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Abstract
Background: Use of pneumococcal conjugate vaccines (PCVs) in resource-limited countries has focused on early infant immunisation with little emphasis on protection in late infancy and beyond. Boosting of the immune response later in infancy may provide improved persistence of immunogenicity into early childhood, however data are lacking. The aim of this study was to investigate if a two-dose prime with booster at 9 months compared to a three-dose prime only PCV schedule provided non-inferior immunogenicity in early infancy and superior persistence of antibody responses in early childhood.

Methods: An open-label randomised, parallel group, controlled trial was conducted in healthy infants aged 40-60 days from Kathmandu, Nepal. Participants were randomised (4:4:5) to receive PCV10 in addition to routine immunisations either as a two-dose prime and boost (2+1), three-dose prime (3+0), or two doses following completion of the initial study phase (0+2). Follow-up at 2-4 years of age was conducted together with a group of unvaccinated controls. Sera were analysed for opsonophagocytic activity, protein D and PCV10 serotype-specific IgG. The primary objective was to determine the proportion of participants in the 2+1 group at 10 months with serotype 1, 5 and 14specific IgG ≥0·2μg/mL in the per-protocol population. The key secondary objective was to demonstrate non-inferiority at 18 weeks of age for the proportion of participants in the 2+1 compared to 3+0 group with serotype 1, 5 and 14 specific IgG ≥0·2μg/mL. The trial is registered with Current Controlled Trials, registration number ISRCTN56766232 (http://www.controlled-trials.com/ISRCTN56766232)

Findings: Between June 2010 and November 2011, 390 children were randomised; 119 to the 2+1group, 120 to the 3+0 group, and 151 to the 0+2 group. Following primary immunisation there were no significant differences between the 2+1 and 3+0 groups for the proportion of IgG ≥0·2μg/mL for any of the PCV10 serotypes. At 10 months of age the proportion of 2+1 participants with IgG ≥0·2μg/mL were0·98 (93/94, 95% CI 0.9421-0.9997), 1 (94/94, 95% CI 0.9615-1), and 0·99 (92/94, 95% CI 0.9252-0.9974) for serotypes 1, 5 and 14 respectively. At 2-4 years of age there were significantly higher proportion in the 2+1 versus 3+0 group with IgG ≥0·2μg/mL for serotypes 1 (0·941, 95% CI 0·856- 0·984, p=0·0083), 5 (0·897, 95% CI 0·799-0·958, p=0·0107), 6B (0·956, 95% CI 0·876-0·991,p=0·0291) and 18C (0·985, 95% CI 0·921-1·000, p=<0·0001).

Interpretation: Use of a 2+1 PCV schedule with booster at 9 months in a resource-limited setting elicited improved antibody persistence through early childhood without compromising antibody responses in early infancy. This schedule is now planned for progressive introduction across Nepal in December 2014, with pre and post-implementation surveillance being conducted by a GAVI Alliance funded study.

Funding: This study was supported by funding from the National Institute for Public Health and the Environment, The Netherlands; Oxford Vaccine Group, University of Oxford, United Kingdom; and GlaxoSmithKline Biologicals, Belgium. The corresponding author had complete access to all study data, did not receive any funding to write this article, and had final responsibility for the decision to submit this publication.



Introduction
Streptococcus pneumoniae is the predominant cause of bacterial pneumonia, meningitis and septicaemia in children worldwide, and disproportionately affects children from developing countries.5Pneumococcal conjugate vaccines (PCVs) reduce pneumococcal disease burden by direct protection and by reducing nasopharyngeal carriage, thereby preventing transmission and inducing herd protection.6-8However, introduction of PCVs into resource-limited settings has been delayed by lack of country-specific data on disease burden and potential vaccine impact, logistical challenges, and cost.
In Nepal, invasive pneumococcal disease (IPD) is responsible for a substantial disease burden in children.9,10 Ongoing surveillance of pediatric admissions since 2005 at Patan Hospital, Kathmandu indicate that the majority of IPD is due to serotypes1, 5 and 14 with 41% of disease in early infancy due to vaccine serotypes. However the greater proportion of disease occurs in late infancy and among toddlers and is almost exclusively due to PCV serotypes.11The GAVI Alliance approved Nepal as meeting the criteria for support for the introduction of PCV.12 However, there is no information regarding PCV immunogenicity in Nepal, nor consensus about the optimal PCV schedule to provide individual protection from infancy through early childhood and to best sustain herd immunity. Although a booster dose in the second year of life is used in wealthy countries,13this has not been studied in developing countries where a three-dose priming schedule without a booster is commonly deployed.13Of particular interest is the two-dose prime with booster schedule, which may provide persistence of immune response and a robust herd effect,14as well as logistic and economic advantages, as the booster dose may be administered with the nine-month measles immunisation. Notably there is a significant lack of data on the direct comparison of two-dose prime and boost to a three-dose prime only schedule, with only one study conducted to date, in Israel which gave the booster at 12 months of age.4 Consequently development of an abridged priming schedule incorporating a 9-month booster within the Nepalese setting has significant potential for generalisability throughout south Asia, for example Bangladesh and India, where PCV is yet to be introduced and comparative disease patterns are observed.
Thus we hypothesise that an abbreviated PCV priming schedule of only two doses followed by a booster at 9 months would provide non-inferior immunogenicity, for the three most prevalent invasive disease causing serotypes in Kathmandu, Nepal, in early infancy and superior persistence from late infancy and into toddlerhood.
This study was undertaken to evaluate the immunogenicity and effect on nasopharyngeal carriage of the 10-valent pneumococcal conjugate vaccine (PCV10) in a two-dose prime and boost schedule compared to a conventional three-dose priming schedule without boosting in healthy Nepalese infants.


Methods
Study Design
A single centre open-label, parallel group, randomised controlled trial was conducted at Patan Hospital, Kathmandu, Nepal from June 2010 to November 2011with follow-on between February and October 2013.Approval was obtained from Oxford Tropical Research Ethics Committee (OXTREC 61-09 and 1019-13), Nepal Health Research Ethics Committee (NHRC Ref. No. 807 and Reg. No. 28/2013), Nepal Department for Child Health and Immunisations, and the Nepal Department of Drug Administration. 

Study Participants
Infants aged 40-60 days, presenting for their first routine immunisations were recruited from the hospital immunisation clinic. Inclusion criteria were healthy infants born after 37 weeks gestation who had not previously received any prior immunizations except BCG.
At follow-on children aged 2-4 years were recruited from among those who had completed the study. Control participants were recruited from hospital outpatient clinics, siblings of children already participating in the study, children attending the hospital for minor injuries, and advertisement in the local community. Children who had previously had pneumonia, meningitis or received a pneumococcal vaccine were excluded from the control group. 

Randomisation
Following parental consent, participants were allocated a participant number and randomised by study staff (4:4:5) to receive PCV10 at either: 6 and 14 weeks, with a 9-month booster (2+1); 6, 10 and 14 weeks (3+0); or no vaccine until 10 and 11 months (0+2). A computer generated randomisation list with randomly varying block sizes was produced independently by the Centre for Statistics in Medicine, Oxford, UK with allocation concealment, using de-identified containers, and prior to randomisation. All vaccines were numbered sequentially but not allocated to specific participants. Blood samples were labelled with the participant’s number which was independent of group assignment, as such all laboratory staff were blinded to intervention group assignment.

Study Procedures
Routine immunizations were given to study groups as detailed in Supplementary Table 1. PCV10 (Synflorix®, GSK, Belgium, pneumococcal serotypes 1, 4, 5, 6B, 7F, 9V, 14, 18C, 19F and 23F) has all serotypes conjugated to the Haemophilus influenzae surface protein, protein D, except 18C (tetanus toxoid) and 19F (diptheria toxoid). PCV10 and DTwP-HBV-Hib (Quinvaxem®, Crucell, The Netherlands) were administered by intramuscular injection to the right and left thigh respectively. Two drops of poliomyelitis vaccine (Bio Farma, Indonesia) were administered orally. A proportion of participants received additional doses of oral poliomyelitis vaccine (OPV) due to a national campaign during the course of the study.
Blood was collected at 18weeks and 10months from all study groups. An additional pre-booster collection was performed at 9 months in the 2+1 group. A nasopharyngeal swab was obtained from all participants at 9 months of age. At follow-on all groups had a single blood sample collected between 2-4 years of age. 

Serological Analysis
Blood samples were centrifuged within 12 hours of collection and serum was stored at -70°C. Serum samples blinded by study code were shipped on dry ice to GSK Biologicals, Rixensart, Belgium for laboratory analysis at the end of the study period. PCV10 serotype-specific IgG were measured by a 22F-inhibition ELISA.15The lower threshold for detection was 0·05ìg/mL. As there are no prior studies allowing estimation of antibody thresholds of protection in this setting both the ≥0·2µg/mL threshold, derived from a large vaccine efficacy trial conducted in the United States of America, and the≥0·35µg/mL threshold, derived from a pooled estimate of four trials (including the one used for the lower threshold) were applied in the analysis of the ELISA data. Pneumococcal opsonophagocytic activity (OPA) of all vaccine serotypes was measured by a killing-assay using a HL60-cell line.16 The results were presented as the dilution of serum (opsonic titre) able to sustain 50% killing of live pneumococci under assay conditions. Cut-off for the assay was opsonic titre of 1:8. IgG to protein D was measured by ELISA as previously described and expressed in ELISA units per mL.17
Blood samples collected during the follow-on study at 2-4 years of age were processed for serum as described above. Serum were then analysed for the 10 vaccine serotypes by multiplex immunoassay (Bio-Rad Laboratories, Hercules, CA) using Luminex technology.18

Nasopharyngeal Carriage Assays
Nasopharyngeal swabs were placed in a transport tube containing 0.5ml of skim-milk-tryptone-glucose-glycerine transport medium. Specimens were plated within 8 hours of collection on blood agar plates then incubated overnight between 35-37°C in 10% carbon dioxide. Culture plates for preparation of pneumococcus identification were selected based on morphologically distinct colonies with a suspension of each isolate frozen for analysis by the Bacterial Microarray Group, St. George’s Hospital, University of London (BµG@S) (Supplementary methods).

Statistical Analysis
The primary study outcome was the proportion of infants in the 2+1 group at 10 months with IgG ≥0·2μg/mL against serotypes 1, 5, and 14.The key secondary outcome was the proportion of infants in the 2+1 and 3+0 groups at 18 weeks who had PCV10 serotype-specific IgG ≥0·2μg/mL and to demonstrate non-inferiority (within 10% levels) of the 2+1 group versus 3+0group for this proportion for each of serotypes 1, 5 and 14. Other secondary outcomes included: the proportion of participants with PCV10 serotype-specific IgG ≥0·2μg/mL and OPA reciprocal titre≥8 at 18 weeks and 10 months of age and nasopharyngeal pneumococcal serotype-specific carriage rates, at 9 months of age in each study group.
In the follow-on study the primary outcome measure was the proportion of participants with IgG ≥0·2µg/mL for PCV10 serotypes at 2-4 years of age in children previously immunised with a 3+0 compared to a 2+1 vaccine schedule. Secondary outcomes were the geometric mean concentrations (GMCs) for PCV10 serotypes in all study groups and the proportion of participants in the 2+1 and 0+2 groups who have IgG ≥0·2µg/mL for PCV10 serotypes at 2-4 years of age. Sample size was calculated as described in the Supplementary methods.
The primary population for analysis was per protocol (PP). Criteria for participants being withdrawn from the PP population included: ineligibility, protocol deviation, non-compliance, adverse event or progression of disease. 
CIs for proportions were calculated using the binomial exact method and comparisons between groups made using Fishers Exact Test. GMCs (IgG)/titres (OPA) (and associated CIs) were calculated by exponentiating, base 10, the means of logarithmically transformed values and group comparisons made using the independent samples t-test. Values below the lower limit detectable by the assay were assigned a value half the lower limit of detection prior to log transformation. All analyses were performed using SAS. The trial is registered with Current Controlled Trials, registration number ISRCTN56766232 (http://www.controlled-trials.com/ISRCTN56766232)

Role of the funding source
The National Institute for Public Health and the Environment provided funding for and conducted the multiplex immunoassay, but had no role in data analysis and interpretation, or the final decision to submit the publication. GlaxoSmithKline Biologicals contributed funding via an investigator originated grant. They had no role in study design, conduction, data analysis and interpretation, or the final decision to submit for publication. The Oxford Vaccine Group funded the remainder of the study from competitive grants. The study sponsor was the University of Oxford. 


Results
Enrolment and Demographic Characteristics
Three hundred and ninety healthy infants were enrolled into the study (119 in the 2+1, 120 in the 3+0, and 151 in the 0+2 groups) (Figure 1). There were no significant demographic differences between the study groups (Table 1).  Two hundred and nineteen children from the parent study (68 in the 2+1, 75 in the 3+0, and 76 in the 0+2 groups) and 50 unvaccinated controls were enrolled into the follow-on study.

Primary Objective
The primary objective was to determine the proportion of Nepalese infants, who received PCV10 at 6 and 14 weeks followed by a booster at 9 months, with IgG ≥0·2μg/mL for pneumococcal serotypes 1, 5 and 14 at 10 months of age. The null hypothesis associated with this objective is that the proportion of participants in the 2+1 group with IgG ≥0·2μg/mL for pneumococcal serotypes 1, 5 and 14 at 10 months of age is lower than 70% for at least one serotype. Greater than 90% of 2+1 participants at 10 months of age had serotype-specific IgG ≥0·2µg/mL for serotypes 1 (93/94, 95% CI 0.9421-0.9997), 5 (94/94, 95% CI 0.9615-1), and 14 (92/94, 95% CI 0.9252-0.9974) (Figure 2). The lower CI for each serotype was above 70%, thus rejecting the null hypothesis.

Secondary Objectives and Follow-on Study
To assess whether the proportion of infants in the 2+1 group with an IgG≥0·2µg/mL is non-inferior to the proportion in the 3+0 group at 18 weeks of age, a two-sided 95% CI of the difference in proportions ([2+1 group] – [3+0 group]) was calculated for the highly prevalent IPD serotypes 1, 5 and 14 (Table 2). The lower bound of the difference in proportions for each serotype was greater than -0.1, thus, non-inferiority of the 2+1 group is demonstrated at 18 weeks of age. Sensitivity analysis performed on the ITT population similarly demonstrated non-inferiority of the 2+1 versus 3+0 group at 18 weeks. Calculations using the ITT population and an IgG threshold ≥0·35µg/mL are demonstrated in supplementary tables 2-7.

PCV10 serotype-specific and Protein D IgG responses
Immunogenicity results with a threshold of ≥0·20µg/mL are displayed in figure 3. Additional data onthe9 month time point in the 2+1 group and serotype-specific IgG thresholds≥0·35µg/mL are shown in the supplementary content (Supplementary figure 1, tables 6 and 7). At 18 weeks and 10 months for all serotypes, the PCV10 vaccinated groups had significantly higher proportions than the 0+2group.At 18 weeks of age there were no significant differences between the 2+1 and 3+0 groups for the proportion of subjects with IgG ≥0·2µg/mL for any of the PCV10 serotypes, whilst 23F was significantly higher in the 3+0 compared to 2+1 group using the threshold of IgG ≥0·35µg/mL. At 10 months significantly higher proportions in the 2+1 group compared to 3+0 group were noted for serotypes 1,5, 6B and 23F for IgG ≥0·2µg/mL and serotypes 1,4, 5, 6B, 9V, and 23F for IgG ≥0·35µg/mL.
Immunogenicity at 2-4 years of age in the follow-on study is displayed in figure 3E and F. At this time-point the proportion of participants in the 2+1 versus 3+0 group with PCV10 serotype-specific IgG ≥0·2µg/mL were significantly higher for serotypes 1, 5, 6B and 18C. At the same time-point the proportion of participants with IgG ≥0·35µg/mL was significantly higher in the 2+1 compared to 3+0 group for serotypes1, 5, 7F, 9V, 18C, and 19F. 
GMCs of protein D IgG in the 0+2 group were lower than the 2+1 and 3+0 groups at 18 weeks and 10 months (Supplementary Figure 2). 

PCV10 serotype-specific in-vitro OPA
OPA was measured for all groups at 18 weeks and 10 months (Figure 4) with addition of a 9-month time-point in the 2+1 group (Supplementary Figure 3). Geometric mean OPA of the control group was lower than the vaccine groups for all measured serotypes at 18 weeks and 10 months. Immune responses defined as an opsonophagocytic reciprocal titre 8,didnot show any significant differences between the 2+1 and 3+0 groups at 18 weeks. The 2+1 group had a significantly higher proportion of infants with an opsonophagocytic reciprocal titre 8 at 10 months compared to the 3+0 group for serotypes 1, 4, 5, 6B, 18C, 19F and 23F.

Pneumococcal Nasopharyngeal Carriage 
Nasopharyngeal swabs collected at nine months of age and analysed for presence of pneumococci, demonstrated an overall carriage prevalence of 54·1% (184/340). Carriage prevalence in each of the study groups were 53·7% (58/108) in the 2+1, 52·8% (57/108) in 3+0, and 55·6% (69/124) in controls. No significant effect of the priming schedules on overall or vaccine specific-serotype carriage were noted. A total of 30/231 (13%) of pneumococcal isolates obtained were vaccine serotypes (Supplementary Figures 4 and 5). Multiple pneumococcal serotype carriage prevalence’s were similar across all groups (28% in the 3+0 group; 20% in the 2+1 group and 23% in the controls). 

Safety
Serious adverse events (SAEs) were reported on six occasions in each of the PCV10 vaccinated groups and on seven occasions in the 0+2 group. One death occurred in the 2+1 group at 4 months of age due to a pneumonic illness. This participant had received two doses of PCV10, the last of which was 19 days prior to the onset of illness. A death also occurred in the 0+2 group at 7 weeks of age and was attributed to a febrile illness. This participant was admitted to a district hospital and specific clinical details were unavailable. The participant had received DTwP-Hib-HBV and OPV 14 days prior to the onset of illness. None of the SAEs or deaths were considered by the investigators to be related to the study vaccine. At final follow-up medical histories of serious illness were collected from participants and are tabulated in supplementary table 9.



Discussion
This is the first study from Asia to investigate the relative immunogenicity of a 2+1 immunisation schedule for pneumococcal vaccination compared with the World Health Organizations (WHO) standard 3+0 Expanded Programme on Immunization (EPI) schedule. This schedule is designed to provide better immunogenicity than the standard 3+0 schedule and sustain protection through early childhood. Despite having one less priming dose, the 2+1 schedule demonstrates comparable immunogenicity to 3+0 in early infancy, but induces superior antibody levels during late infancy and early childhood, that could potentially provide more sustained protection where the highest proportion of vaccine-preventable cases occur. 
Based on comparable immunogenicity and cost effectiveness, some industrialised countries have changed from a 3+1 to a 2+1PCV schedule, with the booster dose given at ≥12 months of age.1,3,19In addition there is growing evidence, including the findings from this present study, to support the generation of improved immunogenicity by increased spacing between priming doses.2,20 No prior study has considered the 9-month measles visit in the EPI schedule as an opportunity to provide the booster dose. Advantages of utilising this time point are both logistical and immunological, with improved protection against the high prevalence of disease in the late stage of infancy without need for an additional vaccine visit.
There is great heterogeneity across previous studies, from wealthy nations, comparing antibody responses between 2+1 and 3+1 schedules. These studies show little or no difference in antibody responses after the priming doses, except for serotypes 6B and 23F.1,3,20,21Following boosting a difference is only seen for 6B in one of four studies.1,20Importantly, these lower antibody responses do not seem to be problematic since a robust programme with a booster reduces rapidly both disease and carriage while inducing herd protection and vaccine-serotype disease is controlled.6,22
Only one other study has specifically examined a 2+1 versus 3+0 regime, although the booster dose was at 12 months rather than 9 months.4 As in the current analysis, there were lower antibody responses for serotypes 6B and 23F following the priming doses.  At 13 months (1 month after the 2+1 booster dose) antibody GMCs were considerably higher in the 2+1 group than in the 3+0 group and continued to remain higher for all serotypes at 19 months. 
Our study did not show any difference between the 3+0 and 2+1 in the proportion of IgG ≥0·2µg/mL after the primary vaccine series, although there were a significantly higher proportion of participants with IgG ≥0·35µg/mL to serotype 23F in the 3+0 compared to 2+1 group. Notably the  GMC’s for serotypes 6B and 23F were markedly reduced compared to other PCV10 serotypes in both groups after priming. Following boosting at 9 months the 2+1regimesuccessfully boosted levels of serotype-specific antibody in these children, which persisted to early childhood. Functional antibody activity was in keeping with total antibody levels, with superior opsonophagocytic responses in the 2+1 group seen in late infancy. This supports the observation that infants receiving vaccine doses later in the first year of life have improved development of antibody avidity.20
The heterogeneity of studies on vaccine schedules and geographic variation in IPD serotypes highlights the importance of setting-specific data. Unfortunately, such information is often lacking in resource-limited settings, creating additional challenges towards introduction of PCVs into national immunisation programmes. On-going surveillance of IPD serotypes has been occurring at Patan Hospital in Kathmandu since 2005. Analysis of these data demonstrates predominance of non-vaccine serotypes in early infancy, followed by a shift towards vaccine serotypes, particularly serotype 1, in late infancy and into childhood (Supplementary Figure 6).11 This suggests that the greatest vaccine effect would be achieved by a strategy skewed towards protection in late infancy and beyond. A booster dose at 9 months might conceptually achieve these goals by providing superior protection beyond the priming schedule and into early childhood, while also possibly providing additional coverage during early infancy that would not be offered by a 12-month booster. 
The routine immunisation schedule in this study includes a three-dose H. influenzae type-b vaccine at 6, 10 and 14 weeks. Eight of the PCV10 serotype antigens are conjugated to H. influenzae protein D, thus generating antibodies to this antigen. We recorded similar levels of antibodies to protein D, as have been observed in previous studies,23,24although the clinical significance in this context remains unclear.
A prior carriage study conducted in 574 Nepalese children aged 6 weeks to 24 months, from Kathmandu, demonstrated an overall nasopharyngeal colonisation prevalence of 58.7%.25 This is in keeping with the 54.1% prevalence observed in this present study. Interestingly the prior study demonstrated a 30% prevalence of PCV10 serotypes and greater than the 13% prevalence seen in the present study. This disparity may in part be due to factors such as the smaller sample size resulting in lower resolution of vaccine effect and the tendency for some of the most prevalent disease causing serotypes in this setting being renowned for low detection in colonisation compared to disease attack rate.26
This study has some limitations. Firstly, we examined a broad range of correlates of protection but could not directly evaluate the efficacy of PCV10 against disease. However, a recent meta-analysis estimated a 90% reduction in disease incidence with a 2+1 schedule using the lower-valency PCV7.19Secondly, carriage was only measured at a single time-point, whereas longitudinal measurement in a larger population may have provided greater insight into prevalent serotypes at alternate stages of infancy/childhood and allowed serotype-specific comparison between study groups. Finally, the study was conducted in an urban setting; it is unclear whether the findings also apply to rural environments. The study has several strengths: it utilised a randomised controlled-trial design in a single setting where PCVs have not been introduced, it was powered to define the primary outcome measure, it used validated immunogenicity assays and molecular-serotyping to evaluate carriage. The rates of withdrawal and loss to follow-up are relatively low given the context in which the study was conducted. 
The WHO now recommend either a 3+0 or 2+1 PCV schedule depending on local pneumococcal epidemiology, predicted vaccine coverage, and logistics.27 We have demonstrated that the 2+1 with booster at 9 months provides analogous immunogenicity to the 3+0 schedule during early infancy, with comparatively improved antibody responses through early childhood. Our study also highlights the importance of setting-specific data to inform policy decisions.  The National Committee on Immunization Practices made recommendations forwarded to the Ministry of Health and Population, Nepal for introducing a pneumococcal vaccine (PCV10) into routine immunisation based on these findings and cold chain capacity availability. Further recommendations on the optimal schedule based on the immunogenicity study were as follows: 6 weeks, 14 weeks and 9 months (2+1) (Personal communication NCIP meeting recommendations, November 2013). Roll-out of PCV10 is expected to commence in December 2014, with pre-implementation baseline data currently being acquired as part of a GAVI alliance funded study to monitor vaccine impact over the next three years.


Panel 1. Research in context
Systematic reviews
There have been three systematic reviews of immunogenicity following PCV prime and boost schedule combinations, with only two of these published prior to the trial commencing.1-3 Only one study (conducted in Israel) within these reviews directly compares a 2+1 to 3+0 schedule and this was with priming commencing at a later age and the booster at 12 months utilising PCV7.4 One month post priming the 3+0 compared to 2+1 group had significantly higher GMCs for 4 of the 7 serotypes. Conversely at one month after boosting the 2+1 compared to 3+0 group had significantly higher GMCs for all serotypes.

Interpretation
Our study is the first randomised controlled trial to compare a 2+1, with booster at 9 months, to 3+0 pneumococcal conjugate vaccine schedule and demonstrates significant immunological advantages towards applying a 2+1 regime in Nepal, and would confer increased impact upon disease. Based on the findings of this study the WHO in conjunction with the Nepalese National Committee on Immunization Practices have recommended introduction of the 2+1, with booster at 9 months, PCV schedule into the Nepalese immunisation schedule. In addition these findings are of particular relevance to other countries in Asia where PCV introduction is anticipated (for example India and Bangladesh) and regions where similar disease patterns are observed. 
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Tables
Table 1. Demographic characteristics of the primary study population.
	
	Study group
	N Observed
	N
	N Missing
	Mean
	SD
	Min.
	Med.
	Max.

	Gestational age (weeksdays)
	2+1
	119
	119
	0
	
	
	37·0
	39·2
	41·5

	
	3+0
	120
	120
	0
	
	
	37·0
	39·3
	41·6

	
	control
	151
	151
	0
	
	
	35·4
	39·0
	42·1

	Age (weeks)
	2+1
	119
	119
	0
	6·6
	0·5
	5·9
	6·4
	9·3

	
	3+0
	120
	120
	0
	6·6
	0·3
	6·0
	6·4
	8·1

	
	control
	151
	150
	1
	6·5
	0·4
	5·7
	6·4
	9·0

	Birth weight
	2+1
	119
	119
	0
	3·1
	0·5
	2·2
	3·1
	5·3

	
	3+0
	120
	118
	2
	3·0
	0·4
	2·1
	3·0
	4·0

	
	control
	151
	150
	1
	3·1
	0·5
	2·0
	3·1
	4·1

	Gender
(n(%) male)
	2+1
	119
	119
	0
	72
	61%
	
	
	

	
	3+0
	120
	120
	0
	59
	49%
	
	
	

	
	Control
	151
	151
	0
	81
	54%
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[bookmark: _Toc369909889][bookmark: _Toc369910323][bookmark: _Toc370389381]Table 2. Non-inferiority of 2+1 vs 3+0 schedule, using an IgG threshold of ≥0·2μg/mL for the PP population.
	[bookmark: _Ref338243247]Time point
	Serotype
	2+1
n≥0·2μg/mL/n
	3+0
n≥0·2μg/mL/n
	n
	Difference in proportion
([2+1 group] – [3+0 group])
	95% LCL
	95% UCL

	18 weeks
	1
	90/91
	84/84
	175
	-0·01
	-0·03
	0·01

	
	5
	91/91
	83/84
	175
	0·01
	-0·01
	0·04

	
	14
	92/92
	84/84
	176
	0
	
	

	10 months
	1
	93/94
	74/91
	185
	0·18
	0·09
	0·26

	
	5
	94/94
	84/92
	186
	0·09
	0·03
	0·14

	
	14
	92/94
	87/92
	186
	0·03
	-0·02
	0·09






Figure legends
Figure 1. Consort diagram of study recruitment. Nepalese infants were randomised to groups 2+1, 3+0 and 0+2 with the addition of an unvaccinated control group at final follow-up. *The PP population at 10 months was 94 in the 2+1, 93 in 3+0, and 100 in the 0+2 groups. DNA = Did not attend.

Figure 2. Proportion of Nepalese children in the 2+0 group at 10 months of age (one month following boosting) with serum IgG concentrations ≥0·2µg/mL for pneumococcal serotypes 1, 5, and 14. ITT = Intention to treat. PP = Per protocol.


Figure 3. Proportion of pneumococcal serotype-specific serum IgG ≥0·2µg/mL and geometric mean concentrations with 95% CIs in Nepalese children vaccinated with a 2+1, 3+0 or 0+2 PCV10 schedule. At 18 weeks (A and D); 10 months (B and E); and at final follow-up between 2-4 years of age with unvaccinated controls (C and F). aDenotes p<0·0001 for the 2+1 versus 3+0 group. bDenotes p<0·005 for the 2+1 versus 3+0 group. cDenotes p<0·05 for the 2+1 versus 3+0 group.

Figure 4. Pneumococcal serotype-specific geometric mean OPA and proportions of OPA titre ≥8 with 95% CI in Nepalese children vaccinated with a 2+1, 3+0 or 0+2 PCV10 schedule. At 18 weeks (A and C) and 10 months (B and D). aDenotes p<0·0001 for the 2+1 versus 3+0 group. bDenotes p<0.0005 for the 2+1 versus 3+0 group. cDenotes p<0.005 for the 2+1 versus 3+0 group. dDenotes p<0.05 for the 2+1 versus 3+0 group.

