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Background

Streptococcus pneumoniae is responsible for various infections such as pneumonia, otitis, sinusitis,
peritonitis, endocarditis and meningitis".. The incidence of invasive S. pneumoniae is often used as an
indicator of the burden of pneumococcal disease. Virulence and invasiveness varies among serotypes.
In pneumococcus, several virulence factors are known; among these, the cps locus encoded capsule is a
crucial one, as the prime target for vaccine development. Although several vaccines (PCV-7, PCV-10,
PCV-13 and PCV-23) with different coverage have been developed against S. pneumoniae, invasive
pneumococcal disease remains a public health concern since a vaccine replacement phenomenon is
observed®,

Since 1990, S. pneumoniae serotype is determined using the Quellung’s technique in most
laboratories®. This standard method uses antisera to reveal the swelling of the capsule through an
antibody-antigen reaction™*. This technique is laborious, expensive and requires technical expertise.
Although this technique is recognized as the reference method, it can lead to erroneous results because
it is subjective. Indeed, serotyping results are obtained through microscope observation of capsular
swelling which in some cases is difficult to observe. As more than 90 serotypes of S. pneumoniae have
been described to date!, a serotyping algorithm must be applied using different antisera which makes
the task tedious and time consuming.

Rapid molecular techniques are now being evaluated to perform serotyping. A review of several
published methods to determine the serotype of S. pneumoniae is presented in Table 14*). Among the
six methods presented, two cannot be used as part of a surveillance program. The whole genome
sequencing (WGS) is a method which generates data that are not all relevant in the current context of
monitoring®’*?). However, WGS may help to understand the mechanism of replacement and adaptation
through possible recombination in the S. pneumoniae strains in response to vaccination 2%, Although



promising, EIMS*12 method, is not available to the Quebec market. Microarrays*>*# technology allows
rapid genes resistance and virulence identification. However, microarrays equipment is not more
available at LSPQ. We retained the other three methods based on the following criteria: cost analysis,
technology availability at the LSPQ and timely delivery of results. In the case of sequetyping*®, unlike
multiplex PCR (which remains the most cost effective®®), the method does not require adaptation to
local epidemiology of circulating serotypes. For all molecular methods described, the literature reports
that a certain percentage of serotype strains cannot be determined. In which case an alternative path
must then be considered like Quellung’s serotyping method.

We propose to evaluate various molecular techniques for rapid serotyping of S. pneumoniae strains as
compared with Quellung gold standard, including all invasive strains isolated from children and adults in
the province of Quebec.

Methods: Molecular method comparison (using LSPQ collection of invasive S. pneumoniae strains) with
gold standard method (Quellung) and WGS to study the impact of vaccine on serotype replacement.

1- Monitoring tools :

- Multiplex PCR
- Sequetyping

Phase 1 : For the development, 20 selected strains will be used to fine tune and develop the methods.

Phase 2 : For the proof-concept, an additional 100 strains will be analyzed using the two molecular
methods. The third method, WGS, will be performed on 10 strains. The strain collection will be
representative of various circulating serotypes, including serotypes (19A, 7F, 3, 22F, 9N, 15A, 6C) and all
serotypes included in currently used vaccines. Molecular methods will be compared to the Quellung
gold standard method. After the proof-concept period, the most efficient method will be retained and
used for surveillance programme. The choice will be based on cost effectiveness, efficiency, cost of
reactive, cost of technical time, accuracy and professional expertise.

2- Molecular basis of vaccine replacement by WGS :

WGS will be performed on 10 selected strains to study pneumococcus post-vaccine changes through
two approaches:

- Pre- and post-vaccine follow-up for serotyping evolution.
- Identification of putative vaccine target.

Time-line (See Annex 1)

Steps Lenght

Development:

1 year
Strains’ selection and development of 3 molecular methods for serotyping y
Proof of concept:
-Molecular methods will be compared with Quellung gold standard method and WGS 1year

-Evaluation on our surveillance programme in the design of vaccines using the new
validated method.

Publication and conference organization

study

At the end of




Project Benefits

1- Implementation of an active monitoring tool of invasive S. pneumoniae serotypes.
2- Reduction of delays and costs associated with the provincial monitoring program of invasive
strains of S. pneumoniae using optimized serotyping methods.
3- Potential increase of provincial surveillance program capacity building due to cost effectiveness.
4- ldentification of putative vaccine target.
5- Better understanding of vaccine replacement mechanism.
Deliverables

1- Set up of a new molecular serotyping method.

2- Data from the study will be presented at a scientific meeting and published in a peer reviewed
journal.
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Table 1. Comparison of different methods for S. pneumoniae serotyping.

Quellung

antisera

. (swelling of the capsule)
Brief

description

- Gold standard
- Covers all
serotypes
- Validated and available
method atLSPQ
Avantages
- Tedious
- Laborious.
- Subjective
- Expensive
- Possihility of
cross-reactions
Disadvantages
Efficiency Serotype: 100%
Time required 96 hours

Costs / strain

serotype

Austrian, 1976

Determinationof serotype with

Between 60$ et 100 & according to

Multiplex PCR

Multiplex PCR cascadingup to 8

different PCR reactions

{method adapted from COC protocol)

- Fast

- Inexpensive

- Easily achievable

- Equipment available
atthe LSPQ,

- Used inseveral
laboratories across
the world [USA, Spain,
Finland, Brazil, Korea)

- To be customized
according to local
epidemiology

- Detection of known
serotypes

- Possibility of false +

- Some serotypes are
difficult to identify
(eg, 6A, 6B, 6C, 6D)

Sérotype:93-99%

~72 hours

Between 305 et 80 % accordingto

multiplexdesign

- Siteweb duCDC

- Paietal, 2006

- Iraurguietal., 20107
-Yunetal,2011F

- Siiraetal., 20125

Sequetyping

PCRcpsBand
amplicon seguencing
{~ 1000 pb)

- Fast

- Inexpensive

- Easily achievable

- No need to adapt
the localepidemiology

- Detection of new
serotypes

- Equipment availzble
atthe Ll5PQ

- Method basedon public
databases(eg NCBI)
that are not always
accurate

- Necessity of a cpsB
controlled bank

Serotype: 66 %
Serogroup : 20 % more
Ambiguousresults: 14 3%

~72 hours

505

- Leungetal., 201209

Electrospray ionization mass

spectrometry (EIMS)

Five multiplex PCR microplates,
followed by analysis of mass.
spectrometrycoupled to electrospray
ionization

- Partially automated

- Determines usefulST's
(sequence type) for
epidemiological studies

- Methodology usable
for other applications

- Unavailable device atthe
LSPQ

- Plex-1D isnot available
on the market:
adjustmentsare in
processat Abbott

Not available

Not available

Not available

- Massire etal., 201202
-Wolketal , 20122

Microarray

Hybridization of |abeled DNA on a solid
support (chip) where the interesting
genes, including those from serotyping
are printed

- No need to adapt the
protocolto local
epidemiclogy

- Reader microarray
available 2t LSPQ

- Detection of known
serotypesonly

Serotype:75%
Serogroup:9% more
Noresult:11%
Error:5%

~72 hours

1605

-Wangetal., 2007 2
-Tomitaetal , 2011 %
- Gervaixetal., 2012
- Raymond etal, 2013 8

Whole genome sequencing

Full genome sequencing (2nd
generationsequencing)

- Large amount of data
generated

- Identification of genes
resistance and
virulence

- Identification of
therapeutic targets

- Equipment available
atthe LSPQ

- Method notsuitable
for serotypingina
monitoring program
setting

Not available

1week

1205

- Fanietal., 201117

- Billaletal, 2011 =
-Huet al., 20120

- Croucheret al., 2013122}



Annexe 1. Time Frame/Project Goals (arrows), milestones (red), task (blue bars) and timelines.

TASK (Location)

YEAR 1

YEAR 2

Development of comprehensive tools for rapid detection and efficient
monitoring of S. pneumoniae.

. PCR multiplex
. Sequetyping

. WGS (10 strains)

Proof of concept (comparison with gold standard method; Quellung)
using 100 representative strains.

Y Y N

. PCR multiplex

. Sequetyping

. WGS (10 strains)

Publication/conference
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Background

Streptococcus pneumoniae is responsible for various infections such as pneumonia, otitis, sinusitis,
peritonitis, endocarditis and meningitis™”. The incidence of invasive S. pneumoniae is often used as an
indicator of the burden of pneumococcal disease. Virulence and invasiveness varies among serotypes.
in S. pneumoniae, several virulence factors are known; among these, the cps locus encoded capsule is a
crucial one, as the prime target for vaccine development. Although several vaccines (PCV-7, PCV-10,
PCV-13 and PCV-23) with different coverage have been developed against S. pneumoniae, invasive
pneumococcal disease remains a public health concern as vaccine replacement phenomenon has been
observed®.

In December 2004, PCV-7 vaccination was implemented free to all newborns in Quebec, using a 3-dose
schedule (2, 4 and 12 months). Simultaneously, the vaccine could be offered free of charge to all
children under the age of 5, during routine visits. In 2008, a new PCV-10 containing 3 serotypes not
included in PCV-7 vaccine was licensed in Canada. It was introduced in Quebec in children in the
summer of 2009. In 2009, PCV-13 vaccine was approved in Canada. It was introduced in the Quebec
immunization program in January 2011 and replaced PCV-10.

The introduction of PCV-7 had not only an important impact on the number and the diversity of strains
isolated from children under 5 years of age, but the impact was also observed in individuals 2 5 year old.
Thus, the proportion of serotypes included in PCV-7 has dramatically declined since 2005. However,
there was an increase in the proportion of serotypes 7F and 19A which are not included in PCV-7 and an
increase of non-vaccine serotypes was observed. In 2013, a decrease in the frequency of 7F and 19A
serotypes in individuals 2 5 year old was observed. However, the number of circulating serotypes not
included in the PCV-7, PCV-10 and PCV-13 is increasing.

Thus, sustained laboratory monitoring is essential because it allows the study of evolution of circulating
serotypes as well as antibiotic resistance patterns, two crucial parameters for planning immunization
programs, the choice of vaccines and the development of treatment guidelines. Analysis of invasive
strains allows for the study of serotypes distribution and antibiotic susceptibility patterns of strains
responsible for the most severe forms of pneumococcal disease. Monitoring of circulating serotypes is
essential to assess the impact of vaccination programs of the province of Quebec.

In 1996, the Public Health Laboratory of Quebec (LSPQ) in collaboration with hospital laboratories
established a laboratory surveillance program of S. pneumoniae invasive strains. The program’s
objectives were to study the serotype distribution circulating in Quebec and establish their antibiotic
susceptibility profiles. This program was based on the collection of strains from sentinel laboratories. In
2005, in order to assess the impact of the universal immunization program against S. pneumoniae in



children, the program was expanded to all invasive strains of S. pneumoniae isolated from children
under 5 years of age.

This monitoring program has kept track of the evolution, in Quebec children, of various serotypes and
resistance in connection with the introduction of the PCV-13 vaccine in 2011 and more specifically
allows for the measure of its impact on the prevalence of serotypes 7F and 19A, two serotypes highly
prevalent in Quebec. Currently, the provincial surveillance program is limited to strains collected in
children less than 5 years of age and to adult strains from sentinel laboratories which represent less
than 25% of the total invasive strains in the adult population. Therefore, we may be underestimating the
diversity of circulating strains especially in areas not represented in the sentinel program and may not
capture adequately seasonal variation. Two years ago, we proposed, a study evaluating the benefits of
acquiring data on all invasive strains isolated in patients (> 5 years old) of the province of Quebec
compared to sentinel sites. This study was launched in August 2013, with the financial support of Pfizer.
Preliminary data from the first 18 months of extended surveillance indicate that some emerging
serotypes may not be fully captured by the sentinel sites, although these observations need to be
evaluated by longer follow-up.

Preliminary data from surveillance of invasive S. pneumoniae in individuals 2 5 years old

After 18 months of extended surveillance, we have identified a higher proportion of two serotypes, the
6A and 15A, which had not previously been identified with the sentinel sites surveillance program.
Serotype 6A is included in the currently used PCV-13 vaccine and serotype 15A is not included in this
vaccine and exhibits multi-resistance. A recent paper from lsraels howed a similar increase of 15A
serotype among adult invasive pneumococcal disease'?. Emergence of serogroup 15 was also described
by Liyanapathirana et al.® in nasopharyngeal carriage of hospitalized children. Furthermore, our data
analysis revealed an overrepresentation of some serotypes when only sentinel data are analyzed. The
clinical significance of these serotypes is not yet defined. However, this supports the necessity to expand
our broadened monitoring over a longer period of time to evaluate the establishment of these
serotypes into Quebec’s ecology and their relevance for vaccine development.

Before the beginning of our study in 2013, reporting of data was available in 3 formats: i) The annual
provincial aggregated data generally available one year after data collection'®; ii) The monthly LSPQ
StatLabo report providing aggregated data with a 2 months delay™iii) Individual reports for each strain
sent to participating laboratories as well as public health stakeholders, up to 4 months after strain
reception. As part of the current study, we were able to make available in real time information on
circulating serotypes by publishing a monthly report including all serotypes identified, classified by age

groups in the bulletin StatLabo (Fig. 1.).

We propose to continue our study for another three years to allow for a full characterization of
circulating serotypes including clustering in certain geographical areas or seasonal variation, to establish
incidence of invasive pneumococcal disease in the Quebec population, and to define if this surveillance
program provides added value to a sentinel site based approach. Results of this research project could
help guide public health authorities in immunization strategies and will also provide useful information
for vaccine design.



Figure 1. Données mensuelles des souches invasives de S. pneumoniae chez les patients
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Project objectives

1- To characterize serotypes and antibiotic resistance profile of all invasive S. pneumoniae strains from
the adult population in Quebec.

2- To assess whether the serotype profile differ from the entire population compared to the profile
obtained from sentinel sites.

3- To follow the incidence of IPD in Quebec over several years and evaluate the impact of current
vaccine, PCV-13 on IPD incidence.

Methodoiogy

The research project will cover the complete adult population for 3 additional years (September 2015 to
August 2018). We expect to collect 550 additional strains yearly to reach an average of 1000 strains
yearly (estimated based on 2014 data). This will represent all the invasive S. pneumoniae strains of the
province of Quebec. We propose to conduct this extended program for a 3-year period, after which a
program evaluation will be performed. Serotyping using Quellung methodology and determination of
susceptibility profiles using microdilutions method will be performed on all S. pneumoniae invasive
strains collected in patients aged of 2 5 year old.

Those additional strains will be provided by non-sentinel hospitals (n=74) which, until now, only
provided LSPQ with strains from child <5 years old and strains resistant to penicillin (> 0.12 mg/L
according meningitis criteria).

Data will be published monthly through StatLabo including serotype stratified according to patients’ age
and months.

Time-line
Steps Lenght
Monitoring of invasive S. pneumoniae serotypes in patients aged > 5 years old. Years 1,2 and 3
Real-time updating of StatLabo surveillance information using Quellung method. Years 1,2 and 3
Conferences. Years 1,2 and 3
Publication. Year 3
Timeframe

See annexe 1

Project Benefits

1- Real-time monitoring of invasive S. pneumoniae serotypes and antibiotic resistance in adult in
the province of Quebec.

2- Monitoring of IPD incidence in Quebec.

3-  Comparison of actual provincial surveillance program using data from sentinel hospitals vs data
from the study for individuals aged of 2 5 years old.

4- Data available for public health orientation on immunization program in adult population.



Deliverables

1-

Monitoring of invasive S. pneumoniage strains in adult population for 3 years, starting in
Septembre 2015 and ending in August 2018.

2- Monthly reporting of serotypes in StatLabo.

3- Data from the study will be presented at scientific meetings (AMMIQ [at the end of year 1],
CACMID [at the end of year 2], ISPPD[at the end of year 3]) and published in a peer reviewed
journal (Vaccine/PlosOne) at the end of the study.
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Introduction

Since 1990, Streptococcus pneumoniae serotypes are determined using the Quellung’s technique in
most laboratories. This standard method uses antisera to reveal the swelling of the capsule through an
antibody-antigen reaction. This technique is laborious, expensive and requires technical expertise.
Although it is recognized as the reference method, it can lead to erroneous results because it is
subjective. Indeed, serotyping results are determined through microscope observation of capsular
swelling which in some cases is difficult to observe. As more than 90 serotypes of S. pneumoniae have
been described to date, a serotyping algorithm must be applied using different antisera which makes
the task tedious and time consuming.

In that context, we evaluated three molecular techniques for the rapid serotyping of S. pneumoniae
invasive strains from children and adults in the province of Quebec. The results were compared with
those obtained using Quellung gold standard.

Whole genome sequencing (WGS) is a technology that determines the complete DNA sequence of a
microorganism's genome at a single time. Sequetyping is based on polymerase chain reaction (PCR)
amplification of cpsB (capsular polysaccharide synthesis) using a single primer pair followed by
nucleotide sequencing. Sequential multiplex PCR was used for capsular serotyping of pneumococci
using various primers pairs. Primer selection and their arrangement for multiplexing were optimized
based on the capsular serotype distribution found in Quebec.

Materials and Methods
Bacterial isolates

The 97 S. pneumoniae isolates used in this study are listed in Table 1. They cover 74 different serotypes
previously identified by the Quellung reaction using Statens Serum Institut antisera. Purified genomic
extracts were obtained using the Qiagen™ BioRobot M48 workstation and the MagAttract DNA Mini
M48 Kit (Qiagen).

Whole Genome Sequencing (WGS)

Genomic extracts were quantified using the Quant-It” PicoGreen® dsDNA Assay Kit (Life Technologies)
and diluted to the working concentration (1 ng/ul) to initiate the library preparation.

Whole genome sequencing was performed on 21 pneumococci isolates (Table 1) using an lllumina
MiSeq system and the Nextera XT DNA reagent kit v3 (600 cycles, paired ends). Genome size of
S. pneumoniae is 2.16 Mbp on average. Using this value and the MiSeq Sequencing Coverage Calculator
(http://support.illumina.com/downloads/sequencing coverage calculator.html), a minimum depth of
coverage per isolate averaging 50X was obtained.
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Bioinformatics tools

Following the MiSeq run, reads quality was evaluated with FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/). Genome assemblies were performed
using Spades (Bankevich et al., 2012) assembler on Calcul Quebec (http://www.calculguebec.ca/en/)
public resources. Assemblies’ metrics for each specimen were computed and visualized with Quast
(Gurevich et al., 2013) and R scripts tools.

To detect the cps loci in each single fasta file assembly, 107 cps sequences representing 92 different
serotypes (Camargo et al., 2015) were downloaded from the NCBI GenBank database
(http://www.ncbi.nlm.nih.gov/) using an in-house Biopython (http://biopython.org/wiki/Main_Page)
script tool. A database containing those sequences was constructed and used as a list of subjects to
successively Blast (Basic Local Alignment Search Tool) all assembly files with a second in-house python
script tool. For each unknown isolate, the hit with the highest bit score was retained as the most
probable corresponding serotype.

Sequential multiplex PCR

Pneumococcal serotypes of selected isolates (n=60) listed in Table 1 were tested using a sequential
multiplex PCR protocol designed by the Centers for Disease Control and Prevention (CDC,
http://www.cdc.gov). The list of 41 oligonucleotide pairs of primers and the product sizes are
accessible at: http://www.cdc.gov/streplab/downloads/pcr-oligonucleotide-primers.pdf. The names of
the primers correspond to their respective target serotype(s). The sequential multiplex approach
consists of eight successive PCR reactions (reactions 1 to 8) and the reaction 6C used to resolve a
positive amplification with primers 6A/6B/6C/6D in reaction 1. Each single reaction has its serotype-
specific set of primers. They all have the universal capsular pair of primers CPSA-(forward and reverse)
as positive control targeting every possible tested cps locus (except for serotype 38). Master mix
component and thermal cycling parameters are detailed in the following document:
http://www.cdc.gov/streplab/downloads/pcr-us-clinical-specimens.pdf. Electrophoresis was done
using a 2% agarose gel and 25 ul reaction mix described in the conventional LSPQ routine procedure.

Sequetyping

Serotyping by sequetyping, based on the cpsB gene sequencing, was performed on selected isolates
from Table 1 (n=74) according to Leung et al., (2012). The sequetyping primers are as follow: cps1, 5’-
GCA ATG CCA GAC AGT AAC CTC TAT-3’, and cps2, 5'-CCT GCC TGC AAG TCT TGA TT-3’. PCR
amplification, amplicon purification, the first generation sequencing with the BigDye Sequence
Terminator v.3.1 kit (Applied Biosystems) and the Genetic Analyser 3130 (Applied Biosystems) were
performed according to the procedure commonly used in routine at the LSPQ.

BioNumerics version 7.5 (Applied Maths) was used to assemble forward and reverse abi sequences and
to edit final consensus chromatograms. Consensus sequences were exported in a single multifasta file
to perform phylogenetic analysis and Blast queries (see below).
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The identification could be classified into one of the following levels (adapted from Leung et al., 2012):
1) Serotype level when the expected serotype was found with the highest identity value. 2) Serogroup
level if the expected serotype was found with the highest identity value and this identity was shared
with other serotype(s) of the same serogroup only. 3) Ambiguous, when condition 2) is true and the
highest identity value is also or only shared with other serotypes. 4) Misidentified, when the highest
identity value was obtained with a serotype different from the expected one.
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TABLE 1 Serotypes and isolates ID used in this study and selected isolates for the seroptyping
molecular methods tested.

Tested serotyping methods

Serotypes' Isolates ID WGS Sequetyping Sequential multiplex PCR
1 LSPQ3053 v v
2 LSPQ3054 v v
3 LSPQ3055 v v
4 LSPQ3124 v v
5 LSPQ3057 v v

6A LSPQ3058 v v
6B LSPQ3770 v v
6C LSPQ4242 v v
6D MA092686 v v
7A LSPQ4102 v v
7B LSPQ4103 v v
7C LSPQ4231 v v
7F MA099461 v v
7F KMA081946 v

8 LSPQ3596 v v
9A MA080418 v v
9N MA099463 v v
9V MA099234 v v
10A MA090174 v v
10A KMA095845 v
10A KMAQ94933 v
10A KMA094205 v
10B MA080812 v
10F MA075627 v v
11A MA090298 v v
11A KMA091851 v
11B MA097930 v
11F MA073130 v
12A MA097699 v v
12F LSPQ3064 v v
13 LSPQ3065 v v
14 LSPQ3066 v v
15A MA099389 v v



TABLE 1 (continued)
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Tested serotyping methods

Serotypes' Isolates ID WGS Sequetyping Sequential multiplex PCR

15A KMA096792-1 v

15A KMA095336 v

15A KMA094663 v

15A KMAQ093977 v

15B MA099177 v v
158 KMAQ96033 v

158 KMA095997 v

158 KMA094560 v

15C MA096496 v v
15F MA083248 v v
16A MAO065427 v

16F LSPQ4236 v v
16F KMA093020 v

17F MA098807 v v
18A LSPQ4243 v v
18B MA066814 v v
18C MA095139 v v
19A LSPQ3071 v v
19A KMA080288 v

19A KMA080125 v

19A KMAO79789 v

198 MAO083042 v

19C MA084138 v

19F MA098992 v v
20 LSPQ3072 v v
21 LSPQ3160 v v
22A MA095877 v v
22F LSPQ4162 v 