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ABSTRACT

Conventional multiplex PCR (cmPCR) reactions have been developed to monitor the most predominant serotypes of Streptococcus
pneumoniae causing invasive pneumococcal disease (IPD). Since cmPCR assigns serotypes based on differences in the capsule
biosynthesis (cps) loci, DNA extracted from clinical specimens can be used directly to monitor changes in serotype distribution
and assess the impact of pneumococcal vaccines. Given that cmPCR can require up to eight reactions to assign a serotype,
testing is often conducted in sequential algorithms. Sequential cmPCR reactions; however, may not be the most cost effective
strategy to determine whether a S. pneumoniae serotype is vaccine-preventable. This study used oligonucleotide permutations in a
modified set of cmPCR reactions (termed cmPCRmod) to reduce the number of PCR reactions required to identify S. pneumoniae
serotypes covered by the 7- and 13-valent pneumococcal conjugate vaccines (PCV7 and PCV 13, respectively) and the 23-valent
pneumococcal polysaccharide vaccine (PPV23). While oligonucleotide permutations have previously been reported for regional
differences in serotype distribution, the impact on assay performance had not been assessed. This study demonstrated that
equivalent analytical sensitivity and specificity was seen when comparing cmPCR and cmPCRmod, and 100% concordance
was seen when 308 clinical isolates of S. pneumoniae were evaluated. Compared to cmPCR, cmPCRmod reduced the number
and reactions required to detect serotypes covered by PCV7, PCV13, and PPV23. This study demonstrated that conventional
multiplex reactions can be reformulated for more efficient detection of vaccine-preventable serotypes, without compromising test
performance characteristics. As such, cnPCRmod reactions could provide significant cost savings for large surveillance studies.
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1. INTRODUCTION

Streptococcus pneumoniae (or pneumococcus) is a bacterium
that normally colonizes the human naso- and oropharynx
but can also cause a spectrum of pneumococcal disease in-
cluding community acquired pneumonia (CAP) and invasive
pneumococcal diseases (IPD) such as meningitis and bac-

teremia.l'™* Both CAP and IPD are major causes of mor-
bidity and mortality, and pose a significant burden on our
healthcare system.!>>! Pneumococcal diseases are respon-
sible for approximately 1.6 million deaths worldwide each
year, with incidence rates greatest in children, the elderly, or
individuals with risk factors.®!

*Correspondence: Jason J. LeBlanc; Email: jason.leblanc @cdha.nshealth.ca; Address: Division of Microbiology, Department of Pathology and
Laboratory Medicine, Nova Scotia Health Authority (NSHA), Room 404B, MacKenzie Building, 5788 University Avenue, Halifax, Nova Scotia, B3H

1V8, Canada.
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Childhood immunization programs have played an impor-
tant role in reducing the burden of pneumococcal disease.
Prior to introduction of the 7-valent pneumococcal conjugate
vaccine (PCV7), most infections caused by S. pneumoniae
were attributed to serotypes covered by this vaccine.l’™"!
While diseases caused by PCV7-serotypes have declined
over the years, other serotypes have become predominant.
This led to the use of the 13-valent pneumococcal conjugate
vaccine (PCV13) in childhood immunization programs.!*!
Following the Community Acquired Pneumonia Trial In

Adults (CAPITA),['!l recommendations were made for use
of PCV13 in adults aged > 65 years.!'>'4! Both PCV13
and the 23-valent pneumococcal polysaccharide vaccines
(PPV23) are also recommended for individuals at risk for
pneumococcal disease.!'>!3! With the changing epidemi-
ology of pneumococcal disease worldwide, monitoring the
serotype distribution of S. pneumoniae is crucial to assess the
impact of pneumococcal vaccines and help make informed
recommendations for their use.

Table 1. Serotypes detected by the traditional and modified cmPCR reactions

Vaccine Coverage

Reaction Serotype (Expected size in bp)
PCV7 PCV13 PPV23
3, 6A, 6B, CpSA 6AIGBI6C/6D 3 19A 22FI22A 16F
68 19A 8,68,19A,22F  cmPCR1 (160) (250) (371) (566) (643) (988)
cpsA 8 33F/33A37  15AVISF 23A FITA
7F 7F, 8, 33F PCR 2
18,33 cmPC (160) (201) (338) (434) (722) (826)
cpsA 19F 12F/12A/12B 11A/1ID  38/25F/25A 358
19F 19F 11A,12F, 19F  cmPCR3 (160) (304) 144146 (376)  (463) (574) 677)
24AI24BI24F  cpsA 7C/I7B/40 4 18C/18F/18B  9V/9A
4,0V,18C 4,9V, 1 4,9V, 1 PCR 4
OV, 18C 4,9V, 18C 9V, 18C cmPC (99) (160) (260) (430) /18A(573)  (816)
1, 10A, 14, 158, cpsA 14 1 23F 15B/15C 10A
14, 23F 1,14, 23F 23F cmPCR'S (160) (189) (280) (384) (496) (628)
39 cpsA 10F/10C/33C 5 35F/4TF 17F
17F PCR
° > cmPCR 6 (98) (160) (248) (362) (517) (693)
cpsA 238 3BABECIA2 34 ON/OL 31
N cmPCR 7 (160) (199) (280) (408) (516) (701)
cpsA 21 2 20 13
2,2 PCR
120 cmPCR 8 (160) (192) (290) (514) (655)
. CpsA 6A/GB/6C/6D  6C/6D
CmPCRECD™ 160 (250) 727)
3,7F,14,19A, 3, 7F, 14, 19A, cpsA 14 19F 3 19A 7EI7A
14, 19F PCRmod A
o 19F 19F CMPCRMOd A 16 (189) (304) @71) (566) (826)
4,689V, 4,6A 68,9V, 46B,9V,18C, o opsA 6A/GB/6C/6D  23F 4 18C/18F/18B  9VI9A
18C,23F  18C, 23F 23F (160) (250) (384) (430) /18A(573) (816
6C/6D
cpsA 1 5 15B/15C 22F/22A 2
1,5 1,5, 15B, 22F cmPCRmod C (160) (280) (362) (496) (643) 2
8ONI0A LA, o cpsA 8 33F33A/37  LIAIID  ON/OL 10A
33F (160) (201) (338) (463) (516) (628)
12F/12A
cpsA 238 2 20 17F
212F, 177,20 cmPCRmodE 0 i o (1;5(;;14/46 i peei
cpsA 7CI7BI40 15A/15F 13 23A 16F
PCRmod F
emPLRmo (160) (260) (434) (655) (722) (988)
pCRmod G ZAAJ2ABI24F  cpsA 10F/10C/33C 34 38/25F/25A 31
(99) (160) (248) (408) (574) (701)
39 cpsA 21 35A/35C/42  35FIATF 358
PCRmod H
emPLRmo (98) (160) (192) (280) (517) (677)

*When a positive reaction is obtained in cmPCR1 for serotype 6A/6B/6C/6D, and additional reaction is performed to distinguish 6A/6B for 6C/D using cmPCR 6CD. In the modified
reactions, serotype 6A/6B/6C/6D is found in cmPCRmodB and the 6CD reaction is incorporated into cmPCRmod C.

To date, over 90 different S. pneumoniae serotypes have
been identified using traditional Quellung serotyping, a
microscopic method that classifies pneumococci based on
capsule-specific antisera.l'>! More recently, molecular meth-
ods for serotype deduction like conventional multiplex PCRs
(cmPCR) have been developed, and are widely used from
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DNA extracted from S. pneumoniae isolates or clinical
specimens.!'281 Since cmPCR have a limited number of
serotypes in each PCR reaction, they have been designed
to target the most prevalent serotypes causing IPD, often in
sequential reactions.?!2°! However, sequential PCR may
not be the most cost effective strategy to identify S. pneumo-
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niae serotypes that are vaccine-preventable. This study used
oligonucleotide permutations in a modified set of cmPCR
reactions (termed cmPCRmod) to reduce the amount of test-
ing required to identify S. pneumoniae serotypes covered by
the PCV7, PCV 13, or PPV23 vaccines. By redistributing the
primer pairs for vaccine-preventable serotypes, the number
of cmPCRmod reactions required to span the coverage of
PCV7, PCV13, and PPV23 was 2, 3, and 5, compared to
the traditional cmPCR which require 4, 6, and 8 reactions,
respectively (see Table 1).

2. METHODS

2.1 S. pneumoniae source and culture

For the analytical specificity analysis, each PCR-based
serotyping method was tested against a panel of pre-
characterized S. pneumoniae isolates and non-pneumococcal
streptococci that were obtained from one of five sources: the
American Type Culture Collection (ATCC), the Centers for
Disease Control and Prevention Global Pneumococcal Strain
Bank (http://www.cdc.gov/streplab/global-pneun
o-strain-bank.html), the National Microbiology Labora-
tory (NML) in Winnipeg MB, Canada, the Serious Outcomes
Surveillance (SOS) Network of the Canadian Immunization
Research Network (CIRN) in Halifax, NS, Canada,®” or the
biorepository in the Division of Microbiology at Nova Scotia
Health Authority (NSHA), Halifax, NS, Canada.

S. pneumoniae isolates for the clinical validation (n = 308)
were obtained from two different sources: 87 S. pneumoniae
specimens were collected as part of a national surveillance
program for CAP and IPD by the CIRN SOS Network be-
tween Dec. 01, 2010 and Dec. 31, 2012. The other 221 S.
pneumoniae isolates (206 blood and 15 fluids: 8 cerebral
spinal, 3 vitreous, 2 peritoneal, and 1 synovial) were col-
lected as standard practice in the Division of Microbiology
at NSHA (Halifax, NS) between June 2009 and Decem-
ber 2013. S. pneumoniae were characterized by Quellung
serotyping using commercial pool, group, type and factor
antisera (SSI Diagnostica; Statens Serum Institute, Copen-
hagen, Denmark) at the Streptococcus and STI Unit at the
NML (Winnipeg, MB).[1>-3%1 All isolates were stored in skim
milk at -80°C.

All specimens were cultured according to standard labora-
tory techniques. Pneumococcal isolates were confirmed by
optochin disc susceptibility (Oxoid, Basingstoke, Hampshire,
UK) and tube bile solubility analyses.*%3!!" All streptococci
were cultured at 35°C in 5% COs on trypticase soy agar
(TSA) with 5% sheep blood (Becton Dickinson, Mississauga,
ON). Bacterial growth was harvested from overnight cul-
tures and suspended in phosphate-buffered saline (PBS) to
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a McFarland value of approximately 1.0 prior to nucleic
acid extraction. The limit of detection (LoD) or analytical
sensitivity of cmPCR and cmPCRmod was performed using
three independent 10-fold serial dilutions (in PBS) of each
identifiable S. pneumoniae serotype prior to nucleic acid
extraction. The template nucleic acids extracted from each
S. pneumoniae serotypes dilution were tested in triplicate
with the respective cmPCR and cmPCRmod reactions used
to identify each serotypes. Dilutions yielding 100% repro-
ducibility (n = 9) for cmPCR or cmPCRmod reactions were
assigned a representation of 1 x LoD, thus representing the
analytical sensitivity.

2.2 Nucleic acid extraction and PCR-based serotyping
Nucleic acids and cmPCR reactions were performed under
conditions previously described (Lang et al., 2015). Nucleic
acids were isolated from 200 pl bacterial suspension using a
MagNA Pure Total Nucleic Acid Isolation kit (Roche, Laval,
QC) on a MagNA Pure LC instrument, as recommended by
the manufacturer. Elution volume was set at 100 ul, and
5 pl served as template for all PCR reactions. Both cmPCR
and cmPCRmod reactions were performed in 25 ul volumes
that consisted of 1 X enzyme mix from the Multiplex PCR
kit (Qiagen Inc, Toronto, ON) with primer combinations and
concentrations listed in Tables 1 and 2, respectively. For
cmPCRmod, different primer combinations were used but
the concentration of each remained the same as cmPCR reac-
tions (see Tables 1, 2). All cmPCR and cmPCRmod reactions
contained primers cmCpsA-F and cmCpsA-R which target
the capsule biosynthesis gene a (cpsA) that is used as an inter-
nal control (see Tables 1, 2). Amplification for cmPCR and
cmPCRmod were performed in 96-well plates using a C1000
thermocycler (Biorad Laboratories, Mississauga, ON) as fol-
lows: 95°C for 90s, 35 cycles of 95°C for 30s, 54°C for 90s,
and 72°C for 60s, followed by 72°C for 10 min. Amplicons
were resolved using 1.2% agarose gel electrophoresis with
10 pg/ml ethidium bromide staining and visualized using a
GelDoc XR + with ImageLab software (version 5.1) (Biorad
Laboratories). Expected amplicon sizes in base pairs (bp) for
c¢cmPCR and cmPCRmod are denoted in Table 1. Oligonu-
cleotides were synthesized by Integrated DNA Technologies
(Coralville, IA).

2.3 Cost analysis

The cost account for nucleic acid extraction and reagent and
consumable costs for the number of cmPCR or cmPCRmod
reactions required, when processed sequentially, to identify
S. pneumoniae serotypes covered by PCV7, PCV13, and
PPV23. The overall cost savings of cmPCRmod was ex-
pressed as a percentage of the cost of cmPCR.
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Table 2. Oligonucleotides used in this study

Name Primer Sequence (5’ to 3’) Concentration (nM) Serotypes detected Reference
cmCpsA-F GCAGTACAGCAGTTT GTT GGACTG ACC 100

All but 25A, 25F,and 38 [25]
cmCpsA-R GAATAT TTT CAT TAT CAG TCCCAG TC 100
cml-F CTC TAT AGA ATG GAG TAT ATA AAC TAT GGT TA 300
cml-R CCA AAG AAA ATACTAACATTATCACAATATTGG C 300 ! [25]
cm2-F TAT CCC AGT TCAATATTT CTC CAC TAC ACC 300
cm2-R ACA CAA AAT ATA GGC AGA GAG AGACTACT 300 2 [24]
cm3-F ATG GTG TGATTT CTC CTA GAT TGG AAA GTA G 300
cm3-R CTT CTC CAATTG CTT ACC AAG TGC AAT AAC G 300 8 [25]
cm4-F CTGTTACTT GTT CTG GAC TCT CGATAATTG G 300
cm4-R GCC CACTCC TGT TAAAAT CCT ACCCGCATTG 300 4 [25]
cm5-F ATA CCT ACACAACTT CTGATTATGCCTTTG TG 300
cm5-R GCT CGATAAACATAATCAATATTT GAAAAAGTATG 300 5 [25]
cm6A/6B/6C/6D-F AAT TTG TATTTT ATT CAT GCC TAT ATC TGG 300
cMBA/6B/6C/6D-R TTA GCG GAG ATA ATT TAA AAT GAT GAC TA 300 6A, 6B, 6C, 6D 25]
c¢cm6C/6D-F CAT TTT AGT GAA GTT GGC GGT GGA GTT 500
c¢cm6C/6D-R AGC TTC GAA GCC CAT ACT CTT CAATTA 500 6C, 6D [32]
c¢cm7C/7B-F CTATCT CAG TCATCT ATT GTT AAAGTT TAC GAC GGG A 300
cm7C/7B-R GAA CAT AGATGT TGAGACATC TTT TGT AATTTC 300 78,7, 40 [25]
cm7F/7A-F CCT ACG GGA GGA TAT AAA ATT ATT GAG 400
cm7F/7TA-R CAA ATA CAC CAC TAT AGG CTG TTG AGA CTA AC 400 AT [25]
cm8-F GAA GAA ACG AAA CTG TCA GAG CAT TTA CAT 200
cm8-R CTATAG ATACTAGTAGAGCTGTTCTAG TCT 200 8 241
cm9N/9L-F GAA CTG AAT AAG TCA GAT TTA ATC AGC 500
cm9N/9L-R ACC AAG ATC TGA CGG GCT AAT CAAT 500 SL. 9N [21]
cm9OV/9A-F GGG TTCAAAGTCAGACAGTGAATCTTAA 500
cm9V/9A-R CCATGAATGAAATCAACATTGTCAGTAGC 500 9, 8V 241
cm10A-F GGT GTAGAT TTACCATTA GTG TCG GCA GAC 500
cm10A-R GAATTT CTT CTT TAA GAT TCG GAT ATT TCT C 500 10A [25]
cm10F/10C/33C-F GGA GTT TAT CGG TAG TGC TCATTT TAG CA 300
cm10F/10C/33C-R CTA ACA AAT TCG CAA CAC GAG GCA ACA 300 10c, 10F, 33 [24]
cm11A/11D-F GGA CAT GTT CAG GTG ATT TCC CAATAT AGT G 300
cm11A/11D-R GAT TAT GAG TGT AAT TTA TTC CAA CTT CTC CC 300 Ay, 1D 25]
cm12F/12A/44/46-F GCA ACA AAC GGC GTG AAAGTAGTTG 500

12A, 12B, 12F, 44, 46 [25]
cm12F/12A/44/46-R CAA GAT GAA TAT CAC TAC CAA TAA CAA AAC 500
cml3-F TAC TAA GGT AAT CTC TGG AAA TCG AAA GG 400
cml3-R CTCATGCATTTT ATT AACCGCTTTTTGTTC 400 B [24]
cml4-F GAA ATG TTACTT GGC GCA GGT GTC AGA ATT 300 1 [21]
cml4-R GCC AAT ACT TCT TAG TCT CTC AGA TGA AT 300
cm15A/15F-F ATT AGT ACA GCT GCT GGAATATCTCTT C 300
cm15A/15F-R GAT CTA GTG AAC GTACTATTC CAAAC 300 15A, 15F [25]
cm15B/15C-F TTGGAATTT TTT AAT TAG TGG CTT ACC TA 300 15B. 15C [25]
cm15B/15C-R CAT CCG CTT ATT AAT TGA AGT AAT CTGAACC 300 '
cml6F-F CTG TTC AGATAG GCC ATT TACAGC TTT AAATC 400
cml6F-R CAT TCC TTTTGTATATAG TGC TAGTTC ATCC 400 16F [25]
cml7F-F TTC GTG ATG ATA ATT CCA ATG ATC AAA CAA GAG 500
cml7F-R GAT GTA ACA AAT TTG TAG CGA CTA AGG TCT GC 500 17 [25]
c¢m18C/18F/18B/18A-F CTT AAT AGC TCT CATTATTCTTTT TTT AAG CC 300

18A, 18B, 18C, 18F [25]
c¢m18C/18F/18B/18A-R  TTA TCT GTA AAC CAT ATC AGC ATC TGA AAC 300
cm19A-F GAG AGATTC ATAATCTTGCACTTAGCCA 300 19 [33]
cm19A-R CAT AAT AGC TAC AAATGA CTC ATC GCC 300
cmi19F-F GTT AAG ATT GCT GAT CGA TTA ATT GAT ATCC 500
cml19F-R GTA ATATGT CTT TAG GGC GTT TAT GGC GAT AG 500 19F [25]
cm20-F GAG CAAGAG TTT TTC ACC TGA CAG CGA GAA G 300 20 [25]
cm20-R CTA AAT TCC TGT AAT TTA GCT AAAACT CTT ATC 300

(Table 2 continued on page 32)
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Table 2. (Continued.)

Name Primer Sequence (5’ to 3°) Concentration ("M)  Serotypes detected  Reference
cm21-F CTATGG TTATTT CAA CTC AAT CGT CAC C 200 ”1 [24]
cm21-R GGC AAA CTC AGA CAT AGT ATA GCA TAG 200
cm22F/22A-F GAG TAT AGC CAG ATT ATG GCA GTT TTATTG TC 500
cm22F/22A-R CTC CAG CAC TTG CGC TGG AAA CAA CAG ACA AC 500 224, 22F [25]
cm23A-F TAT TCT AGC AAG TGA CGA AGA TGC G 500
cm23A-R CCA ACA TGC TTA AAA ACG CTG CTT TAC 500 2A [24)
cm23B-F CCACAATTA GCG CTATAT TCATTC AAT CG 200 W [24]
cm23B-R GTC CAC GCT GAA TAA AAT GAA GCT CCG 200
cm23F-F GTA ACA GTT GCT GTA GAG GGA ATT GGC TTT TC 500 o3F [25]
cm23F-R CAC AAC ACC TAA CAC TCG ATG GCT ATATGATTC 500
CM24F/24A/24B-F GCT CCC TGC TAT TGT AAT CTT TAA AGA G 200

24A, 24B, 24F [24]
CM24F/24AI24B-R GTG TCT TTT ATT GAC TTT ATC ATA GGT CGG 200
cm31-F GGA AGT TTT CAA GGA TAT GAT AGT GGT GGT GC 500
cm31-R CCG AAT AAT ATA TTC AAT ATATTC CTACTC 500 3 =
cm33F/33A/37-F GAA GGC AAT CAATGT GAT TGT GTC GCG 300
c¢m33F/33A/37-R CTT CAA AAT GAA GAT TAT AGT ACCCTT CTAC 300 SEHEE e [25]
cm34-F GCT TTT GTA AGA GGA GAT TAT TTT CAC CCA AC 300 u 251
cm34-R CAA TCC GAC TAA GTC TTC AGT AAA AAA CTT TAC 300
cm35A/35C/42-F ATT ACG ACT CCT TAT GTG ACG CGC ATA 300

35A, 33C, 42 [24]
cm35A/35C/42-R CCA ATC CCA AGA TAT ATG CAACTAGGT T 300
cm35B-F GAT AAG TCT GTT GTG GAG ACT TAA AAA GAA TG 500
cm35B-R CTT TCC AGA TAA TTA CAG GTA TTC CTG AAG CAA G 500 3B =
cm35F/47F-F GAA CAT AGT CGC TAT TGT ATT TTATTT AAAGCA A 300 SeEATE [25]
cm35F/47F-R GAC TAG GAG CAT TAT TCC TAG AGC GAG TAA ACC 300 '
cm38/25F/25A-F CGT TCT TTT ATC TCA CTG TAT AGT ATC TTT ATG 300 25A 25F 33 [25]
cm38/25F/25A-R ATG TTT GAA TTA AAG CTA ACG TAA CAA TCC 300 e
cm39-F TCATTG TAT TAA CCC TAT GCT TTA TTG GTG 200
cm39-R GAG TAT CTC CAT TGT ATT GAA ATC TAC CAA 200 » [24]

Table 3. Bacterial strains used in the specificity analysis
Strains Results
cmPCR cmPCRmod

S. pneumoniae ATCC 49619, serotype 19F Pos. Pos.
S. pneumoniae (clinical isolates), serotype:
1,2,3,4,5, 6A, 6B, 6C, 6D, 7A, 7F, 9A, 9V, 11A, 11D, 12A,12F, 14, 15A, 15F,16F, 18A, 18B, 18C, 18F, Pos. Pos.

19A, 19F, 22A, 22F, 23A, 23F, 33A, 33F, 37, 44, and 46
S. pneumoniae (clinical isolates), serotype:

7B, 7C, 8,9L, 9N, 10A, 10C, 10F, 12B, 13, 15B, 15C, 17F, 20, 21, 23B, 24A, 24B, 24F, 25A, 25F, 31, 33C, 34,  Pos. Pos.
35A, 35B, 35C, 35F, 38, 39, 40, 42, and 47F

S. pneumoniae (clinical isolates), serotype: 10B, 11B, 11C, 11F, 16A, 17A, 19B, 19C, 27, 28A, 28F, 29, 32F,

33B, 36, 41A, 41F, 43, 45, 47A, 48 NT NT

S. agalactiae ATCC 12386 Neg. Neg.
S. dysgalactiae subsp. equisimilis ATCC 12388 Neg. Neg.
S. equi subsp. zooepidemicus ATCC 700400 and 43079 Neg. Neg.
S. gallolyticus ATCC 9809 Neg. Neg.
S. gordonii ATCC 33399 Neg. Neg.
S. mitis ATCC 49456 Neg. Neg.
S. mutans ATCC 25175 Neg. Neg.
S. oralis ATCC 35037 Neg. Neg.
S. pseudopneumoniae ATCC BAA-960 Neg. Neg.
S. pyogenes ATCC 19615 Neg. Neg.
S. salivarius subsp. thermophilus ATCC 19258 Neg. Neg.
S. sanguinis ATCC 10556 Neg. Neg.
S. uberis ATCC 700407 Neg. Neg.

(98]
\)
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3. RESULTS

3.1 Analytical specificity and sensitivity

Each of the PCR-based serotyping assays (cmPCR and
cmPCRmod) was highly specific, and no cross reactiv-
ity occurred between the various serotypes or with non-
pneumococcal streptococci (see Table 3). As previously
reported, confounding amplicons (as a result of non-specific
amplification) sometimes occurred with cmPCR and cmPCR-
mod reactions.!'”! If present, these could readily be resolved
with repeat reactions using individual primer pairs targeting
the suspected serotype. Normalization of the S. pneumo-
niae culture to a McFarland value of 1.0 prior to extraction
provided sufficient template that gave strong and reliable
amplicons for all detectable serotypes. Based on end-point
titers at 1 x LoD for each detectable serotype, no differ-
ences in analytical sensitivity were seen between cmPCR
and cmPCRmod.

As shown in Table 3, cmPCR and cmPCRmod reactions
were equivalent in their abilities to detect S. pneumoniae
serotypes, and did not cross-react with any other Strepto-
coccus species. Abbreviations: conventional multiplex PCR
(cmPCR), modified conventional multiplex PCR (cmPCR-
mod), and non-typeable (NT).

3.2 Clinical isolate testing

No discordant results were observed between cmPCR and
cmPCRmod, and a serotype could be assigned for 99.7%
(307/308) of S. pneumoniae isolates. A single non-typeable
(NT) isolate was detected as cpsA-positive by the internal
control, and was identified as serotype 28A by Quellung
serotyping (see Figure 1). The overall trend in serotype dis-
tribution obtained by cmPCRmod mirrored Quellung serotyp-
ing, showing a predominance of serotypes 3, 7F, and 19A
(see Figure 1). Quellung serotyping showed that 5% of
S. pneumoniae were PCV7 serotypes, 54% were PCV13
serotypes, and 74% were PPV23 serotypes (see Figure 1A).
Similarly, cmPCR and cmPCRmod demonstrated 7%, 54%,
and 77% for serotypes covered by PCV7, PCV13, and
PPV23, respectively (see Figure 1B). Focusing on select
reactions containing vaccine-preventable serotypes, the num-
ber of cmPCR reactions required to span the coverage of
PCV7,PCV13, and PPV23 was 4, 6, and 8, compared to 2,
3, and 5 with cmPCRmod, respectively (see Table 1). When
applied to the 308 S. pneumoniae isolates used in this study,
cmPCRmod reduced the total number of reactions required to
identify vaccine-preventable serotypes, leading to significant
cost savings (see Table 4).
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Figure 1. S. pneumoniae serotypes distribution using
Quellung and PCR-based serotyping. Arrows highlight
differences between results for: A) Quellung serotyping, and
B) cmPCR or cmPCRmod. The pie charts on the top of the
inset show the proportions of PCV7 (pale blue), PCV13
(dark blue), and PPV23 (magenta) serotypes. The same
colors are used in the histogram, and non-vaccine serotypes
are in red. The pie charts on the bottom of the inset show the
proportion of serotypes that are fully differentiated (green)
or lack discrimination (red)

Table 4. Number of PCR reactions required to identify
vaccine-preventable serotypes of S. pneumoniae (n = 308)

Number of PCR reactions (cost in $CAD)

Vaccine

coverage cmPCR cmPCRmod Cost reduction (%)
PCV7 1232 (5,904.36) 616 (4,338.18) 26.5

PCV13 1848 (7,470.54) 924 (5,121.27) 314

PPV23 2464 (9,036.72) 1540 (6,687.45)  36.0

As shown in Table 4, the number of reactions required to
identify vaccine-preventable serotypes is lower in cmpCR-
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mod compared to cmPCR, leading to significant cost savings.

4. DISCUSSION

Accurate identification of vaccine-preventable serotypes of
S. pneumoniae can help determine the burden of disease
caused by these serotypes, identify high-risk populations that
could benefit from pneumococcal vaccination, and be used to
evaluate vaccine effectiveness over time. In contrast to tradi-
tional testing algorithms based solely on serotype prevalence,
this study used modified PCR reactions that focused on the
identification of S. pneumoniae serotypes covered by PCV7,
PCV13, and PPV23. When applied to 308 clinical isolates of
S. pneumoniae, cmnPCRmod reduced the total number of re-
actions required for the identification of vaccine-preventable
serotypes.

It should be noted that molecular serotyping of S. pneu-
moniae based on differences in the capsular biosynthesis
genes like cmPCR, real-time PCR, microarrays, hybridiza-
tion assays, and sequencing, all suffer from the same limi-
tation: failure to discriminate between some pneumococcal
serotypes.['%34-3% For example, while serotype 7F is covered
in all three pneumococcal vaccines, 7F cannot be discrim-
inated from serotype 7A using these molecular methods,
and therefore the serotype is assigned 7F/7A. Other vaccine-
preventable serotypes identified by PCR-based serotyping
cannot discriminate: 6A from 6B; 9V from 9A; 9N from 9L;
11A from 11D; 12F from serotypes 12A, 12B, 44, and 46;
15B from 15C; 18C from serotypes 18F, 18B, and 18A; 22F
from 22A; 33F from serotypes 33A and 37. For accurate
discrimination of vaccine-preventable serotypes, these PCR
groups would have to be resolved.

In this study, all vaccine-preventable serotypes identified by
Quellung serotyping were also detected with cmPCRmod
and cmPCR (see Figure 1). On the other hand, the propor-
tion of serotypes covered by PCV7, PCV13, and PPV23
that could be fully discriminated was 41%, 57%, and 18%,
respectively (see Figure 1B). The remaining proportions
contained serotypes that were termed “possibly” vaccine-
preventable. To overcome this limitation, some laboratories

assign serotypes based on assumptions from serotype preva-
lence (where serotype 7F/7A identified by PCR would be
considered 7F, the most prevalent serotype). Using all eight
c¢cmPCR and cmPCRmod reactions, the serotype distribu-
tion of pneumococcal isolates was identical and mirrored
results obtained with Quellung serotyping, with only subtle
differences (see Figure 1). A high level of accuracy for the
detection of serotypes covered by PCV7 (98.4%), PCV13
(99.4%), and PPV23 (96.1%) was observed; however, nine
serotypes including 6B (n = 2), 18F (n =2), 33A (n=3), and
37 (n =2) were misclassified as possibly vaccine-preventable
if assumptions were made based on prevalence. The lack of
discrimination of serotypes 6A and 6B would not be problem-
atic for PCV 13, since this vaccine includes coverage for both
serotypes; however, serotype 6A is not covered by PCV7
or PPV23. Investigations are currently underway to iden-
tify novel targets for detection and differentiate of serotypes
found in all current pneumococcal vaccines.

While other studies have used oligonucleotide permutations
to account for geographical differences in S. pneumoniae
serotype distribution (USA, Latin America, Africa, and
Asia),l'7:2440] thig study showed that oligonucleotides per-
mutations did not affect the performance characteristics of
PCR-based serotyping. This study does not preclude addi-
tional validation if different permutations are used, or use
of ongoing quality assurance controls. Both cmPCR and
cmPCRmod suffer from the same limitations where further
optimization would be required for accurate discrimination
of certain serotypes. On the other hand, cmPCRmod was
more cost-effective than cmPCR and reduced the number of
PCR reactions were required to identify vaccine-preventable
serotypes of S. pneumoniae. Overall, serotyping of S. pneu-
moniae isolates using the cmPCRmod reactions could pro-
vide significant cost savings for large epidemiological studies
such as the active CAP and IPD surveillance conducted by
the CIRN SOS Network.
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