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A B S T R A C T   

Background: Children in Papua New Guinea (PNG) are at high risk of pneumococcal infections. We investigated 
pneumococcal carriage rates, serotype distribution, and antimicrobial susceptibility in PNG children after 
vaccination with 10-valent or 13-valent pneumococcal conjugate vaccines (PCV10; PCV13). 
Methods: Infants (N = 262) were randomized to receive 3 doses of PCV10 or PCV13 at 1-2-3 months of age, 
followed by pneumococcal polysaccharide vaccination (PPV) or no PPV at 9 months of age. Nasopharyngeal 
swabs (NPS) collected at ages 1, 4, 9, 10, 23 and 24 months were cultured using standard bacteriological pro-
cedures. Morphologically distinct Streptococcus pneumoniae colonies were serotyped by the Quellung reaction. 
Antimicrobial susceptibility was determined by Kirby-Bauer disc diffusion and minimum inhibitory concentra-
tion (MIC). 
Results: S. pneumoniae was isolated from 883/1063 NPS collected at 1–23 months of age, including 820 sero-
typeable (64 different serotypes) and 144 non-serotypeable isolates. At age 23 months, 93.6% (95%CI 
86.6–97.6%) of PCV10 recipients and 88.6% (95%CI 80.1–94.4%) of PCV13 recipients were pneumococcal 
carriers, with higher carriage of PCV10 serotypes by PCV10 recipients (19.8%, 95%CI 12.2–29.5) than PCV13 
recipients (9.3%, 95%CI 4.1–17.3) (p = 0.049). There were no other statistically significant differences between 
PCV10 and PCV13 recipients and children receiving PPV or no PPV. Nearly half (45.6%) of carried pneumococci 
were non-susceptible to penicillin based on the meningitis breakpoint (MIC ≥ 0.12 µg/mL), but resistance was 
rare (1.1%) using the non-meningitis cut-off (MIC ≥ 8 µg/mL). Non-susceptibility to trimethoprim- 
sulfamethoxazole (SXT) was common: 23.2% of isolates showed intermediate resistance (MIC 1/19–2/38 µg/ 
mL) and 16.9% full resistance (MIC ≥ 4/76 µg/mL). PCV serotypes 14 and 19A were commonly non-susceptible 
to both penicillin (14, 97%; 19A, 70%) and SXT (14, 97%; 19A, 87%). 
Conclusion: Even after PCV10 or PCV13 vaccination, children living in a high-risk setting such as PNG continue to 
experience high levels of pneumococcal colonization, including carriage of highly antimicrobial-resistant PCV 
serotypes. 
The study is registered with ClinicalTrials.gov (CTN NCT01619462).   

1. Introduction 

Streptococcus pneumoniae (pneumococcus) remains a leading cause of 

morbidity and mortality in children under 5 years old, especially in low- 
income settings [1]. Invasive pneumococcal disease (IPD) is preceded by 
pneumococcal colonization of the upper respiratory tract (URT) [2]. 
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Pneumococcal conjugate vaccines (PCV) are effective in preventing 
vaccine serotype-related IPD in children in low-risk settings and in high- 
risk settings albeit with lower efficacy [3–6]. PCVs also have an indirect 
protective effect by reducing acquisition and carriage of pneumococcal 
vaccine serotypes, at least in low-risk settings [7]: in high-risk, low-in-
come settings, the effect on carriage is less evident and randomized 
controlled trials conducted in Papua New Guinea (PNG) and African 
countries have failed to show such an effect [8–13]. 

PCVs have also been associated with reduction in antimicrobial non- 
susceptible pneumococcal infections [14–17]: the overall effect of PCVs 
on pneumococcal antimicrobial resistance (AMR) depends on the 
number of pneumococcal serotypes covered by PCVs and is limited due 
to the emergence of infections caused by non-vaccine serotypes with 
high AMR prevalence [18,19]. 

The epidemiology of pneumococcal infections differs between pop-
ulations in high- and low-risk settings, including differences in the 
spectrum of serotypes colonizing and causing infection, age of first 
acquisition and persistence of carriage [20,21]. Local surveillance and 
documentation of pneumococcal serotypes carried or causing disease in 
children and antimicrobial non-susceptibility is therefore important to 
understand the epidemiology and impact of PCVs on the local burden of 
pneumococcal disease. 

Children in the highlands of Papua New Guinea, where this study 
was performed, have one of the highest rates of IPD in the world [20]. 
Compared to children in low-risk settings, children in PNG experience 
early and persistent pneumococcal colonization by a broad range of 
serotypes [8,22]. In a randomized placebo-controlled trial conducted 
between 2007 and 2009, 7-valent PCV (PCV7) was found to have no 
effect on carriage of vaccine serotypes in PNG infants [8]. Similar to 
findings of the last antimicrobial susceptibility carriage study that was 
carried out in this region before the PCV7 study in the late 1980s [23], 
40% of pneumococcal isolates carried by children in the PCV7 study 
were non-susceptible to penicillin and 20% were non-susceptible to 
trimethoprim/sulfamethoxazole [24]. Antimicrobial susceptibility was 
most common in serogroup 15 isolates, followed by non-serotypeable 
pneumococci [24]. 

Between 2011 and 2016, a head-to-head safety and immunogenicity 
trial with 10-valent PCV (PCV10) and 13-valent PCV (PCV13) was 
conducted in the same study area as the PCV7 trial in PNG to determine 
the suitability of these vaccines for use under PNG’s accelerated 1-2-3- 
month immunization schedule [25]. Results on the primary study ob-
jectives and on secondary objectives including the effects of childhood 
PCV10 and PCV13 vaccination (administered according to the national 
immunization program at 1, 2 and 3 months of age) on pneumococcal 
carriage and density have been reported for study infants at ages 1, 4, 
and 9 months [21,26]: other than lower pneumococcal carriage rates at 
4 months of age in PCV13-vaccinated children, no differences compared 
to PCV10 were found. We now report on pneumococcal carriage rates 
when study children were between 10 and 23 months of age and on AMR 
of pneumococci isolated from nasopharyngeal swabs (NPS) obtained 
between 1 and 23 months of age. 

2. Materials and methods 

2.1. Study design and study population 

This study was part of an open randomized controlled trial of PCV10 
and PCV13 given to infants at 1, 2 and 3 months of age, conducted be-
tween November 2011 and March 2016 in the Asaro Valley (which in-
cludes Goroka town) in the Eastern Highlands Province (EHP) of PNG. A 
detailed protocol of this study has been published previously [25]. 
Briefly, a total of 262 infants aged between 28 and 35 days were enrolled 
and randomized to receive 3 doses of PCV10 (n = 131) or PCV13 (n =
131) according to the PNG national immunization schedule at 1, 2 and 3 
months of age. At 9 months of age recipients of PCV10 or PCV13 were 
further randomized to receive one dose of pneumococcal polysaccharide 

vaccine (PPV) or no PPV. NPS were collected from children at 1, 4, 9, 10, 
23 and 24 months of age. Of the 262 children, 186 children (91 in the 
PCV10 group; 95 in the PCV13 group) completed the study at 24 months 
of age. A detailed flowchart, reasons for loss to follow-up and samples 
collected at different timepoints are reported in Lehmann et al. [25]. 

The study was conducted according to Declaration of Helsinki In-
ternational Conference on Harmonisation Good Clinical Practice (ICH- 
GCP) and local ethical guidelines. Ethical approval was obtained from 
the PNG Medical Research Advisory Committee (11.03) and PNG 
Institute of Medical Research (PNGIMR) Institutional Review Board 
(1028). 

2.2. Study objectives 

Results on the primary trial objectives including the safety and 
immunogenicity of PCV10 and PCV13 [21] and the immunogenicity of a 
PPV booster given at 9 months of age in PCV10- or PCV13-primed in-
fants and persistence of immune memory [27] have been published. We 
now report on secondary study objectives including pneumococcal (total 
and vaccine type) carriage rates; the relative impact of PCV10 and 
PCV13 on carriage; and carriage of AMR pneumococci. At 23 months of 
age, study children received a micro-challenge dose of PPV to study 
potential hypo-responsiveness to PPV given at 9 months of age (reported 
in [27]); pneumococcal carriage rates were assessed at 23 and 24 
months, although the micro-challenge dose was not expected (and later 
confirmed) to affect carriage. For completeness, carriage rates at 24 
months of age are included in the Supplement, but are not discussed 
further. 

2.3. Study vaccines 

PCV10 (Synflorix®, GSK, Belgium, batch numbers ASPNA0099AB 
and ASPNA267DD) contains 1 µg of polysaccharide for pneumococcal 
serotypes 1, 5, 6B, 7F, 9V, 14 and 23F conjugated to NTHi Protein D, and 
3 µg of serotypes 4, 18C and 19F conjugated to NTHi Protein D, tetanus 
toxoid, and diphtheria toxoid, respectively. PCV13 (Prevenar13®, 
Pfizer, USA, batch numbers F36226 and G71540) contains 2.2 µg of 
polysaccharide for pneumococcal serotypes 1, 3, 4, 5, 6A, 7F, 9V, 14, 
18C, 19A, 19F and 23F, and 4.4 µg of serotype 6B, conjugated to non- 
toxic diphtheria CRM197 protein. Each 0.5 mL dose of PPV (Pneumo-
vax 23™, Merck & Co, USA, batch numbers T0861, V1200 and 
K006913) contains 25 µg of polysaccharide for pneumococcal serotypes 
1, 2, 3, 4, 5, 6B, 7F, 8, 9N, 9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19A, 
19F, 20, 22F, 23F and 33F in 0.25% phenol preservative. 

2.4. Collection and culturing of nasopharyngeal swabs 

NPS to assess pneumococcal carriage were collected as previously 
described [8], using a flocked swab (Copan Diagnostics, USA). NPS 
samples were placed in skim milk-tryptone-glucose-glycerol broth 
(STGGB) and stored at − 80 ◦C within 2 h of collection. NPS were 
cultured using standard procedures for S. pneumoniae at PNGIMR as 
described previously [8,21,28]. Two morphologically distinct colonies 
of pneumococci (or more if more than two were morphologically 
distinct) were picked and serotyped by the Quellung reaction using 
antisera from Statens Serum Institut, Denmark. 

2.5. Antimicrobial susceptibility testing 

Antimicrobial susceptibility was determined by Kirby-Bauer disc 
diffusion (OXOID, Australia) for oxacillin (OXA, 1 µg), chloramphenicol 
(CHL, 30 µg), trimethoprim-sulfamethoxazole (SXT, 1.25/23.75 μg), 
tetracycline (TET, 30 µg), erythromycin (ERY, 15 µg), and ceftriaxone 
(CRO, 30 µg). Non-susceptible isolates were subsequently tested by E- 
test (BioMérieux, USA) for minimum inhibitory concentrations (MIC) for 
penicillin (PEN), CHL, SXT and TET. Isolates were classified as 
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susceptible, intermediate resistant, or resistant based on the contem-
porary 2011 Clinical Laboratory Standard Institute (CLSI) guidelines 
[29]. 

2.6. Data analysis 

Data were analyzed using SPSS 15.0. Differences in prevalence rates 
between groups were tested using Pearson’s chi-square test. For all an-
alyses, test outcomes were considered significantly different if the p- 
value was ≤ 0.05. 

3. Results 

3.1. Study samples 

Of the 262 study children, 198 (75.6%) had ≥ 4 NPS collected be-
tween 1 and 23 months of age (77.8% of the PCV10 recipients, and 
73.2% of the PCV13 recipients). In total, 1063 NPS were collected be-
tween 1 and 23 months of age (545 from PCV10, and 518 from PCV13 
recipients). This included 103 NPS collected from PCV10 recipients at 
age 10 months (51 vaccinated and 52 not vaccinated with PPV at 9 
months); 97 NPS collected from PCV13 recipients at age 10 months (51 
PPV, 46 no PPV); 94 NPS collected from PCV10 recipients at age 23 
months (46 PPV, 48 no PPV) and 88 NPS collected from PCV13 re-
cipients at age 23 months (48 PPV, 40 no PPV). The number of samples 
collected at younger ages has been reported previously [21]. 

3.2. Pneumococcal isolates 

From 883 of the 1063 NPS (83.1%) collected at 1, 4, 9, 10 and 23 
months of age, 964 pneumococci were isolated: 504 carried by PCV10 
recipients and 460 by PCV13 recipients. This included 820 serotypeable 
(439 PCV10; 381 PCV13) and 144 non-serotypeable isolates (65 PCV10; 
79 PCV13). Multiple pneumococci were isolated from 87 NPS, including 
86 swabs with two different pneumococcal serotypes or a serotypeable 
together with a non-serotypeable pneumococcus and one NPS with two 
different serotypes and a non-serotypeable pneumococcus. 

3.3. Pneumococcal carriage rates 

Pneumococcal carriage rates between 1 and 23 months of age are 
shown in Fig. 1, including previously published data for ages 1, 4, and 9 
months [21] (Supplementary Table 1 including 24-month data that are 
comparable to 23-month data and not further discussed). Pneumococcal 
carriage rates remained high, with 89.0% of children at 10 months and 
91.2% at 23 months of age being carriers. Carriage rates were compa-
rable for PCV10 and PCV13 recipients, and for children who at 9 months 
of age had received a PPV booster vaccination or not (Supplementary 
Table 2). Carriage rates of non-PCV serotypes ranged from 49% to 70%. 
At 23 months of age, PCV10/13-shared serotypes were carried by more 
PCV10 recipients (19.8%, 95% CI 12.2–29.5) than PCV13 recipients 
(9.3%, 95% CI 4.1–17.3) (p = 0.05). There were no differences in car-
riage rates for non-PCV serotypes or non-serotypeable pneumococci 
between PCV10 and PCV13 recipients at any age. 

Fig. 1. Pneumococcal carriage rates in a cohort of PCV10- and PCV13-vaccinated Papua New Guinean children. Children received 3 doses of PCV10 or PCV13 
at 1, 2 and 3 months of age. Pneumococcal carriage rates were assessed at 1, 4, 9, 10 and 23 months of age and are presented per vaccine group for A) Any 
pneumococcus; B) serotypes included in PCV10 and PCV13; C) serotypes only included in PCV13; D) serotypes not included in PCV10 or PCV13; E) non-serotypeable 
pneumococci. Graphs present carriage rates (%) and 95% confidence intervals at different ages for children vaccinated with either PCV10 or PCV13. * p = 0.049. 
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3.4. Pneumococcal serotype distribution 

Individual pneumococcal serotypes carried between 1 and 23 
months of age are presented in Supplementary Table 3. A total of 64 
different pneumococcal serotypes were identified. The most frequently 
carried PCV serotypes at 10 months of age were: 19A (not included in 
PCV10) and 19F (both identified in 12 isolates; each accounting for 7.1% 
of serotypeable isolates), 6A (not included in PCV10) (9 isolates [6 
carried by PCV10 recipients]; 5.4% of serotypeable isolates), and 14 and 
23F (both 7 isolates; each accounting for 4.2% of serotypeable isolates). 
At 23 months of age the most frequently carried PCV serotypes were: 
23F (10 isolates [9 carried by PCV10 recipients]; 6.3% of serotypeable 
isolates), 6A (7 isolates [all carried by PCV10 recipients]; 5.1% of 
serotypeable isolates), and 19A (7 isolates; 4.4% of serotypeable 
isolates). 

The most frequently carried non-PCV serotypes at 10 months of age 
were: 10A (11 isolates, 6.5% of serotypeable isolates), 35B (9 isolates; 
5.4% of serotypeable isolates), 29 (7 isolates; 4.2% of serotypeable 
isolates), and 21, 15B, and 34 (6 isolates each; each 3.6% of serotypeable 
isolates; 5 serotype 34 isolates were carried by PCV13 recipients). At 23 
months of age the most frequently carried non-PCV serotypes included: 
35B (11 isolates [7 carried by PCV13 recipients]; 7.0% of serotypeable 
isolates), 6C (11 isolates [9 carried by PCV10 recipients]; 7.0% of 
serotypeable isolates), 15B (8 isolates [6 carried by PCV13 recipients]; 
5.1% of serotypeable isolates), and 16F (7 isolates [5 carried by PCV10 
recipients]; 4.4% of serotypeable isolates). The five serotypes most 
frequently carried between 1 and 23 months of age were vaccine sero-
types 19A, 19F, and 23F and non-vaccine serotypes 10A and 35B 
(Fig. 2). 

3.5. Antimicrobial susceptibility 

Antimicrobial susceptibility data by disc diffusion was available for 
98% (953/974) of isolated pneumococci. Based on the disc diffusion 
method (Table 1), the proportion of pneumococcal isolates carried by 
children between 1 and 23 months of age non-susceptible to antibiotics 
were 51.4% for PEN, 49.4% for SXT, 13.7% for TET, 2.9% for CHL, 0.7% 
for ERY and 0.1% for CRO (Table 1). MIC was performed on 89% (444/ 
490) of pneumococci non-susceptible to oxacillin by disc diffusion, 87% 
(408/471) of isolates that were non-susceptible to SXT and 96% (27/28) 
of isolates that were non-susceptible to CHL. Due to lack of reagents, 
MIC was only conducted on a small number of pneumococcal isolates 
that were non-susceptible to TET by disc diffusion (22/131, 17%), 
resulting in insufficient data for valid interpretation on TET non- 
susceptibility by MIC (hence, data are not presented). When non- 
susceptible isolates were tested by MIC, 45.6%, 40.2%, and 0.9% of 
pneumococci (based on a denominator of isolates susceptible by disc 
diffusion and all isolates tested by MIC) were non-susceptible to PEN, 
SXT, and CHL, respectively (Table 1). Considering not all isolates that 
were non-susceptible by disc diffusion were tested by MIC, the true 
proportion of non-susceptible isolates can be expected to be somewhat 
higher than reported here for those tested by disc diffusion and MIC but 
lower than the proportion based on disc diffusion alone. Based on the 
breakpoint for meningitis (MIC ≥ 0.12 µg/mL) (Table 2), resistance was 
higher amongst non-serotypeable pneumococci (61.7%) and PCV13- 
serotypes (54.0%) than non-PCV serotypes (37.9%) (p < 0.001). Using 
the non-meningitis cut-off (MIC ≥ 8 µg/mL), resistance to PEN was rare 
(1.1% of pneumococcal carriage isolates). Non-susceptibility to SXT 
(MIC > 0.5/9.5 µg/mL) was common (40.1% of pneumococci carried) 

Fig. 2. Penicillin and trimethoprim-sulfamethoxazole susceptibility and non-susceptibility of individual pneumococcal serotypes carried by study 
children. The graph presents individual pneumococcal serotypes (and non-serotypeable pneumococci) isolated between 1 and 23 months of age, and the number of 
isolates susceptible (blue) or non-susceptible (orange) to penicillin and/or trimethoprim-sulfamethoxazole (SXT) based on disc diffusion and MIC. Isolates that were 
non-susceptible in disc diffusion but not tested by MIC are indicated as unknown (grey). Serotypes are ranked based on frequency of carriage. Some pneumococci 
were serotyped but not factor-typed (NF). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and 16.9% of isolates were fully resistant (MIC ≥ 4/76 µg/mL). SXT 
resistance was highest amongst PCV10/13 serotypes (27.9%) and lowest 
amongst non-PCV serotypes (12.6%). Non-susceptibility to TET (based 
on disc diffusion, Table 1) was highest amongst PCV10/13-shared se-
rotypes (25.8%) compared to other serotype groups. For all pneumo-
cocci, non-susceptibility to CHL (0.9% by disc diffusion and MIC), CRO 
(0.1%) and ERY (0.7%) was low (Table 1). 

Susceptibility and non-susceptibility of individual pneumococcal 
serotypes to PEN or SXT are shown in Fig. 2. Amongst frequently carried 
serotypes (≥20 isolates) non-susceptibility to PEN (MIC > 0.06 µg/mL) 
was high in serotypes 14 (31/32, 96.9%), 19F (30/36, 83.3%), 15B (21/ 
26, 80.8%), 10A (28/36, 77.8%) and 19A (28/40, 70.0%). Non- 
susceptibility to SXT was high in frequently carried serotypes 14 (29/ 
30, 96.7%), 19A (32/37, 86.5%), 10A (31/36, 86.1%), 15B (17/23, 
73.9%), and 9L (18/25, 72.0%). There were no significant differences in 
non-susceptibility rates between PCV10 and PCV13 recipients for indi-
vidual serotypes (data not shown). 

4. Discussion 

Considering the epidemiology of pneumococcal infections differs 
with the level of endemicity, studies in highly endemic settings are 
important to understand the impact and possible limitations of PCVs in 
these environments. As reported previously [21], this head-to-head 
study in a highly endemic setting in PNG has demonstrated that both 
PCV10 and PCV13 are immunogenic and well tolerated when given at 
the accelerated national schedule of 1, 2, and 3 months of age. A main 
finding of this report on pneumococcal carriage and antimicrobial sus-
ceptibility over the course of the head-to-head trial, is that, even after 
vaccination with PCV10 or PCV13, children living in a high-risk setting 
such as PNG experience persistent pneumococcal colonization by a 
broad range of serotypes. Sixty-four different pneumococcal serotypes 
were identified in this cohort, including PCV10 and PCV13 serotypes 
and serotypes associated with antimicrobial resistance. At every 
screening time point after receiving 3 doses of PCV10 or PCV13, 
approximately 90% of children were pneumococcal carriers. One-fifth of 
the carried serotypeable pneumococci belonged to serotypes covered by 
PCV10 and PCV13. The most common serotypes were 23F 35B, 19F, and 
19A. Antimicrobial resistance continues to be a concern in PNG, with 
half of pneumococci carried by children being non-susceptible to PEN 
and half non-susceptible to SXT. Non-susceptibility was higher amongst 
PCV10/13 serotypes than non-PCV serotypes. Of all pneumococci car-
ried by study children, 15% were non-serotypeable and approximately 
two-thirds of these pneumococci were non-susceptible, which contrib-
utes to maintaining high rates of AMR. 

In contrast to a randomized-controlled PCV7 trial we conducted in 
the same study area between 2005 and 2009 [20], the PCV10-PCV13 
trial did not include a non-vaccinated control group. In the PCV7 trial, 
vaccination did not reduce overall and vaccine-specific pneumococcal 
carriage rates in this population [8]. In a separate analysis, we have 
recently shown that PCV13-serotype carriage rates and carriage density 
were similar among children given PCV13 as part of the current trial 
compared to age-matched unvaccinated community controls [26]. This 
indicates that PCV13 has little impact on overall and vaccine-serotype- 
specific pneumococcal carriage rates and carriage density in this high- 
risk population. Nevertheless, despite the lack of impact on carriage, 
PCV13 vaccination has been demonstrated to effectively protect chil-
dren against hypoxic pneumonia (29% reduction) and pneumonia hos-
pitalisation (57% reduction) in the same geographic area as where this 
study was performed [6]. This is of vital importance considering the 
high burden of childhood morbidity and mortality due to pneumonia in 
this population and suggests that carriage studies alone are not sufficient 
to study and monitor the impact of PCV vaccinations in this high-risk 
setting. Surveillance of IPD and pneumonia-related hospitalizations of 
children and adults is lacking but essential to estimate the impact of 
routine childhood PCV vaccination in PNG, albeit the uptake has 

remained low (with no more than 40% of eligible children receiving 3 
doses[30]) since PCV13 was introduced nationally in 2014. 

As the PCV7 [8] and PCV10-PCV13 trials were performed a few years 
apart in the same study area among children of the same age, we may 
consider similarities and differences in serotype-specific carriage rates to 
assess temporal trends (no statistics were performed). For certain sero-
types, carriage rates were comparably high, including PCV serotypes 
23F, 19A, and 14. In contrast, PCV serotype 19F was the most frequently 
carried serotype in the PCV7 trial (10.2% of serotypeable isolates) 
compared to 4.9% of serotypeable pneumococci in the current study, 
whilst non-PCV serotypes 10A and 35B were rarely carried by children 
in the PCV7 study (0.3–0.4% of serotypeable pneumococci) but were 
more common in the current trial (10A: 4.6% of serotypeable and 3.9% 
of all pneumococci; 35B: 5.4% of serotypeable and 4.6% of all carried 
pneumococci). Serotype 35B has been described in the literature as a 
‘replacement’ serotype that has become increasingly prevalent as a 
cause of invasive disease after the introduction of PCVs. For example, in 
the United States, IPD caused by serotype 35B increased after imple-
mentation of routine PCV7 vaccination, and this increased further after 
implementation of PCV13 [31,32]. This change has been attributed to 
the emergence of the 35B/sequence type (ST) 558 lineage, which is 
highly resistant to antibiotics and is currently commonly found in dis-
ease and asymptomatic pneumococcal carriage in many countries 
[31,32]. As there is no ongoing hospital surveillance, the role of serotype 
35B in causing invasive disease in PNG children is unknown. However, 
the rising prevalence of serotype 35B carriage and its non-susceptibility 
to antibiotics warrants further research into the epidemiology of sero-
type 35B causing disease in PNG children. Finally, carriage of non- 
serotypeable pneumococci remains consistent but substantial in PNG 
children (12% and 15% of isolates in the PCV7 and current study, 
respectively). Non-serotypeable pneumococci are associated with rela-
tively high non-susceptibility to PEN and SXT and cannot be prevented 
by PCVs. To facilitate surveillance studies, high-throughput microarray 
assays could be considered to capture prevalence trends of serotypeable 
as well as non-serotypeable pneumococci: the culture-based approach 
used here validates the microarray study conducted on NPS from 
PCV13-vaccinated children in this cohort, where 11% of pneumococci 
collected at 1, 4, 9 months of age were non-encapsulated [26]. 

Since routine childhood PCV (PCV13) vaccination was not imple-
mented in the study area until 2015 and uptake was low, the relative 
emergence versus disappearance of certain serotypes is unlikely 
explained by PCV13 uptake in the wider community. There are not 
many studies reporting on temporal trends of pneumococcal carriage in 
high-risk populations. A study of pneumococcal carriage in healthy 
Icelandic children between 1992 and 1999, before PCV introduction, 
reported that serotype prevalence fluctuated from year to year [33]. 
Notably, a report on carriage studies conducted in Israel over a decade 
preceding PCV introduction concluded that carriage rates were stable 
and that a single survey may be sufficient to characterize pneumococcal 
carriage pre-PCV [34]. However, this Israeli study did not report on 
temporal trends of individual serotype prevalence. Our findings and that 
of the Icelandic study demonstrate that, even without vaccination, 
serotype prevalence is not static and needs to be considered when the 
effects of widespread pneumococcal vaccination programs on serotype 
prevalence are being evaluated, and factors other than pneumococcal 
vaccination may need to be considered (for example introduction of 
other vaccines, and changes in living conditions). 

Antibiotic resistance can provide pneumococcal serotypes a ‘sur-
vival’ advantage to infect and spread in populations with high pneu-
mococcal transmission rates and high antibiotic usage. In the early 
1970s, when penicillin-resistant pneumococci were occasionally docu-
mented in Australia and were rare in other countries, infections with 
penicillin-non-susceptible strains were already frequent in PNG [35]. No 
less than 75% of pneumococci isolated from nasopharyngeal swabs and 
44% of pneumococci isolated from blood cultures from children in PNG 
between 1985 and 1987 were non-susceptible to penicillin [36]. Of 180 
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clinical pneumococcal isolates obtained from patients hospitalized with 
meningitis in Goroka Hospital between August 1996 and June 2005, 
more than 1/5th was non-susceptible to penicillin [37], which, despite 
penicillin no longer being used to treat meningitis, is a concerning 
number. While current standard treatment of meningitis and severe 
sepsis is with ceftriaxone, amoxicillin (or benzyl penicillin) and genta-
micin IV (or chloramphenicol if these are not available) are used to treat 
moderate/severe pneumonia [38]. Of all pneumococci that were iso-
lated from NPS in this study, 46% were non-susceptible to penicillin, 
which is comparable to the 40% found during the earlier 2006–2007 
PCV7 study [24]. In contrast, in the current study 40% of isolates were 
intermediate or fully resistant to SXT compared to 20% in 2006–2007. 
Antibiotic non-susceptibility was higher amongst PCV serotypes and 
non-serotypeable pneumococci than among non-PCV serotypes. 

Regular surveys of the pneumococcal serotypes and antimicrobial 
susceptibility of pneumococci carried by children but also adults in high- 
risk settings like PNG are useful to understand the local epidemiology of 
pneumococcal disease and associated antibiotic resistance. It is, how-
ever, important to recognize that the antimicrobial non-susceptibility of 
pneumococci isolated from the upper respiratory tract may be higher 
than those causing invasive disease [36]. Decision-making on antibiotic 
treatment guidelines and changes in clinical management should 
therefore be supported by local surveillance data derived from CSF and 
blood cultures in children with suspected IPD. Of further consideration 
are the methods used to assess antimicrobial non-susceptibility, with use 
of the disc diffusion method alone likely leading to overestimating levels 
of non-susceptibility. Although access to and costs of supplies may 
restrict feasibility of MIC testing in low-income countries, complemen-
tary MIC testing of isolates non-susceptible by disc diffusion is encour-
aged and important to understand AMR. 

A 20-valent pneumococcal conjugate vaccine (PCV20) that contains 
capsular polysaccharides derived from pneumococcal serotypes 8, 10A, 
11A, 12F, 15B, 22F, and 33F in addition to the PCV13 serotypes, was 
licensed in the United States for use in adults aged ≥ 18 years in June 
2021, and for infants and children aged 6 weeks and older in April 2023. 
Considering nasopharyngeal carriage in PNG infants as reported here, 
PCV20 would, in comparison to PCV13, cover an additional 11% of 
pneumococci carried by PNG infants between 1 and 23 months of age 
(increase from 32 to 43%). Although PCV does not prevent colonization 
in PNG infants, colonization with S. pneumoniae is a pre-requisite for 
invasive disease and therefore can within limits give an indication of 
potential vaccine coverage. There are no recent data on pneumococcal 
serotypes associated with invasive disease in PNG populations. A study 
of invasive pneumococcal serotypes before the introduction of PCV13 in 
PNG showed that 54% of invasive pneumococcal isolates were PCV13- 
related serotypes, and 58% PCV20-related [39]. A clinical trial study-
ing the effectiveness and additional benefit of PCV20 compared to 
PCV13 in the PNG setting that is epidemiologically so different from 
high-income countries would be needed to help guide decision makers 
on its potential implementation. 

In summary, this study demonstrates ongoing high pneumococcal 
carriage rates and antimicrobial non-susceptibility of S. pneumoniae 
carried by young PCV10- and PCV13-vaccinated children prior to the 
national introduction of routine childhood PCV13. Together with data 
collected between 2007 and 2009 from same-age children, this study 
presents baseline information for future post-vaccine implementation 
studies. Pneumococcal carriage rates remain high in PNG children, even 
after PCV vaccination, due to the broad range and high carriage density 
of pneumococcal serotypes. In addition to continued efforts to reduce 
modifiable risk factors such as malnutrition, overcrowding and indoor 
air pollution, alternative pneumococcal vaccines and vaccination stra-
tegies that provide broader coverage such as the newly licensed PCV20 
are required to reduce pneumococcal colonization and disease in Papua 
New Guinea. 
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