers et al., 2009), although data from the US
suggest that serotype replacement, capsular switch and
species replacement may limit the effectiveness of pneu-
mococcal vaccination against otitis media in the UK.
Haemophilus influenzae is also an important cause of AOM,
specifically, non-typable H. influenzae (NTHi) AOM,
which was seen to increase by 15 % following widespread
PCV7 vaccination in the US (Casey et al., 2010). Increases
in NTHi may also be filling part of the niche left by
pneumococcal VTs in the UK.

Over time, PCV immunization will continue to impact on
serotype prevalence and affect the incidence of pneumo-
coccal disease. This impact will reduce current vaccine
efficacy, confirming the need for ongoing vaccine devel-
opment to ensure control of pneumococcal disease.

Vaccine progression

PHiD-CV and PCV13 are now both licensed in the UK,
with Prevenar 13 having replaced Prevenar in the UK
immunization programme. These vaccines target addi-
tional serotypes that are important to current disease
incidence and are not well targeted by PCV7 (Table 3).

The PHiD-CV developed by GlaxoSmithKline includes two
capsular polysaccharide types conjugated to either diph-
theria (serotype 19F) or tetanus (serotype 18C) toxoid, and

eight others (1, 4, 5, 6B, 7F, 9V, 14, 23F) conjugated to
NTHi protein D (Wysocki et al., 2009). This is said to give
PHiD-CV the extra ability of providing some protection
against AOM caused by NTHi and therefore may influence
the impact and cost-effectiveness of this vaccine (Wysocki
et al., 2009). Originally, the GlaxoSmithKline experimental
vaccine included 11 serotypes, yet the inclusion of serotype
3 was rejected due to a lack of inducible immunogenicity
during clinical trials (Prymula et al., 2006). The PCV13
developed by Wyeth (now Pfizer) targets the same
pneumococcal serotypes as the PHiID-CV plus three
additional serotypes, all conjugated to the immunogenic
diphtheria toxoid (Scott et al., 2007). Notably, 22F is not
targeted by the PHiD-CV or PCV13, and this serotype has
dramatically increased in IPD prevalence in children under
2 years of age in England and Wales (Kaye et al., 2009). 22F
is also now ranked sixth in Scotland for IPD in children
under 5 (Table 2).

PHiD-CV and PCV13 coverage

Based on national (England and Wales) surveillance data,
the percentage of serotypes causing cases of IPD covered by
PCV7, PHID-CV and PCV13 was calculated (Kaye et al.,
2009). In 2007-2008, only 24 % of IPD cases in those under
5 years old were caused by serotypes covered by PCV7, in
stark contrast to the 76.5% UK estimate based on IPD
coverage in this age group prior to vaccine implementation
(Clarke et al., 2006). The serotype coverage of IPD in
children under 5 years of age for PHiD-CV and PCV13 was
53% and 74 %, respectively, for 2007/2008, a dramatic
decrease from the 81 % and 92 % 2005/2006 coverage. A
fundamental observation is that the potential coverage of
PHiD-CV and PCV13 had already decreased prior to
implementation due to the routine use of PCV7 and the
associated serotype replacement, as well as shifts in
pneumococcal epidemiology caused by other non-vaccine
factors.

Clinical trials and mathematical models offer a basis for
prediction of vaccine impact. One study used an algorithm
that suggested that the PHiD-CV will be at least as effective
as PCV7 in protecting against pneumococcal invasive
disease worldwide (Hausdorff et al, 2009), although the
design of such an algorithm is complex and based on
assumptions which may affect the model output. In clinical
trials, the study population will naturally be exposed to
multifaceted epidemiological factors that will affect vaccine

Table 3. Serotypes included in the 7-, 10- and 13-valent PCVs

Data from Black et al. (2000), Scott et al. (2007) and Wysocki et al. (2009). Bold and underlined text indicates serotypes not included in PCV7.

Vaccine Manufacturer Serotypes UK status
PCV7 (Prevenar) Pfizer 4, 6B, 9V, 14, 18C, 19F, 23F Licensed
PHiD-CV (Synflorix) GlaxoSmithKline 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F, 23F Licensed
PCV13 (Prevenar 13) Pfizer 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F Licensed in use
4 Journal of Medical Microbiology 60
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impact in the target population. A German clinical study,
powered to show immunological non-inferiority, showed
that PCV13 should be just as effective as PCV7 at
protecting against the seven serotypes included within the
PCV7, as well as inducing sufficient immunity for the
further VTs (Kieninger et al., 2008). Importantly, PCV13
was shown to induce an opsonophagocytic activity to
serotype 19A, which indicates that it will be efficient in
preventing cases of serotype 19A invasive disease
(Kieninger et al., 2008).

Both PHiD-CV and PCV13 are likely to be effective in
reducing IPD and non-invasive disease. However, the
relative effect of PHiD-CV compared to PCV13 immun-
ization on the prevention of combined pneumococcal and
NTHi invasive or all-cause disease has not yet been
established. As well as the effect on invasive diseases,
pneumococcal carriage in individuals and the population is
affected by routine immunization of the population, and
the serotype effects appear to differ from those seen in
invasive disease (unpublished data).

Invasive potential

Pneumococcal serotypes are known to differ in their
invasiveness (Smith et al, 1993). Traditionally the
serotypes chosen for vaccine inclusion have been based
on the rank order incidence of disease. These serotypes are
often the most prevalent in carriage but they are not
necessarily those with the highest potential for invasive-
ness (Brueggemann et al, 2003, 2004). By targeting the
serotypes in rank order of disease incidence, any serotype
replacement that occurs may result in increased prevalence
of a particularly invasive serotype. Several studies have
calculated the potential of an individual serotype causing
a disease case, taking into account factors such as the
prevalence in carriage (Bittig et al, 2006; Brueggemann
et al., 2004; Hanage et al, 2005). One study highlighted
that moderately prevalent NVT serotypes 3, 8, 33 and 38 all
had similar potential to cause invasive disease as the VT
6B, 19F and 23F, previously responsible for a consider-
able proportion of disease cases in the pre-vaccine era
(Brueggemann et al, 2004). If a shift in prevalence
occurred, for example, reduced VT 23F with increased
NVT 8, this could then potentially result in serotype 8
having a similar disease incidence as VT 23F previously.
NVT 19A and 7F, which have recently increased as a cause
of IPD in the UK (Kaye et al., 2009), have also previously
been reported to be associated with invasive disease
(Brueggemann et al., 2003; Sjostrom et al., 2006). This
may indicate that greater virulence of a serotype has been
central to the rise in case numbers rather than an
expansion of clones with these serotypes.

The presence of serotypes in PHiD-CV and PCV13
additional to those contained within PCV7 will, to some
degree, help to protect against the emergence of some
previously under-represented serotypes with significant
invasive potential.

Future work

Data are only just becoming available on post-PCV7
pneumococcal carriage in the UK due to the time vaccine
implementation has taken to translate into altered carriage
and for the collection of comparable data. Further serotype
data are also required for pneumonia and AOM, although
these are not collected routinely by UK surveillance
systems. A more detailed understanding of the dynamics
of serotype prevalence is central to sustaining the control of
pneumococcal disease.

Due to the global variation in serotype prevalence, vaccine
design and use would preferably be specific to a geographi-
cal area, although this is unrealistic due to the time and cost
involved in vaccine development. Future vaccines may have
broader global application if design can employ more
complex epidemiological models to simulate serotype
replacement. One alternative is the use of vaccines based
on highly conserved, immunogenic pneumococcal surface
proteins that are involved in bacterial virulence. Current
candidate proteins include pneumococcal surface protein A
(PspA), pneumococcal surface protein C (PspC), pneumo-
lysin (Ply) and caseinolytic protease (ClpP) (Cao et al., 2007;
Hamel et al., 2004). Proteins could potentially be used in
combination to maximize synergistic effects potentially
providing protection from most, if not all, isolates of
pneumococci (Cao et al., 2007; Morsczeck et al., 2008).
Protein-based vaccines could potentially give broad protec-
tion from pneumococcal infection independent of serotype
and invasiveness. However, such vaccines would also be
predicted to have major effects on overall pneumococcal
carriage with as yet unknown clinical significance of non-
pneumococcal bacterial replacement. Establishing protection
against otitis media and carriage would also ideally require
stimulation of a mucosal antibody response (Zhang et al.,
2002). If proven to be safe in both direct and indirect effects,
additional advantages of protein-only vaccines could be the
induction of T-cell responses and ease of vaccine formulation
resulting in reduced production costs when compared to
conjugate vaccines. At present, candidate proteins are being
evaluated in murine models, including the demonstration of
passive immunity from polyclonal antibodies against specific
pneumococcal proteins (Cao et al, 2007, 2009; Morsczeck
et al., 2008; Ogunniyi et al., 2007).

Summary

Four winters after PCV7 introduction to the UK routine
infant immunization programme, the positive impact is
clear. There has been a significant reduction in the
incidence of PCV7 serotypes causing pneumococcal IPD
in those under 5 years old, together with the induction of
herd immunity. However, serotype replacement has
occurred, such that IPD incidence in those under 2 years
of age is now similar to that prior to PCV7 introduction.

Serotype replacement has been observed for invasive and
non-invasive pneumococcal disease worldwide, and it is
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evident that the overall effectiveness of PCV7 on the total
pneumococcal disease burden has reduced. In April 2010,
PCV13 replaced PCV7 in the UK infant immunization
programme, and it is important to note that no older child
catch-up campaign has been implemented (Department of
Health, 2010). The presence of additional serotypes within
PCV13 will help to combat the serotype replacement
observed. Many additional factors will influence the
serotype shifts in carriage and disease, including capsular
switch events and presence of antimicrobial resistance.
Nevertheless, pneumococcal vaccines based on a limited
number of serotypes will continue to have a limited
lifespan due to the selection pressure vaccines exert and the
diversity of the bacteria. Increased vaccine coverage and
control of pneumococcal disease is required worldwide,
not only in the UK and other Western countries.
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Pneumococcal disease remains a global problem despite the availability of effective conjugate
vaccines. The 13-valent pneumococcal conjugate vaccine (PCV13) extends the valency of PCV7
by including six additional serotypes highly associated with invasive pneumococcal disease
(IPD). Comparisons between PCV13 and PCV7 or the pneumococcal polysaccharide vaccine
have established noninferiority of PCV13 for both safety and immunogenicity profiles for use in
children and adults, respectively. At the end of 2011, PCV13 had been approved and launched in
104 countries worldwide, with 54 including the vaccine in their pediatric national immunization
program. Surveillance data from early adopters of PCV13 has indicated reductions are occurring
in both overall IPD and IPD caused by the six non-PCV7 serotypes; early reports of serotype
replacement in carriage are also emerging. While serotype replacement for PCV7 was observed
to varying degrees for both carriage and disease, the extent to which this will occur for PCV13

is yet to be determined.

KEeywoRbs: conjugate e efficacy e herd protection ® immunogenicity ® pneumococcal vaccines

e Streptococcus pneumoniae

Streptococcus pneuwmoniae, also known as pneu-
mococcus, is responsible for a significant bur-
den of infectious disease worldwide [1] and is
estimated to have caused greater than 800,000
deaths per annum in children aged less than
5 years in the prevaccine era [2]. While the
majority of this burden lies in the developing
world 3], the burden in Europe and within
the UK is still substantial with high mortal-
ity and morbidity associated with cases [45].
Manifestations include invasive pneumococcal
disease (IPD; defined by isolation of pneumo-
cocci from normally sterile sites such as blood
and cerebrospinal fluid), pneumonia and acute
otitis media (AOM). Despite its pathogenic
record, pneumococci are also carried asymp-
tomatically, residing in the nasopharynx of
approximately one-third of children under the
age of 5 years in developed countries [67] and as
many as 45-70% of children under 5 years in the
developing world [89].

The high economic burden and fatality rates of
IPD resulted in the production and licensing of a
capsular polysaccharide-based 23-valent vaccine
in the early 1980s (PPV23) (Taeie 1). Infants are
a primary risk group for IPD and do not have
fully developed T-cell-independent responses to
polysaccharides, which prevents effective PPV23
use in this population [10]. The immunogenic-
ity of saccharide—protein conjugations in infants
has long been established by stimulating the
production of memory cells through T-cell help
(11]. This knowledge gave rise to the development
of polyvalent pneumococcal conjugate vaccines
(PCV) (TaBLE 1).

In 2000 and 2006, the 7-valent PCV7
(Prevenar™, Pfizer) was added to the national
immunization programs (NIPs) of the USA and
UK, respectively. Surveillance of pneumococcal
disease and carriage in countries that have added
PCV7 to their NIPs has revealed that PCV7
is extremely effective at reducing both carriage
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and disease cases of vaccine types (VT). A 98% decrease in
pneumococcal VT IPD was observed in the UK for children under
2 years of age [12] and a 69% reduction in the carriage of VT in
children of 4 years of age and under [¢]. The USA reported similar
success in reducing VT IPD with a >92% decrease in VT IPD for
all age groups combined [13,14], near eradication of VT carriage was
also described [7]. Despite the proven efficacy of PCV7 against VT,
the replacement of VT with non-vaccine types (NVT) has gone
some way to offset total reductions in IPD [12,14]. Although absolute
rate increases of NVT disease in the USA were reported to be
relatively small, NVT replacement disease was more pronounced in
the UK. An 84% decrease in total VT IPD only resulted in a total
IPD reduction of 34% for all age groups combined by 2009/10
when compared to pre-PCV7 UK surveillance data [12]. A move
towards higher valency vaccines was made in response to observed
replacement disease. Two US FDA and EMA approved PCVs with
increased valency currently exist. These are GlaxoSmithKline’s
(GSK) 10-valent pneumococcal Haemophilus influenzae protein
D conjugate vaccine (PCV10, Synflorix™) and Pfizer’s 13-valent
pneumococcal conjugate vaccine (PCV13, Prevenar 13™). While
PCV13 clearly exceeds the valency of PCV10, the inclusion of the
H. influenzae protein D in PCV10 offers the potential of additional
protection against nontypeable H. influenzae (NTHI) disease
including AOM. Characterizing the effectiveness of these two
vaccines therefore involves complex comparisons owing to their
different formulations [15-17]. In February 2010, the US Advisory
Committee on Immunization Practises reccommended PCV13 for
all children aged 2-59 months [18], and in April 2010 PCV13
superseded PCV7 in the UK’s routine childhood immunization
schedule [19]. A summary of licensed pneumococcal vaccines and
their trade names can be found in Tasie 1.

PCV13 formulation

Developed by Wyeth (since taken over by Pfizer) as an extension
to their 7-valent vaccine, Prevenar 13 includes the purified capsu-
lar polysaccharide of the seven PCV7 serotypes plus six additional
serotypes (Tasie 1). The additional serotypes were selected as they
are the remaining major global causes of IPD [20]. Protection
against vaccine-related serotypes, these being serotypes that

Table 1. Serotypes included in pneumococcal vaccines.

PCV7 Prevenar™ Wyeth Yes
(now Pfizer)
PCV10  Synflorix™ GlaxoSmithKline Yes
19F, 23F
PCV13  Prevenar 13™ Pfizer Yes
PPV23 Pneumovax® Merck No

23F, 33F

Underlined serotypes indicate those not included in PCV-7.
Bold serotypes are those not included in any vaccine of lower valency.
PCV: Pneumococcal conjugate vaccine; PPV: Pneumococcal polysaccharide vaccine.

4, 6B, 9V, 14, 18C, 19F, 23F

1, 4,5, 68, 7F, 9V, 14, 18C,

1,3,4,5 6A, 6B, 7F, 9V, 14,
18C, 19A, 19F, 23F

1,2,3,4,5, 6B, 7F 8 9N,
9V, 10A, 11A, 12F, 14, 15B,
17F, 18C, 19F, 19A, 20, 22F,

belong to a serogroup which is represented in PCV7 but that are
not contained within the vaccine themselves, was not as successful
as first expected. For example, serotype 19A’s IPD incidence has
increased in the USA, UK and elsewhere despite the fact that the
related serotype 19F was included in PCV7 [12.2122]. This led to
the inclusion of serotype 19A in PCV13. The inclusion of serotype
6A in PCV13, however, is expected to offer functional protection
against 6C (23], a serotype that was observed to clonally expand
after PCV7 introduction in both carriage and disease [6,12,24,25].
Early observations support this prediction with decreases in 6C
IPD and carriage after PCV13 use [26.27]. Serotypes 1 and 5 are
particularly associated with outbreaks [28,29] and significantly con-
tribute to the burden of pneumococcal disease in the developing
world [30.31]. Their inclusion in the vaccine is expected to further
reduce the burden of global pneumococcal disease [28,2931].

The 13 pneumococcal polysaccharides are all covalently bound
to a carrier protein, CRM__, the nontoxic diphtheria toxin vari-
ant, to form glycoconjugates [32.101]. One 0.5 ml prefilled syringe
contains approximately 2.2 pug of each serotype, except for 6B
of which there is 4.4 pg, resulting in the inclusion of approxi-
mately 32 pg of the CRM,, protein conjugate [32,101]. In addi-
tion to the saccharide—protein conjugates, each dose contains
100 pg of polysorbate 80 and 295 pg succinate buffer, which act
as pharmacologically inactive stabilizers for the active ingredi-
ents. The formulation is completed with approximately 125 pg
of the adjuvant aluminum in the form of aluminum phosphate
(AIPO,) 32,101].

Safety & immunogenicity

To enable licensing, noninferiority trials can be conducted to pro-
vide immunological evidence that a medical intervention is not
inferior to an existing intervention. PCV13 has been compared
with PCV7 for licensing in children and to PPV23 in adults.
Analogous results to PCV13’s predecessors were required for both
its safety and immunogenicity profile.

Safety
PCV13 has been shown to have a safety profile largely equiva-
lent to PCV7 or PPV23 for young children and adults respec-
tively [32-41]. For children, any site or
systemic reactions were mild or moder-
ate, predominantly comprising tender-
ness or swelling at the injection site or
mild fever [32-35,37-41]. A minority of these
pediatric studies observed serious adverse
events (SAEs) that were atypical of child-
hood maladies; one vaccine-related SAE
occurred in each of the two studies by
Yeh et al. and Gadzinowski ez al., with no
subsequent deaths [32:33].

Common adverse reactions that occur
in 210% of adults of 50 years and older
included diarrhea, headache, rash and

other generic symptoms and administrative

site-specific reactions [101].
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Immunogenicity

As PCV7 is established in the marketplace and post-licensure
surveillance has been on-going, data were available to allow calcu-
lation of immunogenic thresholds, which correlate to protection
from IPD in children, using the relationship between invasive
disease vaccine efficacy and antibody concentrations. Cut-offs
for serotype-specific antibody concentrations could only be deter-
mined for 19F, thus a serotype-independent antibody threshold
was used [42]. Analysis of these relationships led Jédar et a/. to
support the 0.2 pg/ml control-adjusted pneumococcal antibody
concentration as a minimum cut-off and the corresponding 1:8
opsonophagocytic assay (OPA) titer (a measure of antibody activ-
ity), considered to be predictive of protection against invasive
disease in vaccinated children [42]. The WHO also recommends
0.2-0.35 pg/ml and 1:8 OPA titers as putative predictions of
protection [43,102,103]. The extension of the therapeutic indications
for PCV13 IPD prevention in adults aged 50 years and older was
based on noninferiority to PPV23 and a pneumococcal conjugate
has not been used in this population before. Therefore, the true
correlates of protection will not be available until efficacy data
is obtained from PCV13 use in adults. They may or may not be
similar to the immunogenicity requirements of children.

Nunes and Madhi comprehensively reviewed the immunogenic-
ity and safety of PCV13 in young children previously for Expert
Review of Vaccines in 2011 and reported that after the primary
vaccination series most PCV7 serotypes in PCV13 produced
IgG concentrations and functional antibody responses compa-
rable to those seen with PCV7 vaccination [40]. Administration
of the booster dose, at 12—-24 months depending on the study,
resulted in further reductions of any disparity for this age group
(40]. Additionally, their review of PCV13 clinical trials revealed
that immunogenic analysis for those serotypes included in PCV13
but not PCV7 surpassed presumptive pro-
tection thresholds and were noninferior in
all cases except for serotype 3, where there
were disparities between studies. Five out of
14 studies examined by Nunes and Madhi
reported a reduction of the geometric mean

62% and 66% for serotypes 1 and 3, respectively, suggest func-
tional protection; however, the confidence intervals were reported
to cross into negative values [26].

PCV13 is the first and currently the only pneumococcal con-
jugate vaccine licensed for use in adults. Adults at increased risk
of pneumococcal disease may have been vaccinated with the
polysaccharide-only vaccine PPV23. However, there has been
debate surrounding the effectiveness of PPV23 and the quality
of the studies that have reported data on its effectiveness in those
aged >50 years, particularly in the UK [44,104-106]. Amendments
to the therapeutic indications of PCV13 were extended to include
protection against IPD only in adults aged 50 years or older.
This was authorized on the basis of the noninferiority to PPV23
immunogenicity alone (Tase 2) [107]. The clinical trial subjects
accurately reflected this age group in terms of chronic diseases
and immunogenicity was not seen to differ between healthy adults
and those with chronic disease [107]. A number of studies in adults
have shown that PCVs can induce immunogenicity comparable
to or exceeding levels produced by PPV23 for those serotypes
shared with the PCV, although these studies primarily compare
PPV23 with PCV7 and it is still not established what the thresh-
old of protection for pneumonia alone is [45-49]. Serotype 6GA is
unique to PCV13, therefore noninferiority could not be dem-
onstrated; instead, the accepted immunogenicity threshold was
a fourfold increase in capsular-specific antibody response when
compared to the control population. For adults previously vac-
cinated with PPV23 there have been reports of blunting of the
immune response to PCV when compared to those vaccinated
with PCV without prior PPV23 vaccination. However, this does
not result in noninferiority and therefore there may not be clini-
cal repercussions to this observation [50-s2]. The phenomenon of
pneumococcal polysaccharide hyporesponsiveness is also observed

Table 2. Clinical immunogenicity trials in adults.

titer of anti-3 capsular IgG antibody from  NCT00427895 004 PCV13 immunological ~ 50-64 PPV not received
primary series to after the booster dose. This noninferiority to PPV23

suggests a lack of immunological mem-  NCT00492557 3008  PCVA3 +TIVimmuno-  >65 PPV not received
ory, which may impact on the long-term logical noninferiority to

efficacy of this vaccine against serotype PCV13 alone

3 disease [3740]. Suboptimal immunogenic-  NCT00500266 3000 PCV13 safety in elderly  >68 >1 dose PPV received
ity results for serotype 3 in the experimen- that had previously >3 years previous

tal GSK vaccine resulted in the exclusion received PPV

of this serotype from the final PCV10,  NCT00521586 3001 PCV13 + TIVimmuno-  50-59 PPV not received
suggesting that this is a property of the logical noninferiority to

serotype which has a particularly thick cap- PCV13 alone

sule (17]. OPAs have subsequently provided  NcTO0546572 3005 PCV13 immunological ~ >70 >1 dose PPV received

evidence of functional anti-serotype 3
antibody production which is predicted to
confer the protection needed based on cor-
relates or immunogenicity [18,33]. PCV13  accine.
vaccine efficacy estimates from the UK of

noninferiority to PP\V23 >5 years previous

Summary of pivotal clinical trials that supported the amendment of the therapeutic indications of PCV13, to
include prevention of invasive pneumococcal disease in adults.
PCV: Pneumococcal conjugate vaccine; PPV: Pneumococcal polysaccharide vaccine; TIV: Trivalent influenza

Data taken from [107] and Pfizer.
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for subsequent doses of PPV23 itself and mimics the reduction
in immunological response to vaccination after real infection,
suggesting the mechanisms may be related [52.53].

Although conjugates are of considerable lower valency, PCV13
does contain a predominance of serotypes causing disease in the
elderly and other at-risk adults, but its use may result in replace-
ment disease by serotypes contained within the PPV23 [s4].
An adult’s mature immune system is capable of responding to
polysaccharide alone without conjugation; however, this does
not always translate into clinical efficacy.

Pneumonia is the key contributor to adult pneumococcal
disease [55,56]. Huss et al. performed an extensive meta-analysis
that revealed, when only trials of high methodological quality
were included, that PPV offers no protection against pneumonia
and that its effectiveness against IPD may only be 50% [44].
Adults who may benefit from PCV13 belong to a diverse set of
risk groups that are immunocompromised to a varying extent
and primarily include the elderly but also those with chronic
conditions, including HIV-infected individuals and those with
chronic obstructive pulmonary disease (COPD). PCV7 trials
in adults with COPD have shown that the conjugated sero-
types were more immunogenic than with PPV23 vaccination
and, furthermore, a HIV-patient trial showed that PCV7 was
protective in this population where PPV23 was not previously
found to be protective [47.57].

Dosing
Publicly accessible information on PCV13 product characteristics
are available on the electronic Medicines Compendium website
(101]. The following section uses pertinent information contained
within this resource. The document states that for active immu-
nization against invasive disease, pneumonia and AOM caused by
the 13 pneumococcal serotypes, PCV13 should be administered
as a 0.5 ml intramuscular injection in the vastus lateralis thigh
muscle in infants or in the upper arm deltoid muscle for other
young children and toddlers. The manufacturer primarily recom-
mend a three-dose primary series and a booster dose (3 + 1) for
routine infant immunization of children under 6 months of age
(101]. The manufacturer also endorsed for children <6 months, and
later extended to those under 11 months, a reduced dose schedule
of 2 + 1. The 2 + 1 series has been shown to be immunologically
equivalent to the 3 + 1 in a study of the PCV13 experimental
precursor PCV9 and is therefore considered to offer comparable
protection [58]. The USA and UK adopted 3 + 1 and 2 + 1 sched-
ules, respectively, for their NIPs [18,19,108]. However, the WHO has
recommended an alternative expanded program on immunization
(EPI) schedule for PCV of 6 weeks, 10 weeks and 14 weeks as a
highly accelerated, booster-deficient dosing schedule for children,
aiming to protect infants as early in life as possible. This has been
adopted by the Global Alliance for Vaccines and Immunisation
(GAVI) but is not officially endorsed by the manufacturer [59].
For those that have previously received PCV7 immunization,
the product characteristics document advocates switching to
PCV13 at any point in the schedule and provides guidelines on
how to complete the immunization course, as summarized in

Taee 3. This is supported by a study by Grimprel ef 4/., which
showed that the continuation of the vaccination schedule with
PCV13 in children that have previously received PCV7 is both
safe and immunogenic [35]. Additional recommendations are made
by the manufacturers, the US CDC and the UK Department
of Health for at-risk older children, adults and those over the
age of 50 years, and are also summarized in Tasie 3. The PCV13
summary of product characteristics are based on the results of
clinical immunogenicity trials (Tase 2) and state that PCV13
can be administered to adults of 50 years and older regardless
of their PPV vaccination status. PPV23 was shown to reduce
IgG responses to PCV13 in pivotal clinical immunogenicity tri-
als in adults (Tasie 2) compared to PCV13 alone, indicating that
PPV23 not only blunts the immune response to itself but also to
conjugates. Conversely, PCV13 followed by PPV23 augments the
immunogenicity of PPV23 [52,53,60]. Therefore, in circumstances
where PPV23 administration is considered appropriate, it is rec-
ommended that PCV13 be given first [101,107]. This is a single dose
of PCV13; the need for a booster has not yet been determined
(101]. Currently the USA and UK do not recommend routine
immunization with PCV13 for adults over the age of 50 years.

Concomitant vaccination

Concomitant vaccination should always be given at different
injection sites for PCV13 [101]. Published studies have gone on to
show that concomitant vaccination of children with routine vac-
cines against diphtheria, tetanus, pertussis, H. influenzae type b,
polio, hepatitis B, meningococcal serogroup C, measles, mumps,
rubella and varicella are both safe and immunogenic and do not
interfere with the immune response to coadministered vaccina-
tions [39,61-63]. The trivalent influenza vaccine (TTV) is routinely
administered in the elderly and other at-risk adult populations;
therefore, it is important that concomitant vaccination of PCV13
and TIV is possible. Schwarz ez al. reported that coadministration
of TIV with PCV13 resulted in lower IgG geometric mean con-
centrations (GMC:s), but was not inferior to PCV13 alone with
the exception of 19F, which was just below the threshold (36]. The
mechanism and clinical significance is not yet fully understood;
however, the concomitant vaccination in adults has been deemed
to be satisfactory for both its safety and immunogenicity [36].

Cost-effectiveness

Vaccine effectiveness can be estimated in advance using mod-
els in the absence of surveillance data. Analysis of vaccine cost—
effectiveness is used as a guide for decision-making in healthcare
by assessing the burden of disease. Measures such as life-years
gained (LYG) and disability-adjusted life-years (DALY) or qual-
ity-adjusted life-years (QALY) are used to assess an intervention in
terms of cost—benefit, taking into account the worth of lives saved
or extended rather than just the costs associated with implemen-
tation and healthcare. DALY and QALY also include indicators
of the quality of life. The effectiveness of PCV13 over PCV7
in children in the USA was modeled for a 10-year period using
PCV7 data by Rubin ez a/. They estimate that PCV13 use will
result in the prevention of 106,000 cases of IPD and savings of
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Table 3. Recommendations for dosing by age group and source.

Children 6 weeks—6 months 0 3+1 3 1 month  11-15 months
6 weeks—6 months 0 2+ 1 2 2 months 11-15 months
7-11 months 0 2+ 1 2 1 month >2 years
12-23 months 0 2 2 2 months NA
25 years 0 1 1 NA NA
0-6 weeks 0 0 0 NA NA
Catch-up children 12-23 months 1 2 2 2 months NA
2-5 years 2 1 1 NA NA
Adults >50 years 0 1 1 NA NA
Children eligible for routine immunization 2-12 months 0 2+ 1 2 2 months 12-13 months
12 months-2 years 0 1 1 NA NA
Catch-up children and at-risk children 2 months—-2 years 1 1+1 1 NA 13 months
2 months-2 years 2 Booster 0 NA 13 months
At-risk children with asplenia/splenic 12 months-5 years 0 2 2 2 months None
dysfunction or immunosuppressed
All at-risk children 2-12 months 0 2+1 2 2 months 12-13 months
At-risk children without asplenia/splenic 12 months-5 years 0 1 1 NA NA
dysfunction or immunosuppression
All at-risk children >5 0 NR NA NA NA
At-risk adults All ages 0 NR NA NA NA
Adults >65 years 0 NR NA NA NA
Children eligible for routine immunization 2-6 months 0 3+ 1 3 2 months 12-15 months
7-11 months 0 2+1 2 2 months 12-15 months
Children 12-23 months 0 2 2 2 months None
24-59 months 0 1 1 NA None
At-risk children 24-59 months 0 2 2 2 months None
Catch-up children and at-risk children 2-11 months 1 2+ 1 2 2 months >12 months
12-23 months 1 2 2 2 months None
2-23 months 2 +1 0 NA >12 months
2-23 months 3 +1 0 NA >12 months
Children eligible for routine immunization 2-23 months 4 +1 0 NA 14-59 months
At-risk children 2-23 months 4 +1 0 NA 14-71 months
Adults >50 months NR NR NA NA NA
At-risk adults All ages NR NR NA NA NA
Children eligible for routine immunization 6 weeks—12 months 0 3 3 4 weeks None

Summary of the risk groups recommended for vaccination, dosing schedule and recommending body. Accurate as of 10 January 2012.
NA: Not applicable; NR: Not recommended.
Data taken from [75,101,108].
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approximately US$ 11 billion over the course of a decade. Further
cost savings were associated with a catch-up program that targets
older children no longer eligible for routine vaccination; however,
the negative effect of replacement disease cannot be accurately
predicted in models [64]. On mainland Europe mathematical
models have also been used to predict effectiveness and compare
vaccines. One Italian mathematical model of PCV13 vaccina-
tion in Florence simulated 5 years of cost—benefit analysis in the
pediatric population. The predictions made support the catch-up
program for children aged less than 24 months, recommended by
the Italian Ministry of Health, and suggests that expanding the
catch-up program to children up to 5 years old would be beneficial
for this region. This particular study did not model the impact
of PCV10 [65]. Strutton et al. have produced data that predicted
that a PCV13 NIP would prevent >30% of the current cases of
IPD in Germany, Greece and The Netherlands, and would be
more cost effective than either PCV7 or PCV10 [¢6]. Conversely,
estimates from a Norwegian study that incorporated the burden
of both pneumococcal and NTHi related diseases including IPD,
community-acquired pneumonia (CAP) and AOM suggested that
PCV10 would be capable of further cost savings over PCV13, in
part owing to the efficacy of the vaccine against H. influenzae
AOM [17.67].

To accurately estimate effectiveness and perform valid com-
parisons, models must try to take into account both the indirect
effects of vaccination including herd protection and additional
complexities with the accurate assessment of healthcare and social
costs. In the case of PCV10, the impact on AOM caused by
H. influenzae results in additional complexities and requires fur-
ther assumptions. The validity of a model is dependent upon
the assumptions and data on which it is built. The geographi-
cal differences in the epidemiology of disease and in structuring
and management of healthcare systems mean that predictions are
often specific to the countries from which the data is gathered,
with limited extrapolation globally.

In Argentina, an upper middle income country, routine
immunization with either PCV13 or PCV10 was similarly pre-
dicted to be cost effective. PCV13 would result in higher LYG
and DALYs averted due to pneumococcal disease through its
higher valency, but when the prevention of all-cause AOM is
taken into account PCV10 was predicted to save further health-
care costs through its action against H. influenzae AOM. The
model assumed PCV10 would have 33.6% efficacy against
nontypeable H. influenzae, responsible for 40% of cases in
Argentina, based on efficacy trials performed by Prymula
et al [17.68]. Similar reports have been made elsewhere in Latin
America and these are reviewed in a comprehensive systematic
evaluation by Giglio et a/ (69].

The Gambia is considered one of the lowest income GAVI-
eligible countries and has a significant burden of pneumococcal
disease. Kim ez a/l. used PCV9 data to predict the cost—effective-
ness of PCV10 and PCV13 in The Gambia when compared to
no vaccination using DALY and the GAVI-negotiated price of
US$3.50 per dose [70]. PCV13 was consequently estimated to
avert an extra 180 DALYs when compared to PCV10 with a $240

greater saving of $910 over PCV10 associated with each averted
DALY for this country [70].

Decisions on the pneumococcal vaccine selection and sched-
ule will vary, dependent on the needs of the country in which
it is to be implemented. Estimates of cost—effectiveness play an
important role in these decisions and have to be balanced by
the resources available, burden of disease, highest risk groups,
manifestations and alternative healthcare priorities.

Effectiveness in adults

Despite the proven efficacy of pneumococcal vaccination against
IPD, complicating the issue of efficacy and effectiveness of any
pneumococcal vaccination of adults is the protection offered
against nonsystemic pneumonia. This is due to the difficulties
in confirming the etiology to a species and serotype level without
invasive procedures. Effectiveness against pneumonia without
bacteremia has previously been reported to be low for PPV23
in the elderly, who are at high risk of developing this manifesta-
tion (44,71]. Effectiveness data for PCV13 in adults is lacking, as
amendments to the therapeutic indications were recently granted
on noninferjority immunogenicity studies for IPD in adults. The
absence of substantial PCV13 effectiveness data for IPD or pneu-
monia in adults, difficulties in directly comparing a high-valency
free polysaccharide vaccine and a 13-valent conjugate, PPV23-
induced hyporesponsiveness, and serotype replacement all con-
tribute complications to decision-making in adult pneumococcal
vaccination. Cost—effectiveness of PCV13 versus PPV23 in adults
using QALY has recently been modeled for populations in the
USA. In the article, PCV13 was predicted to be more cost effec-
tive than PPV23, except in scenarios where the effectiveness of
PCV13 against nonbacteremic pneumonia was assumed to be
low or herd protection from the childhood NIP was assumed to
be high [72]. Again, the lack of effectiveness data made it difficult
for the authors to decide which assumptions are valid, resulting
in wide parameters and alternative scenarios which had differing
results.

Nonetheless, conjugate vaccines have been shown to be effec-
tive in children against IPD and nonbacteremic pneumonia (73],
with good safety and comparable or superior immune stimula-
tion for the included serotypes. Furthermore, highly powered
and large-scale clinical trials of PCV13, including the Dutch
CAPiTA randomized control trial which has enrolled in excess
of 85,000 patients, started in 2008, will help to determine the
best course of action for adult at-risk populations — results may
be available as soon as 2013 [74].

Surveillance of effectiveness

Surveillance data from early adopters of routine PCV13 immuni-
zation are becoming available for analysis of the impact of pedi-
atric PCV13 use. In the UK, Miller et al. reported that IPD in
children aged <2 years old caused by serotypes unique to PCV13
were reduced by half during the study period [12.26]. Additionally,
they conclude that a single dose of PCV13 in an older child catch-
up program would further reduce the IPD burden. In the USA
the CDC reported that between May 2010 and April 2011 there
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were 135 cases of IPD caused by the additional PCV13 serotypes;
of these a complete vaccination history was available for 81 chil-
dren. In total, 78% were eligible for, but had not received PCV13
vaccination as part of the catch-up program, predominantly in
children aged 2459 months. The CDC therefore concluded that
the transition to PCV13 was suboptimal in this age group in part
due to reduced attendance at clinics [75]. In Germany both PCV13
and PCV10 are in use, and since 2010 early reports suggest that
IPD, due to serotypes 1, 3 and 7F contained within the higher
valency vaccines, has already reduced. Reductions in 19A IPD
have not yet been observed in this population; this may be owing
to suboptimal conjugate vaccine use and uptake as 19A is only
targeted by PCV13 and not PCV10 [76]. The exact contribution
of PCV13 to the decreases is impossible to determine owing to
the shared additional serotypes in both PCV13 and PCV10 (7).
The efficacy of conjugate vaccines against IPD is center stage
in clinical trials. Nonetheless, a considerable economic burden
and sequela is associated with chronic or recurrent acute OM in
young children and prolonged or periodic hospitalization from
uncomplicated pneumonia in the elderly. This makes assessment
of vaccine efficacy for the latter diseases important. Published
efficacy data for pneumonia and AOM is sparse even for PCV7
owing to complications in case definition and determination of
the definitive etiological agent without invasive procedures, in an
environment where more than one species may be contributing. A
randomized double-blind study performed by Prymula e 4/. has
provided evidence that PCV10 offered protection against AOM
not only for AOM caused by H. influenzae but additionally for
AOM caused by the conjugated pneumococcal serotypes, which
can be plausibly extrapolated to the action of PCV13 on VT
AOM, though no head-to-head studies exist [17]. Studies are in
progress, which should increase our understanding of efficacy for
these diseases and the role of asymptomatic carriage in diseases
such as AOM, increasing the evidence base with which conjugate
vaccine comparisons can be made with further validity [27.74.77).
Serotype replacement after introduction of PCV7 has been
well documented globally for both carriage and disease, albeit to
varying extents. The extended valency of PCV13 is still limited
when compared to the total pneumococcal serotypes, including
anumber known to be associated with disease. It is therefore bio-
logically plausible to suggest that this is likely to arise for PCV13
in time. Changes to the prevalence of PCV13 NVT in carriage is
expected in consequent years in the UK, as seen with PCV7 sero-
types [6]. Attal ez al. are one of the first groups to have reported a
reduction in carriage of PCV13-specific serotypes among children
with AOM in France, since PCV13 introduction in 2010 [27].
Serotype replacement in disease is yet to be reported for PCV13
but early reports from a French carriage study on AOM combined
with knowledge of PCV7 serotype replacement suggests that this
may follow. Any shift in the epidemiology of serotypes that results
will be of particular clinical importance if replacement involves
any N'VTs that have a high invasive potential [78].
Although data from the USA and UK suggest that PCV13 is
effective for the prevention of IPD, the extent to which NV Ts will
contribute to IPD and carriage is yet to be established. Limited data

are available on PCV7 serotype replacement for developing coun-
tries. Only two GAVI-eligible countries, The Gambia and Rwanda,
had been using PCV7 prior to PCV13, since 2009. Consequently it
is difficult to predict the effect of this phenomenon for both disease
and carriage in geographically distinct regions of the developing
world [6,12,14,79-81]. High pneumococcal carriage rates may even aug-
ment increases in NVT disease in populations where there is high-
level transmission and potentially an improved environment for
horizontal gene transfer, including the exchange of the capsule locus
that codes for the serotype [9]. As vaccination and surveillance con-
tinues, a clearer picture will emerge as to the additional efficacy of
PCV13. These data will be vastly supplemented by those additional
data from the increasing number of countries introducing PCV13.

Global conjugate vaccination

A significant proportion of pneumococcal disease still occurs in
the developing world [3], populations that historically have not
introduced PCVs into routine vaccination schedules until the
intervention of not-for-profit organizations such as the WHO
and GAVI. For example, GAVT secured an advance market com-
mitment (AMC) for pneumococcal vaccination whereby GAVI
committed money to the purchase of vaccines before development,
acting as an incentive for companies to bring products to market.
The pharmaceutical companies, in turn, agreed to a sustainable
fixed price that will be maintained after GAVI funding runs out,
allowing countries to budget for the future. As of November 2011,
37 of the 73 GAVI-eligible countries had been approved for PCV
implementation [ACCELERATED VACCINE INTRODUCTION — PROGRESS REPORT.
REPORT TO THE GAVI ALLIANCE BOARD. PERS. cOMM. (2011)]. Fifteen of the 19
that have selected a specific pneumococcal vaccine have so far
opted for PCV13 while Kenya, Ethiopia, Pakistan and Madagascar
have selected PCV10. These choices may be due to the fact that
the cost—benefit analysis against IPD is simpler to interpret and
inform decisions than those analyses that also take into account
all-cause AOM, where PCV10 may have an advantage [17].

By the end of 2011, 14 of these 15 countries had introduced
PCV13. For a further 18 developing countries, the introduction
of a currently unspecified PCV will occur during 2012 and 2013.
Such widespread conjugate vaccine implementation through the
Accelerated Vaccine Introduction (AVI) initiative has raised
concerns that supply shortages may occur which could influence
conjugate vaccine choice; in response to this, AVI are actively
ensuring an increase in availability is made to answer demand.

An estimated 74—82% of IPD cases in Africa, Asia and South
America could be prevented by vaccination with PCV13 [3).
Vaccination with PCV13 over PCV7 in the developing world has
the added benefit of active immunization against serotypes 1 and 5,
which rank in the top three serotypes, behind the PCV7 serotype
14, for causing IPD in young children in GAVT alliance eligible coun-
tries [3). However, African studies using a 9-valent PCV formulation
reported that immune responses to serotype 1 did not always reach
protective levels in a 3 + 0 schedule, with vaccine failures occurring
in vaccinated children >1 years old (82-84]. These results are possibly
a result of this alternative dosing schedule lacking a booster dose.
The efficacy of PCV13 against IPD caused by serotype 1 in Africa
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remains to be determined but serotype 1 in PCV9 and PCV13 are
identical in formulation and bio-chemical preparation [Prizer, Prrs.
Comu]. Klugman ez al. suggest that a booster dose is required and can
be administered as early as 9 months and up to 2 years of age to give

Table 4. Countries that include PCV13 in their

national immunization program and their dosing
schedules.

protective immunization against serotype 1. This has repercussions
for nations that have their PCV13 vaccinations supported by GAVI
and use this accelerated 3 + 0 schedule [ss].

Morocco 2+l 2010 At the close of 2011, PCV13 had been approved for use in 120
Cameroon’ 3+0 2011 countries globally [PF1ZER MARKETING DEPARTMENT, PERS. COMM.]. Flfty
Democratic Republic of Congo™ 3 + 0 201 four of these countries have already added PCV13 to their NIPs
Benin® 340 2011 (Tanee 4), whether or not the doses will be provided free of charge
Central African Republic’ E— p— ar'ld the resyltant. uptake rate will be specific to individual coun-
tries and will be in-part dependent on the healthcare structure of
The Gambia’ 3+0 2011 these countries. PCV10 is also used globally and is available in
Malawi® 3+0 2011 some countries alongside PCV13 [76]; however, a definitive list of
Malit 340 2011 countries is not freely available at present. Encouragingly for the
developing world, the implementation of PCV13 in 26% of these
Rwanda* 3+0 2011 . .
countries was supported by GAVI. Dosing schedules for the 54
Sierra Leone' 3+0 2011 countries largely relates to the continent in which they reside. Asia
South Africa 3+0 2011 predominantly has a 3 + 1 schedule and Africa a 3 + 0 schedule,
Burundi' 341 2011 reflecting GAVT support in this region, and European countries
primarily use a 2 + 1 schedule. Schedules across North America
(including the USA, Canada and Central American countries) were
Israel 2+1 2010 typically more varied (Tase 4). The dosing schedules of 2 + 1,3 + 0
Kazakhstan 241 2010 and 3 + 1 were evenly split between the total 54 NIPs. In addition,
Oman 340 2010 59 Cf)untr%es. have lfmn'ched PCV13 but have not yet included it
within their immunization program and a further 13 have approved
Yemen' 3+0 2011 PCV13 but are yet to decide on a dosing schedule and launch
Hong Kong 3+1 2010 its use. Globally the most frequently chosen dosing schedule has
Macau 341 2011 marginally been the two dose primary series with a booster, with
Singapore . 010 21, 17 and 16 countries using 2 + 1, 3 + 1 and 3 + 0, respectively.
Bahrain 3+1 2010 Future pneumococcal vaccines
Kuwait 3+1 2010 An investigational 15-valent PCV is being developed by Merck
Qatar 341 2010 86]. This investigational vaccine is formulated in a similar manner
. , to PCV13, except for the inclusion of two additional serotypes,
Saudi Arabia 3+1 2010 . . .
22F and 33F [86]. Expanding valency of vaccines is a response to
United Arab Emirates 3+1 2010 serotype replacement observed globally for carriage [6,7] and disease
caused by PCV7 types and, by extrapolation, expected for PCV13
Belgium 241 2011 types [12.87]. Serotypes 22F and 33F were selected for inclusion due
to increases in their prevalence in IPD, resulting in these serotypes
Denmark 25 201 being primar f IPD after PCV7 vaccine types [54,86].
g primary causes o vp
France 2+1 2010 A Phase I trial has been completed for healthy adults and tod-
Greenland 2+1 2010 dlers of the 15-valent experimental vaccine (NCT01215175).
A Phase II, randomized, multicenter, double-blind clinical trial of
Ireland 2+1 2010 T . . .
the vaccine is now being carried out by Merck to assess its non-
Italy 2+1 2010 inferiority to Prevenar 13™ in healthy infants, with its primary
Lichtenstein 2+1 2011 outcome due to complete in November 2012 (NCT01215188 [107)).
Luxembourg 241 2010 At least one new expanded valency vaccine is nearing the mar-
Norway S 5010 ke.t; bowever, the uptake of thlrd-generaFlon conjugate vaccines
will in part depend on the extent to which disease replacement
Sweden 2+1 2010 is observed after widespread routine use of PCV13, specifically
?gf:’ggwj;y of PCV13 national immunization program globally and the dosing changes in the epidemiology of the additional serotypes. The
Use supported by the Global Alliance for Vaccines and Immunisation (GAVI). ability to further expand the Valency of conjugates in response
Data supplied by GAVI Alliance media & communications and Pfizer. to replacement is limited by both manufacturing restraints,
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hypothetical antigenic overload (especially when these vaccines
are routinely given concomitantly with immunogens from a wide
range of pathogens) and the potentially prohibitive costs per dose
incurred through expanding the valency.

Conjugate vaccines do not prime broad-spectrum pneumo-
coccal immunity as they are composed of purified, free or con-
jugated polysaccharides from limited serotypes which promote
serotype replacement. Serotype-independent vaccines would
circumvent this issue and a number are in development, including
killed whole cell vaccines, with formulations being tested in mouse
models to determine the optimal aluminum adjuvant stimulation
of the desired cytokine profiles and the efficacy against both car-
riage and disease [88.89]. Single and multicomponent pneumococcal
protein-based vaccines are also being investigated by analyzing the
protective capacities of a number of different proteins, protein com-
binations, protein fusions and adjuvants in mice [90-92]. It is impor-
tant to remember that alternative pathogens are documented to
colonize vaccinated individuals [93], intricate interactions balance
this ecological niche and the pneumococcus is a coevolved com-
mensal organism. While the pneumococcal capsule is established
to be the primary virulence factor and a minority of serotypes
perpetuate disease [78], it may be detrimental to try to completely
remove pneumococcus with the use of ‘universal’ pneumococcal
vaccines. The focus should arguably be restricted to clinical need.

Expert commentary

Data from multiple studies have shown PCV13 to be safe for both
children and adults aged 50 years and above, even when given in
combination with other vaccines as part of routine vaccination.
Adverse effects are predominantly mild. Importantly, PCV13 has
been shown to be at as least as immunogenic as PCV7 in children
and PPV23 in adults, for the serotypes that they share in noninfe-
riority clinical trials. These studies have gone on to show that the
six additional serotypes to PCV7 are immunogenic and largely
generate responses that are considered to be protective. A subset of
pediatric studies, however, has highlighted that long-term immu-
nogenicity to serotype 3 may be suboptimal with reduced anti-
body levels after a booster dose. Although immunological studies
have raised concerns as to the strength of immunological memory
to serotype 3 without a serotype-3 specific correlate of protection,
there is as yet little evidence to demonstrate that this will translate
into clinical vaccine failures. Furthermore, the cause of serotype-1
vaccine failures in Africa is not yet fully established. Serotype 1
is known to have a high invasive potential [78]. To protect against
serotypes for which progression from carriage to disease can
be swift, it can be supposed that protective levels of functional
antibodies in the circulation and mucosa are required to prevent
disease. In the absence of protective antibody levels, even when
memory can be demonstrated, the lag between stimulation of
the memory population at colonization to produce protective
levels of antibody may be time enough for disease to take hold for
pneumococci that are strongly associated with disease rather than
carriage. Administration of a booster dose after the primary series
may contribute to maintaining systemic and mucosal antibody
while children remain in a primary risk age group.

Table 4. Countries that include PCV13 in their

national immunization program and their dosing
schedules (cont.).

Switzerland 2+1 2011
UK 2+ 1 2010
Hungary 2+ 1 2010
Slovakia 2+1 2010
Germany 3+1 2009
Greece 3+1 2010
Spain 3+1 2010
Cyprus 3+1 2010
Czech Republic 3+ 1 2010
Turkey 3+ 1 2010
El Salvador 2+1 2010
Canada 2+1 2010
Mexico 2+ 1 2011
Honduras® 3+0 2011
Nicaragua' 3+0 2010
USA 3+1 2010
Costa Rica 3+1 2010
Uruguay 2+1 2010
Guyana' 3+0 2011
Australia 3+0 2011

Summary of PCV13 national immunization program globally and the dosing
schedule.

Use supported by the Global Alliance for Vaccines and Immunisation (GAVI).
Data supplied by GAVI Alliance media & communications and Pfizer.

Post-licensure evaluation of safety and effectiveness and routine
national surveillance is essential for assessment of conjugate vac-
cine efficacy and the impact of replacement disease. Surveillance
of bacterial carriage can provide important epidemiological infor-
mation and clues to replacement patterns, but does not provide the
whole picture and does not necessarily lead to accurate predictions
of the effect on invasive disease [6,12].

Widespread use of PCV13 will encourage the establishment of
herd protection and this will contribute to its economic viability
and impact on disease through these indirect effects. However,
the extent to which this will occur depends on the vaccine uptake
and effectiveness of catch up programs.

Five-year view
Data on new interventions requires time to be generated. More
than half of the countries of the world, across all inhabitable
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continents, had approved PCV13 usage by 2012. Publication of
completed clinical trials combined with appropriate post-licensure
and national disease surveillance will be required to fully evalu-
ate PCV13. Future data gathered will firstly help appraise the
benefit of routine PCV13 vaccination in at-risk adults. Second,
it will assess the efficacy of vaccination for serotypes 1 and 3
and noninvasive disease and finally evaluate the importance of
booster doses. Ultimately these findings, along with any further
VT replacement, will contribute to the lifespan of PCV13 use.

The use of PCV13 in adults older than 50 years is likely to
increase following the licensure of PCV13 in this age group, and
further still on the release of additional data on efficacy against
pneumonia from studies including the CAPITA trial [74]. For
immunocompromised children of all ages that have received
PCV7 or those not previously vaccinated, many experts now
recommend the sole use of PCV13 in two doses at least 1 month
apart, without additional PPV23 vaccination, owing to obser-
vations of hyporesponsiveness and questionable efficacy. Some
centers now test for serotype-specific immunogenicity to allow
identification of those immunosuppressed children who require
additional doses, a strategy that could also be considered for
immunocompromised adults.

The extent of serotype replacement in both carriage and dis-
ease will need to be closely observed, given the clonal diversity of
the pneumococcus, as it is a logical albeit not definite step once
higher valency PCVs are implemented [94]. However, global dif-
ferences in serotype replacement have demonstrated that many
elusive factors are involved in this phenomenon. Within 5 years,

alternative conjugate vaccines are likely to have reached the mar-
ket and serotype-independent vaccines may well have progressed
to clinical trials.
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Key issues

e Reports from early adopters of pneumococcal conjugate vaccine (PCV13), including the UK and USA, suggest that PCV13 is effective
at protecting against the six additional pneumococcal serotypes, as surveillance has revealed a reduction in pediatric invasive

pneumococcal disease caused by these serotypes.

e PCV13is safe and at least as immunogenic as PCV7 or PPV23 for the shared serotypes for children and the elderly, respectively.
However, serotype 3 has not exhibited strong immunological memory in a number of pediatric studies.

e Evidence supports the use of both pediatric 2 + 1 and 3 + 1 dosing schedules. Conversely, studies using the 3 + 0 booster-deficient
schedule have suggested a lack of immunological memory for serotype 1, which can be rectified with a booster dose.

¢ High valency conjugate vaccines should be considered for primary pneumococcal immunization in adults to prevent pneumococcal
disease, based on PPV effectiveness and PCV13 immunogenicity; data from current trials will further inform this decision on a country-

by-country basis.

e PCV13 is rapidly being employed globally in over 100 countries to help combat the burden of pneumococcal disease in pediatric
populations with 26% of PCV13 national immunization programs implemented in developing countries in 2011, enabled by the support
of the Global Alliance for Vaccines and Immunisation (GAVI) for PCV13 or PCV10.

e Trials are ongoing that will shed light on the effectiveness of PCV13 in adults and for noninvasive pneumococcal diseases, including

nonbacteremic pneumonia and acute otitis media.
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pneumococcal disease. Any bias introduced during sampling will affect downstream recovery and typing.
Many variables exist for the method of collection and initial processing, which can make inter-laboratory
or international comparisons of data complex. In February 2003, a World Health Organisation work-
ing group published a standard method for the detection of pneumococcal carriage for vaccine trials to
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pneumococcal carriage isolates, conducted after the publication of the WHO standard method. After
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value.
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1. Introduction

Annually Streptococcus pneumoniae is estimated to cause
800,000 child deaths worldwide, through diseases including
meningitis and pneumonia [2]. Pneumococci colonise the upper
respiratory tract [3] therefore sampling of carriage, recovery and
downstream typing allows surveillance of circulating pneumo-
cocci. Pneumococcal conjugate vaccines PCV-7, PCV-13 and
PHiD-CV have been introduced since 2000 [4-6]. Any changes to the
pneumococcal reservoir may impact on disease epidemiology, as
colonisation precedes infection [7]. Serotype replacement has been
observed for both pneumococcal carriage and disease since PCV
implementation [8-10]. Carriage surveillance should adequately
reflect the current pneumococcal population for accurate evalu-
ation of vaccine policy, clarifying the link between carriage and
disease. However, a wide range of methods exist for sampling
S. pneumoniae carriage, varying in site, swab composition, trans-
port medium and storage conditions. To allow valid comparisons
between laboratories, countries or continents isolation of pneumo-
cocci needs to be as uniform as possible.

In 2003, a WHO Working Group sought to standardise the study
of pneumococcal carriage in order to strengthen data collected [11],
an extract of their recommendations, for collection and storage, are
summarised in Table 1. This WHO publication is widely cited by
pneumococcal carriage studies, despite being designed primarily
for evaluating vaccine trials. Use of a standard method removes
variability, but, unless it is clearly the optimal method, pneumo-
coccal carriage could be underestimated. Analysis of pneumococcal
populations traditionally requires isolation and accompanying typ-
ing methods - principally culture dependant. Culture can exert
bias through competitive inhibition of growth and minority group
masking, occurring on both a species and interspecies level. Cul-
ture independent techniques for positive detection of pneumococci
exist [12] along with culture independent molecular methods, with
or without viable recovery, screening for prevalent serotypes —
particularly those associated with disease [13,14]. Phenotypic con-
firmation of capsular antigens requires culture, the gold standard
method being Quellung [18]. Genotypic serotyping, including PCR
methods, does not confirm the expression of a capsule, only the
presence of the target gene which may not be functional and poten-
tially be detected in a closely related species due to homologous
recombination, but it can allow more focused phenotypic analysis
[15]. Caution should also be used when dealing with serotyping
based on sequence especially using small numbers of reference
sequences as allelic variants of single serotypes such as 22F and
19F have been reported [16,17].

Table 1
Summary of WHO standard method for collection and storage of carried
Ppneumococci.

Site Swab Swab transport Storage
media
Nasopharynx Calcium Skim milk-trypton- Swab shaft in

alginate/Dacron®  glucose-glycerin STGG at —70°C

(STGG)

Description of the site, swab, swab transport media and storage conditions rec-
ommended by the WHO working group [10], for collection and storage of carried
pneumococci.

Analysis of samples relies on efficiency of sampling and pre-
analysis treatment which has been demonstrated to affect even
culture independent analysis [12]. Any bias introduced, for or
against detection or recovery, before analysis may influence final
conclusions from surveillance. A large volume of literature details
methods for pneumococci typing, while fundamental to pneumo-
coccal epidemiology, this extensive subject warrants review and
investigation outside the remit of this article. Therefore, we will
discuss only preliminary stages of collecting carried pneumococci
prior to capsular and genetic typing.

Firstitis important to consider that optimal sampling, detection
and recovery will vary depending on the study aims and resources
available. One universal method may not be feasible due to inherent
inflexibility. However, an adaptable framework may allow stud-
ies to cater for circumstances such as international transport of
specimens [19], and environmental temperate storage where tem-
perature controlled environments are not available [20]. The best
feasible assessment of S. pneumoniae prevalence in carriage and
valid comparisons of carriage rate, when differing sensitivities of
detection methods are unknown, requires detailed evaluation of
the wide range of pneumococcal collection variables.

2. Sampling site

S. pneumoniae can be isolated from the nasal passage,
nasopharynx and oropharynx [21-23]. Nasal washings [24]
or nasopharyngeal aspirates permit collection of pneumococci,
although aspirates are not usually available from healthy indi-
viduals [23,25]. Oropharyngeal swabbing has been demonstrated
to be significantly poorer than nasopharyngeal swabbing for iso-
lation of pneumococci in children [21,22] whilst the combined
used of oropharyngeal and nasopharyngeal is suggested for samp-
ling adults [22]. Nasal swabs are reported by Rapola et al. to give
comparable results to nasopharyngeal swabs in Finland, although
significant differences in isolation rates may be masked by small
study size [23]. Abdullahi et al. reported that nasal washing is
of increased sensitivity than nasopharyngeal swabbing but noted
that nasal washings were less well tolerated by participants [24],
demonstrating that ethical limitations may prevent use of methods
with superior sensitivity.

No single sample can detect all pneumococcal colonisation,
sampling a combination of sites or repeated sampling of a single
site could increase detection rates [21,22,24]. The added benefit of
detecting pneumococci or additional serotypes using multiple sites
may not outweigh the discomfort/inconvenience to study subjects
or change the clinical course of care for those with disease who may
be sampled for carriage.

The most sensitive sample differs with age group, with impli-
cations for sampling carriage in the elderly to evaluate PCV use in
this risk group [22,26,27]. No single study has compared all relevant
sampling sites to determine the most sensitive and pragmatic sam-
ple source for any age group. Despite this, the current consensus
is that the nasopharyngeal swab is most appropriate for sampling
pneumococcal carriage.

3. Swab type

The swab material has not been examined extensively for its
influence on detection sensitivity. Two studies from the 1930s
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and 1940s suggested that fatty acids contained within cotton are
inhibitory to pneumococci [28,29]. No further studies have con-
firmed or disputed the impact of cotton swabs. A study by Rubin
et al. has however demonstrated some differences in both cul-
ture detection rate and culture independent PCR sensitivity that
vary with swab composition for pneumococci [12]. Calcium algi-
nate swabs were observed to be superior to rayon or Dacron® for
culture or PCR detection, whilst Dacron®, was inferior to both cal-
cium alginate and rayon for culture detection [12]. However during
the 1990s there were suggestions that calcium alginate could be
inhibiting PCR with conflicting results [30,31]. Nylon flocked swab
have recently come to market whose multi-length fibres are pro-
posed to improve sample absorbency and release of specimens,
however there is little literature on the their use for nasopharyn-
geal bacterial sample collection, with one study on Staphylococcus
aureus reporting no difference in sensitivity to rayon swabs [32].
Any unknown impact of swab composition could be greater in
studies with longer transportation periods and those that store the
original swab for retrospective analysis. As there appear to be dif-
ferences between swabs it would be advantageous to determine the
swab type which is least detrimental to identification of pneumo-
cocci in samples.

4. Swab transport medium

Swab transport medium is responsible for maintaining via-
bility of bacteria before analysis whether it is transferred to a
plate for culture or to storage medium. O’Brien et al. reported
that, when compared to direct plating on solid media, use of the
WHO-recommended STGG liquid medium resulted in subsequent
equivalent rates of recovery [33]. Additionally greater numbers of
pneumococci can be recovered from STGG than SGG over four days
at 20-30°C [34]. Gray described the superiority of ETA media to
Amies or Stuarts media in situations where rapid processing or
freezing (a requirement of numerous media types for maintain-
ing pneumococci) is not possible. Relatively few studies have been
performed to determine the optimal media for transportation and
storage of pneumococci, comparing a limited number of media
types [33-35].

5. Storage for recovery

The best possible recovery of pneumococcal isolates from the
original samples is crucial for future analysis. Direct storage of the
swab or swab contents lends itself to high sensitivity molecular
techniques independent of culture which do not require abundant
presence of viable bacteria; again this genotypic approach has its
limitation in extrapolation to true phenotype and species speci-
ficity. Alternatively, storage of single colonies allows researchers
to return to a specific cultured isolate. The WHO recommends the
selection of two morphologically distinct presumptive pneumo-
coccal colonies. Long term storage of isolates at —70 to —80°C is
considered the gold standard [11,36]. It is important to note that
the act of long term storage itself or frequent freeze thaw cycles has
been shown to alter the phenotype of pneumococci, for example
sensitivity to optochin [37]. The WHO recommends STGG medium
for long term storage, for the original swab and primary cultures.
This medium has been shown to give enhanced ability for recov-
ery of pneumococci on solid media than direct plating, after nine
weeks storage, particularly for samples with low colony counts
[33]. Trypton deficient SGG has however been shown to be as good
as STGG for long term storage at —70°C [34,38] which could reduce
costs associated with carriage studies, important for developing
countries where PCV evaluation may increase as GAVI supports PCV
immunisation programs. Rubin et al. describe enhanced recovery

of plated pneumococci when inoculated with a swab that has been
stored in STGG, when compared to inoculation with STGG that con-
tains a swab [12].

Any study using the supernatant for further analysis could ben-
efit from sample vortexing, ensuring dispersal of microbial matter
from the swab, endorsed by the WHO [11]. An alternative method
for enhancement of pneumococcal recovery is use of a broth enrich-
ment step, either prior to plating or prior to direct molecular
assessment of serotype presence. Broth enrichment for culture and
PCR has been reported to have increased sensitivity for detection
of multiple serotype colonisation, results from these genotypic and
phenotypic techniques are complementary in nature as no one
technique detected all serotypes detected [14,39]. Broth enrich-
ment detects more multiple serotypes and low density groups
however it may still introduce some unknown culture bias with
differential enrichment of some low density groups. Specimens are
often shared and transported between laboratories for research,
where the WHO recommend Dorset egg media for transportation
of pneumococcal strains, Inverarity et al. point out that this product
cannot be imported into certain countries due to avian influenzae
related concerns about egg products [19].

Again there are not extensive evidence-based comparisons of
long term storage options of recovery for pneumococci. Other
media may have an equal or superior ability to STGG for maintain-
ing pneumococci, including amendments such as enrichment, not
yet investigated. Storage should endeavour to ensure that samples
in long term storage are representative of the original sample.

A variety of methods exist to sample carried pneumococci pop-
ulation and studies could potentially employ a mix of techniques
to collect pneumococci despite publication of a WHO standard
method which includes collection guidelines. We conducted a sys-
tematic evaluation of published literature to determine the extent
to which studies follow the WHO standard method for collection
and storage and what the consensus variables were.

6. Methods

A search of published literature in the online PubMed database
was performed on 1st June 2012, to identify published studies that
collected pneumococcal carriage isolates, conducted after publica-
tion of the WHO standard method in February 2003 [11]. Quoted
confidence intervals were calculated at 95% (CI). Quoted p val-
ues were generated using McNemars test on paired proportions
to determine whether differences in proportions were statistically
significant.

7. Search and exclusion strategy

Studies available on PubMed that contained ‘carriage’ and ‘Strep-
tococcus pneumoniae’ anywhere in the article, excluding reviews,
were targeted by the search criteria. This search encompassed a
broad range of articles to ensure all relevant articles were included.
The search output was further filtered by excluding articles that did
not report collection of carriage isolates of S. pneumoniae (Fig. 1),
or articles that described samples already included for analysis.

8. Results

480 articles were returned by the PubMed database [1]. Of
these articles, 375 were excluded, primarily as they commenced
collection before the WHO publication (174) or did not collect car-
riage isolates (123) (Fig. 1). Selection returned 105 relevant articles
(Supplementary reference list). These articles were examined in
order to determine sample site, swab type, transport media and
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Table 2

Collection and storage protocol - pooled data for sample site, swab type, swab transport media and storage, from studies post WHO publication of a standard method for

detection of carriage pneumococci.

Sample site Swab type Swab transport media Storage
Choice not specified by article 3/105 (3%) 36/105 (34%) 27/105 (26%) 58/105 (55%)
Choice specified by article 102/105 (97%) 69/105 (66%) 78/105 (74%) 47105 (45%)
Choice specified that conformed to WHO recommendation 84/102 (82%) 27/69 (39%) 35/78 (45%) 31/47 (66%)
Choice specified that was an alternative to WHO recommendation 18/102 (18%) 42/69 (61%) 43(78 (55%) 16/47 (34%)

Number of articles (%) for each criterion (swab, site, swab transport media) individually, which conformed to the pneumococcal carriage WHO standard method [10], for
collection and storage, used an alternative to the WHO recommendation, or failed to specify the choice of site, swab, swab transport media or storage.

long-term storage conditions. Of these 105 studies, only 40 pro-
vided information for all four fields.

The information regarding site, swab, swab transportation
media and storage conditions from all 105 included studies was
pooled, to determine the consensus usage for each parameter indi-
vidually (Table 2). Information that was not specified by an article
was treated as missing data and excluded from proportions for the
following analysis. The preferred sample site was the nasopharynx
(82%, CI 75-90%). Alternative sites included the oropharynx, nasal
passages and throat [40-42]. Fifteen percent of articles collected
samples from two different sites while 1 article collected from a
second site when collection from the first site was not possible [25].

For the majority of studies (61%, CI 50-73%), the swab chosen
was not a WHO-recommended swab. Fourteen percent of studies
(C16-22%) continued to use cotton swabs despite evidence that this
could be detrimental to pneumococci.

Approximately 45% of studies, that specified their media choice,
used the recommended STGG medium (CI 34-56%). Studies pre-
dominantly used Amies (24%, CI 15-33%), direct plating (15%, CI
7-23%) or Stuart’s (10%, CI 3-17%) as an alternative. Greater than
half of studies (55%, Cl 46-65%) did not specify storage conditions

480 Articles
. 1 Article
4 Articles
pre-WHO WHO report
publication
475 Articles
28 Articles
Not available (11) / not 123 Articles

Did not collect human
pneumococcal carriage

available in English (17)

isolates
30 Articles
No sample
Collection date given
174 Articles

Sample collection
pre-WHO publication

1 Article
Duplicate publication

14 Articles
Data set duplication

105 Articles

Fig. 1. Search results and exclusion of articles.

Table 3
Level of conformance to WHO standard method for collection and storage of carried
pneumococci.

Conformance 0/3 1/3 2/3 3/3
Articles (%) 4/66 (6%) 26/66 (39%) 17/66 (26%) 19/66 (29%)

Number of articles (%) that conformed to the WHO standard method [10] for col-
lection and storage of carried pneumococci, out of three, for swab, site and swab
transport media - where specified (66 articles). Storage conditions were excluded
from this analysis due to insufficient incidence of description, articles that did not
specify their choice for any of swab, site or swab transport media, were also excluded.

and, of those that did (47 articles) more used <—70 °C STGG storage
than an alternative (66%, CI 55-80%).

66 studies provided full information for sample site, swab and
media. Storage conditions were excluded from this analysis due
to insufficient incidence of description. These 66 studies were
analysed to determine the overall level of conformance to WHO
guidelines by grouping them for conforming to none, one, two or
three of the three WHO collection criteria (Table 3). Less than 29%
of studies conformed exactly to the WHO recommendations for
these three criteria (CI 18-40%), studies equally conformed to 2/3
criteria and 3/3 criteria. For the 26% (CI 15-37%) of studies that con-
formed to 2/3 WHO criteria the criterion that was not conformed
to was primarily split between swab transport media type (6/17)
and swab type (10/17). Those that did not use STGG for transport
media and did not specify storage conditions are unlikely to have
used STGG for storage. The McNemars test assessed the significance
of differences in proportions for conforming to one but not the
other of the following pairs; swab and site (n=69), site and media
(n=78), or media and swab (n=66). All articles were included
where required information was specified. The greater proportion
of studies using the nasopharynx but not calcium alginate/Dacron®
(52%, CI 40-64%) as opposed to using calcium alginate or Dacron®
but not the nasopharynx (3%, CI —1 to 7%) gave a p value of <0.001.
The greater proportion of studies using the nasopharynx but not
STGG (46%, CI 35-57%) as opposed to using STGG but not the
nasopharynx (4%, Cl 0-8%) also gave a highly significant p value
of <0.001. The differing proportions of studies using STGG but not
calcium alginate/Dacron® (18%, CI 9-28%), when compared to the
proportion of studies using calcium alginate/Dacron® but not STGG
(9%, CI 2-16%), was not statically significant p=0.238. Use of the
Nasopharynx and not calcium alginate/Dacron® or not STGG was
observed significantly more often than expected by chance whereas
there was no significant difference between using STGG and not
calcium alginate/Dacron® and vice versa.

Temporal analysis of data, by year of the initiation of sample
collection, revealed that the absolute number of articles adopting
exactly the WHO standard method appeared to remain relatively
stable (Fig. 2). However, the total number of studies that com-
menced collection and specified collection conditions each year,
decreased over time, suggesting there has been a temporal increase
in percentage uptake, which s difficult to interpret when such small
numbers of studies represent latter years (Fig. 2).
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Number of articles by study start date that were;
included in analysis, specified swab, site and media usage
or conformed for swab site and media

25

20 —+ Conformed to WHO
collection criteria

-=- Specified use for criteria

Included in analysis

Number of articles

-]

2003 2004 2005 2006 2007 2008 2009 2010 2011

Specimen collection commenced (Year)

Fig. 2.

9. Discussion

Pneumococcal carriage studies are essential for evaluation of
pneumococcal vaccines. The optimal method for pneumococ-
cal sampling will allow the most accurate reporting of carriage.
Detection of multiple pneumococcal serotypes [14,43-45], or co-
colonising bacterial pathogens, is increasingly desirable to allow
evaluation of vaccine impact on a specific biological niche. A
number of studies (21/105) determined the carriage rate of S.
pneumoniae alongside other respiratory pathogens, for example
H. influenzae and S. aureus. This suggests that in an era when
the importance of polymicrobial interactions are being realised,
identification of multiple potential pathogen carriage is becom-
ing commonplace [9,46-48]. PHiD-CV was designed to have a
direct influence on paediatric H. influenzae colonisation with-
out a conclusive evidence base of impact thus far [47,49], while
PCV-7 and PCV-13 could have indirect effects by creating niche
space for current pathogenic microbial respiratory tract inhabi-
tants [50,51]. Optimal sampling of each organism within a panel
is still necessary and description of the best method for simulta-
neous collection would be valuable to a broader range of carriage
studies. These broad scope carriage studies may also have addi-
tional and specific requirements of any protocol. Carriage studies
could be further broadened to include detection of viruses with
the potential to use viral transport media if a study were to rely
upon culture independent detection. However for further analysis
it must be remembered that in a molecular era of increasing sensi-
tivity caution should be used in assuming genotype is equivalent to
phenotype. This is important in a species where extensive recom-
bination is recognised [15-17] and particularly true for carriage
isolates where the definition of the pneumococcus is less distinct
than with invasive isolates due to their intrinsic diversity [52,53].

During the course of the analysis it was surprising to observe
that numerous studies neglected to mention the geographical loca-
tion which affects carriage rates, reported to range globally from
14.9 to 87.2% [54], or the years of collection: critical for deduction
of whether results are pre or post PCV implementation. In this arti-
cle, absence of collection dates resulted in exclusion of 30 studies
from analysis.

Dependence on publication, availability on PubMed and jour-
nal access could introduce bias and therefore is a limitation of
our approach. Temporal analysis of the use of the WHO standard
method is complex due toreliance on publication. Studies that com-
menced collection in early years are more likely to have completed
or published data than those commencing in recent years. The dra-
matic reduction in the number of studies published over time is
in part due to publication bias but also due to an initial surge of

carriage studies that began after licencing of PCV7, a second surge
may well follow as PCV13 is introduced globally a critical time to
re-evaluate study protocol. It is important to consider that a pos-
itive, or negative, bias may also be present in articles that specify
detection methods in comparison to those that do not. The level
of conformity to the WHO method of collection may be under or
overestimated due to the absence of specific method details in a
number of articles. As the number of articles is limited data may
be more susceptible to any bias present. Despite these limitations,
the data does provide a useful picture of the level of uniformity in
pneumococcal carriage sampling. As research studies are carried
out over the course of years a time lag exists between conception,
implementation and publication, it could be that investigators were
not aware of the WHO standard method during their study plan-
ning stages and cannot always validate a change in protocol part
way through a study.

10. Conclusion

In anideal situation, study methods for assessing pneumococcal
carriage from sampling through to typing would be standardised so
thatdirectly comparable data are collected. Despite the existence of
the WHO standard method, most carriage studies do not conform to
preliminary stages of collection. When looking at each criteria indi-
vidually (Table 1), the majority of studies sampled the nasopharynx
but did not always conform to the WHO standard method for swab
type or swab transport media. Alternative media choice and swab
type were equally responsible for divergence. These trends may
have resulted from the lack of data and evidence to support the
WHO swab or swab transport media type and where there are,
potentially cheaper, alternatives available. The optimal procedure
for sampling is known to vary according to the study age group,
environmental and geographical constraints and study objectives
[19,20,26,27].

The nasopharynx is widely used and accepted for sampling
pneumococci and this uniformity adds value to comparisons
between studies. Although nasopharyngeal washes may increase
sensitivity, swabbing the nasopharynx is clearly tolerated well
enough to allow numerous studies to be completed. It must
be noted though that collecting nasopharyngeal swabs requires
trained healthcare professionals that is consequently expensive
and can limit the size of studies and is prohibitive of large scale
community based studies. The evidence that is available and dis-
cussed here is lacking but suggests that the calcium alginate, WHO
recommended swab, but not perhaps Dacron™, is suitable for
pneumococcal sampling. Further evidence in this area would be of
benefit particular to determine the impact of this swab on other
upper respiratory microbes. The storage of bacterial isolates at
below —70°C is gold standard there is no evidence that disputes
the validity of this approach but there is more to be said of how it is
stored in terms of cultured isolates and original specimens. There is
argument for storing both cultured isolates and the original swab
and for a broth enrichment step to enhance recovery of multiple
serotypes. STGG has been reported to have superior sensitivity to
other medias for transport and storage, more evidence is required
to compare use of an alternative being used not just direct plat-
ing but Amies and Stuarts for transport. Storage of samples and or
swabs in STGG is supported by current evidence; STGG is still not
commercially available and this may discourage studies from using
this media.

The increased ability of an evidence-based standardised
method, to detect the presence of pneumococci, would reduce the
number of variables between future carriage studies. This would
serve to augment the value of collected data for extrapolation
to pneumococcal disease control and evaluation of the impact of
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pneumococcal vaccines on carriage. Additional evidence to support
protocol adaptations for resource limited studies would be of bene-
fitincluding the limits of transport media to maintain pneumococci
over a range of temperatures. Overall evidence available does not
contradict the WHO standard method; there is value in using a
standard method for collection which should be adopted if avail-
able. Evidence that supports the WHO method or an alternative
does however need to be more substantial.

Although this analysis primarily focused on the impact of steps
prior to culture or downstream analysis it is also important to
acknowledge that culturing or independent methods that allow
typing to be performed can potentially have a huge impact on
results. The data presented here for collection suggest that a large
number of studies do not follow exactly the WHO standard method,
for detection of upper respiratory tract carriage of pneumococci, at
least for the primary steps in the protocol.
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Abstract

Streptococcus pneumoniae causes invasive infections, primarily at the extremes of life. A seven-valent conjugate vaccine
(PCV7) is used to protect against invasive pneumococcal disease in children. Within three years of PCV7 introduction, we
observed a fourfold increase in serotype 6C carriage, predominantly due to a single clone. We determined the whole-
genome sequences of nineteen S. pneumoniae serotype 6C isolates, from both carriage (n=15) and disease (n =4) states, to
investigate the emergence of serotype 6C in our population, focusing on a single multi-locus sequence type (MLST) clonal
complex 395 (CC395). A phylogenetic network was constructed to identify different lineages, followed by analysis of
variability in gene sets and sequences. Serotype 6C isolates from this single geographical site fell into four broad
phylogenetically distinct lineages. Variation was seen in the 6C capsular locus and in sequences of genes encoding surface
proteins. The largest clonal complex was characterised by the presence of lantibiotic synthesis locus. In our population, the
6C capsular locus has been introduced into multiple lineages by independent capsular switching events. However, rapid
clonal expansion has occurred within a single MLST clonal complex. Worryingly, plasticity exists within current and potential
vaccine-associated loci, a consideration for future vaccine use, target selection and design.
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Introduction

Streptococcus pneumoniae (the pneumococcus) causes life-threaten-
ing invasive disease (pneumonia, septicaemia, and meningitis),
primarily in children and the elderly, as well as other less severe
infections (sinusitis, and acute otitis media). The global burden of
pneumococcal invasive disease was estimated at almost 15 million
cases in 2000.[1] Asymptomatic carriage is known to precede
invasive disease and young children are the major reservoir of
pneumococct in human populations, around one-third of children
under five and over half of those under two carried S. preumoniae
asymptomatically in the nasopharynx.[2—4]

The pneumococcus is naturally transformable and shows
considerable genotypic and phenotypic diversity, particularly in
capsular serotype, of which over 90 are known. Capsular serotype
is associated with the ability to cause invasive disease—around a
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quarter of the known serotypes account for the majority of invasive
infections; some serotypes are at least ten-fold more likely to cause
invasive disease than others.[5]

The seven-valent pneumococcal conjugate vaccine (PCV7) was
licensed in the USA and Europe just over ten years ago. The
vaccine consists of the polysaccharide capsule of seven serotypes
associated with paediatric invasive disease in North America (4,
6B, 9V, 14, 18C, 19F and 23F), conjugated to diphtheria toxoid. It
was added to the childhood immunisation schedule in the USA in
2001 but not added to the UK’s schedule until 2006. The use of
PCV7 resulted in a reduction of invasive pneumococcal disease
both in the North America and Europe.[6-9] However, since the
introduction of PCV7, “serotype replacement” has been observed,
with an increase in the proportion of invasive and non-invasive
disease caused by serotypes not represented in the vaccine.[10,11]
In the UK, the increased incidence of invasive pneumococcal
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disease was caused by serotypes not included in the seven-valent
vaccine to some extent offset the impact of PCV7.[9] For this
reason, PCV7 has recently been replaced in UK and US
vaccination schedules with PCV13, which provides coverage for
six additional serotypes.

Serotype 6C was first described in 2007 as a subtype of 6A that
differed in reactivity with monoclonal antibodies from the majority
of 6A strains.[12] PCV7 contains polysaccharide from the 6B
serotype, which provides protection against serotypes 6A and
6B.[13] However, such protection does not extend to serotype
6C.[14] Serotype 6C appears to be rare in pre-vaccination
populations.[15-21] However, a worrying increase in the
incidence of serotype 6C disease and carriage has been observed
in diverse populations around the world since the introduction of
PCV7.[22-32] Locally, since the introduction of PCV7, we have
seen a fourfold increase in the proportion of nasopharyngeal
serotype 6C isolates among pneumococci isolated from our study
population in Southampton, England—from 3.8% of all isolates in
the winter of 2006/7 to 13.5% and 13.7% in the winters of 2007/
8 and 2008/9 respectively.[2,33] Worryingly, we have also seen
fatal cases of serotype 6C invasive disease.

Sustained surveillance and identification of factors influencing
serotype distribution are essential for the continued control of
pneumococcal disease and for rational vaccine design. Multi-locus
sequence typing (MLST) has been used extensively to investigate
the population structure of S. pneumoniae.[34] Although there is a
correlation between MLST type and serotype, isolates from within
a serotype can belong to a number of individual clonal complexes
or sequence types and isolates of the same sequence type can
express different capsular polysaccharides. Vaccine usage can
result in capsular switching, where an existing sequence type from
one capsular serotype remains prevalent by acquiring a different
capsular locus.[35] Phylogenetic analyses of biosynthetic loci
suggest that all 6C isolates belong to a single clade.[36] However,
MLST studies on serotype 6C have shown it to encompass over
two-dozen sequence types, several shared with the 6A sero-
type.[26,27,30,36]

It is clear that pneumococcal strains from the same sequence
type and/or serotype can differ significantly in gene content and
virulence-associated phenotypes.[37] However, as MLST sam-
ples neutral sequence variation within a handful of housekeep-
ing genes, it cannot always provide information about differ-
ences in gene repertoire or sequence variation within loci
associated with virulence. Furthermore, MLST cannot discrim-
inate between very closely related isolates. We therefore turned
to a more informative approach: high-throughput whole-
genome sequencing. Several recent studies have shown that
this approach is capable of the ultimate resolution of a single
nucleotide base-pair change (SNP) between isolates while also
providing valuable information on differences in virulence loci
and gene content.[38-41]

Recombination is the major driving force for short-term
genome evolution in the pneumococcus—an early MLST study
suggested that a single nucleotide site is approximately 50 times
more likely to change through recombination than mutation,
while a more recent whole-genome-sequencing study estimated
that 88% of SNPs in the Pneumococcal Molecular Epidemiol-
ogy Network clonel (PMENI) lineage were the result of
recombination events.[41,42] This high level of recombination
distorts, but does not eliminate, phylogenetic signals of descent
within pneumococcal lineages. However, given that recombi-
nation is so pervasive In pneumococci, evolutionary relation-
ships between isolates are best represented by phylogenetic
networks rather than by trees.[43]
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Clonal Expansion of Serotype 6C

Study goals

We undertook whole-genome sequencing of multiple local
1solates from serotype 6C to investigate genetic diversity within a
single serotype in a constrained geographical location and time
period, focusing on the sequence type driving current 6C
expansion in our study population, ST1692. We used whole-
genome sequencing of serotype 6C pneumococcal isolates from
Southampton to address the following questions:

1. Can genome sequencing provide information comparable or
superior to MLST on the evolution and spread of serotype 6C
lineages within a single geographical location?

2. Are there differences in gene content among the serotype 6C
strains circulating in our community and might these
differences account for variation in the prevalence of different
lineages?

3.Is there heterogeneity in capsule regions or other virulence
factors that might influence virulence and impact on the
development of future vaccines?

Methods

Bacterial isolates

Samples were collected during the winters of 2006-07, 2007-08
and 2008-09. To obtain pneumococcal carriage isolates, nasopha-
ryngeal swabs were collected from children aged four years and
under with written parental/guardian informed consent; ethical
approval for this proceedure was obtained from Southampton and
South West Hampshire Research Ethics Committee ‘B’ [REC 06/
Q1704/105]. Samples were collected regardless of health and
vaccination status, gender or ethnicity and no demographic data
were collected. Children were swabbed only once. All serotype 6C
invasive disease isolates (n =4) from blood or cerebrospinal fluid
specimens received by the HPA South East regional microbiology
laboratory between 2006 and 2010 were included; these were all
from adult patients. Microbiological procedures were performed
as previously described.[2] Pneumococcal capsular typing was
performed on genomic DNA isolated from sub-cultured isolates by
multiplex PCR.[2] Multi-locus sequence type (MLST) was
determined by Qiagen Genomic Services, using the MLST
website www.mlst.net to assign sequence type (ST).[2,34]

Thirty-two serotype 6C isolates were obtained from the carriage
samples, falling into nine sequence types, of which ST1692
(belonging to clonal complex 395) was the most common (n = 18);
three of the four invasive-disease isolates also belonged to ST
1692/CC395. CC395 was defined as all isolates within ST395 or
within sequence types which shared 6/7 of MLST alleles with
ST395. CC395 therefore encompassed nine isolates from ST1692,
two representatives of ST1714 and a single representative of
ST395. Fifteen of the 32 6C carriage isolates (47%) and four
mvasive disease isolates were selected for whole-genome sequenc-
ing (Table 1). These included at least one representative of each of
the nine observed sequence types, with twelve isolates from CC395
(Table 1, Figure 1, 2).

Procedures

DNA was extracted for whole-genome sequencing from an
approximately 10'® bacterial cell pellet of obtained from six hours
liquid culture in 10 ml of liquid culture Brain-Heart-Infusion
(BHI) for whole-genome sequencing. Extraction was performed
using the Qiagen 100/G genomic tips by following the manufac-
turer’s instruction for Gram-positive bacteria. All strains were
shotgun-sequenced by 454 (Roche, Welwyn Garden City) using
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Figure 1. A phylogenetic split-network showing the relationship between Southampton 6C strains and other strains with whole-
genome data from the public database. To generate the split-network, single nucleotide variants in concatenated multiple alignments of S.
pneumoniae core genome coding sequences were input to a Neighbour-Net analysis in SplitsTree. Strains sequenced in this study are coloured in

green. The serotype of each strain is shown in parenthesis.
doi:10.1371/journal.pone.0064731.g001

Titanium reagents at the University of Birmingham sequencing
service. The reference strain SOT2073 was also sequenced with
454 mate-pair sequencing with an insert size of 8 kb to produce a
single-scaffold reference sequence. All sequences were submitted to
the short-read archive (http://www.ncbi.nlm.nih.gov/sra) and are
available under the accession number SRP013270.

An average of 40 million bp were generated per isolate, yielding
approximately 19-fold coverage per genome. Mean read lengths
were 331 bp. A de novo assembly was performed for each strain,
using Newbler version 2.5 (Roche) under default settings except
that the *-rip” was invoked, which ensures that each read is placed
in a single contig only. De novo assembly of each strain produced a
mean of 167 contigs across all assemblies with a mean N50 (a
statistical measure of the average length of a set of sequences) of
39753 base-pairs. Assembly of the strain SOT2073 data, including
paired-end information, generated a single scaffold, 2,129,664bp
in length, generally co-linear with the genome sequence of the
well-characterised strain R6 (data not shown).

Assemblies were submitted to the xBASE annotation service
(http://www.xbase.ac.uk/annotation) to provide an initial set of
gene predictions. Orthologous genes were predicted from these

PLOS ONE | www.plosone.org

annotated genomes in conjunction with complete S. preumoniae
genome sequences retrieved from GenBank using OrthoMCL
(www.orthomcl.org) Whole-genome phylogenies were calculated
from the core genome (defined as the set of single-copy
orthologous genes present in all strains). Individual alignments of
orthologues were produced by MUSCLE and trimmed for quality
in Gblocks.[44,45] The resulting alignments were concatenated
into a single super-alignment and phylogenetic networks created
using SplitsTree drawing on genomes of representative strains in
the public databases. Additionally, whole-genome alignments were
produced in Mauve and analysed with ClonalFrame to remove
signals of recombination to provide phylogenetic signals of vertical
descent. The datasets generated by this study, including assem-
blies, annotations, orthologue predictions and alignments have
been deposited in a Github repository (http://github.com/
nickloman/pneumococcus-6C-study).

For accurate read mapping of the capsule locus reads were
mapped against the SOT2073 reference sequence using the
gsMapper component of Newbler. SNP calls were also produced
in this way. SNPs were filtered using a variant frequency cut-off of
100% and the effect on protein sequence determined using xBASE.
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Table 1. Pneumococcal isolates selected for whole genome
sequencing.

Specimen Clinical Status and
Identifier Year type Outcome ST
SOT0802M 2008 Blood COPD exacerbation: ST1692

Recovered

SOT0954Q 2009 Blood Pneumonia: Fatal ST1692
SOT1058S 2010 CSF Meningitis: Fatal ST1692
SOT1060N 2010 Blood Sepsis: Fatal ST1150
SOT0081 2006/7 NP swab Carriage ST1692
SOT0113 2006/7 NP swab Carriage ST65
SOT0237 2006/7 NP swab Carriage ST1714
SOT2029 2007/8 NP swab Carriage ST3460
SOT2073 2007/8 NP swab Carriage ST1692
SOT2074 2007/8 NP swab Carriage ST1692
SOT2105 2007/8 NP swab Carriage ST1692
SOT2300 2007/8 NP swab Carriage ST1862
SOT2371 2007/8 NP swab Carriage ST395
SOT3022 2008/9 NP swab Carriage ST1692
SOT3050 2008/9 NP swab Carriage ST1600
SOT3055 2008/9 NP swab Carriage ST1692
SOT3060 2008/9 NP swab Carriage ST1150
SOT3074 2008/9 NP swab Carriage ST1714
SOT3088 2008/9 NP swab Carriage ST398
Abbreviations: CSF: cerebrospinal fluid; NP: nasopharyngeal.
doi:10.1371/journal.pone.0064731.t001

Clonal Expansion of Serotype 6C

Results

Clonal diversity and clonal expansion

We identified SNPs in the genes conserved in all our isolates and
other representative S. pneumoniae strains. From these, we
generated a phylogenetic split-network (Figure 1), which largely
reproduces the major pneumococcal lineages described by Donati
et al.[43] Our serotype 6C isolates fall into four lineages. The
largest 6C lineage consists of the twelve isolates belonging to clonal
complex 395, together with SOT3050 from ST1600 and
SOTO0113 from ST65. Two serotype 6C isolates from ST1150—
one associated with carriage (SOT3060), the other with fatal sepsis
(SOT1060N) —form a distinct phylogenetic cluster. Two other
seemingly unrelated serotype 6C carriage isolates, SOT2300
(ST1862) and SOT3088 (ST398) also form a distinct cluster. One
carriage isolate from this serotype, SOT2029 from ST3460, sits
separate from all other serotype 6C strains.

We next focused on diversity within this clonal complex,
creating a phylogenetic network of CC39)5 strains (Figure 2). Tight
clustering was found between four pairs of strains. The close
relationship between SOT2073 and SOT2074 is unsurprising
because these strains were collected from siblings in the same
family during the same hospital visit. Nonetheless, there are seven
SNPs that separate these genomes, three of them apparently
acquired through recombination. Four of the seven SNPs occur in
coding regions and three representing non-synonymous changes,
emphasising the relatively fast pace of genome evolution in this
species.

There are two pairs of carriage isolates (SOT0081/SOT3022
and SOT0237/SOT3074) where the isolates were obtained two
years apart, yet cluster together tightly, suggesting that conserved
genotypes can persist year on year. More worryingly, two of the
four invasive isolates, SOT0802M and SOT1058S cluster

soTogoz2M SOT2105

SOT1058S

SOT2074

SOT2371

S0T0237

——1 054 SOT3074

S0OT3022

SOT0081

SOT0954Q

SOT3055

Figure 2. A phylogenetic split-network drawn from single nucleotide variants showing the relationship between CC395 isolates.

Invasive isolates are coloured in red.
doi:10.1371/journal.pone.0064731.g002
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together, yet were also obtained from samples two years apart,
suggesting the persistence of a virulent clone carrying a serotype
not covered by the PCV-7 vaccine.

Sequence variation in loci associated with surface
structures

Mapping alignments revealed that the number of SNPs
separating each isolate from SOT2073 ranged from 8 to 19,829
among our serotype 6C isolates. Up to 128 SNPs were seen in
isolates from ST1692 and up to 172 SNPs within the CC395
clonal complex (Table 2). Surprisingly, the majority of SNPs were
non-synonymous, probably reflecting selective pressure on key
virulence determinants. Known or putative virulence factors are
commonly mutated including the IgAl protease, choline-binding
proteins, surface proteins PspA and PspC and endo-beta-N-
acetylglucosaminidase. All isolates from CC395, together with
isolate ' SOT3050 (ST1600), encode a second PspA-domain
protein, not seen in any of the other sequence types. This protein
contains two domains: a glucan domain with homology to PspA
and a peptidase/caspase domain. The pair of invasive isolates,
SOT0802M and SOT1058S, also show variation in the choline-
binding protein PspC, in particular in the length of a proline-
alanine repeat motif, linking the C-terminal choline-binding
domain and the active peptide domain.

The 6C capsular locus is thought to have originated at least
three decades ago in a single recombination event that
replaced the 6A weiV gene (encoding a glysoyltransferase) with
the weiN-beta allele.[36,46] However, we found heterogeneity
in capsular gene sequences—in particular, several stretches
from the capsular locus of isolate SOTO0113 showed <95%
sequence identity to the reference sequence from SOT2073
and other 6C isolates. Also, a previous described insertion in

Table 2. Single nucleotide polymorphisms.

Non-
Strain ST Total SNP Filtered CDS Synonymous
SOT2074 1692 81 8 4 3
SOT2105 1692 217 67 49 30
SOT3022 1692 233 73 51 29
SOT802M 1692 202 100 77 45
SOT1058S 1692 237 109 77 46
SOT0081 1692 189 111 80 48
SOT954Q 1692 251 111 70 45
SOT3055 1692 304 128 102 70
SOT0237 1714 334 156 122 83
SOT3074 1714 353 161 123 82
SOT2371 395 367 172 123 81
SOT0113 65 16772 2466 2042 636
SOT2029 3460 18835 12148 10360 2977
SOT3050 1600 16534 13777 11551 3494
SOT3060 1150 17824 13892 11935 3466
SOT3088 398 17735 14506 12275 3721
SOT1060N 1150 19298 15832 13403 3874
SOT2300 1862 24959 19829 17209 5054
The number of filtered SNPs separating isolates from SOT2073 ranges from 8 to
19,829. Within ST1692 the largest number of SNPs is 304;within CC395, the
largest number is 367.
doi:10.1371/journal.pone.0064731.t002
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the wzy gene was found in SOTO0113, but not in the other
isolates examined.[47]

Accessory genome of 6C serotype strains

Next, we examined the accessory genome of our serotype 6C
1solates, that is the set of genes and gene clusters not present in all
strains of S. pneumoniae. 'The largest differences in gene content
between our 6C isolates and the SOT2073 reference genome were
due to prophages, for example a near-identical ~13 kb prophage
in the two ST1714 isolates and the ~32-kb Streptococcus phage
11865 in SOT3055. Prophages are known to carry virulence-
related genes in many other bacterial species and, although a
relatively underexplored topic, this is probably also true in the
pneumococcus.[48,49]

Our survey revealed several putative resistance genes within the
6C serotype. As noted, SOT2029 clusters separately from all other
serotype 6C strains. Interestingly, this isolate, shows resistance to
erythromycin and tetracycline but not penicillin (minimum
inhibitory concentrations of >256, 6 and 0.064 respectively) and
carries the ennB and tetM genes flanked by genes associated with
conjugative transposons. All of the other isolates were sensitive to
penicillin, tetracycline and erythromycin, and none contained
sequences for ermB and tetM genes. All of our isolates from CC395
carry a lantibiotic synthesis locus not seen in any of the other
serotype 6C sequence types we have studied. A very similar locus
has been described in two other genome-sequenced S. preumoniae
isolates, CGSP14 and INV200.[50] However, these belong to a
different serotype and are not related to CC395 in our
phylogenetic network, suggesting that this cluster has undergone
horizontal gene transfer.

Discussion

This study illustrates the evolution of a single pneumococcal
serotype, 6C, during a period of vaccine pressure. The scattered
phylogenetic distribution of serotype 6C isolates provides
convincing evidence for historical capsular serotype switch-
ing,[32] whereby the 6C capsular locus has been introduced
into multiple pneumococcal lineages by independent recombi-
nation events. However, the phylogenetic network also confirms
that, in our local population, the rise in prevalence of serotype
6C is largely due to clonal expansion within a single clonal
complex.

The presence of a lantibiotic synthesis locus within and unique
to all genome-sequenced members of this clonal complex provides
a possible explanation for the success and clonal expansion of
CC395 m our study group. Lantibiotics are bacteriocins that
contain the modified amino acid lanthionine and which are
produced by, and act on, Gram-positive bacteria.[51] Their
ecological role is thought to impart colonisation resistance,
preventing related strains from gaining a foothold in a specific
environment [51,52]. Our genomic survey suggests that lantibiotic
production may have enhanced the fitness of CC395 in the
presence of other S. pneumoniae lineages in a competitive and
shifting environment, potenitally explaining its increasing pre-
dominance in our sample set.

As expected from previous studies, we found little or no
variation in the complement or sequences of metabolic genes.
Instead, we found a serotype 6C accessory genome largely
composed of prophage genes. However, we did find further
evidence of sequence variation within loci encoding surface
structures, both proteins and capsular polysccahride, presumably
driven by selective forces imposed by the host immune system.
This is worrying for two reasons. Firstly, although the new vaccine
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PCV13 appears to provide protection against the 6C serotype,[53]
our findings suggest that sufficient plasticity might exist within the
6C capsular locus for new vaccine-escape mutants to emerge;
Elberse et al.[54] have made similar but distinct observations on
plasticity within the 6C capsular locus. Secondly, given that
surface proteins such as PspA and PspC are candidates for
inclusion in next-generation protein—based pneumococcal vac-
cines, the sequence variation seen in these proteins raises the
concern that the S. pneumoniae will respond to the introduction of
these vaccines with the same kind of rapid evolution seen after use
of polysaccharide vaccines. In other words, we may be facing an
example of Red Queen evolutionary dynamics,[55] where we may
need continual innovation in our vaccine repertoire to maintain
the same level of control of infection. It is also worrying to see the
emergence of antibiotic resistance in one of our 6C lineages.
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