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Abstract

Background

Penicillin non-susceptible (PNSP) and multi-resistant pneumococci have been prevalent in

Iceland since early nineties, mainly causing problems in treatment of acute otitis media. The

10-valent protein conjugated pneumococcal vaccine (PHiD-CV) was introduced into the

childhood vaccination program in 2011. The aim of the study was to investigate the changes

in antimicrobial susceptibility and serotype distribution of penicillin non-susceptible pneumo-

cocci (PNSP) in Iceland 2011–2017.

Methods and findings

All pneumococcal isolates identified at the Landspı́tali University Hospital in 2011–2017,

excluding isolates from the nasopharynx and throat were studied. Susceptibility testing was

done according to the EUCAST guidelines using disk diffusion with chloramphenicol, eryth-

romycin, clindamycin, tetracycline, trimethoprim/sulfamethoxazole and oxacillin for PNSP

screening. Penicillin and ceftriaxone minimum inhibitory concentrations (MIC) were mea-

sured for oxacillin resistant isolates using the E-test. Serotyping was done using latex agglu-

tination and/or multiplex PCR. The total number of pneumococcal isolates that met the

study criteria was 1,706, of which 516 (30.2%) were PNSP, and declining with time. PNSP

isolates of PHiD-CV vaccine serotypes (VT) were 362/516 (70.2%) declining with time, 132/

143 (92.3%) in 2011 and 17/54 (31.5%) in 2017. PNSP were most commonly of serotype

19F, 317/516 isolates declining with time, 124/143 in 2011 and 15/54 in 2017. Their number

decreased in all age groups, but mainly in the youngest children. PNSP isolates of non

PHiD-CV vaccine serotypes (NVT) were 154/516, increasing with time, 11/14, in 2011 and

37/54 in 2017. The most common emerging NVTs in 2011 and 2017 were 6C, 1/143 and 10/

54 respectively.

Conclusions

PNSP of VTs have virtually disappeared from children with pneumococcal diseases after

the initiation of pneumococcal vaccination in Iceland and a clear herd effect was observed.
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This was mainly driven by a decrease of PNSP isolates belonging to a serotype 19F multi-

resistant lineage. However, emerging multi-resistant NVT isolates are of concern.

Introduction

Streptococcus pneumoniae are a common cause of relatively mild localized infections such as

otitis media but can also cause more severe infections like pneumonia and live threatening

invasive diseases. Penicillin is the antimicrobial of choice for patients infected with susceptible

pneumococci [1–4]. Non-susceptibility to penicillin and other antimicrobials is common in

many countries and may necessitate higher doses of penicillin, or broad-spectrum antimicro-

bial agents [5–7].

The epidemiology of penicillin non-susceptible pneumococci (PNSP) in Iceland has been

studied intensively from 1988–2010 with emphasis on pneumococcal serotypes and antimicro-

bial susceptibility [8, 9]. Two PNSP epidemics have been described in the country prior to

implementation of the 10-valent protein conjugate pneumococcal vaccine (PHiD-CV) into the

country’s childhood vaccination program in 2011. Both were caused by known multi-resistant

international pneumococcal lineages, CC90, Spain6B-2 CC236/270/320, single and double

locus variants of Taiwan19F-14. The 6B lineage was first detected in Iceland in 1988, peaked in

1995 and subsequently gradually declined, simultaneously in all age groups [8]. The 19F line-

age was first detected in Iceland in 1998. It became the dominating PNSP lineage in the coun-

try in 2004 and peaked in 2010, the last year prior to the pneumococcal vaccination. At that

time, the proportion of PNSP of all pneumococcal isolates from patients was 37.7% [9].

Many of the serotypes commonly resistant to antimicrobials are targeted by the PHiD-CV,

including 19F. Pneumococcal vaccination can therefore lead to decreased prevalence of PNSP

both in invasive and non-invasive diseases [10–12]. However, vaccination has little or no effect

on the prevalence of total pneumococcal carriage due to serotype replacement [13, 14].

Accordingly, replacement with emerging PNSP of non-vaccine serotypes is a cause for concern

[15–17].

The aim of the study was to describe the antimicrobial susceptibility and serotype distribu-

tion of PNSP in Iceland from the beginning of vaccination until end of 2017.

Materials and methods

Study population

All the pneumococcal isolates in the study were cultured and identified at the Department of

Clinical Microbiology, Landspı́tali University Hospital, Reykjavı́k. The department serves as

the primary microbiology laboratory for the greater capital area of Reykjavı́k. In 2011, 202,341

individuals lived in the capital area (i.e. 63.5% of the country population of 318,452), 9.0%

were children less than six years old. In 2017, 216,878 individuals lived in the area (i.e. 64.1%

of the country population of 338,349), 7.7% were children less than six years old (http://www.

statice.is/). Patients from other parts of the country often seek health services in the capital and

were included in the study. The laboratory also serves as a reference laboratory for the whole

country. In total, it is estimated that the laboratory serves 85% of the population of the country

for pneumococcal cultures and identifications.

Infant vaccination with PHiD-CV (Synflorix1) was initiated in April 2011 in Iceland in a

2-plus-1 schedule, without catch-up. Over 97% of Icelandic children born in 2011 and later

had received the primary vaccine doses in 2015. The study population can be considered

unvaccinated prior to the study period, as only 2.3% of children were vaccinated with a protein
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conjugated pneumococcal vaccine in 2010. The first year of the study, 2011, was used in this

study as a baseline for the evaluation of vaccine effect. By December 2011 8.6% of children <4

years of age had received�2 doses of PHiD-CV [18].

Bacterial isolates and samples

The study included all pneumococcal isolates identified at Landspı́tali in 2011–2017, except

isolates from nasopharynx and throat. Repeat isolates of the same phenotype (same serotype

and antibiogram) from the same patient within 30 days were excluded as they were considered

to represent the same infection. The pneumococci were cultured and identified from routine

patient specimens using conventional methods, i.e. plated on two 5% horse blood agar plates

(Oxoid, Hampshare, UK), one incubated in a 5% CO2 and the other one anaerobically. Identi-

fication was done using optochin test (and bile solubility if unclear). All isolates from 2016–

2017 were also identified with MALDI-Tof.

The patients were divided into five age groups: 0–1, 2–6, 7–17, 18–64 and�65 years old.

The isolates were grouped according to the sampling site as follows: middle ear (ME: swabs

and pus from middle ear, or otorrhoea), lower respiratory tract (LRT: sputum, bronchiolar

lavage, pleural fluid), sterile body fluids (SBF: blood, cerebrospinal fluid and joint fluid) and

other sampling sites (OSS: mostly specimens from conjunctiva and sinuses).

Antimicrobial susceptibility testing

Disk diffusion susceptibility testing was performed on all the isolates using the EUCAST

guidelines [19] except for the first year when the CLSI Performance Standard for Antimicro-

bial Disk Susceptibility Tests was used [20]. The isolates were screened for penicillin non-sus-

ceptibility with 1 μg oxacillin discs. Oxacillin sensitive (�20 mm zone) isolates were defined as

susceptible to penicillin and other β-lactams. The minimum inhibitory concentration (MIC)

for penicillin and ceftriaxone was measured for all oxacillin resistant isolates (<20 mm zone)

using the E-test1 (Solna, Sweden/bioMérieux, France) [21]. Non-susceptibility to penicillin

was defined as penicillin MIC of>0.06 mg/L. Disk diffusion susceptibility testing was also per-

formed for chloramphenicol, erythromycin, clindamycin, tetracycline and trimethoprim/sul-

famethoxazole. All susceptibility results were interpreted according to the EUCAST criteria for

clinical breakpoints [22].

Serotyping

Oxacillin resistant isolates were routinely screened for vaccine serotypes using agglutination

with Pneumotest-Latex and/or latex antisera for specified serotypes or pools (Statens Serum

Institute, Copenhagen, Denmark) [23]. Isolates that did not belong to vaccine serotypes were

serotyped using PCR. The PCR was done as sPCR, or mPCR including a panel of all the sero-

types included in the PHiD-CV and selected serotypes previously detected in our studies—

serotypes 1, 3, 4, 5, 6A, 6B, 6C, 6D, 7F, 8, 9V, 9N, 10A, 10F, 11A, 12F, 14, 15A, 15B/C, 16F,

17F, 18A/B/C/F, 19A, 19B/C, 19F, 20A/B, 21, 22F, 23A, 23B, 23F, 24F, 29, 31, 33F,33B/D,

34,35B, 35F, 35(25F), 42 (35A/C), 47A [8, 9, 24–26]. Serogroup/serotype-specific primer pairs

were used with primer pairs for cpsA for the cps locus and lytA for autolysin as internal con-

trols. In addition, primers for cpsB were used to confirm the absence of capsular genes, when

cpsA was negative [24, 27–30]. Serotypes of serogroup 6 were identified using previously

described PCR methods [31–33]. Vaccine serotypes (VT) were defined as the serotypes tar-

geted by the PHiD-CV. Non-vaccine serotypes (NVTs) were defined as serotypes not targeted

by the PHiD-CV. Isolates were defined as non-encapsulated S. pneumoniae (NESp) when they

were PCR positive for lytA and negative for the capsular genes cpsA and cpsB [24, 26].
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Statistical analysis

Statistical analyses were done using Fisher´s exact and chi-square tests. Statistical significance

was set at p�0.05.

Ethics statement

The study was approved by The National Bioethics Committee (VSNb2013010015/03.07) and

the appropriate authorities at the Landspitali University Hospital, Iceland. The samples were

bacterial isolates and all patient data were fully anonymized before being analysed. The

National Bioethics Committee waived the requirement for informed consent.

Results

Demographics

From 2011–2017, the laboratory received a total of 87,374 samples for culture from ME

(4,868), LRT (13,633) and SBF (68,873). The total number of pneumococcal isolates from

these samples that met the study criteria was 1,728. One patient with multiple identical isolates,

within the two last years of the study, was considered an outlier and his repeated isolates

excluded. A few isolates had not been stored or did not survive storage, making the number of

available isolates for the study 1,706 (98.7%). The annual number of pneumococcal isolates

decreased gradually with time, from 348 isolates in 2011 to 163 in 2017 (p<0.0001).

ME samples were 4,868 and their annual number decreased significantly during the study

period. At the same time the proportion of samples with pneumococci decreased from 191/

950 (20.1%) in 2011 to 36/504 (7.1%; p<0.0001) in 2017. Samples from LRT were 13,633 in

total and their annual number increased significantly with time. At the same time the number

of pneumococcal isolates remained relatively stable resulting in decreased proportion of sam-

ples with pneumococci, 85/1,676 (5.1%) in 2011 and 85/2,356 (3.6%; p = 0.03) in 2017. Samples

from SBF were 68,873 and their annual number increased significantly. At the same time the

proportion of samples with pneumococci decreased from 31/8,817 (0.4%) to 24/11,908 (0.2%).

Information on the number of samples from OSS was not available, but the number of pneu-

mococcal isolates detected decreased from 41 in 2011 to 18 in 2017 (Fig 1 and S1 Table).

Pneumococcal isolates from the youngest age group, 0–1 years old children were 523 (of

the total 1706 isolates, 30.7%) and 422/523 (80.7%) originated from ME. In 2011 the number

of isolates from this age group was 154/348 (44.3%) and significant reduction was already seen

in 2012 when the number of isolates were 109/322 (33.3%; p = 0.007). Gradual decline contin-

ued through the remaining period to become 12/163 (30.7%) in 2017. Isolates from the oldest

age group,�65 years old patients, were 393/1706 (23.0%) and 284/393 (72.3%) were from

LRT. There was a non-significant decline in the numbers with time, 56 isolates in 2011 and 37

in 2017 (p = 0.08; Fig 2 and S2 Table).

Susceptibility

The number of PNSP was 516 (of the total of 1,706 pneumococcal isolates, 30.2%). In 2011 the

number of PNSP was 143/348 (41.1%) and decreased to 42/202 (20.8%; p<0.0001) in 2014, but

then increased to 54/163 (33.1%) in 2017 (p = 0.009; S1 Table).

Temporal changes were observed in the penicillin MIC values of the PNSP with an increase

in the proportion of isolates belonging to the intermediate susceptibility category that had rela-

tively low MIC values, most often >0.06–0.5 mg/L, but a decrease in the proportion of isolates

with higher MIC values. In 2011, 14/143 (9.8%) isolates had penicillin MIC value of>0.06–0.5

mg/L, 97/143 (67.8%) of>0.5–2.0 mg/mL and 32/143 (22.4%) of>2.0 mg/L. In 2017 the
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numbers were 39/54 (72.2%; p<0.0001) isolates, 13/54 (24.1%; p = 0.0001) and 2/54 (3.7%;

p = 0.001), respectively (Fig 3).

Of the PNSP isolates, 16/516 (3.1%) were susceptible to all routinely tested antimicrobials

other than penicillin, 51/516 (9.9%) were non-susceptible to two antimicrobial classes and

449/516(87.0%) were multi-resistant (non-susceptible against three or more antimicrobial

classes). Most of the PNSP isolates, 333/516 (64.5%), were non-susceptible to five antimicrobial

classes. Of the multi-resistant isolates, 311/449 (69.3%) were of serotype 19F. This number

decreased with time from 122/134 isolates in 2011 (91.0%) to 15/41 in 2017 (36.6%; p<0.0001;

Fig 4).

PNSP isolates from the youngest age group, children 0–1 year old, were 179/516 (34.7%).

The annual number and proportion decreased from 88/143 (61.5%) isolates or 1172.1 isolates/

100,000 inhabitants in 2011 to 4/44 (9.1%) in 2015, then increased again to 12/54 (22.2%), or

194.9 isolates/100,000 inhabitants in 2017 (difference between 2011 and 2017, p<0.0001). The

large majority originated from ME, 170/179 (95.0%). Two isolates were from SBF, one in 2011

and the other in 2016. PNSP isolates from the oldest age group,�65 years old, were 122/516

(23.6%), or 69.6/100,000 inhabitants, highest at 23/42 in 2015 (54.7%) and lowest at 12/54

(22.2%), or 35.8/100,000 inhabitants in 2017 (p = 0.001). The majority originated from LRT,

105/122 (86.1%; S2 Table).

PNSP serotypes

PNSP isolates of VTs were 362/516 (70.2%) and of NVTs 154/516 (29.8%). The number of iso-

lates of VTs decreased with time, 132/143 (92.3%) in 2011 and 17/54 (31.5%) in 2017

Fig 1. Annual numbers of PNSP of vaccine serotypes, PNSP of non-vaccine serotypes and susceptible pneumococcal isolates

according to sampling site. In each cumulative column, the PNSP of VTs are shown in the darkest color at the bottom, the PNSP of

NVTs in lighter color in the middle area and the PSP in the lightest color at the top of the columns. The colors differ to differentiate the

sampling site presented, red for middle ear, yellow for lower respiratory tract, green for sterile body fluids and blue for other sampling

sites.

https://doi.org/10.1371/journal.pone.0230332.g001
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(p<0.0001), while the number of isolates of NVTs increased from 11/143 (7.7%) in 2011 to 37/

54 (68.5%) in 2017 (p<0.0001). The number of VT isolates decreased in all age groups, but

first and most in the youngest children. In 2011, 85/88 (96.6%) of the PNSP in children 0–1

years old were of VTs, or 1132.1/100,000 inhabitants. In 2012 28/35 (80.0%) isolates, or 395.0/

100,000 inhabitants, (p = 0.006) and in 2017, 2/12 (16.7%), or 32.5/100,000 inhabitants.

The most common serotype was 19F, 317/516 (61.4%) isolates, accounting for 87.6% of the

PNSP isolates of VTs. Their number was highest in 2011, 124/143 (86.7% of PNSP), lowest in

2016, 13/55 (23.6%; p<0.0001) and were 15/54 (27.8%) in 2017. Repeated isolation of 19F with

more than 30 days intervals was detected in 41 patients and the majority 28/41 (68.3%) had

one repetition (Fig 5 and S3 Table).

PNSP isolates of serotype 19F from children 0–1 years old were 81/88 (92.1%) in 2011 and

1/12 (8.3%) in 2017 (p<0.0001), while in patients�65 years old they were 12/19 (63.2%) and

6/12 (50.0%), respectively (p = 0.71).

Other PNSP VTs identified were serotype 6B with 26/516 (5.0%) isolates, serotype 14 with

12/516 (2.3%), serotype 23F with 6/516 (1.2%) and 9V with 1/516 (0.2%) isolates.

PNSP isolates of NVTs were 154/516, 11/143 (7.7%) in 2011 and 37/163 (68.5%, p = 0.0003)

in 2017. The most common serotype was 6C, 34/516 (6.6%) isolates, which increased with

time. One isolate was detected in 2011, but 10/54 (18.5%) in 2017 (p<0.0001). All the isolates

were multi-resistant with the following antibiogram: intermediate to penicillin with MIC of

0.094–0.125 mg/L, resistant to erythromycin, clindamycin and tetracycline, but susceptible to

sulfa-trimethoprim and chloramphenicol. The second most common NVT was serotype 15A

with 17/516 (3.3%) isolates, increasing with time. All the 15A isolates were multi-resistant and

had similar antibiograms as the serotype 6C isolates. The third was serotype 19A with 15/516

Fig 2. Annual numbers of PNSP of vaccine serotypes (VT), PNSP of non-vaccine serotypes (NVT) and susceptible pneumococcal

isolates (PSP) according to age groups. In each cumulative column, the PNSP of VTs are shown in the darkest color at the bottom, the

PNSP of NVTs in a lighter color in the middle area and the PSP in the lightest color at the top of the columns. The colors differ to

differentiate the age group presented, red for 0–2, yellow for 2–6, green for 7–17, blue for 18–64 and grey for�65 years old.

https://doi.org/10.1371/journal.pone.0230332.g002
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(2.9%) isolates, 1–4 isolates per year over the study period. Non-encapsulated S. pneumoniae

(NESp) isolates were 33 (6.4%), their number fluctuated with time from 2–8 isolates a year. All

the NEsp isolates originated from adults except one from a 12 years old child, 30 of the isolates

were from the LRT and three from conjunctiva.

Discussion

Penicillin non-susceptible pneumococci of vaccine serotypes have virtually disappeared from

children with pneumococcal diseases after the implementation of the protein conjugate pneu-

mococcal vaccine into the childhood vaccination program in Iceland. Moreover, a clear herd

effect was observed in other age groups, but least in the oldest patients.

Our group has shown in another recent study that nasopharyngeal carriage of PNSP of VTs

has become rare in children since pneumococcal vaccination was initiated while pneumococ-

cal carriage rates have not changed [24]. As carriage is the prerequisite for pneumococcal

infections [34, 35] and as the nasopharynx of children is the main source of pneumococci [36,

37] these findings complement each other.

In 2011, the first year of the study, the proportion of PNSP was higher than ever before in

Iceland. This peak was caused by the multi-resistant 19F lineage, more than nine out of ten

PNSP isolates belonged to 19F that emerged as a dominating PNSP serotype in 2004 [9]

Almost all of the remaining PNSP isolates in that year were of VTs. In the last year of the

study, 2017, the number of PNSP isolates of VTs was only a fraction of the initial number with

also a strong decrease in the total number of pneumococcal isolates. Isolates of serotype 19F

Fig 3. The MIC values (mg/L) of all 1,706 pneumococcal isolates according to years. Oxacillin sensitive and isolates with confirmed penicillin MIC of�0.06

mg/L were defined as sensitive; intermediate with relatively low MIC values,>0.06–0.5 mg/L; intermediate with relatively high MIC values,>0.5–2.0 mg/L;

and resistant isolates with penicillin MICs of>2.0 mg/L.

https://doi.org/10.1371/journal.pone.0230332.g003
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Fig 4. Annual number and proportions of non-susceptible pneumococcal isolates to routinely tested antimicrobials. Numbers of

non-susceptible isolates to the antimicrobials are shown on the left Y-axis: clindamycin (DA) chloramphenicol (C), erythromycin (E),

penicillin (P), trimethoprim/sulfamethoxazole (SXT) and tetracycline (TE).The proportions of PNSP of all pneumococci are shown in

percentages on the right Y-axis (red dotted line).

https://doi.org/10.1371/journal.pone.0230332.g004

Fig 5. Annual numbers of PNSP isolates of vaccine and non-vaccine serotypes and their four most common

serotypes. The total number of isolates of vaccine serotypes is presented by blue dotted line and of non-vaccine

serotypes by green dotted line. The most common PNSP serotype was 19F, followed by 6C, non-encapsulated

Streptococcus pneumoniae (lytA positive and cspA and cspB negative) ranked third and 6B fourth.

https://doi.org/10.1371/journal.pone.0230332.g005
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were still the majority of PNSP of VT, although only a fraction of their number in 2011, all

originating from adults except one. Isolates of other VTs in 2017 were one isolate each of sero-

type 6B and 14. These findings strongly demonstrate the important effect of the vaccination to

reduce PNSP in children and in adults. The fact that the PNSP serotypes were initially more or

less all of VTs, facilitated this dramatic change. However, serotype replacement with PNSP of

NVT in the last years of the study is a cause of concern.

The decreased prevalence of PNSP was already apparent in children 0–1 year old in the sec-

ond year of the study. By that time the number of PNSP isolates of VTs had decreased by more

than a half from the first year. This reflects a reduction of acute otitis media following vaccina-

tion as described by Sigurdsson et. al. [38]. The reduction was mostly due to decreased preva-

lence of the multi-resistant serotype 19F of the CC236/270/320 lineage as described by Quirk

et. al. [24, 26]. The reduction of PNSP after pneumococcal vaccine was as expected as most of

the PNSP isolates in the era prior to vaccination belonged to VTs [10, 39]. In the last year of

the study, PNSP of VTs were identified only in three children under the age of seven years. Iso-

lates of serotype 19F were cultured from ME samples from two children, aged one and two

years, both were outpatients and their immune and vaccine status unknown. The third isolate

was of serotype 14 identified from blood culture of a fully vaccinated, chronically ill one year

old child. A few incidents with PNSP of VTs could be expected, neither the efficacy of the vac-

cine, nor the participation and compliance to the vaccination program was absolute.

Towards the end of the study period, a significant decrease in PNSP of VTs in patients 18–

64 years of age had become apparent, while the incidence of NVTs increased. This finding

strongly indicates herd effect in this age group. The decrease in PNSP of VTs compared to

increase of NVT in patients�65 years was not significant according to the number of pneu-

mococcal isolates. However, a significantly fewer samples from this age group included isolates

of VTs in the last years of the study compared to the first.

The most prominent PNSP of non-vaccine serotypes emerging after vaccine initiation were

serotypes 6C and 15A. Both were usually multi-resistant, but had lower penicillin MIC values

than the multi-resistant 19F lineage, explaining the reduction in penicillin MIC values with

time. PNSP of serotype 19A were seen on few occasions without changes in prevalence during

the study period and were not regarded problematic as has been described in other studies

[40–42]. Isolates of serotype 6A were rarely seen but remained stable throughout the study

period [43]. The emergence of serotypes 6C and 15A has been described in several countries

and their emergence in Iceland calls for close monitoring [44–47].

Interestingly NESp were not found in children while they were among the most common

pneumococci in adults. This is in contrast to findings of other investigators who have reported

increase in children after initiation of vaccination [48, 49]. In an earlier study of our group a

large proportion of the isolates were analysed using whole genome sequencing, confirming the

identification and the absence of the capsule [26].

The effect of the financial crisis that started in Iceland in 2008 had an impact on the number

of samples sent for culture. This made statistical analysis more complex, which might be con-

sidered a weakness. At the beginning of the study, physicians were still being advised to reduce

diagnostic testing as much as possible. When the economic situation began to improve,

around 2014, the number of samples increased to similar levels as before the crisis, then gradu-

ally increased over the last years of the study except for ME samples that continued to decline.

This decline of ME samples reflects the effect of the vaccination reducing otitis media inci-

dence in children [18, 50]. Focusing on the proportion of PNSP is not sufficient to describe the

changes taking place after vaccination. The reduction of PNSP of VTs in LRT and SBF appear

to be less according to the numbers of detected pneumococcal isolates rather than to the num-

bers of cultured samples. This affects the evaluation of the herd effect in adults, as almost all
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LRT samples (95%) originated from adults. On the other hand, almost all ME samples (95%)

were from children, while SBF samples reflected a broader age group, or the risk groups for

invasive disease.

The continued surveillance of PNSP since they were first detected in Iceland in 1988 makes

this study unique. The results demonstrate the situation for all age groups, virtually for the

whole population for three decades. The vaccination has made a substantial impact on the rate

of PNSP. However, emerging resistant non-vaccine serotypes are of concern and demands

continued monitoring of PNSP.
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Data curation: Martha Á. Hjálmarsdóttir.

Formal analysis: Martha Á. Hjálmarsdóttir.
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to pneumococcal nasopharyngeal carriage. Pediatr Infect Dis J. 2005; 24(9):801–6. https://doi.org/10.

1097/01.inf.0000178072.83531.4f PMID: 16148847

36. Meats E, Brueggemann AB, Enright MC, Sleeman K, Griffiths DT, Crook DW, et al. Stability of sero-

types during nasopharyngeal carriage of Streptococcus pneumoniae. J Clin Microbiol. 2003; 41

(1):386–92. https://doi.org/10.1128/JCM.41.1.386-392.2003 PMID: 12517877

37. Syrjanen RK, Kilpi TM, Kaijalainen TH, Herva EE, Takala AK. Nasopharyngeal carriage of Streptococ-

cus pneumoniae in Finnish children younger than 2 years old. J Infect Dis. 2001; 184(4):451–9. Epub

2001/07/27. doi: JID010089 [pii] https://doi.org/10.1086/322048 PMID: 11471103.

38. Sigurethsson S, Eythorsson E, Hrafnkelsson B, Erlendsdottir H, Kristinsson KG, Haraldsson A. Reduc-

tion in all-cause acute otitis media in children less than three years of age in primary care following

pneumococcal vaccination with PHiD-CV10: A whole population study. Clin Infect Dis. 2018. Epub

2018/04/05. https://doi.org/10.1093/cid/ciy233 PMID: 29617959.

39. Metcalf BJ, Gertz RE Jr., Gladstone RA, Walker H, Sherwood LK, Jackson D, et al. Strain features and

distributions in pneumococci from children with invasive disease before and after 13-valent conjugate

vaccine implementation in the USA. Clinical microbiology and infection: the official publication of the

European Society of Clinical Microbiology and Infectious Diseases. 2015; 10(15):00813–7.

40. Moore MR, Gertz RE Jr, Woodbury RL, Barkocy-Gallagher GA, Schaffner W, Lexau C, et al. Population

snapshot of emergent Streptococcus pneumoniae serotype 19A in the United States, 2005. J Infect Dis.

2008; 197(7):1016–27. https://doi.org/10.1086/528996 PMID: 18419539

41. Pichichero ME, Casey JR. Emergence of a multiresistant serotype 19A pneumococcal strain not

included in the 7-valent conjugate vaccine as an otopathogen in children. JAMA: the journal of the

American Medical Association. 2007; 298(15):1772–8. https://doi.org/10.1001/jama.298.15.1772

PMID: 17940232

42. Vestrheim DF, Steinbakk M, Aaberge IS, Caugant DA. Postvaccination increase in serotype 19A pneu-

mococcal disease in Norway is driven by expansion of penicillin-susceptible strains of the ST199 com-

plex. Clin Vaccine Immunol. 2012; 19(3):443–5. https://doi.org/10.1128/CVI.05563-11 PMID: 22237889

43. Vakevainen M, Eklund C, Eskola J, Kayhty H. Cross-reactivity of antibodies to type 6B and 6A polysac-

charides of Streptococcus pneumoniae, evoked by pneumococcal conjugate vaccines, in infants. J

Infect Dis. 2001; 184(6):789–93. https://doi.org/10.1086/322984 PMID: 11517443

44. Levy C, Varon E, Ouldali N, Bechet S, Bonacorsi S, Cohen R. Changes in invasive pneumococcal dis-

ease spectrum after 13 valent pneumococcal conjugate vaccine implementation. Clin Infect Dis. 2019.

Epub 2019/03/15. https://doi.org/10.1093/cid/ciz221 PMID: 30869777.

45. Andam CP, Mitchell PK, Callendrello A, Chang Q, Corander J, Chaguza C, et al. Genomic Epidemiol-

ogy of Penicillin-Nonsusceptible Pneumococci with Nonvaccine Serotypes Causing Invasive Disease in

the United States. J Clin Microbiol. 2017; 55(4):1104–15. Epub 2017/01/20. https://doi.org/10.1128/

JCM.02453-16 PMID: 28100596; PubMed Central PMCID: PMC5377837.

46. Fenoll A, Aguilar L, Gimenez MJ, Vicioso MD, Robledo O, Granizo JJ, et al. Variations in serotypes and

susceptibility of adult non-invasive Streptococcus pneumoniae isolates between the periods before

(May 2000-May 2001) and 10 years after (May 2010-May 2011) introduction of conjugate vaccines for

child immunisation in Spain. Int J Antimicrob Agents. 2012; 40(1):18–23. Epub 2012/05/15. https://doi.

org/10.1016/j.ijantimicag.2012.03.001 PMID: 22578763.

47. Suzuki S, Osato R, Wajima T, Hasebe T, Ishikawa H, Mitsumori H, et al. Impact of the introduction of a

13-valent pneumococcal vaccine on pneumococcal serotypes in non-invasive isolates from 2007 to

2016 at a teaching hospital in Japan. J Med Microbiol. 2019. Epub 2019/05/16. https://doi.org/10.1099/

jmm.0.000992 PMID: 31090535.

48. Keller LE, Robinson DA, McDaniel LS. Nonencapsulated Streptococcus pneumoniae: Emergence and

Pathogenesis. mBio. 2016; 7(2):e01792. Epub 2016/03/24. https://doi.org/10.1128/mBio.01792-15

PMID: 27006456; PubMed Central PMCID: PMC4807366.

49. Takeuchi N, Ohkusu M, Wada N, Kurosawa S, Miyabe A, Yamaguchi M, et al. Molecular typing, antibiotic

susceptibility, and biofilm production in nonencapsulated Streptococcus pneumoniae isolated from chil-

dren in Japan. Journal of infection and chemotherapy: official journal of the Japan Society of Chemother-

apy. 2019; 25(10):750–7. Epub 2019/06/27. https://doi.org/10.1016/j.jiac.2019.02.007 PMID: 31235348.

50. Eythorsson E, Sigurdsson S, Hrafnkelsson B, Erlendsdottir H, Haraldsson A, Kristinsson KG. Impact of

the 10-valent pneumococcal conjugate vaccine on antimicrobial prescriptions in young children: a

whole population study. BMC Infect Dis. 2018; 18(1):505. Epub 2018/10/06. https://doi.org/10.1186/

s12879-018-3416-y PMID: 30286726; PubMed Central PMCID: PMC6172799.

PLOS ONE Reduction of antimicrobial resistant pneumococci after introduction of pneumococcal vaccine in Iceland

PLOS ONE | https://doi.org/10.1371/journal.pone.0230332 March 17, 2020 13 / 13

https://doi.org/10.1097/01.inf.0000178072.83531.4f
https://doi.org/10.1097/01.inf.0000178072.83531.4f
http://www.ncbi.nlm.nih.gov/pubmed/16148847
https://doi.org/10.1128/JCM.41.1.386-392.2003
http://www.ncbi.nlm.nih.gov/pubmed/12517877
https://doi.org/10.1086/322048
http://www.ncbi.nlm.nih.gov/pubmed/11471103
https://doi.org/10.1093/cid/ciy233
http://www.ncbi.nlm.nih.gov/pubmed/29617959
https://doi.org/10.1086/528996
http://www.ncbi.nlm.nih.gov/pubmed/18419539
https://doi.org/10.1001/jama.298.15.1772
http://www.ncbi.nlm.nih.gov/pubmed/17940232
https://doi.org/10.1128/CVI.05563-11
http://www.ncbi.nlm.nih.gov/pubmed/22237889
https://doi.org/10.1086/322984
http://www.ncbi.nlm.nih.gov/pubmed/11517443
https://doi.org/10.1093/cid/ciz221
http://www.ncbi.nlm.nih.gov/pubmed/30869777
https://doi.org/10.1128/JCM.02453-16
https://doi.org/10.1128/JCM.02453-16
http://www.ncbi.nlm.nih.gov/pubmed/28100596
https://doi.org/10.1016/j.ijantimicag.2012.03.001
https://doi.org/10.1016/j.ijantimicag.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22578763
https://doi.org/10.1099/jmm.0.000992
https://doi.org/10.1099/jmm.0.000992
http://www.ncbi.nlm.nih.gov/pubmed/31090535
https://doi.org/10.1128/mBio.01792-15
http://www.ncbi.nlm.nih.gov/pubmed/27006456
https://doi.org/10.1016/j.jiac.2019.02.007
http://www.ncbi.nlm.nih.gov/pubmed/31235348
https://doi.org/10.1186/s12879-018-3416-y
https://doi.org/10.1186/s12879-018-3416-y
http://www.ncbi.nlm.nih.gov/pubmed/30286726
https://doi.org/10.1371/journal.pone.0230332

