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Abstract

Background

In 2010, a ten—valent pneumococcal conjugate vaccine (PCV10) was introduced in the rou-
tine infant national immunization program in Brazil. Invasive pneumococcal disease (IPD)
caused by serotype 19A (Spn19A) increased after the introduction of PCVs in several coun-
tries. We compared the frequency, antimicrobial resistance and molecular patterns of inva-
sive Spn19A strains before and after PCV10 introduction in Brazil using data from the
national laboratory-based surveillance.

Methods

We analyzed invasive Spn19A strains isolated from 2005-2009 (pre-PCV10 period), 2011—
2015 and 2016—2017 (post-PCV10 periods). Antimicrobial susceptibility was performed for
all Spn19A strains, and multilocus sequence typing (MLST) was performed for strains iso-
lated in the age groups <5 years and >50 years.

Results

Among the study period, a total of 9,852 invasive Spn strains were analyzed, and 673
(6.8%) belonged to serotype 19A. Overall, the proportion of Spn19A among the total number
of IPD strains increased from 2.8% in 2005—2009 to 7.0% and 16.4% in 2011-2015 and
2016—2017, respectively. The relative increase in Spn19A was observed especially in chil-
dren <5 years old (2005-2009: 3.2%; 2011-2015: 15.5%; 2016—2017: 31.2%). The percent-
age of penicillin resistance (MIC 2.0-4.0 ug/mL), erythromycin resistance and multidrug
resistance (MDR) increased after PCV10 introduction due to the expansion of the MDR
clonal complex CC320 (2005—-2009: 8.6%; 2011—-2015: 56.1%; 2016—2017: 66.5%).
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Conclusion

We observed an expansion of MDR-CC320 among invasive Spn19A strains after PCV10
introduction in Brazil, probably related to a combination of factors, such as vaccination and
antimicrobial pressure. Continued surveillance of Spn19A strains is necessary to monitor
the sustainability of this clonal complex in the Brazilian population.

Introduction

Streptococcus pneumoniae (Spn) is an important cause of invasive infectious diseases, especially
in young children and the elderly [1,2]. Although the widespread use of pneumococcal conju-
gate vaccines (PCV) has reduced the incidence of invasive pneumococcal disease (IPD) caused
by vaccine types, the emergence of nonvaccine types has been a concern [3-6]. Serotype 19A
(Spn19A) became the most common cause of IPD in several countries after the introduction
of the 7-valent pneumococcal conjugate vaccine (PCV7) and, importantly, it has been the
most common serotype related to antimicrobial resistance [7-12].

In the USA, the incidence of IPD caused by Spn19A in children <5 years old increased
from 2.6 to 11.1 cases/100,000 after 7 years of PCV7 use [13], but the incidence decreased after
the introduction of PCV13, which targets this serotype [14]. An increase in the prevalence of
IPD caused by Spn19A also occurred in countries that introduced the 10-valent pneumococcal
conjugate vaccine (PCV10) [15]. In Finland, where PCV10 was introduced in 2010, Spn19A
represented over half of the total IPD cases in children <5 years old in 2015 [16,17]. In Chile,
Spn19A was identified in 4-8% of IPD cases in children <2 years old before PCV10, and it
increased to 19-25% after 3-4 years of PCV10 use [18].

In contrast, an increase in Spn19A as a cause of IPD in South Korea and as a cause of acute
otitis media in Israel was reported before PCV7 introduction in these countries [19,20]. In the
United Kingdom, a rapid decline of IPD caused by serotype 19A was observed after PCV13
introduction; however, a modest increase in serotype 194, especially among adults over 65
years, has been recently observed, but the number of serotype 19A cases still remains below
the pre-PCV13 levels [21]. Therefore, studies on serotype 19A after vaccination are still contro-
versial, and it is an important issue to investigate over a longer period of time.

Studies on the molecular characterization of Spn19A strains from many settings have dem-
onstrated that five major clonal complexes (CC) are related to serotype 19A, specifically CC81,
CC193, CC199, CC276 and CC320 [22]. Increased antimicrobial and multidrug resistance in
Spn19A were mainly related to the emergence of CC320 after vaccination [7, 23-25].

In March 2010, PCV10 was introduced in the routine infant national immunization pro-
gram in Brazil, using a 3+1 dose schedule (at 2, 4 and 6 months of age plus a booster at 12-18
months); a catch-up with the first two doses plus a booster was also offered for children aged
7-11 months, and a single dose was offered for children aged 12-23 months [26]. In 2016, the
PCV10 schedule changed to 2+1 doses (at 2 and 4 months plus a booster at 12 months) [27].

The characterization of Spn19A from Brazil has been described only in independent stud-
ies, each with a limited number of Spn19A strains isolated [28-30]. In a recent report, using
data from Brazilian laboratory-based surveillance, nonvaccine types increased, with Spn19A
being the most prevalent cause of IPD after four years of PCV10 use [31]. To date, there is a
lack of comprehensive long-term analysis of Spn19A at a national level, which led us to investi-
gate the frequency over a longer period of time (seven years after PCV10) and the characteris-
tics of the Spn19A strains isolated in Brazil.
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We herein present the frequency, antimicrobial resistance and molecular patterns of inva-
sive S. pneumoniae serotype 19A strains before and after PCV10 introduction in Brazil, using
data from national laboratory-based surveillance from 2005 to 2017.

Material and methods
Collection of strains

Pneumococcal strains are routinely sent to the Center of Bacteriology at the Adolfo Lutz Insti-
tute (IAL), which is the national reference laboratory for bacterial meningitis and IPD in Bra-
zil. TAL receives Spn strains collected from 25 public health laboratories located in 25 Brazilian
states, composing the national laboratory-based passive surveillance system, coordinated by
the Ministry of Health. Spn19A strains isolated from January 2005 to December 2009 and Jan-
uary 2011 to December 2017 were included in the study. The year 2010 was excluded from the
study, because it was the year of PCV10 introduction. The Ethics Committee of the Adolfo
Lutz Institute approved the study.

Microbiology methods

AtIAL, pneumococcal strains were confirmed by standard methods [32]. Strains were sero-
typed by the Pneumotest-latex agglutination kit and by the Quellung reaction with antisera
from the Statens Serum Institute (Copenhagen, Denmark) [33]. Penicillin (PEN) susceptibility
was performed by screening for susceptibility to oxacillin (OXA) using disk diffusion. The disk
diffusion method was also performed for chloramphenicol (CHL), erythromycin (ERY), tri-
methoprim-sulphamethoxazole (STX) and vancomycin (VAN) according to the Clinical Labo-
ratory Standards Institute guidelines (CLSI, 2016) [34].

Strains with OXA resistance (halo <19 mm) were analyzed for minimum inhibitory con-
centration (MIC) by broth microdilution to PEN [34]. PEN nonmeningeal oral breakpoints
were used to classify the strains as susceptible (MIC <0.06 pg/ml), intermediate (MIC 0.12-
1.0 pug/ml) or resistant (MIC 2.0-4.0 ug/ml) [34]. These breakpoints usually reflect PBP gene
alterations that confer PEN MICs above the basal typical value of pneumococcal susceptible
strains [35,36]. Multidrug resistance (MDR) was defined as nonsusceptibility (intermediate or
resistant) to at least three antibiotic classes [36] from among the five antibiotics tested (PEN,
CHL, ERY, STX and VAN).

Molecular characterization

Multilocus sequence typing (MLST) was performed according to Enright and Spratt [37]. The
allele number and sequence type (ST) were assigned using the pneumococcal MLST webpage
[38]; new alleles and profiles were submitted to the MLST website curator for allele number and
ST assignment [38]. Clonal complexes (CC) were defined using eBURST software [39], where
the ST's that shared five of the seven alleles with at least one other ST in the complex were
included in the same CC. The CC analysis was performed using the ST's found in this study.

Data analysis

Only one invasive Spn strain from each patient was included in the analysis. Different sero-
types isolated >30 days apart from the same patient were considered different IPD episodes.
Invasive Spn19A frequency and antimicrobial resistance were investigated for three age groups
(children under 5 years old, individuals 5-49 years old and individuals >50 years old) over
three periods of time: 2005-2009 (pre-PCV10), 2011-2015 and 2016-2017 (post-PCV10 peri-
ods). For molecular characterization, we studied only the strains isolated from the two age
groups with the highest incidence of IPD: <5 years and >50 years.
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For a more comprehensive comparative analysis of frequency, antimicrobial susceptibility
and molecular characterization of the serotype 19A strains in the same age groups and periods
we used recently published data for Spn19A frequency from 2005-2009 (pre-PCV10) and
2011-2015 (post-PCV10) [31]. However, we used different age groupings (<5 years, 5-49
years and >50 years) and excluding the year 2010 from this study. The same inclusion/exclu-
sion criteria for strains were used in both studies.

The frequency of Spn19A was calculated as a percentage by the number of invasive serotype
19A strains divided by the total number of invasive Spn strains. The percentage change was
used to indicate the change in the percentage frequency of Spn19A and the change in the per-
centage of the antimicrobial resistance criteria between 2011-2015 or 2016-2017 (post-PCV10
periods) and 2005-2009 (pre-PCV10 period) using the following formula: [(percentage of
Spn19A in the post-PCV10 period—percentage of Spn19A in the pre-PCV10 period / percent-
age of Spn19A in the pre-PCV10 period) * 100]. A positive result of percentage change
expresses a relative increase in the post-PCV10 period, whereas a negative result of percentage
change expresses a relative reduction in the postvaccination period.

The Chi-squared test for trends was used to analyze the period time trends regarding inva-
sive Spn19A for each age group. Differences in the proportions of antibiotic resistance of inva-
sive Spn19A between periods of time were identified using Chi-square tests. P-values <0.05
were considered statistically significant.

Results

A total of 9,852 IPD strains, recovered from a normally sterile site, were received at the IAL in
the study periods. Among these strains, 6.8% (673/9,852) belonged to serotype 19A. A total of
254 (37.7%, 254/673) Spn19A strains were obtained from meningitis cases, with 227 (89.4%,
227/254) strains isolated from cerebrospinal fluid and 27 (10.6%, 27/254) from blood; 419
(62.3%, 419/673) strains were from nonmeningitis cases, with 350 (83.5%, 350/419) strains iso-
lated from blood and 69 (16.5%, 69/419) from other sterile sites.

Table 1 shows the distribution of Spn19A by age group in 2016-2017, plus the distributions
previously reported from 2005-2009 and 2011-2015 [31]. The proportion of Spn19A among
the total number of IPD strains increased over the periods in all age groups, with the highest
increase (875.3%) of Spn19A in children <5 years in 2016-2017 (Table 1).

For antimicrobial susceptibility, 99.7% (671/673) of the Spn19A strains were tested
(Table 2). Spn19A showed antimicrobial resistance in 2005-2009 (pre-PCV10 period), but we
observed a relative increase of PEN resistant (MIC of 2.0-4.0 ug/ml), ERY resistant and MDR
resistant strains after PCV10 vaccination with the highest percentages in children <5 years
from 2016-2017 (PEN-R: 71.4%, 65/91; ERY-R: 85.7%, 78/91; MDR: 79.1%, 72/91); a high fre-
quency of resistance to STX was observed in all three study periods (Table 2).

Only two Spn19A strains showed resistance to CHL (one isolated in children <5 years in
2007 and one isolated in the age group 5-49 years in 2014) and none to VAN. MDR strains
were identified for the first time in 2007, the pre-PCV10 period, with 99.5% (379/381) of the
strains expressing a pattern of nonsusceptibility to PEN, ERY and STX. From 2016-2017,
MDR-Spn19A represented 80.3% (175/218) of all MDR in invasive S. pneumoniae (S1 Table).

From all the Spn19A strains (n = 673), 439 were isolated from <5 years (n = 262) and >50
years (n = 177). MLST was performed for 399 Spn19A strains from these two age groups (<5
years: n = 243; >50 years: n = 156; 40 strains were not viable). Table 3 shows the frequency of
CC/ST and the related antimicrobial susceptibility pattern of invasive Spn19A by age groups
and study periods. Overall, 60 ST's (25 STs first detected in this study) and 7 CCs were identi-
fied. Four main CCs comprised 86.2% (344/399) of the Spn19A strains (CC320: n = 213;
CC1118: n = 63; CC276: n = 39; CC733: n = 29).
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Table 1. Distribution of invasive Streptococcus pneumoniae serotype 19A (n = 673) by age group (<5 years, 5-49 years and >50 years) in the pre-PCV10 period
(2005-2009) and in the post-PCV10 periods (2011-2015 and 2016-2017).

2005-2009t
no. (%)
44(3.2)

693

104(23) U S

Age group Spn 2011-2015¢ 2016-2017 x* for trend p-value
no. (%) % change* no. (%) % change”

<5 years 19A 126 (15.5) 384.7 92 (31.2) 875.3 230.0 <0.001
______________________________________ oal [ oowe s Loees o

5-49 years 19A 104 (5.2) 106.6 87 (14.7) 484.1 105.1 <0.001
______________________________________ towl [ ouziz o204 oL o

>50 years 19A 87 (5.1) 106.3 73 (11.3) 359.9 54.8 <0.001

All ages 19A 317 (7.0) 154.1 252 (16.4) 496.9 296.2 <0.001

total 4,536 1,535

3,781

19A: total number of invasive Streptotoccus pneumoniae serotype 19A in the period; total: total number of invasive Streptococcus pneumoniae strains in the period; bold:

p-value <0.05 was considered statistically significant;

* Pre-PCV10 period used as reference;

t Inclusion of frequency of Spn19A previously reported [31].

https://doi.org/10.1371/journal.pone.0208211.t001

CC320 was the most frequent CC in this study, represented by 53.4% (213/399) of the
Spn19A strains. From 2005-2009 (pre-PCV10), 5 strains (11.6%, 5/43) belonging to CC320
were identified in the <5 years age group. However, since PCV10 use, CC320 became the
most common CC among Spn19A strains in both age groups and time periods. CC320 had a
great diversity of ST (n = 17). ST320 was the most representative ST (86.9%, 185/213) in this
CC and was responsible for the expansion of CC320 after PCV10 vaccination (Table 3).

CC320 was related to MDR starting in the pre-PCV10 period, showing higher rates after
PCV10 introduction [2011-2015: 99.0% (100/101); 2016-2017: 98.1% (105/107)]. ST320 pre-
sented 98.4% (182/185) of MDR strains, representing 87.1% (182/209) of all MDR strains in
CC320 (Table 3).

CC1118 was the most commonly observed CC from 2005-2009 (pre-PCV10) in both age
groups, declining after PCV10 introduction. ST1118 (38.1%, 24/63) and ST2878 (22.2%, 14/
63) were the most common STs of CC1118. Most of the CC1118 strains (73.0%, 46/63) had a
PEN-SXT resistance pattern, with only 1 MDR strain observed from 2011-2015 (Table 3).

CC276 (9.8%, 39/399) and CC733 (7.3%, 29/399) were, respectively, the third and fourth
clones most commonly observed among invasive Spn19A strains. CC276 was related to MDR
in all periods (71.8%, 28/39), while CC733 had only STX resistance (79.3%, 23/29).

Discussion

This study shows a relative increase of IPD caused by Spn19A in all age groups after seven
years of PCV10 use in Brazil, especially in children <5 years. An increase in antimicrobial
resistance of Spn19A was also observed after vaccination. The Spn19A increase was related to
the expansion of the international multidrug-resistant clonal complex CC320 in individuals
less than 5 years old and more than 50 years old, which are the age groups with the highest
incidence of IPD.

The expansion of CC320 among invasive Spn19A strains was mainly related to the expan-
sion of ST320, the predicted founder of CC320 that differs at only a single locus from a large
number of other ST's included in CC320 [39].

A study conducted in the city of Porto Alegre, Brazil, 3-4 years after PCV10 introduction
(2013-2015) among invasive strains from adults >50 years identified 10 strains belonging to
ST320 among 13 invasive Spn19A strains [28].
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Table 2. Distribution of antimicrobial susceptibility of invasive Streptococcus pneumoniae serotype 19A (n = 671) by age group (<5 years, 5-49 years and >50
years) in the pre-PCV10 period (2005-2009) and in the post-PCV10 periods (2011-2015 and 2016-1017) in Brazil.

Age group Period no. Antibiotic Susceptibility Pattern
PEN ERY STX MDR
S 1 R S R S I R No Yes
no. (%) no. (%) no. (%) no. (%) no. (%) no. (%) no. (%) no. (%) no. (%) no. (%)
<5 years 2005-2009 44 14 (31.8) | 25(56.8) 5(11.4) 35 (79.5) 9 (20.5) 8(18.2) 7 (15.9) 29 (65.9) 36 (81.8) 8(18.2)
2011-2015 | 125t | 18 (14.4) | 27(21.6) | 80(64.0) | 33(26.4) | 92(73.6) 8(6.4) | 14(11.2) | 103(82.4) | 37(29.6) | 88(70.4)

% change® -54.7 -62.0 463.2 -66.8 259.8 -64.8 -29.6 25.0 638 287.2
p-value 0.699 <0.001 <0.001 0.308 0.014 <0.001
2016-2017 | 91t | 12(13.2) | 14(154) | 65(71.4) | 13(143) | 78(85.7) | 6(6.6) 6(6.6) | 79(86.8) | 19(20.9) | 72(79.1)
% change* -58.6 -72.9 528.6 -82.0 319.0 -63.7 -58.6 31.7 -74.5 3352
p-value 0.408 <0.001 <0.001 0.863 0.020 <0.001

5-49 years | 2005-2009 43 23(53.5) | 19 (44.2) 1(2.3) 36 (83.7) 7 (16.3) 8 (18.6) 8(18.6) 27 (62.8) 39 (90.7) 4(9.3)
2011-2015 | 104 | 20(19.2) | 30(28.8) 54 (51.9) 46 (44.2) 58 (55.8) 21 (20.2) 9(8.7) 74 (71.2) 54 (51.9) 50 (48.1)

% change* -64.0 -34.7 2,132.7 -47.2 242.6 8.5 -53.5 13.3 -42.8 416.8
p-value 0.157 <0.001 <0.001 0.181 0.927 <0.001

2016-2017 87 15(17.2) | 22(25.3) 50 (57.5) 26 (29.9) 61 (70.1) 13 (14.9) 9(10.3) 65 (74.7) 32 (36.8) 55 (63.2

% change* -67.8 -42.8 2,371.3 -64.3 330.7 -19.7 -44.4 19.0 -59.4 579.6
p-value 0.207 <0.001 <0.001 0.578 0.434 <0.001

2005-2009 | 17 | 7(41.2) | 9(52.9) 1(5.9) 13 (76.5) 4(23.5) 3(17.6) | 5(29.4) 9 (52.9) 13 (76.5) 4(23.5)
250years | 20112015 | 87 | 10(11.5) | 28(322) | 49(56.3) | 29(33.3) | 58(66.7) | 14(16.1) | 10(11.5) | 63(72.4) | 35(40.2) | 52(59.8)

% change* -72.1 -39.2 857.5 -56.4 183.3 -8.8 -60.9 36.8 -47.4 154.0
p-value 0.208 <0.001 <0.001 0.308 0.576 0.006
2016-2017 73 8(11.0) 22 (30.1) 43 (58.9) 17 (23.3) 56 (76.7) 12 (16.4) 4(5.5) 57 (78.1) 25 (34.2) 48 (65.8)
% change* -73.4 -43.1 901.4 -69.5 226.0 -6.8 -81.4 47.5 -55.2 179.5
p-value 0.240 <0.001 <0.001 0.074 0.531 0.002

All ages 2005-2009 | 104 | 44 (42.3) | 53(51.0) 7 (6.7) 84 (80.8) 20 (19.2) 19 (18.3) | 20(19.2) | 65(62.5) 88 (84.6) 16 (15.4)
2011-2015 | 316t | 48(15.2) | 85(26.9) | 183(57.9) | 108 (34.2) | 208 (65.8) | 43(13.6) | 33 (10.4) | 240(75.9) | 126(39.9) | 190 (60.1)

% change* -64.1 -47.2 760.4 -57.7 242.3 255 -45.7 21.5 -52.9 290.8
p-value 0.157 <0.001 <0.001 0.423 0.111 <0.001
2016-2017 | 251+ | 35(13.9) | 58(23.1) | 158(62.9) | 56 (22.3) | 195(77.7) | 31(12.4) | 19(7.6) | 201(80.1) | 76(30.3) | 175(69.7)
% change* -67.0 -54.7 835.2 724 304.0 324 -60.6 28.1 -64.2 353.2
p-value 0.281 <0.001 <0.001 0.211 0.046 <0.001

PEN S: penicillin susceptible (MIC <0.06 ug/mL); PEN I: penicillin intermediate (MIC 0.12-1.0 ug/mL); PEN R: penicillin resistant (MIC 2.0-4.0 pg/mL); ERY:
erythromycin; STX: trimethoprim-sulphamethoxazole; S: susceptible; I: intermediate; R: resistant; MDR: multidrug-resistant; bold: p value <0.05 was considered
statistically significant;

* Pre-PCV10 period used as reference;

+ . .
One strain was not viable for analyzes.

https://doi.org/10.1371/journal.pone.0208211.t002

In the USA, during the 1990s the main clonal complex identified among Spn19A strains
was CC199 and was related only to the PEN intermediate pattern (MIC 0.12-1.0 pg/ml),
which gradually decreased after the introduction of PCV7 [23,40,41]. After six years of PCV7
vaccination in the USA (2006), the MDR-CC320 became predominant (70-71%) among the
PEN resistant (MIC >2.0 ug/ml) Spn19A population; after eight years of PCV7 use (2008),
CC320 was predominant among almost half (49.3%) of all Spn19A strains among children <5
years old [23].

In Canada and Spain, after the introduction of PCV7, and in Colombia, where PCV10 was
introduced, CC320/ST320 also increased, becoming the most common CC among the MDR
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or PEN nonsusceptible (MIC >0.12 pg/ml) Spn19A populations after vaccination [42,24,25].
Although CC320 spread after PCV7 vaccination in several countries, it decreased after PCV13
introduction [43].

In addition, reports from South Korea, Israel and Asian countries showed an increase in
MDR-CC320 in Spn19A before PCV7 introduction, probably due to the excessive use of anti-
microbials in these countries [19,20,44]. Therefore, antimicrobial selection pressure may have
an important role in CC320 expansion after PCV introduction.

In contrast, in Norway, a country with restricted antibiotics prescriptions, and in Italy, the
PCV7 vaccination led to an increase in Spn19A related to CC199, with most strains character-
ized as PEN susceptible, demonstrating that antibiotic pressure may be important, but not the
only factor, for the emergence of Spn19A [45,11].

ST320 is a double-locus variant of ST236, which belongs to the clone Taiwan'"-14
(ST236), a widespread international clone first described as related to serotype 19F [46,47].
According to Pillai et al. and Hiesh et al., ST320-Spn19A is derived from a capsular switch
event between the vaccine serotype 19F and the non-PCV7 serotype 19A [42,47].

Interestingly, we identified 3 STs of Spn19A in the post-PCV10 period belonging to differ-
ent CCs that were identified in Brazil and in other countries before PCV introduction express-
ing diverse serotypes: ST237, ST4913 and ST387—expressing serotypes 19F, 24F and 23F,
respectively [38]. These findings suggest a possible capsular switch and a consequent adapta-
tion of the non-PCV10 serotype 19A.

All these observations indicate that serotype 19A and clonal trends among S. pneumoniae
have probably resulted from a combination of several factors, including vaccine and antimi-
crobial pressure, population immunity, introduction and spread of genetically fit clones, and
maybe other factors [22,48,49].

CC1118, not related to MDR, was the most common CC before PCV10 introduction.
Other studies also identified CC1118 in the Spn19A population in the northeastern and south-
ern regions of Brazil before and after vaccination [29,30]. In Colombia, ST1118 was also
reported to be related to Spn19A especially before vaccination [25]. In Uruguay, only one
ST1118-Spn19A strain isolated in 2001 was reported [38]. This occurrence suggests that
CC1118-Spn19A might be decreasing after vaccination.

Two other major genetic groups of invasive Spn19A were identified in this study: CC276,
related to multidrug resistance, and CC733, related to PEN susceptibility. The emergence of
CC276/ST276 related to PEN intermediate resistance (MIC 0.12-1.0 ug/ml) was the cause of
the Spn19A increase in children after PCV7 introduction in France [10]. ST276 is genetically
related to ST230, which belongs to CC230; CC230 has been identified as the major MDR clone
causing IPD by serotype 19A in Europe [50]. Regarding CC733, it is worth mentioning that,
according to the MLST database, this clone has been rarely reported in other countries than
Brazil, with only one strain in Germany [38].

This study has some limitations, as our data were obtained from a passive laboratory-based
surveillance system. In addition to that, during the years 2010-2012, an improvement of labo-
ratory surveillance occurred with the implementation of a case-control study to evaluate
PCV10 effectiveness in children in 10 states in Brazil [26], increasing the strains sent to IAL,
especially from nonmeningitis cases and individuals aged over 5 years. This led us to analyze
the data over a longer period of time after the PCV10 effectiveness study was finished. Despite
these limitations, the present study is based on a national surveillance program that includes a
large number of invasive Spn19A strains recovered from the same institutions over the whole
study period, allowing a robust analysis of the Spn19A population in the country.

In conclusion, we detected a relative increase in invasive Spn19A strains in Brazil seven
years after PCV10 introduction. The increase in Spn19A after vaccination was mostly related
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to the expansion of the multidrug-resistant CC320. The Spn19A-CC320 expansion was proba-
bly related to a combination of factors, such as vaccination and antimicrobial pressure. The
present data shows the importance of continuous surveillance to understand the mechanisms
responsible for CC320 expansion among the invasive Spn19A population in Brazil.

Supporting information

S1 Table. Distribution of antimicrobial nonsusceptibility of invasive Streptococcus pneu-
moniae serotype 19A among invasive pneumococcus nonsusceptible in the pre-PCV10
period (2005-2009) and in the post-PCV10 periods (2011-2015 and 2016-1017) in Brazil.
(DOCX)

Acknowledgments

The authors thank Maria Luiza Leopoldo Silva e Guerra, Lincoln Spinazola Prado, Ueslei Dias,
Sergio Bokermann, Fabiola Lorenzi Dergovics and Antonio Erculiani Junior for their support
in the laboratory.

Author Contributions

Conceptualization: Ana Paula Cassiolato, Samanta Cristine Grassi Almeida, Maria Cristina
de Cunto Brandileone.

Formal analysis: Ana Lucia Andrade, Ruth Minamisava.
Investigation: Ana Paula Cassiolato.

Methodology: Ana Paula Cassiolato, Samanta Cristine Grassi Almeida, Maria Cristina de
Cunto Brandileone.

Writing - original draft: Ana Paula Cassiolato.

Writing - review & editing: Ana Paula Cassiolato, Samanta Cristine Grassi Almeida, Ana
Lucia Andrade, Ruth Minamisava, Maria Cristina de Cunto Brandileone.

References

1. The Global Burden of Diseases, Injuries, and Risk Factors (GBD) 2015 LRI Collaborators. Estimates of
the global, regional, and national morbidity, mortality, 267 and etiologies of lower respiratory tract infec-
tions in 195 countries: a systematic analysis for the Global Burden of Disease Study 2015. Lancet Infect
Dis. 2017;17(11):1133-1161. https://doi.org/10.1016/S1473-3099(17)30396-1 PMID: 28843578

2. O’Brien KL, Wolfson LJ, Watt JP, Henkle E, Deloria-Knoll M, McCall N, et al. Burden of disease caused
by Streptococcus pneumoniae in children younger than 5 years: global estimates. Lancet.2009;
374:893-902. https://doi.org/10.1016/S0140-6736(09)61204-6 PMID: 19748398

3. ConklinL, Loo J, Kirk J, Dutra FK, Knoll MD, Park D, et al. Systematic review of the effect of pneumo-
coccal conjugate vaccine dosing schedules on vaccine-type invasive pneumococcal disease among
young children. Pediatr Infect Dis J. 2014; 33(2):S109-118.

4. Fitzwater S, Chandran A, Santosham M, Johnson H. The worldwide impact of the seven-valent pneu-
mococcal conjugate vaccine. Pediatr Infect Dis J. 2012; 31(5):501-508. https://doi.org/10.1097/INF.
0b013e31824de9f6 PMID: 22327872

5. Myint TTH, Madhava H, Balmer P, Christopoulou D, Attal S, Menegas D, et al. The impact of 7-valent
conjugate vaccine on invasive pneumococcal disease: a literature review. Adv Ther. 2013; 30(2):127—
151. https://doi.org/10.1007/s12325-013-0007-6 PMID: 23397399

6. Whitney CG, Farley MM, Hadler J, Harrison LH, Bennet NM, Lynfield R, et al. Decline in invasive pneu-
mococcal disease after the introduction of protein-polysaccharide conjugate vaccine. N Engl J Med.
20083; 348(18):1737—-1746. https://doi.org/10.1056/NEJM0a022823 PMID: 12724479

PLOS ONE | https://doi.org/10.1371/journal.pone.0208211 November 29, 2018 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0208211.s001
https://doi.org/10.1016/S1473-3099(17)30396-1
http://www.ncbi.nlm.nih.gov/pubmed/28843578
https://doi.org/10.1016/S0140-6736(09)61204-6
http://www.ncbi.nlm.nih.gov/pubmed/19748398
https://doi.org/10.1097/INF.0b013e31824de9f6
https://doi.org/10.1097/INF.0b013e31824de9f6
http://www.ncbi.nlm.nih.gov/pubmed/22327872
https://doi.org/10.1007/s12325-013-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/23397399
https://doi.org/10.1056/NEJMoa022823
http://www.ncbi.nlm.nih.gov/pubmed/12724479
https://doi.org/10.1371/journal.pone.0208211

®PLOS | one

Invasive Streptococcus pneumoniae serotype 19A in Brazil

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Moore MR, Gertz RE Jr, Woodbury RL, Barkocy-Gallagher GA, Schaffner W, Lexau C,et al. Population
snapshot of emergent Streptococcus pneumonia serotype 19A in the United States, 2005.J Infect Dis.
2008; 197(7):1016—1027. https://doi.org/10.1086/528996 PMID: 18419539

Kaplan SL, Barson WJ, Lin PL, Stovall SH, Bradley JS, Tan TQ, et al.Serotype 19A is the most common
serotype causing invasive pneumococcal infections in children.Pediatrics. 2010; 125(3):429-436.
https://doi.org/10.1542/peds.2008-1702 PMID: 20176669

Fenoll A, Granizo JJ, Aguilar L, Giménez MJ, Aragoneses-Fenoll L, Hanquet G, et al. Temporal trends
of invasive Streptococcus pneumoniae serotypes and antimicrobial resistance patterns in Spain from
1979 to 2007. J Clin Microbiol. 2009; 47(4):1012—1020. https://doi.org/10.1128/JCM.01454-08 PMID:
19225097

Mahjoub-Messai F, Doit C, Koeck JL, Billardi T, Evradr B, Bidet P, et al. Population snapshot of Strepto-
coccus pneumoniae serotype 19A isolates before and after the introduction of 7-valent pneumococcal
vaccination in French children. J Clin Microbiol. 2009; 47(3):837-840. https://doi.org/10.1128/JCM.
01547-08 PMID: 19109482

Del Grosso M, Camilli R, D’Ambrosio F, Petrucci G, Melchiorre S, Moschioni M, et al.Increase of pneu-
mococcal serotype 19A in Italy is due to expansion of the piliated clone ST416/CC199. J Med Microbiol.
2013; 62(Pt 8):1220—1225. https://doi.org/10.1099/jmm.0.061242-0 PMID: 23722433

van der Linden M, Reinert RR, Kern WV, Iméhl M. Epidemiology of serotype 19A isolates from invasive
pneumococcal disease in German children. BMC Infect Dis. 2013; 13:70. https://doi.org/10.1186/1471-
2334-13-70 PMID: 23384407

Philishvili T, Lexau C, Farley MM, Hadler J, Harrison LH, Bennet NM, et al; Active Bacterial Core Sur-

veillance/Emerging Infections Program Network. Sustained reductions in invasive pneumococcal dis-
ease in the era of conjugate vaccine. J Infect Dis. 2010; 201(1):32—41. https://doi.org/10.1086/648593
PMID: 19947881

Moore MR, Link-Gelles R, Schaffner W, Lynfield R,Lexau C, Bennet NM, et al. Effect of use of 13-valent
pneumococcal conjugate vaccine in children on invasive pneumococcal disease in children and adults
in the USA: analyses of multisite, population-based surveillance. Lancet Infect Dis. 2015; 15(3):301—
309. https://doi.org/10.1016/S1473-3099(14)71081-3 PMID: 25656600

Isturiz R, Sings HL, Hilton B, Arguedas A, Reinert RR, Jodar L. Streptococcus pneumoniae serotype
19A: Worldwide epidemiology. Expert Rev Vaccines. 2017; 16(10):1007—1027. https://doi.org/10.1080/
14760584.2017.1362339 PMID: 28783380

Jokinen J, Rinta-Kokko H, Siira L, Palmu AA, Virtanen MJ, Nohynek H, et al. Impact of Ten-Valent
Pneumococcal Conjugate Vaccination on Invasive Pneumococcal Disease in Finnish Children—A Popu-
lation-Based Study. PLoS One. 2015; 10(3):e0120290. https://doi.org/10.1371/journal.pone.0120290
PMID: 25781031

Rinta-Kokko H, Palmu AA, Auranen K, Nuorti JP, Toropainen M, Siira L, et al. Long-term impact of 10-
valent pneumococcal conjugate vaccination on invasive pneumococcal disease among children in Fin-
land. Vaccine. 2018; 36(15):19344—1940.

Potin M, Fica A, Wilhem J, Cerda J, Contreras L, Escobar C, et al. Opiniéndel Comité Consultivo de
InmunizacionesSociedad Chilena de Infectologia: Vacuna neumocdcica conjugada em nifios y La
emergencia de serotipo 19A. Rev Chilena Infectol. 2016; 33(3):304—306. https://doi.org/10.4067/
S0716-10182016000300009 PMID: 27598280

Choi EH, Kim SH, Eun BW, Kim SJ, Kim NH, Lee J,et al. Streptococcus pneumoniae serotype 19Ain
children, South Korea. Emerg Infect Dis. 2008; 14(2):275-281. https://doi.org/10.3201/eid1402.070807
PMID: 18258121

Dagan R, Givon-Lavi N, Leibovitz E, Greenberg D, Porat N. Introduction and proliferation of multidrug-
resistant Streptococcus pneumoniae serotype 19A clones that cause acute otitis media in an unvacci-
nated population. J Infect Dis. 2009; 199(6):776—785. PMID: 19434927

Ladhani SN, Collins S, Abdelmajid D, Sheppard CL, Borrow R, Fry NK, et a. Rapid increase in non-vac-
cine serotypes causing invasive pneumococcal disease in England and Wales, 2000—-17:a prospective
national observational cohort study. Lancet Infect Dis. 2018; 18:441—-451. https://doi.org/10.1016/
S1473-3099(18)30052-5 PMID: 29395999

Reinert RR, Jacobs MR, Kaplan SL. Pneumococcal disease caused by serotype 19A: review of the liter-
ature and implications for future vaccine development. Vaccine. 2010; 28(26):4249—-4259. https://doi.
org/10.1016/j.vaccine.2010.04.020 PMID: 20416266

Beall BW, Gertz RE Jr, Hulkower RL, Whitney CG, Moore MR, Bruegemann AB, et al. Shifting genetic
structure of invasive serotype 19A pneumococci in the United States. J Infect Dis.2011; 203(10):1360-
1368. https://doi.org/10.1093/infdis/jir052 PMID: 21398395

PLOS ONE | https://doi.org/10.1371/journal.pone.0208211 November 29, 2018 11/13


https://doi.org/10.1086/528996
http://www.ncbi.nlm.nih.gov/pubmed/18419539
https://doi.org/10.1542/peds.2008-1702
http://www.ncbi.nlm.nih.gov/pubmed/20176669
https://doi.org/10.1128/JCM.01454-08
http://www.ncbi.nlm.nih.gov/pubmed/19225097
https://doi.org/10.1128/JCM.01547-08
https://doi.org/10.1128/JCM.01547-08
http://www.ncbi.nlm.nih.gov/pubmed/19109482
https://doi.org/10.1099/jmm.0.061242-0
http://www.ncbi.nlm.nih.gov/pubmed/23722433
https://doi.org/10.1186/1471-2334-13-70
https://doi.org/10.1186/1471-2334-13-70
http://www.ncbi.nlm.nih.gov/pubmed/23384407
https://doi.org/10.1086/648593
http://www.ncbi.nlm.nih.gov/pubmed/19947881
https://doi.org/10.1016/S1473-3099(14)71081-3
http://www.ncbi.nlm.nih.gov/pubmed/25656600
https://doi.org/10.1080/14760584.2017.1362339
https://doi.org/10.1080/14760584.2017.1362339
http://www.ncbi.nlm.nih.gov/pubmed/28783380
https://doi.org/10.1371/journal.pone.0120290
http://www.ncbi.nlm.nih.gov/pubmed/25781031
https://doi.org/10.4067/S0716-10182016000300009
https://doi.org/10.4067/S0716-10182016000300009
http://www.ncbi.nlm.nih.gov/pubmed/27598280
https://doi.org/10.3201/eid1402.070807
http://www.ncbi.nlm.nih.gov/pubmed/18258121
http://www.ncbi.nlm.nih.gov/pubmed/19434927
https://doi.org/10.1016/S1473-3099(18)30052-5
https://doi.org/10.1016/S1473-3099(18)30052-5
http://www.ncbi.nlm.nih.gov/pubmed/29395999
https://doi.org/10.1016/j.vaccine.2010.04.020
https://doi.org/10.1016/j.vaccine.2010.04.020
http://www.ncbi.nlm.nih.gov/pubmed/20416266
https://doi.org/10.1093/infdis/jir052
http://www.ncbi.nlm.nih.gov/pubmed/21398395
https://doi.org/10.1371/journal.pone.0208211

®PLOS | one

Invasive Streptococcus pneumoniae serotype 19A in Brazil

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Ardanuy C, Rolo D, Fenoll A, Tarrago D, Calatayud L, Lifiares J. Emergence of a multidrug-resistant
clone (ST320) among invasive serotype 19A pneumococci in Spain. J Antimicrob Chemother. 2009; 64
(3):507-510. https://doi.org/10.1093/jac/dkp210 PMID: 19535383

Ramos V, Parra EL, Duarte C, Moreno J. Characterization of Streptococcus pneumoniae invasive sero-
type 19A isolates recovered in Colombia. Vaccine. 2014; 32(7):755-758. https://doi.org/10.1016/].
vaccine.2013.12.024 PMID: 24374499

Domingues CM, Verani JR, Renoiner EIM, Brandileone MCC, Flannery B, Oliveira LH, et al. Effective-
ness of ten-valent pneumococcal conjugate vaccine against invasive pneumococcal disease in Brazil: a
matched case-control study. Lancet Respir Med. 2014; 2(6):464—471. https://doi.org/10.1016/S2213-
2600(14)70060-8 PMID: 24726406

Brazil, Novo Calendario de Vacinagéo[cited 2017 July 31]. https:/pebmed.com.br/novo-calendario-
nacional-de-vacinacao-do-ministerio-da-saude-para-2017/.

Christophe BL, Mott M, Cunha G, Caeirdo J, d’Azevedo P, Dias C. Characterization of Streptococcus
pneumoniae isolates from invasive disease in adults following the introduction of PCV10 in Brazil. J
Med Microbiol. 2018; Epub 2018 Mar 13.

Azevedo A, Anjos ES, Cordeiro SM, Santos MS, Escobar EC, Lobo PR, et al. Genetic profiles and anti-
microbial resistance of Streptococcus pneumoniae non-PCV10 serotype isolates recovered from men-
ingitis cases in Salvador, Brazil. J Med Microbiol.2016; 65:1164—1170. https://doi.org/10.1099/jmm.0.
000346 PMID: 27599851

Caeirdo J, Hawkins P, Sant"anna FH, Cunha GR, d'Azevedo PA, McGee L, et al. Serotypes and geno-
types of invasive Streptococcus pneumoniae before and after PCV10 implementation in Southern Bra-
zil. PLoS One. 2014; 9(10):e111129. https://doi.org/10.1371/journal.pone.0111129 PMID: 25356595

Brandileone MCC, Almeida SCG, Minamisava R, Andrade AL. Distribution of invasive Streptococcus

pneumoniae serotypes before and 5 years after the introduction of 10-valent pneumococcal conjugate
vaccine in Brazil. Vaccine.2018; 36:2559-2566. https://doi.org/10.1016/j.vaccine.2018.04.010 PMID:

29650385

World Health Organization and Centers for Disease Control and Prevention. Laboratory methods for
diagnosis of meningitis caused by Neisseria meningitidis, Streptococcus pneumoniae and Haemophilus
influenza. WHO manual, WHO/IVB.11.09. 2nd ed, Geneva; 2011 [cited 2017 July 31]. https://www.cdc.
gov/meningitis/lab-manual/full-manual.pdf.

Sorensen UBS. Typing of pneumococci by using 12 pooled antisera. J Clin Microbiol. 1993; 31
(8):2097-2100. PMID: 8370735

Clinical and Laboratory Standards Institute (CLIS). Performance standards for antimicrobial susceptibil-
ity testing, 26th ed. CLSI document M100. Wayne, PA: Clinical and Laboratory Standard Institute;
2016.

Dowson CG, Hutchison A, Brannigan JA, George RC, Hansman D, Li‘nares J, et al. Horizontal transfer
of penicillin-binding protein genes in penicillin-resistant clinical isolates of Streptococcus pneumoniae.
Proc Natl Acad Sci U S A. 1989; 86:8842—8846. PMID: 2813426

Kim L, McGee L, Tomczyk S, Beall B. Biological and epidemiological features of antibiotic-resistant
Streptococcus pneumonia in pre- and post-conjugate vaccine eras: a United States Perspective. Clin
Microbiol Rev. 2016; 29(3):525-552. https://doi.org/10.1128/CMR.00058-15 PMID: 27076637

Enright MC, Spratt BG. A multilocus sequence typing scheme for Streptococcus pneumoniae: identifi-
cation of clones associated with serious invasive disease. Microbiology.1998; 144(Pt 11):3049-3060.

Multi Locus Sequence Type (MLST). Streptococcus pneumoniae MLST Databases [cited 2017 July
31]. http://pubmist.org/spneumoniae/.

Feil EJ, Li BC, Aanensen DM, Hanage WP, Spratt BG. eBURST: inferring patterns of evolutionary
descent among clusters of related bacterial genotypes from multilocus sequence typing data. J Bacter-
iol. 2004; 186(5):1518—-1530. https://doi.org/10.1128/JB.186.5.1518-1530.2004 PMID: 14973027

Pai R, Moore MR, Pilishvili T, Whitney CG, Beall B; Active Bacterial Core Surveillance Team. Postvac-
cine genetic structure of Streptococcus pneumoniae serotype 19A from children in the United States. J
Infect Dis. 2005; 192(11):1988—-1995. https://doi.org/10.1086/498043 PMID: 16267772

Hulten KG, Kaplan SL, Lamberth LB, Barson WJ, Romero JR, Lin PL,et al. Changes in Streptococcus
pneumoniae serotype 19A invasive infections in children from 1993 to 2011.J Clin Microbiol. 2013; 51
(4):1294-1297. https://doi.org/10.1128/JCM.00058-13 PMID: 23390277

Pillai DR, Shahinas D, Buzina A, Pollock RA, Lau R, Khairnar K, et al. Genome-wide dissection of glob-
ally emergent multi-drug resistant serotype 19A Streptococcus pneumoniae. BMC Genomics.2009;
10:642. https://doi.org/10.1186/1471-2164-10-642 PMID: 20042094

Metcalf BJ, Gertz RE Jr, Gladstone RA, Walker H, Sherwood LK, Jackson D, et al; Active Bacterial
Core surveillance team. Strain features and distributions in pneumococci from children with invasive

PLOS ONE | https://doi.org/10.1371/journal.pone.0208211 November 29, 2018 12/13


https://doi.org/10.1093/jac/dkp210
http://www.ncbi.nlm.nih.gov/pubmed/19535383
https://doi.org/10.1016/j.vaccine.2013.12.024
https://doi.org/10.1016/j.vaccine.2013.12.024
http://www.ncbi.nlm.nih.gov/pubmed/24374499
https://doi.org/10.1016/S2213-2600(14)70060-8
https://doi.org/10.1016/S2213-2600(14)70060-8
http://www.ncbi.nlm.nih.gov/pubmed/24726406
https://pebmed.com.br/novo-calendario-nacional-de-vacinacao-do-ministerio-da-saude-para-2017/
https://pebmed.com.br/novo-calendario-nacional-de-vacinacao-do-ministerio-da-saude-para-2017/
https://doi.org/10.1099/jmm.0.000346
https://doi.org/10.1099/jmm.0.000346
http://www.ncbi.nlm.nih.gov/pubmed/27599851
https://doi.org/10.1371/journal.pone.0111129
http://www.ncbi.nlm.nih.gov/pubmed/25356595
https://doi.org/10.1016/j.vaccine.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29650385
https://www.cdc.gov/meningitis/lab-manual/full-manual.pdf
https://www.cdc.gov/meningitis/lab-manual/full-manual.pdf
http://www.ncbi.nlm.nih.gov/pubmed/8370735
http://www.ncbi.nlm.nih.gov/pubmed/2813426
https://doi.org/10.1128/CMR.00058-15
http://www.ncbi.nlm.nih.gov/pubmed/27076637
http://pubmlst.org/spneumoniae/
https://doi.org/10.1128/JB.186.5.1518-1530.2004
http://www.ncbi.nlm.nih.gov/pubmed/14973027
https://doi.org/10.1086/498043
http://www.ncbi.nlm.nih.gov/pubmed/16267772
https://doi.org/10.1128/JCM.00058-13
http://www.ncbi.nlm.nih.gov/pubmed/23390277
https://doi.org/10.1186/1471-2164-10-642
http://www.ncbi.nlm.nih.gov/pubmed/20042094
https://doi.org/10.1371/journal.pone.0208211

®PLOS | one

Invasive Streptococcus pneumoniae serotype 19A in Brazil

44.

45.

46.

47.

48.

49.

50.

disease before and after 13-valent conjugate vaccine implementation in the USA. Clin Microbiol Infect.
2016; 22(1):60.9-60.€29.

Shin J, Baek JY, Kim SH, Song JH, Ko KS. Predominance of ST320 among Streptococcus pneumoniae
serotype 19A isolates from 10 Asian countries. J Antimicrob Chemother. 2011; 66(5):1001-1004.
https://doi.org/10.1093/jac/dkr048 PMID: 21393143

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

Pneumococcal Molecular Epidemiology Network (PMEN). Criteria for clones and nomenclature [cited
2017 July 31]. http://web1.sph.emory.edu/PMEN/.

Hsieh YC, Lin TL, Chang KY, Huang YC, Chen CJ, Lin TY,et al.Expansion and evolution of Streptococ-
cus pneumoniae serotype 19A ST320 clone as compared to its ancestral clone, Taiwan19F-14
(ST236).dJ Infect Dis. 2013; 208(2):203-210. https://doi.org/10.1093/infdis/jit145 PMID: 23559465

Harboe ZB, Benfield TL, Valentiner-Branth P, Hjuler T, Lambertsen L, Kaltoft M, et al. Temporal trends
in invasive pneumococcal disease and pneumococcal serotypes over 7 decades. Clin Infect Dis. 2010:
50(3):329-337. https://doi.org/10.1086/649872 PMID: 20047478

Paulo AC, Sa-Leao R. Periodic cycles of pneumococcal serotypes carried by children before and after
7-valent pneumococcal conjugate vaccine. PLoS ONE. 2017; 12(4):e0176723. https://doi.org/10.1371/
journal.pone.0176723 PMID: 28453533

Aguiar Sl, Pinto FR, Nunes S, Serrano |, Melo_Cristino J, Sa-Ledo R, et al. Denmark14-230 clone as an
increasing cause of pneumococcal infection in Portugal within a background of diverse serotype 19A lin-
eages. J Clin Microbiol. 2010: 48(1):101-108. https://doi.org/10.1128/JCM.00665-09 PMID: 19864476

PLOS ONE | https://doi.org/10.1371/journal.pone.0208211 November 29, 2018 13/13


https://doi.org/10.1093/jac/dkr048
http://www.ncbi.nlm.nih.gov/pubmed/21393143
https://doi.org/10.1128/CVI.05563-11
http://www.ncbi.nlm.nih.gov/pubmed/22237889
http://web1.sph.emory.edu/PMEN/
https://doi.org/10.1093/infdis/jit145
http://www.ncbi.nlm.nih.gov/pubmed/23559465
https://doi.org/10.1086/649872
http://www.ncbi.nlm.nih.gov/pubmed/20047478
https://doi.org/10.1371/journal.pone.0176723
https://doi.org/10.1371/journal.pone.0176723
http://www.ncbi.nlm.nih.gov/pubmed/28453533
https://doi.org/10.1128/JCM.00665-09
http://www.ncbi.nlm.nih.gov/pubmed/19864476
https://doi.org/10.1371/journal.pone.0208211

