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Background

Development of vaccines to prevent disease and death from Streptococcus pneumoniae, and nontypeable Haemophilus influenzae (NTHi), the main pathogens that cause otitis media, pneumonia, meningitis and sepsis, are a global priority. Children living in low and lower-middle income settings are at the highest risk of contracting and dying from these diseases. Improved vaccines with broader coverage are required. Data on the natural development of antibodies to putative vaccine antigens, especially in high-risk settings, can inform the rational selection of the best antigens for vaccine development.



Methods

Serum IgG titres to four pneumococcal proteins (PspA1, PspA2, CbpA, and Ply) and five NTHi antigens (P4, P6, OMP26, rsPilA and ChimV4) were measured in sera collected from 101 Papua New Guinean children at 1, 4, 9, 10, 23 and 24 months of age using multiplexed bead-based immunoassays. Carriage density of S. pneumoniae and H. influenzae were assessed by quantitative PCR on genomic DNA extracted from nasopharyngeal swabs using species-specific primers and probes. All data were log-transformed for analysis using Student’s unpaired t-tests with geometric mean titre (GMT) or density (GMD) calculated with 95% confidence intervals (CI).



Results

Serum -pneumococcal protein-specific IgG titres followed a “U” shaped pattern, with a decrease in presumably maternally-derived IgG titres between 1 and 4 months of age and returning to similar levels as those measured at 1 month of age by 24 months of age. In contrast, NTHi protein-specific IgG titres steadily increased with age. There was no correlation between antibody titres and carriage density for either pathogen.



Conclusion

This longitudinal study indicates that the waning of maternally- derived antibodies that is usually observed in infants, after infants does not occur for NTHi antigens in Papua New Guinean infants. Whether NTHi antigen IgG can be transferred maternally remains to be determined. Vaccines that are designed to specifically increase the presence of protective NTHi antibodies in the first few months of life may be most effective in reducing NTHi disease.



Clinical Trial Registration

https://clinicaltrials.gov/, identifier NCT01619462.
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Highlights

	Pneumococcal protein IgG levels followed traditional trajectories early in life.

	Haemophilus protein IgG levels did not, increasing from 1 to 24 months of age.

	Early and high carriage density was observed irrespective of protein IgG titres.





Introduction

Streptococcus pneumoniae and Haemophilus influenzae infections are a major cause of infant morbidity and mortality and the development of otitis media (OM) pneumonia, meningitis and sepsis (1, 2), particularly in low- and middle-income countries (3). Protein-based vaccines are being developed against S. pneumoniae and H. influenzae to provide broader protection than the existing S. pneumoniae serotype-specific polysaccharide vaccines (4). Protein-based vaccines may overcome serotype replacement issues that have emerged following the introduction of pneumococcal conjugate vaccines (PCVs) (5). Adding additional serotypes into these vaccines can overcome serotype replacement in the short term but, with over 100 pneumococcal serotypes, formulation of a serotype-based pneumococcal vaccine is not possible due to cost and antigen volume required (6, 7).

Proteins have been successfully used to enhance the T-cell dependant immune response of pneumococcal and H. influenzae polysaccharide vaccines including PCVs and the H. influenzae type B vaccine (8). The non-typeable Haemophilus influenzae (NTHi) outer membrane protein, Protein D (PD), has been successfully used as a conjugate protein to induce T-cell dependent immune memory to pneumococcal polysaccharides included in the 10-valent PCV. PD has also been trialled as a sub-unit vaccine antigen for NTHi, with immunogenicity and safety demonstrated in infants (9) and adults (10). PD immunisation in a mouse model of OM showed reduced NTHi loads in the middle ear but not the lung (11). In addition to NTHi PD, several other conserved NTHi surface antigens are being, or have been, assessed for vaccine development including recombinant soluble type IV pilus majority sub-unit A protein (rsPilA), outer membrane protein 5 (P5) (12), outer membrane protein 26 (OMP26) (13), Protein E (PE), outer membrane protein 4 (P4) and outer membrane protein 6 (P6) (14). Additionally, a fusion protein called ChimV4 that contains rsPilA and P5 epitopes and has been shown to be protective against NTHi-induced OM in a chinchilla model (14). A tri-valent protein vaccine containing PD, a fusion protein containing both PE and rsPilA epitopes and ubiquitous surface protein A2 (UspA2) protein from Moraxella catarrhalis was immunogenic and safe in adults (15). In a Phase II clinical trial the tri-valent vaccine given in a 2-dose schedule had limited efficacy (13.3%) against acute exacerbations in adults with chronic obstructive pulmonary disease (16) and is now being investigated using a 3-dose schedule (NCT03443427).

Pneumococcal protein vaccines have been under development for decades, with demonstrated immunogenicity of polyhistidine triad Protein D (PhtD) and choline-binding protein A (CbpA) in Phase I clinical trials in both monovalent and bivalent formulations (17, 18). Detoxified pneumolysin (dPly) and PhtD, either alone or combined with PCV have also been proven to be safe and immunogenic in children from The Gambia (10, 19, 20), but efficacy data are lacking. The dPly/PhtD protein vaccine was recently compared to PCV13 in a Phase 2b trial in Native American infants and was proven safe and immunogenic but failed to improve the prevention of acute OM when compared with PCV13 (21). Two multi-antigen pneumococcal vaccines have also been investigated, one containing the recombinant proteins CbpA, PhtD, and dPly (22) and another containing dPly, pneumococcal surface adhesin A (PsaA), Pneumococcal Iron Uptake Protein A (PiuA) and pneumococcal surface protein A family 2 (PspA2) antigens (PnuBioVax™). These vaccines have both been shown to be safe and immunogenic in Phase I trials (23). Fusion proteins containing PsaA and PspA epitopes (24) and CbpA and dPly-with L460D substitution (25) are being developed as vaccine candidates (24). Combinations of full-length or fragments of dPly, CbpA, PspA and dPly-with L460D substitution are also being investigated (25, 26).

Understanding the natural development of antibodies against candidate protein vaccine antigens in different populations helps to assess where and when protein vaccines may be most useful. In addition, establishing a correlate of protection for pneumococcal or NTHi protein-specific antibodies against disease or colonisation would support and accelerate vaccine development. Nasopharyngeal colonisation with S. pneumoniae or H. influenzae is the precursor for development of pneumococcal or H. influenzae disease and mediates host-to-host transmission (27, 28). In areas with high rates of pneumococcal and H. influenzae disease, colonisation occurs within weeks of birth. For example, infants in Papua New Guinea (PNG) have a median age of acquisition of S. pneumoniae of 19 days old (29), with ~80% of children colonised with S. pneumoniae by 3 months of age (30) and over 90% colonised with NTHi by 4 months of age (31). Vaccines to prevent or reduce density of colonisation are likely to have the greatest impact on decreasing morbidity and mortality.

The aim of this study was to demonstrate natural antibody development against putative protein vaccine antigens in Papua New Guinean infants who experience one of the highest rates of respiratory infections in the world. Naturally acquired IgG titres to pneumococcal (PspA1, PspA2, CbpA and Ply) and NTHi antigens (P4, P6, OMP26, rsPilA and ChimV4) were measured in serum collected from children over the first two years of life. Correlations between antibody titres and colonisation density were assessed to determine if protein vaccines might be used to redirect or boost antibody to protect against disease.



Methods


Study Cohort

Serum and nasopharyngeal swabs were collected from children at 1, 4, 9, 10, 23 and 24 months of age as part of a clinical trial assessing the safety and immunogenicity of the 10-valent and 13-valent PCVs and a 23-valent pneumococcal polysaccharide vaccine (PPV23) booster at age 9 months in Papua New Guinean infants (32). For this study, children who had both serum and nasopharyngeal swabs collected for at least 5 of the 6 visits were included (n=101) as previously described (31). The study was conducted according to Declaration of Helsinki International Conference on Harmonisation Good Clinical Practice (ICH-GCP). Ethics approval was obtained from the PNG Medical Research Advisory Committee (#11.03), Papua New Guinea Institute of Medical Research (PNGIMR) Institutional Review Board (#1028) and University of Western Australia Human Research Ethics Committee (Approval # RA/4/1/7309). Full details of the consent process have been described elsewhere (32). The study was registered with ClinicalTrials.gov CTN NCT01619462.



Sample Collection and Processing

Venous blood samples were collected from study participants, followed by serum separation and aliquoting at the PNGIMR in Goroka. Sera were stored at -80°C. Nasopharyngeal swabs were collected and placed in 1mL of skim-milk tryptone-glucose-glycerol broth as previously described (33, 34), and stored at −80°C within 2 hours of collection. Specimens were then cryogenically shipped from PNGIMR to the Telethon Kids Institute, Western Australia for antibody and carriage density measurements.



Detection of S. pneumoniae and H. influenzae Carriage Density Using qPCR

The swab media was enzymatically lysed and genomic DNA (gDNA) extracted as previously described (35). Quantitative (q)PCR was conducted using primers and probes specific for S. pneumoniae: lytA (36), and H. influenzae: fucP and hpd3 as described previously (37, 38). Analysis of the qPCR data was conducted using the Bio-rad CFX manager 3.1 (Bio-Rad) and log-transformed and graphed as pg/mL.



Measurement of IgG to Pneumococcal and NTHi Antigens by Multiplex Bead-Based Assay

Sera were assessed for protein specific IgG against the pneumococcal proteins PspA1, PspA2, CbpA, Ply (ST306) and NTHi antigens PD, P4, P6 using 2 multiplexed bead-based immunoassays described previously (39). Three additional H. influenzae antigens, OMP26, rsPilA and ChimV4, were included in these multiplex assays following inhibition and cross-reactivity studies as previously described (39). The final assays consisted of a 5-plex immunoassay containing PspA1, PD, ScpA (Streptococcus pyogenes antigen, data not shown here), OMP26 and rsPilA, and a 6-plex immunoassay containing PspA2, CbpA, Ply, P4, P6 and ChimV4. Serum samples were diluted 1:100 for the 5-plex and 1:300 for the 6-plex in sample diluent (phosphate buffered saline containing 2% newborn bovine serum and 0.05% Tween 20 - both from Sigma-Aldrich). A 3-fold dilution of standards was prepared at a starting ratio of 1:20 for the 5-plex assay and 1:200 for the 6-plex assay. Diluted serum (25µL) and standards (25µL) were mixed with prepared beads and incubated in the dark at room temperature for 30 minutes followed by the standard bioplex protocol (39). The mean fluorescence intensity (MFI) values were generated with the Bio-plex Manager 6.0 software and calculated as arbitrary units (AU/mL). Inter-assay variability was assessed using the % of coefficient of variation (CV) of MFI of the standard curve and remained within 10-15% between plates. Out of range readings were repeated at an appropriate higher or lower dilution to fit within the standard curve.



Statistical Analyses

All data were non-parametric and therefore log-transformed to normalise prior to analysis using Student’s unpaired t-tests. Geometric mean titre (GMT) or density (GMD) was calculated with 95% confidence intervals (CI). Linear regression was used to assess potential relationships between pneumococcal density or NTHi density and IgG titres. p ≤ 0.05 was considered significant. All data were analysed using SPSS version 25 (IBM, Armonk, New York, United States of America) and graphs were prepared with GraphPad Prism 8 (GraphPad, La Jolla, California, United States of America).




Results


Study Cohort

Of the 101 children included in this analysis, 55 had received PCV10 (32 (58%) Female) and 46 PCV13 (23 (50%) Female) as part of the vaccine trial at 1, 2, and 3 months of age. The proportion of children in each PCV group who received a dose of the 23-valent pneumococcal polysaccharide vaccine at 9 months of age was similar (33; 60.0%) for PCV10-vaccinated children and PCV13-vaccinated children (27; 58.7%) (p=0.894).

The GMTs of serum IgG to all pneumococcal and NTHi antigens were comparable between the PCV10- and PCV13-vaccinated groups at all time points (Supplementary Table 1), except for anti-CbpA IgG which was significantly lower in the PCV13-vaccinated group at 10 months of age. We therefore combined responses for the PCV10- and PCV13-vaccinated groups for longitudinal analysis of natural IgG responses to protein antigens. When analyses were broken down according to those children receiving PPV23 at 9 months compared to those who had not, an increase in P4-specific IgG levels was observed at 24 months of age for children vaccinated with PCV10+PPV23 compared to those not receiving the booster (p=0.015) (Supplementary Table 2). As this was the only significant difference and unlikely to be explained biologically, analyses were performed for PPV recipients and non-recipients as one group.



Natural Serum IgG Titres to Pneumococcal Proteins Waned in the First Months of Life and Returned Close to Baseline by 2 Years of Age

Antibody titres against all four pneumococcal proteins followed the traditional “U-shaped” curve over the first 2 years of life. IgG titres to all four pneumococcal proteins were significantly lower at 4 and 9 months of age in comparison with the 1-month titres (Figure 1). For PspA1 and PspA2 (Figures 1A, B), titres were 4-fold lower at 4 months of age compared to 1 month of age (p<0.001). Titres continued to decline by 3-fold at 9 months of age in comparison with 4-month titres (p<0.001), before increasing 4.3-fold (PspA1) and 5.6-fold (PspA2) between 10 months and 23 months of age (p<0.001). CbpA-IgG titres (Figure 1C) decreased 2.8-fold from 1 month to 4 months of age (p<0.001) before increasing 2-fold at 9 months of age (p<0.001). The titres increased 3.7-fold from 10 months to 23 months. The pattern of Ply-specific IgG (Figure 1D) was similar to the other pneumococcal proteins, showing a 3-fold decrease from 1 month to 4 months of age (p<0.001) and remaining constant at 9 and 10 months of age (p=0.200). Ply-IgG titres then increased 6.7-fold from 10 to 23 months of age (p<0.001). No changes were observed in any anti-pneumococcal protein titres between 23 and 24months of age (P=0.827). CbpA- and Ply-specific IgG titres were 3-fold higher at 24 months compared to 1 month (p<0.001) whereas PspA1 and PspA2 were 2.5 (p<0.001) and 1.5-fold (p=0.116) lower respectively at 24 months compared to titres at 1 month of age.




Figure 1 | Serum IgG antibodies against pneumococcal proteins waned in the first months of life and returned close to baseline by 2 years of age. Each point represents the serum IgG titres against pneumococcal proteins for a child in AU/mL (A) PspA1, (B) PspA2, (C) CbpA and (D) Ply in children from PNG at different ages. The horizontal bars depict the geometric mean titre (GMT) of IgG at each time-point +/- 95% CI. PspA1, pneumococcal surface protein A family 1; PspA2, pneumococcal surface protein A family 2; CbpA, choline-binding protein A; Ply, pneumolysin. *p-value <0.05, statistical analyses were conducted on the logarithmically transformed data. All children had measurable antibody titres.





Naturally Acquired Serum IgG Titres to NTHi Antigens Increase in the First 2 Years of Life

In contrast to pneumococcal protein-specific IgG, no “U-shaped” curves were observed for antibodies developed against NTHi antigens over the first two years of life. From 1 month to 4 months of age serum IgG titres for P4 (5.6-fold; p<0.001), P6 (1.8-fold; p<0.01) and OMP26 (1.5-fold; p<0.001) significantly increased, while for rsPilA (1.2-fold; p=0.383) and ChimV4 (1-fold; p=0.887) IgG titres did not change. P4-specific IgG titres increased from 4 months to 24 months although this was not significant (1.6-fold increase; p=0.058). A 1.5-fold increase between 4 and 10 months of age was observed for P6-specific IgG (p=0.030), increasing a further 2.2-fold by 23 months of age (p<0.001). OMP26-specific IgG increased 1.7-fold between 4 months and 9 months of age (p=0.007) and 1.9-fold from 10 to 23 months of age OMP26 (p<0.001). Delayed antibody development to both PilA and ChimV4 was observed, with titres increasing 1.5-fold and 1.8-fold respectively between 10 and 23 months of age (p<0.001). All NTHi IgG titres remained steady between 23 and 24 months of age. All natural NTHi antigen IgG titres were higher at 24 months compared to 1 month of age (p<0.001), (Figure 2) with P4 increasing 8.7-fold (p<0.001), P6 5.2-fold (p<0.001), OMP26 7.6-fold (p<0.001), rsPilA 2.4-fold (p<0.001) and ChimV4 1.7-fold (p=0.076). PD-specific IgG titres have been published elsewhere for this cohort (31).




Figure 2 | Serum IgG antibodies against NTHi antigens increase gradually over the first 2 years of life. Each point represents the serum IgG titre against NTHi antigens for a child in AU/mL (A) P4, (B) P6, (C) OMP26 and (D) rsPilA (E) ChimV4. The horizontal bars depict the geometric mean titre (GMT) of IgG at each time-point +/- 95% CI. PD, Protein D; P4, Protein 4; P6, outer membrane protein 6, OMP26, outer membrane protein 26; rsPilA, recombinant soluble pilus A protein; ChimV4, chimeric vaccine antigen 4 (rsPilA and P5). *p-value <0.05, Statistical analyses were conducted logarithmically transformed data. All children had measurable antibody titres.





Pathogen Specific Antibody Titres Do Not Correlate With S. pneumoniae and H. influenzae Carriage Density in the First Two Years of Life

Seventy percent of the cohort were colonised with the pneumococcus by 1 month of age, increasing to 93% by 2 years of age. Of the children that were colonised with S. pneumoniae, carriage density was constant for the first 10 months of age [GMD = 14,260 pg/mL (95% CI 8459-24,028 pg/mL; 1 month), 15,107 pg/mL (95% CI 9584-23,812 pg/mL; 4 months), 14,167 pg/mL (95% CI 9393-21,369 pg/mL; 9 months) and 15,175 pg/mL (95% CI 10,127-22,739 pg/mL; 10 months) (Supplementary Figure 1)]. There was a significant increase in pneumococcal carriage density between 10 and 23 months of age (29,048 pg/mL, 95% CI 19,392-43,512 pg/mL; 23 months) (p=0.025), before decreasing non-significantly at 24 months to 23,908 pg/mL (95% CI of 15,279-37,412 pg/mL; 24 months) (p=0.137); this may be vaccine related and investigation is ongoing. There were no correlations between pneumococcal carriage density and serum IgG titres to any of the tested pneumococcal proteins at any of the time points (p>0.104) (Supplementary Table 3). For H. influenzae, ~52% of children were colonised at 1 month of age, increasing to 100% by 2 years of age (31). Of the children that were colonised with H. influenzae, carriage density was constant for the first 10 months of age [GMD= 12,126pg/mL (95% CI 5601-26,252 pg/mL; 1 month) (20,280 pg/mL; 95% CI 11,787-34,895 pg/mL; 4 months) 16,301 pg/mL (95% CI 9601-27,675 pg/mL 9 months) 9532 pg/mL (95% CI 5833-15,577 pg/mL 10 months) Supplementary Figure 2]. There was a significant increase in H. influenzae carriage density between 10 and 23 months of age 23,084 pg/mL (95% CI 14,062-37,895 pg/mL 23 months; p=0.014) before decreasing non-significantly at 24 months to 18,773 pg/mL (95% CI 10,884-32,382 pg/mL 24 months, p=0.793) H. influenzae density did not correlate with H. influenzae antibody titres at any of the time points (p>0.077) (Supplementary Table 4). No assessment of antibody data based on presence or absence of either pathogen could be conducted due to the extremely high rates of carriage in this cohort resulting in numbers of non-carriers being too low for meaningful analysis.




Discussion

We have demonstrated substantial differences in the patterns of antibody acquisition and development to NTHi and pneumococcal antigens in the first 2 years of life despite similar levels of colonisation. Pneumococcal antibody followed the traditional “U-shaped” curve indicative of waning maternal antibody prior to development of the infant’s own antibody in response to pathogen exposure. In contrast to this, NTHi antibody titres were low early in life with no obvious transfer and subsequent waning of maternal antibody, rather only a gradual increase over time in response to repeated carriage events. Our previous studies assessing the development of natural immunity to the same pneumococcal proteins in serum from Australian children from 6 months to 14 years of age also demonstrated that antibody titres increase with age (39, 40). Longitudinal studies of younger children in PNG and the Philippines have also observed waning of maternal-derived pneumococcal antibodies in the first months of life, with serum PspA1 and PspA2 antibody titres waning in PNG children before increasing between 9 and 18 months of age (41). Similarly, in the Filipino study, maternal antibody levels declined over the first 18 weeks of life before an increase in self-produced antibody was observed (42). These rises in pneumococcal antibody were associated with pneumococcal carriage acquisition in both studies (41, 43). Differences in the timing of waning immunity was observed for the different pneumococcal proteins, with antibodies to CbpA and Ply at the lowest titre at 4 months of age compared with PspA1/2 antibody titres that were at their lowest at 9 months of age. It is possible that this may be due to the incidence of exposure to these antigens, and perhaps maternal antibodies to the ubiquitous CbpA and Ply are depleted more quickly than to PspA due to the heterogeneity within the PspA family. However, insight into the molecular epidemiology of the circulating pneumococci is required to investigate this further. Antibodies from humans vaccinated with fragments of recombinant PspA have been demonstrated to offer cross-protection from invasive disease with S. pneumoniae expressing heterologous PspA when administered to mice (44).

There are limited reports on the development of antibodies to NTHi antigens in young children. A Chinese cross-sectional study of hospital attendees aged 0-99 years old found a similar increase in P6 (and PD) titres in the first 2 years of life as observed in our study (45). In Australian aboriginal children a gradual increase in NTHi antigen antibodies P4, P6 and PD was also observed from 6 months to 14 years of age (46). Interestingly, anti-NTHi IgG titres were lowest in adults aged 20-40 years old in the Chinese cohort, corresponding to child-bearing age and this may explain the lack of maternally-transferred antibody observed in our study. Previously, P6 and OMP26-specific serum IgG titres have been reported to increase between 6 and 30 months of age in North American children and further increased (for P6 only) if children were colonised with NTHi (47). In this study, we could not disaggregate responses based on NTHi colonisation status as the majority of children were colonised by 4 months of age; however, the gradual increase of NTHi antibodies in the first 2 years of life in PNG children is in line with findings for other paediatric populations (45, 47).

Our finding that IgG levels to NTHi antigens in PNG infants did not decline in the first months of life and only increased with age, suggests that infants do not receive maternally-derived NTHi protein-specific antibodies. There are two plausible explanations for this: 1) that the NTHi antibodies do not cross the placenta or 2) that mothers (or indeed women of child-bearing age) do not have NTHi antibodies to transfer. There are data to support preferential transfer of antibodies based on their functional potential in neonates, examples of which include specific antigens against pertussis and poliovirus (48, 49). The second theory is supported by the Hua et al. (45) Chinese study, where IgG titres to NTHi PD and P6 were lowest in the child-bearing years (45). While we did not measure maternal antibody titres in this study, future studies assessing maternal, cord blood and breast milk NTHi IgA and IgG antibody levels are warranted in different populations. This may be related to adults being less likely to carry NTHi than children and thus not being triggered to produce antibody at a titre sufficient to transfer across the placenta, however this requires further investigation. It does however suggest that boosting titres of protective NTHi antibodies that promote bacterial clearance in women of child-bearing age through maternal vaccination strategies could be the most effective way to protect from NTHi disease early in life.

We have demonstrated that an early and high density of S. pneumoniae and H. influenzae colonisation elicits development of antigen-specific antibodies in PNG infants, however, these do not reduce further pathogen acquisition and are unlikely to reduce disease given the high rates of acute lower respiratory infection observed in this cohort (34). While sterilising immunity may not be a desirable outcome for vaccines against respiratory pathogens, reducing colonisation density is important for reducing transmission, and thus reducing the disease burden. Antibodies to different epitopes of the same antigen may improve the ability to redirect the immune system towards pathogen clearance or protection from opportunistic infection (12). Epitope mapping of the immunodominant regions of rsPilA, and subsequent design of the chimeric antigen, ChimV4, has revealed that antibodies directed against the C-terminal rsPilA epitope were critical for protection from NTHi disease, but antibodies directed against the N-terminal of rsPilA were not (12). Chimeras of NTHi DNABII proteins were also immunogenic against NTHi biofilm in vitro (50). Likewise, a PD peptide was shown to elicit a superior immunogenic response compared to the whole PD protein (51). These mapping studies should also be performed for pneumococcal antigens to further understand vaccine potential and design.

In summary, we have demonstrated that Papua New Guinean children naturally develop IgG antibodies to pneumococcal and NTHi antigens within the first years of life. The pattern of antibody development varied for pneumococcal and NTHi antigens, with the suggestion that less maternal antibodies for NTHi antigens are passed to infant. No correlation was observed between antibody titres and carriage density for either pathogen. Maternal delivery of carefully designed NTHi protein vaccines may be suitable approach to provide early-in-life protection against NTHi-associated disease, especially in high-risk populations.
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Supplementary Table 1 | Nontypeable Haemophilus influenzae and Streptococcus pneumoniae antigen serum IgG GMTs at each age after either PCV10 and PCV13 vaccinated groups. As we included children who had only 5 of the 6 serum samples collected in this analysis some time points do not have n=101. All values are AU/mL.
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Appendix

The 10v13vPCV Trial Team (investigators in alphabetical order): Papua New Guinea Institute of Medical Research: L. Bele, M Dreyam, A. Elizah, R. Ford, J. Francis, A. Gihigupa, A. Greenhill, S. Javati, J. Kave, W. Kirarock, M. Lai, B. Martin, G. Masiria, A. Michael (deceased), L. Moliki, B. Nagepu, M. Nenikuro, B. Nivio, C. Opa, T. Orami, WS. Pomat, G. Saleu, P. Siba, V. Solomon, S. Wana, L. Wawae, M. Yoannes. Eastern Highlands Provincial Hospital: I. Hwaihwanje, T. Korowi, C. Mond, P. Wari. Telethon Kids Institute: A. van den Biggelaar, K. Corscadden, P. Jacoby, D. Lehmann. University of Western Australia: C. de Gier, L. Kirkham, T. Rahman, P. Richmond, R. Thornton. University of Sydney: M. Passey.
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