PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Safari D, Daningrat WOD, Milucky JL,
Khoeri MM, Paramaiswari WT, Tafroji W, et al.
(2024) Nasopharyngeal carriage of Streptococcus
pneumoniae among children <5 years of age in
Indonesia prior to pneumococcal conjugate
vaccine introduction. PLoS ONE 19(1): e0297041.
https://doi.org/10.1371/journal.pone.0297041

Editor: Jose Melo-Cristino, Universidade de Lisboa
Faculdade de Medicina, PORTUGAL

Received: July 12, 2023
Accepted: December 27, 2023
Published: January 11, 2024

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
all of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
https://doi.org/10.1371/journal.pone.0297041

Copyright: This is an open access article, free of all
copyright, and may be freely reproduced,
distributed, transmitted, modified, built upon, or
otherwise used by anyone for any lawful purpose.
The work is made available under the Creative
Commons CCO public domain dedication.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

RESEARCH ARTICLE

Nasopharyngeal carriage of Streptococcus
pneumoniae among children <5 years of age in
Indonesia prior to pneumococcal conjugate
vaccine introduction

Dodi Safari»'*, Wa Ode Dwi Daningrat ', Jennifer L. Milucky®?, Miftahuddin

Majid Khoeri', Wisiva Tofriska Paramaiswari® ', Wisnu Tafroji®', Korrie Salsabila’,
Yayah Winarti', Amin Soebandrio', Sri Rezeki Hadinegoro®, Ari Prayitno®, Lana Childs®°,
Fabiana C. Pimenta®, Maria da Gloria Carvalho®, Tamara Pilishvili**

1 Eijkman Research Center for Molecular Biology, National Research and Innovation Agency, Cibinong,
West Java, Indonesia, 2 Centre for Genomic Pathogen Surveillance, Big Data Institute, Nuffield Department
of Medicine, University of Oxford, Oxford, United Kingdom, 3 National Center for Imnmunization and
Respiratory Diseases, Centers for Disease Control and Prevention, Atlanta, GA, United States of America,

4 Faculty of Medicine, University of Indonesia, Jakarta, Indonesia, 5 CDC Foundation, Atlanta, GA, United
States of America

o Current address: Medical and Clinical Affairs, US GSK Vaccines, GSK, Philadelphia, PA, United States of
America
* dodi004 @brin.go.id

Abstract

Pneumococcal conjugate vaccines (PCVs) prevent nasopharyngeal colonization with vac-
cine serotypes of Streptococcus pneumoniae, leading to reduced transmission of pneumo-
cocci and stronger population-level impact of PCVs. In 2017 we conducted a cross-
sectional pneumococcal carriage study in Indonesia among children aged <5 years before
13-valent PCV (PCV13) introduction. Nasopharyngeal swabs were collected during visits to
community integrated health service posts at one peri-urban and one rural study site. Speci-
mens were analyzed by culture, and isolates were serotyped using sequential multiplex
polymerase chain and Quellung reaction. Antibiotic susceptibility was performed by broth
microdilution method. We enrolled 1,007 children in Gunungkidul District, Yogyakarta (peri-
urban) and 815 in Southwest Sumba, East Nusa Tenggara (rural). Pneumococcal carriage
prevalence was 30.9% in Gunungkidul and 87.6% in Southwest Sumba (combined: 56.3%).
PCV13 serotypes (VT) carriage was 15.0% in Gunungkidul and 52.6% in Southwest Sumba
(combined: 31.8%). Among pneumococcal isolates identified, the most common VT were
6B (16.4%), 19F (15.8%), and 3 (4.6%) in Gunungkidul (N = 323) and 6B (17.6%), 19F
(11.0%), and 23F (9.3%) in Southwest Sumba (N = 784). Factors associated with pneumo-
coccal carriage were age (1-2 years adjusted odds ratio (aOR) 1.9, 95% Cl 1.4-2.5; 3—4
years aOR 1.5, 95% CI 1.1-2.1; reference <1 year), other children <5 years old in the
household (aOR 1.5, 95% CI 1.1-2.0), and presence of >1 respiratory illness symptom
(aOR 1.8, 95% CI 1.4-2.2). Overall, 61.5% of the pneumococcal isolates were non-suscep-
tible to >1 antibiotic class and 13.2% were multi-drug non-susceptible (MDNS) (non-sus-
ceptible to >3 classes of antibiotics). Among 602 VT isolates, 73.9% were non-susceptible
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and 19.9% were MDNS. These findings are critical to establish a pre-PCV13 carriage preva-
lence and demonstrate the complexity in evaluating the impact of PCV13 introduction in Indo-
nesia given the wide variability in the carriage prevalence as shown by the two study sites.

Introduction

Streptococcus pneumoniae (pneumococcus) is a leading cause of bacterial pneumonia, menin-
gitis, and sepsis among children worldwide [1]. In 2015, an estimated 9.2 million cases of
pneumococcal infections and 318,000 associated deaths occurred in children <5 years of age
worldwide; of these 4.4 million pneumococcal cases and 88,500 deaths occurred in Southeast
Asia [2]. Prior to introduction of pneumococcal conjugate vaccines (PCVs), children <2 years
of age were at the highest risk of serious pneumococcal infections, and six to 11 serotypes were
responsible for >70% of invasive pneumococcal disease (IPD) burden globally [3]. Introduc-
tion of PCVs in many countries led to significant reductions in IPD among vaccinated chil-
dren, as well as unvaccinated older populations through indirect (or herd) effects [4-6].

To date, 165 countries have introduced PCVs into their routine infant immunization
schedule [7]. Prior to 2017, 10-valent PCV (PCV10) and the 13-valent PCV (PCV13) were
available in Indonesia as part of a private service in hospitals. In 2017, the government of Indo-
nesia introduced PCV13 in a limited geographic area, Lombok Island in the West Nusa Teng-
gara province, as a demonstration project using a schedule of two primary doses at two and
three months of age followed by a booster at 12 months (2+1 schedule) [8]. In 2021, PCV13
was introduced as a part of national program and launched in select districts in East and West
Java with nationwide introduction starting in 2022.

Pneumococcal colonization is a precursor of infection, and PCVs reduce vaccine serotype
pneumococcal colonization among vaccinated children, which leads to decreased transmission
of vaccine serotypes in communities [9]. Nasopharyngeal colonization studies can provide
information on pneumococcal serotypes circulating in the community and help document the
impact of PCV immunization programs among vaccinated children (direct effects) and unvac-
cinated children through reduced transmission of vaccine serotypes from vaccinated popula-
tion groups (indirect effects) [10, 11]. In 2017, prior to PCV introduction, we conducted a
pneumococcal carriage study to evaluate nasopharyngeal colonization with S. pneumoniae
among children <5 years of age in two distinct communities in Indonesia. We evaluated over-
all rates of pneumococcal carriage, factors associated with pneumococcal carriage, serotype
distribution, and antibiotic susceptibility of S. pneumoniae strains. The findings of this evalua-
tion will provide baseline data to evaluate the potential impact of PCVs in Indonesia.

Methods
Study design and population

We conducted a cross-sectional survey of nasopharyngeal pneumococcal colonization among
children <5 years of age between February—May 2017 in two distinct geographic regions of
Indonesia: Southwest Sumba in East Nusa Tenggara, a rural area in the East region, and
Gunungkidul in Yogyakarta, a peri-urban area in the West region. Gunungkidul district, Yog-
yakarta province, has an estimated total population of 770,880 in 2022, with 46,958 (6%) chil-
dren <5 years of age. Southwest Sumba district in the province of East Nusa Tenggara has an
estimated total population of 308,106 in 2022, with 41,334 (13%) children <5 years of age. The
district of Southwest Sumba is primarily comprised of rural sub-districts with less access to
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health services, clean water, and education. Although parts of Gunungkidul district were also
categorized as rural by Statistics Indonesia, generally, the district has better access to health
services, clean water, and education compared to Southwest Sumba [12, 13].

Study documents were reviewed and approved by Eijkman Institute Research Ethics Com-
mission (Protocol No. 104) and the U.S. Centers for Disease Control and Prevention (CDC)
Institutional Review Board (Protocol 6940). Written informed consent from the parent/guard-
ian of each enrolled child was obtained.

Data and sample collection

We enrolled children <5 years of age presenting for preventive care at community integrated
health service posts (posyandu). Children were not eligible to participate if the parent/guardian
identified the child as unwell or the child was in obvious distress, the parent/guardian was not
conversant in Bahasa, the official language of Indonesia, or the parent/guardian did not pro-
vide informed consent. Trained staff interviewed parents/guardians to collect information on
demographics, household exposures to smoke, recent illness episodes, and recent antibiotic
use. Vaccination history was obtained from official vaccination cards (mother-child health
book) or records kept at the posyandu.

Nasopharyngeal specimens were collected by trained medical staff using nylon flocked
swabs [Ultra minitip pediatric (COPAN; Cat. No. 516CS01)] for children <1 years old and
flexible minitip (COPAN; Cat. No. 503CS01) for children >1 years old. Swabs were placed
into 1.0 ml skim milk tryptone glucose glycerol (STGG) medium and stored at -80°C. Speci-
mens were tested at the Eijkman Institute for Molecular Biology in Jakarta.

Streptococcus pneumoniae identification, serotyping, and antimicrobial
susceptibility testing

For NP swab analysis, 200l of swab-inoculated STGG media was transferred to 5.0 ml Todd
Hewitt broth containing 0.5% yeast extract (THY), and 1ml of rabbit serum and incubated at
35-37°C for six hours. Cultured broth was plated on sheep blood agar and incubated in 5%
CO, at 35-37°C. After 18-24 hours of incubation, plates were examined for the appearance of
alpha-hemolytic colonies resembling streptococci. Pneumococci were identified by suscepti-
bility to optochin and bile solubility. S. pneumoniae isolates were serotyped by conventional
multiplex polymerase chain reaction (cmPCR) based testing [14-17] followed by Quellung
reaction (Staten Institute, Denmark). Non-typeable isolates were confirmed as S. pneumoniae
by real-time PCR, targeting IytA gene [18].

Antimicrobial susceptibility to moxifloxacin, penicillin, levofloxacin, meropenem, azithro-
mycin, tetracycline, ertapenem, erythromycin, cefuroxime, amoxicillin/clavulanic Acid 2:1, tri-
methoprim-sulfamethoxazole (SXT), ceftriaxone, linezolid, vancomycin, cefotaxime,
clindamycin, cefepime, and chloramphenicol was determined by broth microdilution method
using commercial minimal inhibitory concentration (MIC) plate (STP6F Trek Diagnostics,
Thermo Fisher Scientific, USA) according to manufacturer’s instructions. Isolates were classi-
fied as susceptible, intermediate, or resistant according to the 2022 Clinical and Laboratory
Standards Institute (CLSI) guidelines [19]. For the penicillin interpretive categories, we used
the parenteral non-meningitis and meningitis MIC breakpoints (S1 File). Similarly for ceftri-
axone and cefepime, we used the non-meningitis and meningitis MIC breakpoints (S1 File).
Isolates intermediate or resistant to >1 antibiotic were classified as non-susceptible (NS).
Multi-drug non-susceptibility (MDNS) was defined as NS (i.e., intermediate or resistant) to
>3 classes of antibiotics [19]. When classifying isolates as NS or MDNS, we used the non-men-
ingitis breakpoints for penicillin, ceftriaxone, and cefepime.
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Data analysis

The sample size was estimated to allow for 90% power to detect a statistically significant (o =
0.05) 50% decline in the proportion of children colonized with vaccine serotypes in a post-
PCV13 introduction carriage survey among children aged <5 years old, assuming vaccine cov-
erage of at least 80%. A nasopharyngeal pneumococcal carriage study done in Lombok in 2012
found that approximately 46% of children aged <5 years were colonized with S. pneumoniae
with approximately 50% of those carrying PCV13 serotypes. Under the above assumptions, we
estimated the required sample size to be 324 children <1 year of age and 986 children 1-4
years of age. The required sample size was adjusted during the first few weeks of data collection
based on the differences in the preliminary overall pneumococcal carriage prevalence observed
in each study site.

We calculated pneumococcal carriage prevalence among children by study site (Gunungki-
dul and Southwest Sumba), age group (<1 year, 1-2 years, 3—4 years), and other factors poten-
tially associated with pneumococcal colonization. The vaccine serotypes were those included
in PCV13 (1, 3,4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F). S. pneumoniae isolates were
deemed to be non-typeable if a serotype could not be determined by cmPCR and Quellung but
showed positive results for IytA gene.

We used logistic regression models to obtain crude odds ratios (ORs) and adjusted ORs
(adjusted by study site) to evaluate factors associated with pneumococcal carriage prevalence.
We applied a multivariable logistic regression model to evaluate factors independently associ-
ated with pneumococcal carriage; a stepwise backwards elimination process was applied to the
full model including all covariates, and variables were removed from the model when 0.05 sig-
nificance level was not met. Data analyses were performed using Stata (version 15.0) and SAS
(version 9.4) software. P values <0.05 were considered statistically significant.

Results

Participant characteristics

Between February—May 2017, we enrolled 1,822 children <5 years of age (Gunungkidul:
1,007; Southwest Sumba: 815); of these, 449 (24.6%) were <1 year of age, 762 (41.8%) were 1-2
years of age, and 611 (33.5%) were 3—4 years of age. Characteristics of enrolled children by
study site are presented in Table 1. A higher proportion of children in Southwest Sumba as
compared to those from Gunungkidul lived in households with >6 members per household
(44.8% vs. 12.9%, P<0.0001) and with other children <5 years of age (31.8% vs. 13.6%,
P<0.0001), had reported having cough (53.3% vs. 14.5%, P<0.0001), runny nose (67.7% vs.
21.9%, P<0.0001), difficulty breathing (12.8% vs. 0.1%, P<0.0001), or fever (25.8% vs. 5.8%,
P<0.0001) in the last 24 hours, and had taken antibiotics during the past three days (7.6% vs.
5.1%, P = 0.02). We found that a higher proportion of children attended daycare in Gunungki-
dul (30.7%) compared to Southwest Sumba (17.8%, P<0.0001). The primary fuel source used
for cooking in Gunungkidul was liquefied petroleum gas (LPG) or kerosene (62.5%) whereas
in Southwest Sumba almost all households used wood only (96.1%, P<0.0001). In both study
sites, nearly all households cooked indoors (Gunungkidul: 97.3%; Southwest Sumba: 98.2%).

S. pneumoniae carriage and factors associated with pneumococcal carriage
rates
The overall prevalence of S. pneumoniae carriage was 56.3% (1,025/1,822). We found the car-

riage prevalence was 87.6% and 30.9% among children in Southwest Sumba (714/815) and
Gunungkidul (311/1,007) (P<0.0001), respectively (Table 1). Prevalence of S. pneumoniae
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Table 1. Participant characteristics and S. pneumoniae carriage prevalence overall and by study site.

Characteristic Gunungkidul Southwest Sumba Total P value
Tested n (%) S. Tested n (%) S. Testedn (%) | S. pneumoniae (participant
pneumoniae pneumoniae detected n (%) | Characteristic
detected n detected n by study site)
(%) (%)
Study site 1007 311 (30.9) 815 714 | (87.6) 1822 1025 | (56.3)
Sex
Male 515 | (51.1) | 166 | (32.2) | 417 (51.2) | 361 (86.6) 932 | (51.2) 527 | (56.5) 0.99
Female 492 | (48.9) 145 | (29.5) 398 | (48.8) 353 | (88.7) 890 | (48.8) 498 | (56.0)
Age (year)
<1 year old 243 | (24.1) 51| (21.0) 206 | (25.3) 175 | (85.0) 449 | (24.6) 226 | (50.3) 0.04
1-2 years old 401 | (39.8) 144 | (35.9) 361 | (44.3) 324 | (89.8) 762 | (41.8) 468 | (61.4)
3—4 years old 363 | (36.0) 116 | (32.0) 248 | (30.4) 215 | (86.7) 611 | (33.5) 331 | (54.2)
Presence of other children <5 years old
Yes 137 | (13.6) 55| (40.1) 259 | (31.8) 231 | (89.2) 396 | (21.7) 286 | (72.2) <0.0001
No 870 | (86.4) 256 | (29.4) 556 | (68.2) 483 | (86.9) 1426 | (78.3) 739 | (51.8)
Household size
2-3 109 | (10.8) 33 (30.3) 64| (7.9) 591 (92.2) 173 | (9.5) 92| (53.2) <0.0001
46 768 | (76.3) | 235 (30.6) | 386 | (47.4) | 336|(87.0) | 1154 (63.3) 571 | (49.5)
>6 130 | (12.9) 43 (33.1) | 365|(44.8) | 319 (87.4) 495 | (27.2) 362 | (73.1)
Primary fuel
LPG/kerosene only 629 | (62.5) 198 | (31.5) 27| (3.3) 23| (85.2) 656 | (36.0) 221 (33.7) <0.0001
Wood only 180 | (17.9) 61 | (33.9) 783 | (96.1) 687 | (87.7) 963 | (52.9) 748 | (77.7)
Wood with any other source 198 | (19.7) 52| (26.3) 51(0.6) 4| (80.0) 203 | (11.1) 56 | (27.6)
Cooking place
Inside the house 980 | (97.3) 298 | (30.4) 800 | (98.2) 702 | (87.8) 1780 | (97.7) 1000 | (56.2) 0.23
Outside the house 27 | (2.7) 13 | (48.1) 15 (1.8) 12 | (80.0) 42| (2.3) 25| (59.5)
Breastfeeding status
Never breastfed 25| (2.5) 91 (36.0) 16 | (2.0) 13 | (81.3) 41| (2.3) 22| (53.7) 0.10
Currently breastfed 436 | (43.3) 125 | (28.7) 317 | (38.9) 276 | (87.1) 753 | (41.3) 401 | (53.3)
Ever breastfed 546 | (54.2) 177 | (32.4) 482 | (59.1) 425 | (88.2) 1028 | (56.4) 602 | (58.6)
Daycare attendance
Yes 309 | (30.7) 99 | (32.0) | 145|(17.8) | 128 (88.3) 454 | (24.9) 227 | (50.0) <0.0001
No 698 | (69.3) 212 | (30.4) 670 | (82.2) 586 | (87.5) 1368 | (75.1) 798 | (58.3)
Exposure to cigarette smoke in the household
Yes 711 | (70.6) 212 | (29.8) 558 | (68.5) 485 | (86.9) 1269 | (69.6) 697 | (54.9) 0.32
No 296 | (29.4) 99 | (33.4) 257 | (31.5) 229 | (89.1) 553 | (30.4) 328 | (59.3)
Current illness (in the last 24 hours)
Cough 146 | (14.5) 54| (37.0) 434 | (53.3) 393 | (90.6) 580 | (31.8) 447 | (77.1) <0.0001
Runny nose 221 | (21.9) 95 | (43.0) 552 | (67.7) 500 | (90.6) 773 | (42.4) 595 | (77.0) <0.0001
Difficulty breathing 1/(0.1) 0/ (0.0) 104 | (12.8) 95| (91.3) 105 | (5.8) 95| (90.5) <0.0001
Fever (in the last 3 days) 58 | (5.8) 19 | (32.8) 210 | (25.8) 187 | (89.0) 268 | (14.7) 206 | (76.9) <0.0001
Hospital admission in the past 3 months
Yes 23| (2.3) 9| (39.1) 26 | (3.2) 23 | (88.5) 19| 2.7) 32| (65.3) 0.23
No 984 | (97.7) | 302 (30.7) | 789|(96.8) | 691|(87.6) | 1773 |(97.3) 993 | (56.0)
Any antibiotics used
During the past 3 days 51| (5.1) 16 | (31.4) 62 | (7.6) 57 | (91.9) 113 | (6.2) 73 | (64.6) 0.02
During the past 30 days 120 | (11.9) 34| (28.3) 123 | (15.1) 109 | (88.6) 243 | (13.3) 143 | (58.8) 0.05
https://doi.org/10.1371/journal.pone.0297041.t001
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carriage was higher in children aged 1-2 years (61.4%; 468/762) than children <1 year (50.3%;
226/449) or 3-4 years (54.2%; 331/611) (Table 1). Pneumococcal carriage prevalence was
higher in children who lived with >6 household members (73.1%; 362/495) compared to those
children residing in households with 4-6 (49.5%; 571/1,154) or 2-3 (53.2%; 92/173) household
members (Table 1), and in households with other children <5 years of age (72.2%; 286/396 vs.
51.8%; 739/1,426). Children who did not attend daycare also had a slightly higher carriage
prevalence than those who did (58.3%; 798/1,368 vs. 50.0%; 227/454); however, when stratified
by site there was no difference in the carriage prevalence by daycare attendance (Gunungkidul:
32.0%; 99/309 vs. 30.4%; 212/698; Southwest Sumba: 88.3%; 128/145 vs. 87.5%; 586/670). Car-
riage prevalence was higher among children from households using wood as primary fuel
(77.7%; 748/963) compared to those using natural gas (33.7%; 221/656) (Table 1). Children
reporting cough, runny nose, difficulty breathing, or fever in the past 24 hours had a higher
carriage prevalence than those without these symptoms (Table 1).

After adjusting for study site, age (1-2 years adjusted OR = 1.9, 95% CI = 1.4-2.5; 34 years
adjusted OR = 1.5, 95% CI = 1.1-2.1), presence of other children <5 years old (adjusted
OR =1.5,95% CI = 1.1-2.0), and presence of >1 symptom of respiratory illness (adjusted
OR = 1.8, 95% CI = 1.4-2.2) were significantly associated with pneumococcal carriage. In a
multivariate analysis, the odds of pneumococcal carriage varied significantly by several charac-
teristics: children aged 1-2 years had a 1.7-fold-increased odds compared to children aged <1
year (P = 0.0008), households with the presence of other children <5 years old had a 1.9-fold-
increased odds compared to those without (P<0.0001), households with 4-6 persons had a
0.8-fold-decreased odds compared to households with 2-3 persons (P = 0.012), households
using wood only as the primary fuel source had a 4.8-fold-increased odds (P<0.0001) while
households using wood with any other source had a 0.8-fold-decreased odds (P<0.0001) com-
pared to households using LPG or kerosene only, exposure to cigarette smoke in the household
was associated with a 0.8-fold-decreased odds (P = 0.034), and the presence of >1 symptom of
respiratory illness was associated with a 2.8 fold-increased odds (P<0.0001) (Table 2).

Serotype distribution

A total of 1,107 S. pneumoniae isolates were obtained from 1,025 children colonized with
pneumococcus; 784 (70.8%) isolates were obtained from Southwest Sumba and 323 (29.2%)
from Gunungkidul. We identified 81/1,025 children (7.9%) colonized with >1 S. pneumoniae
strain (80 with two strains and one with three strains). Among these children, 35/81 (43.2%)
were co-colonized with a non-typeable strain and a vaccine serotype or non-vaccine serotype,
21/81 (25.9%) with two vaccine serotypes, 18/81 (22.2%) with a vaccine and non-vaccine sero-
type, 6/81 (7.4%) with two non-vaccine serotypes, and 1/81 (1.2%) with two vaccine serotypes
and one non-vaccine serotype. Overall, the proportion of children colonized with at least one
vaccine serotype was 31.8% (54.4% of isolates, n = 602); vaccine serotype carriage was 52.6%
(57.1% of isolates, n = 448) in Southwest Sumba and 15.0% (47.7% of isolates, n = 154) in
Gunungkidul (SI and S3 Figs). A higher proportion of children 1-2 years of age (37.1%, 57.9%
of isolates) were colonized with a vaccine serotype than children <1 year of age (26.5%, 49.8%
isolates) or children 3-4 years of age (29.1%, 52.5% of isolates) (P = 0.0001) (S2 and S3 Figs).
In Southwest Sumba, vaccine serotype carriage was higher in children 1-2 years of age (60.9%,
51.1% of isolates) than children <1 year (46.1%, 21.9% of isolates) and 3—4 years of age (46.0%,
27.0% of isolates) (P = 0.0001) (S3 Fig). In Gunungkidul, vaccine serotype colonization rates
were the highest among children 3-4 years of age (17.6%, 42.2% of isolates) compared to the
other two age groups (<1 year: 9.9%, 15.6% of isolates; 1-2 years: 15.7%, 42.2% of isolates)

(P =0.03) (S3 Fig). Among the 1,107 pneumococcal isolates identified, the most common
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Table 2. Factors associated with S. pneumoniae colonization in children <5 years of age.

Characteristic Overall
Crude OR (95% | pvalue | Adjusted by study site OR (95% | p value | Multivariate OR (95% | p value
cn cn? cnP

Sex

Female 1.0 (0.8-1.2) 0.800 1.0 142.8-1.2) 0.763
Age (year)

<1 year Ref Ref ref

1-2 years old 1.6 (1.2-2.0) | 0.0002 1.9 (1.4-2.5) | <0.0001 1.7(1.3-2.2) | 0.0008

3-4 years old 1.2 (0.9-1.5) 0.216 1.5 (15.1-2.1) 0.006 1.3 (1.0-1.7) 0.962
Presence of other children <5 years old

Yes 2.4 (1.9-3.1) | <0.0001 1.5 (1.1-2.0) 0.012 1.9 (1.4-2.5) | <0.0001
Household size

2-3 Ref Ref ref

4-6 0.9 (0.6-1.2) 0.365 0.9 (0.6-1.3) 0.620 0.8 (0.5-1.1) 0.012

>6 2.4(1.7-3.4) | <0.0001 1.0 (0.6-1.5) 0.864 1.1 (0.7-1.7) 0.167
Primary fuel

LPG/kerosene only Ref Ref ref

Wood Only 6.8 (5.5-8.5) | <0.0001 1.1 (0.8-1.6) 0.470 4.8 (3.8-6.2) | <0.0001

Wood with any other source 0.8 (0.5-1.1) 0.105 0.8 (0.5-1.1) 0.158 0.8 (0.5-1.1) | <0.0001
Cooking place

Inside the house 0.9 (0.5-1.6) 0.666 0.6 (0.3-1.3) 0.192
Breastfeeding status

Never breastfed Ref Ref

Currently breastfed 1.0 (0.5-1.8) 0.960 0.9 (0.4-1.9) 0.743

Ever breastfed 1.2 (0.7-2.3) 0.533 1.0 (0.5-2.2) 0.940
Daycare attendance

Yes 0.7 (0.6-0.9) 0.002 1.1 (0.8-1.4) 0.554
Exposure to cigarette smoke in the
household

Yes 0.8 (0.7-1.0) 0.083 0.8 (0.7-1.1) 0.152 0.8 (0.6-1.0) 0.034
Current illness (in the last 24 hours)

Presence of >1 symptom of respiratory 4.5(3.7-5.5) | <0.0001 1.8 (1.4-2.2) | <0.0001 2.8 (2.2-3.4) | <0.0001
Illness
Hospital admission in the past 3 months

Yes 1.5 (0.8-2.7) 0.198 1.3 (0.6-2.7) 0.440
Any antibiotics used

During the past 3 days 1.5 (1.0-2.2) 0.065 1.2 (0.7-1.9) 0.470

During the past 30 days 1.1 (0.9-1.5) 0.383 0.9 (0.7-1.3) 0.753

OR: odds ratio
?Odds ratio adjusted by study site.

bStepwise backwards elimination process was applied to the full model including all covariates, and variables were removed from the model when 0.05 significance level

was not met.

https:/doi.org/10.1371/journal.pone.0297041.t002

vaccine serotypes were 6B (17.3%), 19F (12.4%), and 23F (7.8%), and the most common non-
vaccine serotypes were 6C (5.0%), 11A (4.0%), and 34 (3.1%). In Gunungkidul, among the 323
pneumococcal isolates identified, the most common vaccine serotypes were 6B (16.4%), 19F
(15.8%), and 3 (4.6%), and the most common non-vaccine serotypes were 6C (11.1%), 34
(6.8%), and 15C (3.4%) (Fig 1). In Southwest Sumba, among the 784 pneumococcal isolates
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Fig 1. Serotype distribution of Streptococcus pneumoniae Isolates in Gunungkidul and Southwest Sumba, Indonesia. *Cross-protection is
expected from 6A antigen in PCV13 [45].

https://doi.org/10.1371/journal.pone.0297041.g001

identified, the most common vaccine serotypes were 6B (17.6%), 19F (11.0%), and 23F (9.3%),
and the most common non-vaccine serotypes were 11A (5.1%), 13 (2.7%), and 6C (2.4%)
(Fig 1).

Antibiotics susceptibility of S. pneumoniae

All isolates were susceptible to moxifloxacin, levofloxacin, ertapenem, vancomycin, cefotax-
ime, and cefepime when using the non-meningitis breakpoints (Table 3). We found that
49.7%, 43.9%, 23.3%, 20.8% of isolates were resistant to penicillin (meningitis breakpoints
only), tetracycline, trimethoprim/sulfamethoxazole, and chloramphenicol, respectively
(Table 3).

Of 1,107 isolates, 61.5% were determined to be NS to >1 antibiotic, and by study site, NS
was 63.1% (495/784) in Southwest Sumba and 57.6% (186/323) in Gunungkidul (Table 4).
Overall NS to >1 antibiotic ranged from 56.5-65.4% by age group. In total, 73.9% of the 602
vaccine serotype isolates were NS to >1 antibiotic (80.5% in Southwest Sumba and 71.7% in
Gunungkidul) (Table 4). By age group, 74.6% of vaccine serotype isolates among children <1
year of age, 76.5% in children 1-2 years of age, and 69.4% in children 3-4 years of age were NS
to >1 antibiotic. Approximately half of non-vaccine serotype isolates were NS to >1 antibiotic;
this proportion was higher in Southwest Sumba (52.3%) than in Gunungkidul (37.8%).
Among the 445 vaccine serotype isolates NS to >1 antibiotic, the most common serotypes
were 6B (166/445; 37.3%), 19F (102/445; 22.9%), and 19A (48/445; 10.8%).

MDNS was found in 13.3% of the pneumococcal isolates (147/1,107), and 19.9% of vaccine
serotype isolates (120/602). the SXT, tetracyclines, and macrolides were the classes most com-
monly resistant among MDNS isolates. MDNS in vaccine serotypes varied by study site
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Table 3. Antibiotic susceptibility of pneumococcal Isolates (n = 1,107) obtained from children <5 years of age.

Susceptibility Category
Antibiotic Class I
n % n % %

Carbapenems
Ertapenem 1101 99.5 6 0.5 0 0.0
Meropenem 1031 93.1 47 4.2 29 2.6
Cephalosporins
Cefepime

Non-meningitis breakpoints 1060 95.8 47 4.2 0 0.0

Meningitis breakpoints 1012 91.4 48 4.3 47 4.2
Cefotaxime 1080 97.6 27 2.4 0 0.0
Ceftriaxone

Non-meningitis breakpoints 1051 94.9 55 5.0 1 0.1

Meningitis breakpoints 1016 91.8 35 3.2 56 5.1
Cefuroxime 1011 91.3 3 0.3 93 8.4
Fluoroquinolones
Levofloxacin 1107 100.0 0 0.0 0.0
Moxifloxacin 1102 99.5 5 0.5 0.0
Folate Pathway Antagonists
Trimethoprim/Sulfamethoxazole 681 61.5 168 15.2 258 23.3
Glycopeptides
Vancomycin 1107 100.0 0 0.0 0 0.0
Lincosamides
Clindamycin 1058 95.6 1 0.1 48 43
Macrolides
Azithromycin 1017 91.9 0 0.0 90 8.1
Erythromycin 1014 91.6 3 0.3 90 8.1
Oxazolidinones
Linezolid® 1105 99.8 0 0.0 0 0.0
Penicillins
Amoxicillin/Clavulanic Acid 2:1 1065 96.2 15 1.4 27 2.4
Penicillin

Non-meningitis breakpoints 1056 95.4 44 4.0 7 0.6

Meningitis breakpoints 557 50.3 0 0.0 550 49.7
Phenicols
Chloramphenicol 877 79.2 0 0.0 230 20.8
Tetracyclines
Tetracycline 616 55.6 5 0.5 486 43.9

S: susceptible; I: intermediate; R: resistant
*Two isolates were considered non-susceptible (NS) (>4) by the 2022 Clinical and Laboratory Standards Institute (CLSI); CLSI does not provide an interpretive
category for intermediate or resistant [19].

https://doi.org/10.1371/journal.pone.0297041.t003

(Gunungkidul: 36.4%; Southwest Sumba: 14.3%) and ranged from 19.0% to 21.5% by age
group (Table 4). Overall, <5% of non-vaccine serotypes were found to be MDNS. Among the
120 MDNS vaccine serotype isolates, the most common serotypes were 19F (70/120; 58.3%),
6B (22/120; 18.3%), and 19A (13/120; 10.8%). The antibiotic susceptibility of pneumococcal
isolates by serotype (overall and by site) are summarized in S2 and S3 Files.
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Table 4. Non-susceptibility and multi-drug non-susceptibility of vaccine and non-vaccine serotype pneumococcal isolates by study site and age group (N = 1107)".

NS to one or more antibiotic” MDNS*
Vaccine serotype | Non-vaccine serotype Overall* Vaccine serotype Non-vaccine Overall?
serotype
n/N % n/N % n/N % n/N % n/N % n/N %
Total 445/602 (73.9) 177/376 (47.1) | 681/1107 (61.5) 120/602 (19.9) 18/376 (4.8) 147/1107 (13.2)
Study site
Gunungkidul 124/154 (80.5) 51/135 (37.8) | 186/323 (57.6) 56/154 (36.4) 4/135 (3.0) 63/323 (19.5)
Southwest Sumba 321/448 (71.7) 126/241 (52.3) | 495/784 (63.1) 64/448 (14.3) 14/241 (5.8) 84/784
Age group
<1 year 91/122 (74.6) 42/92 (45.7) | 149/245 (60.8) 24/122 (19.7) 2/92 (2.2) 29/245 (11.8)
1-2 years 225/294 (76.5) 78/159 (49.1) | 332/508 (65.4) 56/294 (19.0) 10/159 (6.3) 70/508 (13.8)
3-4 years 129/186 (69.4) 57/125 (45.6) | 200/354 (56.5) 40/186 (21.5) 6/125 (4.8) 48/354 (13.6)

NS: non-susceptibility; MDNS: multi-drug non-susceptibility

*Vaccine serotypes were those included in PCV13 (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F). S. pneumoniae isolates were deemed to be non-typeable if a
serotype could not be determined by cmPCR and Quellung but showed positive results for [ytA gene. Non-vaccine serotypes were the remaining serotypes (i.e., not
included in PCV13 or deemed non-typeable).

bIsolates with intermediate or resistant to >1 antibiotic were classified as NS.

‘MDNS was defined as NS to >3 classes of antibiotics.

9The sum of vaccine and non-vaccine serotypes are not equal to the overall NS or MDNS since non-typeable pneumococcal isolates were not included in the table.

https://doi.org/10.1371/journal.pone.0297041.t1004

Discussion

We conducted a nasopharyngeal colonization survey among community dwelling children <5
years of age prior to PCV13 introduction in Indonesia and found 56.3% of the children were
colonized with S. pneumoniae and 31.8% were colonized with serotypes covered by PCV13.
We found a significant difference in the overall (Southwest Sumba = 87.6% vs. Gunungki-
dul = 30.9%) and PCV13 serotype (Southwest Sumba = 52.6% vs. Gunungkidul = 15.0%) car-
riage between the peri-urban and rural study sites. These study findings suggest the
introduction of PCV13 has the potential to provide large benefits in protecting children
against pneumococcal infection and supports the decision made by the Indonesian govern-
ment to introduce PCV13 into the routine childhood vaccination schedule. PCV13 use in
Indonesia started with a demonstration program in 2017 covering two provinces (West Nusa
Tenggara and Bangka Belitung) [20], with a broader scale introduction launched in select dis-
tricts of East and West Java in 2021. Nationwide introduction started in September 2022 [21].

This study was designed as a baseline survey to allow for the evaluation of PCV13 impact
on vaccine serotype carriage after widespread introduction of the vaccine. Colonization rates
with vaccine serotype strains were higher in Southwest Sumba (52.6% carriage rate; 57.1% of
all pneumococcal isolates) than in Gunungkidul (15.0% carriage rates; 47.7% of isolates). The
proportion of vaccine serotypes out of pneumococcal strains identified in this study was simi-
lar to previous studies from different regions in Indonesia. A cross-sectional study conducted
in the Central Lombok Regency in 2012 among healthy children 2-60 months of age found
56% of the pneumococcal strains carried were covered by PCV13 [22]. In a 2016 study con-
ducted in three regions (Bandung, West Java; Central Lombok Regency; Padang, West Suma-
tra) of Indonesia, 46.3% of the isolates identified from children aged 12-24 months in all three
study sites belonged to PCV13 serotypes with regional variation identified (36-58%) [23].
More recently, a study conducted in 2019 among children <5 years of age in South Kaliman-
tan found 46% of the carried pneumococcal strains to be PCV13 serotypes [24].
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The most common vaccine serotypes identified in our study (6B, 19F, 23F, 19A, and 14)
were also identified in previous surveys in Indonesia. Several carriage studies conducted in dif-
ferent regions of Indonesia between 1997 and 2019 found these serotypes to be commonly car-
ried among children <5 years of age [22, 23, 25, 26] and children <12 years old with HIV
infection [27]. Our study identified S. pneumoniae serotype 1 (n = 1) and serotype 4 (n = 4),
which have not previously been identified from nasopharyngeal samples in children in Indo-
nesia. While S. pneumoniae serotype 1 is a common cause of invasive disease in children, it is
rarely isolated from the nasopharynx and is not a commonly carried serotype in children [28,
29]. In general, the distribution of most common vaccine serotypes found in this study and
previous studies in Indonesia were similar to those found in many countries prior to PCV
introduction and suggests PCV13 introduction will have an impact on disease caused by these
commonly circulating serotypes in children [10, 30, 31].

We identified serotypes 6C, 114, 34, 13, 15B, and 15C as the common non-vaccine sero-
types in both study sites. Specifically, serotype 6C was the most common non-vaccine serotype
identified in Gunungkidul (11.1% of 323 isolates) and serotype 11A was the most common
non-vaccine serotype in Southwest Sumba (5.1% of 784 isolates). Evidence of cross-reactivity
between serotypes 6C and 6A has been documented and suggests that a cross-protection
against disease caused by serotype 6C from a 6A antigen in 10-valent PCV (PCV10) and
PCV13 should be expected [32]. Following introduction of PCVs, other countries have
reported increases in the circulation of other non-vaccine serotypes. A series of pneumococcal
carriage studies conducted in Fiji among children <6 years of age and their caregivers before
and after PCV10 introduction found serotype replacement was beginning to emerge three
years after vaccine introduction among infants and Indigenous children [33]. The impact of
PCV13 introduction was also evaluated among children 12-23 months old and infants 5-8
weeks old in the Lao People’s Democratic Republic (Lao PDR) in a pre- and post-PCV13 intro-
duction pneumococcal carriage study [34]. Two years after vaccine introduction, there were
early signs of serotype replacement with an increasing trend in non-PCV13 serotype carriage,
though it was not significant from the baseline study. When evaluating carriage of individual
serotypes, there was a significant increase in carriage of serotype 23A in both infants and chil-
dren, which has been found to increase post-PCV introduction in invasive and non-invasive
infections in other settings [35, 36]. Mongolia, compared to Fiji and Lao PDR, also introduced
PCV using a 2+1 schedule and found evidence of serotype replacement in carriage one-year
post-introduction [37]. In children 12-23 months of age, there was a 1.6-fold increase in non-
PCV13 serotype carriage, and more specifically, a significant increase in carriage of serotypes
15A and 23A. In 5-8-week-old infants, there was no change in the non-PCV13 serotype car-
riage prevalence, though there was a significant increase in carriage of serotypes 15A and 34.
Several countries in Europe, the U.S., and Australia have reported an increasing incidence of
disease caused by serotypes 8, 9N, 15A, and 23B after PCV13 introduction [38]. Continued
monitoring of the circulating serotypes will be needed following PCV13 introduction to deter-
mine whether replacement with non-vaccine serotype occurs as has been observed in other
countries. New higher valency conjugate vaccines covering 15 and 20 pneumococcal serotypes
have been approved in the United States and other countries, and these vaccines are expected
to provide additional benefits to prevent disease caused by some of the strains contributing to
replacement disease [39-42].

The prevalence of overall S. pneumoniae carriage among children <5 years of age in South-
west Sumba in the East region of Indonesia was almost three times higher than in Gunungki-
dul in the West region of Indonesia (Southwest Sumba = 87.6% vs. Gunungkidul = 30.9%).
Previous colonization studies from different regions in Indonesia also demonstrated a wide
geographic variability in the overall pneumococcal carriage prevalence. In the East region of
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Indonesia, three studies in children <5 years of age conducted in Lombok Island showed the
rates of S. pneumoniae carriage were 48%, 46%, and 50% in 1997, 2012, and 2016, respectively
[15, 18, 22]. Meanwhile in the West region of Indonesia, the prevalence rates of S. pneumoniae
in children were 35% in Padang, West Sumatera (2016), 43% in Semarang, Central Java
(2010), 46% in Jakarta (2012), and 64% in Bandung, West Java (2016) [18-20]. A systematic
review of pneumococcal carriage among children in low and lower-middle-income countries
found overall carriage rates ranged from 27-91% in pre-PCV studies depending on the coun-
try and health status of the study population [43]. The carriage prevalence in Southwest Sumba
was much higher than the reported overall carriage prevalence among children <5 years of
age found in other countries in the Southeast Asia (38.0-62.8%) and Western Pacific regions
(31.4-68.2%) [43], and was closer to the prevalence reported in other parts of the world includ-
ing in Pakistan (77.2%), India (74.7% for children with clinical pneumonia), and Mozambique
(84.5% for children without pneumonia and 80.5% for children with and without HIV) [10,
28, 30, 44]. These geographic differences between the two study sites (Southwest Sumba rural
vs. Gunungkidul peri-urban) in overall pneumococcal carriage rates are likely due to socio-
demographic factors, such as crowding, exposure to other young children in the household,
and exposure to indoor air pollution [45].

The difference in socio-geographical and environmental conditions between Southwest
Sumba (rural) and Gunungkidul (peri-urban) likely contributed to the high variability of
pneumococcal colonization prevalence. Although we could not collect most data related to
these (except for the primary fuel for cooking where nearly all households in Southwest Sumba
used wood only compared to <20% in Gunungkidul), we observed Southwest Sumba has
poorer access to clean water and health services, which might lead to poorer hygiene compared
to those in Gunungkidul. At the same time, housing density was relatively higher in Southwest
Sumba, and if air pollution was taken into consideration, those living in Southwest Sumba are
more likely to be exposed to indoor air pollution (woodsmoke from cooking indoors) and out-
door pollution (unpaved dirt roads). Exposure to air pollution has been reported to be associ-
ated with increased risk of respiratory infections and higher rates and density of
pneumococcal colonization [46].

In this study, we found that over 20% of isolates were resistant to tetracycline, trimetho-
prim/sulfamethoxazole, chloramphenicol, and penicillin when using the meningitis break-
points. Penicillin has been identified as one of the most commonly prescribed antibiotics to
treat respiratory system disorders in children in Indonesia [47]. It was reported that aminope-
nicillins and tetracyclines accounted for the majority of the prescribed antibiotics among indi-
viduals visiting public healthcare facilities in Surabaya and Semarang, Indonesia [48].
Amoxicillin was the most common antibiotic prescribed in community health centers (puskes-
mas) followed by trimethoprim/sulfamethoxazole, isoniazid, and tetracycline [49]. Prevalence
of NS and MDNS was higher among vaccine serotype strains; vaccine serotypes accounted for
73.9% of strains NS to >1 antibiotic and 19.9% of MDNS strains. This is consistent with what
was observed in countries prior to the introduction of pneumococcal vaccines [10]. When the
majority of resistant infections are due to vaccine serotypes, introduction of PCVs has been
shown to lead to reductions in antibiotic resistance by reducing the prevalence of the circulat-
ing vaccine serotypes [50]. Similar benefits are expected in Indonesia after widespread intro-
duction of PCV13.

There are no laboratory-based surveillance systems to monitor vaccine-preventable pneu-
mococcal disease in Indonesia; however, an estimated 585,770 (uncertainty range [UR]
505,415-696,315) pneumococcal cases and 8,725 (UR 5655-11,038) pneumococcal deaths
occurred in children aged <5 years in 2015 [2]. Monitoring the prevalence of serotype-specific
carriage in children in two areas of the Indonesian archipelago prior to and after introduction
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of PCV13 will allow us to evaluate changes in the prevalence of colonization due to vaccine
serotypes with disease potential [28] and to estimate expected direct and indirect impact of the
pneumococcal vaccine program [11]. Certain vaccine serotypes, such as serotypes 1 and 4, are
rarely carried, therefore, predicting vaccine impact on disease based on the prevalence of car-
ried serotypes will likely lead to an underestimate of the full PCV benefits.

In conclusion, we found that more than 50% of pneumococcal strains colonizing children
in Indonesia are covered by PCV13 and the majority of these vaccine type strains were non-
susceptible to one or more commonly prescribed antibiotics. Our results suggest that PCV13,
introduced into Indonesia’s national infant immunization schedule in 2022, has the potential
to reduce pneumococcal disease burden. Continued monitoring of the circulating serotypes
will be needed to document PCV13 impact on vaccine serotype carriage and to detect the
emergence of non-vaccine serotypes and antibiotic resistance.

Supporting information

S1 Fig. Distribution of vaccine serotypes, non-vaccine serotypes, and non-typeable pneu-
mococcal isolates® by study site®.
(PPTX)

S2 Fig. Distribution of vaccine serotype, non-vaccine serotype, and non-typeable isolates
by age group™®.
(PPTX)

$3 Fig. Carriage prevalence of S. pneumoniae and vaccine serotype S. pneumoniae by age
group and study site™”.
(PPTX)

S1 File. Interpretive categories and MIC breakpoints for S. pneumoniae isolates”.
(PDF)

S2 File. Antibiotic non-susceptibility of pneumococcal isolates (N = 1,107) obtained from
children aged <5 years by serotype and study site.
(PDF)

S3 File. Multi-drug non-susceptibility of pneumococcal isolates (N = 1,107) obtained from
children <5 years of age by serotype and study site.
(PDF)

Acknowledgments

We sincerely thank Donna Angelina Rade, Diyan Yunanto Setyaji and all of the field staff, the
Provincial and District Health Offices, Puskesmas, Posyandu and kader Posyandu in Gunung-
kidul and Southwest Sumba and Koperasi Jasa Institut Riset Eijkman management, and Cen-
ters for Disease Control and Prevention Indonesia for their contribution in the study.

Author Contributions

Conceptualization: Dodi Safari, Wa Ode Dwi Daningrat, Wisiva Tofriska Paramaiswari,
Wisnu Tafroji, Amin Soebandrio, Sri Rezeki Hadinegoro, Fabiana C. Pimenta, Maria da
Gloria Carvalho, Tamara Pilishvili.

Data curation: Wa Ode Dwi Daningrat, Jennifer L. Milucky, Miftahuddin Majid Khoeri,
Wisiva Tofriska Paramaiswari, Wisnu Tafroji, Korrie Salsabila, Yayah Winarti.

PLOS ONE | https://doi.org/10.1371/journal.pone.0297041 January 11, 2024 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0297041.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0297041.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0297041.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0297041.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0297041.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0297041.s006
https://doi.org/10.1371/journal.pone.0297041

PLOS ONE

Pneumococcal carriage among children in Indonesia

Formal analysis: Wa Ode Dwi Daningrat, Wisnu Tafroji, Korrie Salsabila, Yayah Winarti,
Maria da Gloria Carvalho, Tamara Pilishvili.

Funding acquisition: Dodi Safari.

Investigation: Dodi Safari, Wa Ode Dwi Daningrat, Jennifer L. Milucky, Miftahuddin Majid
Khoeri, Wisiva Tofriska Paramaiswari, Wisnu Tafroji, Korrie Salsabila, Yayah Winarti,
Amin Soebandrio, Sri Rezeki Hadinegoro, Ari Prayitno, Fabiana C. Pimenta, Maria da Glo-
ria Carvalho, Tamara Pilishvili.

Methodology: Wa Ode Dwi Daningrat, Jennifer L. Milucky, Miftahuddin Majid Khoeri,
Wisiva Tofriska Paramaiswari, Wisnu Tafroji, Korrie Salsabila, Yayah Winarti.

Resources: Miftahuddin Majid Khoeri, Korrie Salsabila.
Software: Lana Childs.

Supervision: Dodi Safari, Jennifer L. Milucky, Amin Soebandrio, Sri Rezeki Hadinegoro, Ari
Prayitno, Lana Childs, Fabiana C. Pimenta, Maria da Gloria Carvalho, Tamara Pilishvili.

Validation: Jennifer L. Milucky, Lana Childs, Fabiana C. Pimenta, Maria da Gloria Carvalho,
Tamara Pilishvili.

Visualization: Wisiva Tofriska Paramaiswari, Korrie Salsabila, Yayah Winarti, Lana Childs.
Writing - original draft: Dodi Safari, Wa Ode Dwi Daningrat, Lana Childs, Tamara Pilishvili.

Writing - review & editing: Jennifer L. Milucky, Miftahuddin Majid Khoeri, Wisiva Tofriska
Paramaiswari, Wisnu Tafroji, Korrie Salsabila, Yayah Winarti, Amin Soebandrio, Sri Rezeki
Hadinegoro, Ari Prayitno, Fabiana C. Pimenta, Maria da Gloria Carvalho.

References

1.  World Health Organization. WHO Position Paper on Pneumococcal conjugate vaccines in infants and
children under 5 years of age. Wkly Epidemiol Rec. 2019; 94: 85-104.

2. Wahl B, O'Brien KL, Greenbaum A, Majumder A, Liu L, Chu Y, et al. Burden of Streptococcus pneumo-
niae and Haemophilus influenzae type b disease in children in the era of conjugate vaccines: global,
regional, and national estimates for 2000—15. Lancet Glob Health. 2018; 6: €744—e757. hitps://doi.org/
10.1016/52214-109X(18)30247-X PMID: 29903376

3. Johnson HL, Deloria-Knoll M, Levine OS, Stoszek SK, Freimanis Hance L, Reithinger R, et al. System-
atic evaluation of serotypes causing invasive pneumococcal disease among children under five: the
pneumococcal global serotype project. PLoS Med. 2010; 7. https://doi.org/10.1371/journal.pmed.
1000348 PMID: 20957191

4. Wiese AD, Griffin MR, Grijalva CG. Impact of pneumococcal conjugate vaccines on hospitalizations for
pneumonia in the United States. Expert Rev Vaccines. 2019; 18: 327-341. https://doi.org/10.1080/
14760584.2019.1582337 PMID: 30759352

5. Ngocho JS, Magoma B, Olomi GA, Mahande MJ, Msuya SE, Jonge Ml de, et al. Effectiveness of pneu-
mococcal conjugate vaccines against invasive pneumococcal disease among children under five years
of age in Africa: A systematic review. PLOS ONE. 19 Feb 19; 14: e0212295. https://doi.org/10.1371/
journal.pone.0212295 PMID: 30779801

6. Schuck-Paim C, Taylor RJ, Alonso WJ, Weinberger DM, Simonsen L. Effect of pneumococcal conju-
gate vaccine introduction on childhood pneumonia mortality in Brazil: a retrospective observational
study. Lancet Glob Health. 2019; 7: €249-e256. https://doi.org/10.1016/S2214-109X(18)30455-8
PMID: 30683242

7. VIEW-hub. Current Vaccine Intro Status. International Vaccine Access Center (IVAC), Johns Hopkins
Bloomberg School of Public Health; 2021. Available: www.view-hub.org

8. Kartasasmita CB, Rezeki Hadinegoro S, Kurniati N, Triasih R, Halim C, Gamil A. Epidemiology, Naso-
pharyngeal Carriage, Serotype Prevalence, and Antibiotic Resistance of Streptococcus pneumoniae in
Indonesia. Infect Dis Ther. 2020 [cited 12 Oct 2020]. https://doi.org/10.1007/s40121-020-00330-5
PMID: 32864725

PLOS ONE | https://doi.org/10.1371/journal.pone.0297041 January 11, 2024 14/17


https://doi.org/10.1016/S2214-109X%2818%2930247-X
https://doi.org/10.1016/S2214-109X%2818%2930247-X
http://www.ncbi.nlm.nih.gov/pubmed/29903376
https://doi.org/10.1371/journal.pmed.1000348
https://doi.org/10.1371/journal.pmed.1000348
http://www.ncbi.nlm.nih.gov/pubmed/20957191
https://doi.org/10.1080/14760584.2019.1582337
https://doi.org/10.1080/14760584.2019.1582337
http://www.ncbi.nlm.nih.gov/pubmed/30759352
https://doi.org/10.1371/journal.pone.0212295
https://doi.org/10.1371/journal.pone.0212295
http://www.ncbi.nlm.nih.gov/pubmed/30779801
https://doi.org/10.1016/S2214-109X%2818%2930455-8
http://www.ncbi.nlm.nih.gov/pubmed/30683242
http://www.view-hub.org
https://doi.org/10.1007/s40121-020-00330-5
http://www.ncbi.nlm.nih.gov/pubmed/32864725
https://doi.org/10.1371/journal.pone.0297041

PLOS ONE

Pneumococcal carriage among children in Indonesia

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Kobayashi M, Conklin LM, Bigogo G, Jagero G, Hampton L, Fleming-Dutra KE, et al. Pneumococcal
carriage and antibiotic susceptibility patterns from two cross-sectional colonization surveys among chil-
dren aged <5 years prior to the introduction of 10-valent pneumococcal conjugate vaccine—Kenya,
2009-2010. BMC Infect Dis. 2017; 17: 25. https://doi.org/10.1186/s12879-016-2103-0 PMID:
28056828

Sutcliffe CG, Shet A, Varghese R, Veeraraghavan B, Manoharan A, Wahl B, et al. Nasopharyngeal car-
riage of Streptococcus pneumoniae serotypes among children in India prior to the introduction of pneu-
mococcal conjugate vaccines: a cross-sectional study. BMC Infect Dis. 2019; 19: 605. https://doi.org/
10.1186/s12879-019-4254-2 PMID: 31291902

Adebanjo TA, Pondo T, Yankey D, Hill HA, Gierke R, Apostol M, et al. Pneumococcal Conjugate Vac-
cine Breakthrough Infections: 2001-2016. Pediatrics. 2020;145. https://doi.org/10.1542/peds.2019-
0836 PMID: 32054822

BPS Kab.Gunungkidul. [cited 24 Oct 2023]. Available: https://gunungkidulkab.bps.go.id/publication/
2023/02/28/5250511c0e2626ca301ebd01/kabupaten-gunungkidul-dalam-angka-2023.html

Badan Pusat Statistik Kabupaten Sumba Barat Daya. [cited 24 Oct 2023]. Available: https://
sumbabaratdayakab.bps.go.id/publication/2023/02/28/10c97e5a8edd5ee47ea87331/kabupaten-
sumba-barat-daya-dalam-angka-2023.html

Pai R, Gertz RE, Beall B. Sequential Multiplex PCR Approach for Determining Capsular Serotypes of
Streptococcus pneumoniae Isolates. J CLIN MICROBIOL. 2006; 44. https://doi.org/10.1128/JCM.44.1.
124-131.2006 PMID: 16390959

Carvalho M da G, Pimenta FC, Jackson D, Roundtree A, Ahmad Y, Millar EV, et al. Revisiting Pneumo-
coccal Carriage by Use of Broth Enrichment and PCR Techniques for Enhanced Detection of Carriage
and Serotypes. J Clin Microbiol. 2010; 48: 1611-1618. https://doi.org/10.1128/JCM.02243-09 PMID:
20220175

Menezes AP de O, Reis JN, Ternes YM, Andrade AL, Pimenta FC, Carvalho M da G, et al. Update of
Pneumococcal PCR Serotyping Assay for Detection of a Commonly Occurring Type 19F wzy Variant in
Brazil. J Clin Microbiol. 2013; 51: 2470-2471. https://doi.org/10.1128/JCM.00743-13 PMID: 23658255

Pimenta FC, Gertz RE, Roundtree A, Yu J, Nahm MH, McDonald RR, et al. Rarely Occurring 19A-Like
cps Locus from a Serotype 19F Pneumococcal Isolate Indicates Continued Need of Serology-Based
Quality Control for PCR-Based Serotype Determinations. J Clin Microbiol. 2009; 47: 2353—-2354.
https://doi.org/10.1128/JCM.00704-09 PMID: 19439547

Carvalho M da GS, Tondella ML, McCaustland K, Weidlich L, McGee L, Mayer LW, et al. Evaluation
and improvement of real-time PCR assays targeting IytA, ply, and psaA genes for detection of pneumo-
coccal DNA. J Clin Microbiol. 2007; 45: 2460—-2466. https://doi.org/10.1128/JCM.02498-06 PMID:
17537936

Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Suscepti-
bility Testing. 32nd Edition. USA: Clinical and Laboratory Standards Institute; 2022.

Prayitno A, Supriyatno B, Munasir Z, Karuniawati A, Hadinegoro SRS, Prihartono J, et al. Pneumococ-
cal nasopharyngeal carriage in Indonesia infants and toddlers post-PCV13 vaccination in a 2+1 sched-
ule: A prospective cohort study. PLOS ONE. 2021; 16: €0245789. https://doi.org/10.1371/journal.pone.
0245789 PMID: 33497405

GAVI, The Vaccine Alliance. Indonesia introduces Pneumococcal Conjugate Vaccine (PCV) across the
country. [cited 17 May 2022]. Available: https://www.gavi.org/news/media-room/indonesia-introduces-
pneumococcal-conjugate-vaccine-pcv-across-country

Hadinegoro SR, Prayitno A, Khoeri MM, Djelantik IGG, Dewi NE, Indriyani SAK, et al. Nasopharyngeal
crriage of Streptococcus pneumoniae in healthy children under five years old in Central Lombok
Regency, Indonesia. Southeast Asian J Trop Med Public Health. 2016; 47: 485—493.

Dunne EM, Murad C, Sudigdoadi S, Fadlyana E, Tarigan R, Indriyani SAK, et al. Carriage of Strepto-
coccus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, and Staphylococcus aureus in
Indonesian children: A cross-sectional study. PloS One. 2018; 13: e0195098. https://doi.org/10.1371/
journal.pone.0195098 PMID: 29649269

Salsabila K, Paramaiswari WT, Amalia H, Ruyani A, Tafroji W, Winarti Y, et al. Nasopharyngeal carriage
rate, serotype distribution, and antimicrobial susceptibility profile of Streptococcus pneumoniae isolated
from children under five years old in Kotabaru, South Kalimantan, Indonesia. J Microbiol Immunol Infect
Wei Mian Yu Gan Ran Za Zhi. 2021; S1684-1182(21)00138-9. https://doi.org/10.1016/j.jmii.2021.06.
006 PMID: 34294592

Soewignjo S, Gessner BD, Sutanto A, Steinhoff M, Prijanto M, Nelson C, et al. Streptococcus pneumo-
niae nasopharyngeal carriage prevalence, serotype distribution, and resistance patterns among chil-
dren on Lombok Island, Indonesia. Clin Infect Dis Off Publ Infect Dis Soc Am. 2001; 32: 1039—-1043.
https://doi.org/10.1086/319605 PMID: 11264032

PLOS ONE | https://doi.org/10.1371/journal.pone.0297041 January 11, 2024 15/17


https://doi.org/10.1186/s12879-016-2103-0
http://www.ncbi.nlm.nih.gov/pubmed/28056828
https://doi.org/10.1186/s12879-019-4254-2
https://doi.org/10.1186/s12879-019-4254-2
http://www.ncbi.nlm.nih.gov/pubmed/31291902
https://doi.org/10.1542/peds.2019-0836
https://doi.org/10.1542/peds.2019-0836
http://www.ncbi.nlm.nih.gov/pubmed/32054822
https://gunungkidulkab.bps.go.id/publication/2023/02/28/5250511c0e2626ca301ebd01/kabupaten-gunungkidul-dalam-angka-2023.html
https://gunungkidulkab.bps.go.id/publication/2023/02/28/5250511c0e2626ca301ebd01/kabupaten-gunungkidul-dalam-angka-2023.html
https://sumbabaratdayakab.bps.go.id/publication/2023/02/28/10c97e5a8edd5ee47ea87331/kabupaten-sumba-barat-daya-dalam-angka-2023.html
https://sumbabaratdayakab.bps.go.id/publication/2023/02/28/10c97e5a8edd5ee47ea87331/kabupaten-sumba-barat-daya-dalam-angka-2023.html
https://sumbabaratdayakab.bps.go.id/publication/2023/02/28/10c97e5a8edd5ee47ea87331/kabupaten-sumba-barat-daya-dalam-angka-2023.html
https://doi.org/10.1128/JCM.44.1.124-131.2006
https://doi.org/10.1128/JCM.44.1.124-131.2006
http://www.ncbi.nlm.nih.gov/pubmed/16390959
https://doi.org/10.1128/JCM.02243-09
http://www.ncbi.nlm.nih.gov/pubmed/20220175
https://doi.org/10.1128/JCM.00743-13
http://www.ncbi.nlm.nih.gov/pubmed/23658255
https://doi.org/10.1128/JCM.00704-09
http://www.ncbi.nlm.nih.gov/pubmed/19439547
https://doi.org/10.1128/JCM.02498-06
http://www.ncbi.nlm.nih.gov/pubmed/17537936
https://doi.org/10.1371/journal.pone.0245789
https://doi.org/10.1371/journal.pone.0245789
http://www.ncbi.nlm.nih.gov/pubmed/33497405
https://www.gavi.org/news/media-room/indonesia-introduces-pneumococcal-conjugate-vaccine-pcv-across-country
https://www.gavi.org/news/media-room/indonesia-introduces-pneumococcal-conjugate-vaccine-pcv-across-country
https://doi.org/10.1371/journal.pone.0195098
https://doi.org/10.1371/journal.pone.0195098
http://www.ncbi.nlm.nih.gov/pubmed/29649269
https://doi.org/10.1016/j.jmii.2021.06.006
https://doi.org/10.1016/j.jmii.2021.06.006
http://www.ncbi.nlm.nih.gov/pubmed/34294592
https://doi.org/10.1086/319605
http://www.ncbi.nlm.nih.gov/pubmed/11264032
https://doi.org/10.1371/journal.pone.0297041

PLOS ONE

Pneumococcal carriage among children in Indonesia

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

Farida H, Severin JA, Gasem MH, Keuter M, Wahyono H, van den Broek P, et al. Nasopharyngeal car-
riage of Streptococcus pneumonia in pneumonia-prone age groups in Semarang, Java Island, Indone-
sia. PloS One. 2014; 9: e87431. https://doi.org/10.1371/journal.pone.0087431 PMID: 24498104

Safari D, Kurniati N, Waslia L, Khoeri MM, Putri T, Bogaert D, et al. Serotype distribution and antibiotic
susceptibility of Streptococcus pneumoniae strains carried by children infected with human immunodefi-
ciency virus. PloS One. 2014; 9: e110526. https://doi.org/10.1371/journal.pone.0110526 PMID:
25343448

Adebanjo T, Lessa FC, Mucavele H, Moiane B, Chauque A, Pimenta F, et al. Pneumococcal carriage
and serotype distribution among children with and without pneumonia in Mozambique, 2014—-2016.
PLOS ONE. 26 Jun 18; 13: e0199363. https://doi.org/10.1371/journal.pone.0199363 PMID: 29944695

Laval CB, de Andrade ALSS, Pimenta FC, de Andrade JG, de Oliveira RM, Silva SA, et al. Serotypes of
carriage and invasive isolates of Streptococcus pneumoniae in Brazilian children in the era of pneumo-
coccal vaccines. Clin Microbiol Infect. 2006; 12: 50-55. https://doi.org/10.1111/.1469-0691.2005.
01304.x PMID: 16460546

Nisar Ml, Nayani K, Akhund T, Riaz A, Irfan O, Shakoor S, et al. Nasopharyngeal carriage of Strepto-
coccus pneumoniae in children under 5 years of age before introduction of pneumococcal vaccine
(PCV10) in urban and rural districts in Pakistan. BMC Infect Dis. 2018; 18: 672. https://doi.org/10.1186/
$12879-018-3608-5 PMID: 30563483

YuY-Y, Xie X-H, RenL, Deng Y, Gao Y, Zhang Y, et al. Epidemiological characteristics of nasopharyn-
geal Streptococcus pneumoniae strains among children with pneumonia in Chongging, China. Sci Rep.
2019; 9: 3324. https://doi.org/10.1038/s41598-019-40088-6 PMID: 30824811

Cooper D, Yu X, Sidhu M, Nahm MH, Fernsten P, Jansen KU. The 13-valent pneumococcal conjugate
vaccine (PCV13) elicits cross-functional opsonophagocytic killing responses in humans to Streptococ-
cus pneumoniae serotypes 6C and 7A. Vaccine. 2011; 29: 7207-7211. https://doi.org/10.1016/].
vaccine.2011.06.056 PMID: 21689707

Dunne EM, Satzke C, Ratu FT, Neal EFG, Boelsen LK, Matanitobua S, et al. Effect of ten-valent pneu-
mococcal conjugate vaccine introduction on pneumococcal carriage in Fiji: results from four annual
cross-sectional carriage surveys. Lancet Glob Health. 2018; 6: e1375-e1385. https://doi.org/10.1016/
S2214-109X(18)30383-8 PMID: 30420033

Satzke C, Dunne EM, Choummanivong M, Ortika BD, Neal EFG, Pell CL, et al. Pneumococcal carriage
in vaccine-eligible children and unvaccinated infants in Lao PDR two years following the introduction of

the 13-valent pneumococcal conjugate vaccine. Vaccine. 2019; 37: 296—305. https://doi.org/10.1016/j.

vaccine.2018.10.077 PMID: 30502068

Galanis |, Lindstrand A, Darenberg J, Browall S, Nannapaneni P, Sjéstrom K, et al. Effects of PCV7 and
PCV13 on invasive pneumococcal disease and carriage in Stockholm, Sweden. Eur Respir J. 2016; 47:
1208-1218. https://doi.org/10.1183/13993003.01451-2015 PMID: 26797033

Kempf M, Varon E, Lepoutre A, Gravet A, Baraduc R, Brun M, et al. Decline in antibiotic resistance and
changes in the serotype distribution of Streptococcus pneumoniae isolates from children with acute oti-
tis media; a 2001-2011 survey by the French Pneumococcal Network. Clin Microbiol Infect. 2015; 21:
35-42. https://doi.org/10.1016/j.cmi.2014.08.009 PMID: 25636925

von Mollendorf C, Dunne EM, La Vincente S, Ulziibayar M, Suuri B, Luvsantseren D, et al. Pneumococ-
cal carriage in children in Ulaanbaatar, Mongolia before and one year after the introduction of the 13-
valent pneumococcal conjugate vaccine. Vaccine. 2019; 37: 4068—4075. https://doi.org/10.1016/j.
vaccine.2019.05.078 PMID: 31174939

Lachen A, Croucher NJ, Anderson RM. Divergent serotype replacement trends and increasing diversity
in pneumococcal disease in high income settings reduce the benefit of expanding vaccine valency. Sci
Rep. 2020; 10: 18977. https://doi.org/10.1038/s41598-020-75691-5 PMID: 33149149

Kobayashi M. Use of 15-Valent Pneumococcal Conjugate Vaccine Among U.S. Children: Updated Rec-
ommendations of the Advisory Committee on Immunization Practices—United States, 2022. MMWR
Morb Mortal Wkly Rep. 2022; 71. https://doi.org/10.15585/mmwr.mm7137a3 PMID: 36107786

Kobayashi M. Use of 15-Valent Pneumococcal Conjugate Vaccine and 20-Valent Pneumococcal Con-
jugate Vaccine Among U.S. Adults: Updated Recommendations of the Advisory Committee on Immuni-
zation Practices—United States, 2022. MMWR Morb Mortal Wkly Rep. 2022;71. https://doi.org/10.
15585/mmwr.mm7104a1

EMA. Apexxnar. In: European Medicines Agency [Internet]. 14 Dec 2021 [cited 16 Jun 2023]. Available:
https://www.ema.europa.eu/en/medicines/human/EPAR/apexxnar

EMA. Vaxneuvance. In: European Medicines Agency [Internet]. 12 Oct 2021 [cited 16 Jun 2023]. Avail-
able: https://www.ema.europa.eu/en/medicines/human/EPAR/vaxneuvance

PLOS ONE | https://doi.org/10.1371/journal.pone.0297041 January 11, 2024 16/17


https://doi.org/10.1371/journal.pone.0087431
http://www.ncbi.nlm.nih.gov/pubmed/24498104
https://doi.org/10.1371/journal.pone.0110526
http://www.ncbi.nlm.nih.gov/pubmed/25343448
https://doi.org/10.1371/journal.pone.0199363
http://www.ncbi.nlm.nih.gov/pubmed/29944695
https://doi.org/10.1111/j.1469-0691.2005.01304.x
https://doi.org/10.1111/j.1469-0691.2005.01304.x
http://www.ncbi.nlm.nih.gov/pubmed/16460546
https://doi.org/10.1186/s12879-018-3608-5
https://doi.org/10.1186/s12879-018-3608-5
http://www.ncbi.nlm.nih.gov/pubmed/30563483
https://doi.org/10.1038/s41598-019-40088-6
http://www.ncbi.nlm.nih.gov/pubmed/30824811
https://doi.org/10.1016/j.vaccine.2011.06.056
https://doi.org/10.1016/j.vaccine.2011.06.056
http://www.ncbi.nlm.nih.gov/pubmed/21689707
https://doi.org/10.1016/S2214-109X%2818%2930383-8
https://doi.org/10.1016/S2214-109X%2818%2930383-8
http://www.ncbi.nlm.nih.gov/pubmed/30420033
https://doi.org/10.1016/j.vaccine.2018.10.077
https://doi.org/10.1016/j.vaccine.2018.10.077
http://www.ncbi.nlm.nih.gov/pubmed/30502068
https://doi.org/10.1183/13993003.01451-2015
http://www.ncbi.nlm.nih.gov/pubmed/26797033
https://doi.org/10.1016/j.cmi.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25636925
https://doi.org/10.1016/j.vaccine.2019.05.078
https://doi.org/10.1016/j.vaccine.2019.05.078
http://www.ncbi.nlm.nih.gov/pubmed/31174939
https://doi.org/10.1038/s41598-020-75691-5
http://www.ncbi.nlm.nih.gov/pubmed/33149149
https://doi.org/10.15585/mmwr.mm7137a3
http://www.ncbi.nlm.nih.gov/pubmed/36107786
https://doi.org/10.15585/mmwr.mm7104a1
https://doi.org/10.15585/mmwr.mm7104a1
https://www.ema.europa.eu/en/medicines/human/EPAR/apexxnar
https://www.ema.europa.eu/en/medicines/human/EPAR/vaxneuvance
https://doi.org/10.1371/journal.pone.0297041

PLOS ONE

Pneumococcal carriage among children in Indonesia

43.

44,

45.

46.

47.

48.

49.

50.

Tvedskov ESF, Hovmand N, Benfield T, Tinggaard M. Pneumococcal carriage among children in low
and lower-middle-income countries: A systematic review. Int J Infect Dis. 2022; 115: 1-7. https://doi.
org/10.1016/.ijid.2021.11.021 PMID: 34800691

Verani JR, Massora S, Acacio S, Dos Santos RT, Vubil D, Pimenta F, et al. Nasopharyngeal carriage of
Streptococcus pneumoniae among HIV-infected and -uninfected children <5 years of age before intro-
duction of pneumococcal conjugate vaccine in Mozambique. PloS One. 2018; 13: e0191113. https://
doi.org/10.1371/journal.pone.0191113 PMID: 29447196

Ram PK, Dutt D, Silk BJ, Doshi S, Rudra CB, Abedin J, et al. Household Air Quality Risk Factors Associ-
ated with Childhood Pneumonia in Urban Dhaka, Bangladesh. Am J Trop Med Hyg. 2014; 90: 968-975.
https://doi.org/10.4269/ajtmh.13-0532 PMID: 24664785

Beentjes D, Shears RK, French N, Neill DR, Kadioglu A. Mechanistic Insights into the Impact of Air Pol-
lution on Pneumococcal Pathogenesis and Transmission. Am J Respir Crit Care Med. 2022; 206:
1070-1080. https://doi.org/10.1164/rccm.202112-2668TR PMID: 35649181

Thobari JA, Satria CD, Ridora Y, Watts E, Handley A, Samad S, et al. Antimicrobial use in an Indone-
sian community cohort 0—18 months of age. PLOS ONE. 05 Agu 19; 14: €0219097. https://doi.org/10.
1371/journal.pone.0219097 PMID: 31381611

Hadi U, Duerink DO, Lestari ES, Nagelkerke NJ, Werter S, Keuter M, et al. Survey of antibiotic use of
individuals visiting public healthcare facilities in Indonesia. Int J Infect Dis IJID Off Publ Int Soc Infect
Dis. 2008; 12: 622—-629. https://doi.org/10.1016/}.ijid.2008.01.002 PMID: 18396084

Pradipta IS, Ronasih E, Kartikawati AD, Hartanto H, Amelia R, Febrina E, et al. Three years of antibac-

terial consumption in Indonesian Community Health Centers: The application of anatomical therapeutic
chemical/defined daily doses and drug utilization 90% method to monitor antibacterial use. J Fam Com-
munity Med. 2015; 22: 101-105. https://doi.org/10.4103/2230-8229.155385 PMID: 25983606

Klugman KP, Black S. Impact of existing vaccines in reducing antibiotic resistance: Primary and sec-
ondary effects. Proc Natl Acad Sci U S A. 2018; 115: 12896—12901. https://doi.org/10.1073/pnas.
1721095115 PMID: 30559195

PLOS ONE | https://doi.org/10.1371/journal.pone.0297041 January 11, 2024 17/17


https://doi.org/10.1016/j.ijid.2021.11.021
https://doi.org/10.1016/j.ijid.2021.11.021
http://www.ncbi.nlm.nih.gov/pubmed/34800691
https://doi.org/10.1371/journal.pone.0191113
https://doi.org/10.1371/journal.pone.0191113
http://www.ncbi.nlm.nih.gov/pubmed/29447196
https://doi.org/10.4269/ajtmh.13-0532
http://www.ncbi.nlm.nih.gov/pubmed/24664785
https://doi.org/10.1164/rccm.202112-2668TR
http://www.ncbi.nlm.nih.gov/pubmed/35649181
https://doi.org/10.1371/journal.pone.0219097
https://doi.org/10.1371/journal.pone.0219097
http://www.ncbi.nlm.nih.gov/pubmed/31381611
https://doi.org/10.1016/j.ijid.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18396084
https://doi.org/10.4103/2230-8229.155385
http://www.ncbi.nlm.nih.gov/pubmed/25983606
https://doi.org/10.1073/pnas.1721095115
https://doi.org/10.1073/pnas.1721095115
http://www.ncbi.nlm.nih.gov/pubmed/30559195
https://doi.org/10.1371/journal.pone.0297041

