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s u m m a r y

Objectives: We compared the effect of a heterologous wP/aP/aP primary series (hereafter mixed wP/aP) 
versus a homologous aP/aP/aP primary schedule (hereafter aP-only) on antibody responses to co-ad-
ministered vaccine antigens in infants and toddlers.
Methods: We randomised Australian infants in a 1:1 ratio to receive either a mixed wP/aP schedule (pentavalent 
diphtheria-tetanus-wP-hepatitis B-Haemophilus influenzae type b; DTwP-HepB-Hib vaccine at 6 weeks old, 
followed by hexavalent DTaP-inactivated poliovirus vaccine (IPV)-HepB-Hib vaccine at 4 and 6 months old) or aP- 
only priming doses of hexavalent DTaP-IPV-HepB-Hib vaccine at the same ages. All infants received 13-valent 
pneumococcal conjugate vaccine (13vPCV) at 6 weeks, 4 and 12 months of age and DTaP-IPV and Hib vaccine 
boosters at 18 months. We assessed whether the wP/aP schedule is non-inferior to the aP-only schedule for co- 
administered vaccine antigens (geometric mean ratio [GMR] > 2/3). Registration: ACTRN12617000065392p.
Results: Between March 2018 and January 2020, 150 infants were randomised (75 per arm). Responses to all 
13vPCV serotypes and Hib-PRP at 6, 7, 18, and 19 months old, as well as HBsAg at 6 and 7 months old, were 
non-inferior (> 90% probability).
Conclusion: A mixed wP/aP schedule resulted in non-inferior IgG responses to co-administered vaccine 
antigens compared to the standard aP-only schedule for pertussis primary immunisation.
© 2025 Published by Elsevier Ltd on behalf of The British Infection Association. This is an open access article 
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Introduction 

Vaccinating infants with whole-cell pertussis (wP) rather than 
acellular pertussis (aP) vaccine formulations elicits different, long- 
lived immune responses and provides enhanced protection against 
pertussis infection.1,2 In recipients of homologous pertussis vaccine 
priming, the type of pertussis vaccine used as the first dose of the 
primary series – formulations of diphtheria and tetanus toxoids with 
either wP (DTwP) or aP (DTaP) – appears to influence T-cell re-
sponses to tetanus toxoid (TT) and to diphtheria toxoid (DT).3,4 

Bacterial capsular polysaccharides, like those in Streptococcus 
pneumoniae or Haemophilus influenzae type b (Hib), trigger T-cell- 
independent B-cell responses. In conjugated pneumococcal or Hib 
vaccines, these polysaccharides are bound to an immunogenic pro-
tein carrier (such as TT or CRM197, the non-toxic mutant of diph-
theria toxin). This binding recruits carrier-specific CD4+ T follicular 
helper cells, leading to a T-dependent antibody response, which is 
crucial for preventing invasive pneumococcal or Hib disease in in-
fants.5 However, immunisation with pertussis vaccines and con-
jugated polysaccharide vaccines may interact unpredictably.6 

Interactions are influenced by the type and concentration of protein 
carriers,7 timing and order of vaccination,8 coadministration with 
inactivated poliovirus vaccine (IPV),9 off-target responses elicited by 
Bordetella pertussis lipopolysaccharide (present in wP but not in aP 
vaccines),10 and interference from the presence of antibodies prior to 
vaccination.11,12 In contrast, while historical data provide no evi-
dence of a difference in seroprotective responses to simultaneously 
administered hepatitis B vaccine among recipients of wP versus aP- 
based primary series,13 IgG geometric mean concentrations (GMCs) 
of the hepatitis B (HepB) surface antigen (HBsAg) appear to be lower 
among recipients of aP versus wP combination vaccines.14 

In response to reactogenicity concerns, Australia transitioned 
from a wP-only to an aP-only primary series in the late 1990s. 
Observational studies suggest that, among the birth cohorts born 
during the switchover period from wP-only to aP-only regimens, a 
first dose of wP, compared to aP, appeared to be protective against 
the development of childhood IgE-mediated food allergy.15,16 The 
latter remains a major public health problem in this country, af-
fecting up to 10% of infants by age 12 months. Before a novel het-
erologous pertussis primary vaccination schedule can be 
recommended, it is important to ensure no unintended adverse 
impact on the immunogenicity of other routine vaccines, such as 
pneumococcal conjugate and Hib, and hepatitis B vaccines. We 
previously reported the non-inferiority of a mixed wP/aP primary 
schedule compared to the standard aP-only primary schedule with 
respect to anti-diphtheria, tetanus, and pertussis IgG responses at 7 
months old, approximately one month after completion of the pri-
mary series.17 Here we report and compare antibody responses to 
concurrently administered 13-valent pneumococcal conjugated 
vaccine (13vPCV), Hib capsular polysaccharide (Hib-PRP) and HBsAg 
among infants randomly assigned to either a heterologous wP/aP/aP 
(hereafter mixed wP/aP) or homologous aP/aP/aP (hereafter aP-only) 
priming schedule. 

Methods 

Study design and participants 

OPTIMUM (Optimising Immunisation Using Mixed Schedules) is 
a two-stage, Bayesian adaptive, group sequential, randomised, par-
allel-group, observer-blinded controlled trial.18,19 Stage one was 
conducted in Perth (Western Australia, WA) and planned to compare 
anti-TT-IgE responses at 7 months old in a cohort of infants ran-
domly assigned to either a mixed wP/aP primary schedule or a 
standard aP-only primary schedule. In addition, the first stage of this 
trial compared the reactogenicity and immunogenicity of both 

schedules.17 Stage two will evaluate atopic outcomes (i.e., IgE- 
mediated food allergy, atopic dermatitis, and atopic sensitisation) by 
12 months old in up to 3000 infants. 

In brief, eligible infants were born after 32 weeks’ gestation and 
aged between 6 and < 12 weeks; full inclusion and exclusion criteria 
are detailed in the study protocol and statistical analysis plan.18,19 

Parental consent was obtained immediately before enrolment. Ap-
proval was granted by the Child and Adolescent Health Service 
Ethics Committee, WA, Australia (RGS00019). 

Randomisation and blinding 

Infants were randomly assigned in a 1:1 ratio to receive either an 
intramuscular (IM) dose (0.5 mL) of a World Health Organization 
(WHO)-prequalified pentavalent wP combination vaccine with no 
IPV components (DTwP-Hib-HepB, Pentabio, PT Bio Farma, 
Indonesia, hereafter referred to as wP) or the standard hexavalent aP 
combination vaccine (DTaP-Hib-HepB-IPV, Infanrix Hexa, 
GlaxoSmithKline, Australia) in the anterolateral aspect of the right 
thigh.20 In both vaccine formulations, Hib-PRP is conjugated to the 
TT protein. 

Randomisation was performed using a computer-generated al-
location sequence prepared by the trial statistician, based on ran-
domly permuted blocks of varying size. Details of the allocation 
concealment were previously reported in the published protocol.18 

Procedures 

At 4 and 6 months old, all study infants received a dose of the 
hexavalent aP vaccine per the Australian routine immunisation 
schedule.21 A booster dose of aP was given at 18 months old (0.5 mL; 
IM) using a DTaP-IPV formulation (Infanrix IPV, GlaxoSmithKline, 
Australia), thereby preserving blinding while ensuring every parti-
cipant received a minimum of three (and up to four) doses of IPV by 
18 months old. All infants were administered two IM priming doses 
(each 0.5 mL) of the 13vPCV CRM197-conjugated vaccine (Pfizer) at 6 
weeks and 4 months old, and a booster dose at 12 months old 
(hereafter referred to as a ‘2 + 1’ schedule). The 13vPCV was injected 
in the anterolateral aspect of the opposite thigh to co-administer wP 
or aP vaccines. Additional routine vaccines were administered per 
national guidelines: oral monovalent rotavirus vaccine at 6 weeks 
and 4 months old; measles-mumps-rubella combination vaccine and 
quadrivalent meningococcal (serogroups A, C, W, Y)–TT conjugate 
vaccine at 12 months old; Hib-PRP conjugated to TT and measles- 
mumps-rubella-varicella at 18 months old. As a study-specific pro-
cedure and in alignment with Australian immunisation guidelines 
from the wP vaccine era, oral paracetamol (15 mg/Kg) was given just 
before the 6-week vaccine doses to attenuate wP reactogenicity; 
caregivers were advised to administer two further unobserved doses 
of paracetamol 6 h apart. The sampling schedule was aligned with 
the schedule for pertussis vaccine doses; bloods were collected 
immediately before the 6-month dose of aP and 4 weeks afterwards 
(i.e. 8 and 12 weeks after the 4-month dose of the 13vPCV; up to 
5 mL), and immediately before the booster dose of DTaP-IPV and Hib 
vaccines at age 18 months and 4 weeks afterwards (i.e. 6 and 7 
months after the 12-month booster dose of the 13vPCV; up 
to 10 mL). 

Serum serotype-specific IgG to pneumococcal capsular poly-
saccharides included in the 13vPCV (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 
19A, 19F, and 23F) were measured at 6, 7, 18, and 19 months old 
using an inhouse multiplex fluorescent bead-based immunoassay, as 
previously described, with modifications.22–25 In brief, Bio-Plex® 
COOH-microspheres (6.25 × 106, 500 µl, Bio-Rad) were conjugated 
overnight with optimised doses of DMTMM-modified pneumococcal 
polysaccharides (ATCC, Manassas, USA) in 1X PBS pH 7.2 (Life 
Technologies, Carlsbad, USA) as per Schlottmann et al.26 The optimal 
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coating doses were: a 1:1 dose; 500 µl microspheres with 500 µl 
DMTMM-modified polysaccharides for serotypes 1, 3, 5, 7F and 9V; 
and a 1:0.5 dose; 500 µl microspheres with 250 µl DMTMM-mod-
ified polysaccharides for serotypes 4, 6A, 6B, 14, 18C, 19A, 19F, and 
23F. Serum IgG responses to HBsAg and the Hib-PRP were quantified 
in a duplex fluorescent bead-based immunoassay at the same 
timepoints. 

In May 2023, the group assignment of participants was disclosed 
to parents by the site study coordinator after the last child enroled in 
the stage one cohort completed the scheduled visits. Except for the 
study statistician, the study investigators remain blinded to the 
group assignments of individual participants. 

Outcomes 

Immunogenicity outcomes included vaccine antigen-specific IgG 
responses, summarised as GMCs and the proportion of participants 
with vaccine antigen-specific IgG concentrations meeting or ex-
ceeding established correlates of protection (i.e., 13vPCV serotype- 
specific IgG ≥ 0.35 μg/mL, HBsAg-IgG ≥ 10 mIU/mL, Hib-PRP- 
IgG ≥ 0.15 μg/mL at 6 and 7 months old and ≥1 μg/mL at 18 and 19 
months old). Reactogenicity and parental acceptability outcomes 
following the 6-week, 4-month, and 6-month pertussis vaccine 
doses have been reported previously.17 Serious adverse events (SAEs) 
were defined according to the Australian National Health and 
Medical Research Council guidelines.27 Vaccine failure (i.e., invasive 
Hib disease, vaccine-serotype invasive pneumococcal disease, and 

hepatitis B infection) was considered an adverse event of special 
interest. 

Statistical analysis 

The statistical analysis plan and study protocol have previously 
been published.18,19 IgG concentrations for each vaccine antigen at 6, 
7, 18, and 19 months old were independently modelled using 
Bayesian multivariate-normal linear regression on the available log10 

concentrations with an unstructured covariance matrix shared 
across both treatment groups to account for the serial correlation in 
the longitudinal data. The geometric mean ratio (GMR) of the mixed 
schedule compared to the aP-only schedule was estimated at each 
time point. The probability of non-inferiority was calculated using a 
non-inferiority margin of 2/3 on the GMR per WHO guidelines.28 

Additionally, IgG seropositivity for each vaccine antigen was ana-
lysed via Bayesian logistic regression models with random intercepts 
for individuals to account for repeat measures. All models were 
adjusted for sex, birth order (i.e., the order a child is born in their 
family), breastfeeding status, delivery method, family history of 
atopic disease, and parental income as baseline covariates. Missing 
data were assumed to be missing at random (ignorable) under the 
proposed models. Analyses were conducted separately for the in-
tent-to-treat (ITT) and per-protocol (PP) analyses sets, as pre-
specified in the statistical analysis plan,19 using R version 4.4.1 and 
Stan version 2.35.0 (via the CmdStanR library version 0.8.1). This trial 

Fig. 1. Trial profile. aP, acellular pertussis vaccine; wP, whole-cell pertussis vaccine; 13vPCV, 13-valent pneumococcal conjugate vaccine.  
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is registered at the Australian and New Zealand Clinical Trial Registry 
(ACTRN12617000065392p). 

Role of the funding source 

This study is funded by the Telethon New Children’s Hospital 
Research Fund and Australia’s National Health and Medicine 
Research Council (NHMRC GNT1158722). The funders have had no 
role in the study design, data collection, data analysis, data inter-
pretation, or writing of this report. 

Results 

Between March 7, 2018 and January 13, 2020, 153 infants were 
assessed in clinic for eligibility (Fig. 1); two were excluded (one in-
eligible for public funded immunisation; one received hepatitis B 
immunoglobulin at birth), one declined participation due to blood 
sampling, and 150 underwent randomisation to either the wP/aP 
schedule or the aP-only schedule (75 in each group). The baseline 
characteristics of the randomised infants were balanced across the 
study groups (Table 1). The trial profile focuses on post-13vPCV 
priming and post-13vPCV boosting measurements at 6 and 18 
months (earliest timepoints; Fig. 1); missingness patterns by as-
signed treatment group sets across all the scheduled phlebotomies 
are provided in the Appendix (p 4). 

At 6 months old, the lowest pneumococcal serotype-specific IgG 
GMCs in both study groups were for serotypes 3, 6B, 19A, and 23F 
(ITT analysis set, Table 2 and Appendix p. 5; PP analysis set,  
Appendix pp. 11–12). The probability of the GMR exceeding 2/3 
(evaluating non-inferiority) in the wP/aP group compared to the aP- 
only group was > 0.99 for all 13 vaccine serotypes in both ITT (Fig. 2;  
Appendix pp. 14–15) and PP analysis sets (Appendix pp. 16–18). The 
probability of the GMR exceeding 1 (evaluating superiority of wP/aP) 
ranged from 0.88 to > 0.99 in the ITT (Fig. 2; Appendix pp. 14–15) and 
in the PP analysis set (Appendix pp. 16–18) for all serotypes. For each 
of the 13 vaccine serotypes, the probability of a seroprotection dif-
ference > 0 (evaluating superiority of wP/aP) in the wP/aP group 
compared to the aP-only group ranged from 0.80 to > 0.99 in the ITT 
analysis set (Fig. 3 and Appendix pp. 19–20) and from 0.71 to > 0.99 
in the PP analysis set (Appendix pp. 21–23). Similar findings were 
observed at 7 months old (3 months after 13vPCV priming); these 
data are presented in Table 2, Figs. 2 and 3, and in the Appendix (p. 5, 
pp. 11–12, and 19–23). 

At 18 months old (6 months post-13vPCV booster), serotypes 1, 3, 
18C, and 19A had the lowest pneumococcal serotype-specific IgG 
GMCs across both groups (ITT analysis set, Table 2 and Appendix p. 
5; PP analysis set, Appendix pp. 11–12). The probability of the GMR 
exceeding 2/3 in the wP/aP group compared to the aP-only group 
ranged from 0.96 to > 0.99 for all 13 vaccine serotypes in the ITT 
analysis set (Fig. 2; Appendix pp. 14–15) and from 0.94 to > 0.99 in 
the PP analysis set (Appendix pp. 16–17). Additionally, the prob-
ability of the GMR exceeding 1 ranged from 0.50 to > 0.99 in the ITT 
(Fig. 2; Appendix pp. 14–15), with the lowest for serotype 19A, and 
from 0.14 to > 0.99 in the PP analysis set (Appendix pp. 16–18), with 
the lowest for serotype 4. For each of the 13 vaccine serotypes, the 
probability of a seroprotection difference > 0 in the wP/aP group 
compared to the aP-only group ranged from 0.51 to > 0.99 in the ITT 
analysis set (Fig. 3; Appendix pp. 19–20) and from 0.42 to > 0.99 in 
the PP analysis set (Appendix pp. 21–23), with the lowest for ser-
otypes 3, 4, and 5. Similar findings were observed at 19 months old 
(7 months post-13vPCV booster); these data are presented in  
Table 2, Figs. 2 and 3, and in the Appendix (p. 5, pp. 11–12, 19–23). 

In the ITT analysis set, both study groups exhibited low GMCs of 
anti-Hib-PRP immediately before the third dose of the Hib-PRP 
vaccine at age 6 months (wP/aP group = 0.11 µg/mL versus aP-only 
group = 0.04 µg/mL). A minority had anti-PRP IgG ≥ 0.15 μg/mL (wP/ 

aP, n = 26/68 [38%]; aP-only, n = 9/72 [12%], Table 2; Appendix p 6). 
By 7 months old (4 weeks post Hib-PRP priming), IgG GMCs and 
seroprotection rates were higher in the wP/aP group (0.64 µg/mL; 
n = 55/67 [82%]) compared to the aP-only group (0.20 µg/mL; n = 37/ 
69 [54%]; Table 2; Appendix p 6). GMCs for Hib-PRP IgG were both 
non-inferior (GMR  >  2/3) and superior (GMR  >  1) with a probability 
> 0.99 in the wP/aP group compared to the aP-only group at both 
ages (Fig. 2; Appendix pp 14–15). The probability of a seroprotection 
difference > 0 in the wP/aP group compared to the aP-only group was 
also > 0.99 at both 6 and 7 months (Fig. 3; Appendix pp 19–20). Si-
milar results were observed in the PP analysis set (Appendix pp 
16–17; pp 21–22). 

Anti-Hib-PRP IgG GMCs declined between 7 months and im-
mediately before the Hib-PRP booster dose at 18 months, from 0.64 
to 0.22 µg/mL in the wP/aP group and from 0.20 to 0.09 µg/mL in the 
aP-only group (ITT analysis set, Table 2). At 18 months, few toddlers 
had Hib-PRP IgG levels ≥1.00 μg/mL (wP/aP, n = 9/59 [15%] versus aP- 
only, n = 2/65 [3%]). By 19 months (4 weeks post-Hib-PRP boosting), 
IgG GMCs and seroprotection rates were higher in the wP/aP group 
(23.25 µg/mL; n = 50/54 [93%]) compared to the aP-only group 
(10.18 µg/mL; n = 54/64 [84%]) (Table 2). GMCs for Hib-PRP were 
both non-inferior (GMR  >  2/3) and superior (GMR  >  1) with a 
probability > 0.99 in the wP/aP group versus the aP-only group 
(Fig. 2; Appendix pp.14–15). The probability of seroprotection dif-
ference > 0 in the wP/aP group compared to the aP-only group was 
0.99 and 0.98 at 18 and 19 months, respectively. Similar results were 

Table 1 
Baseline and demographic characteristics.       

aP-only  
schedule 
(n = 75) 

Mixed wP/aP  
schedule 
(n = 75) 

Overall 
(n = 150)  

Sex of child - n (%)    
Female 36 (48) 38 (51) 74 (49) 
Male 39 (52) 37 (49) 76 (51) 

Infant’s ethnicity - n (%)a    

European Caucasian 72 (48) 73 (49) 145 (48) 
Indian subcontinent 10 (7) 12 (8) 22 (7) 
Asian 6 (4) 11 (7) 17 (6) 
South American 1 (1) 2 (1) 3 (1) 
Black African 0 (0) 1 (1) 1 (0) 
Indigenous Australian 1 (1) 0 (0) 1 (0) 

Maternal parity - n (%)    
1 53 (71) 46 (61) 99 (66) 
2 14 (19) 22 (29) 36 (24) 
3 7 (9) 4 (5) 11 (7) 
4 1 (1) 3 (4) 4 (3) 

Maternal dTpa during this 
infant’s pregnancy - n (%)    

5c-dTpa 21 (28) 20 (27) 41 (27) 
3c-dTpa 43 (57) 39 (52) 82 (55) 
Unknown 11 (15) 13 (17) 24 (16) 
None 0 (0) 3 (4) 3 (2) 

Maternal dTpa last 5 years, 
prior to this infant’s 
pregnancy - n (%)    

5c-dTpa 7 (9) 6 (8) 13 (9) 
3c-dTpa 6 (8) 9 (12) 15 (10) 
3c-dTpa-IPV 1 (1) 0 (0) 1 (1) 
Unknown 22 (29) 25 (33) 47 (31) 
None 39 (52) 35 (47) 74 (49) 
Gestational age at delivery 

(weeks) 
39 (38–39) 38 (38–39) 38 (38–39) 

Age (days) at enrolment 48 (45–50) 47 (44–50) 48 (45–50) 

aP: acellular pertussis vaccine. wP: whole-cell pertussis vaccine as a first dose. 5c- 
dTpa: 5-component diphtheria-tetanus-acellular pertussis combination vaccine (re-
duced antigen formulation; includes pertussis toxoid, filamentous haemagglutinin, 
pertactin, and fimbriae types 2 and 3); 3c-dTpa: 3-component diphtheria-tetanus- 
acellular pertussis combination vaccine (reduced antigen formulation; includes per-
tussis toxoid, filamentous haemagglutinin, and pertactin); IPV: inactivated poliovirus 
vaccine.  

a Multiple ethnicities may apply, so percentages may not sum to 100.  
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Table 2 
Descriptive statistics of IgG concentrations by antigen type, age and assigned treatment group.                

aP-only (n = 75) wP/aP (n = 75)  

n GMC GSD Q1–Q3 Min–Max S+ n GMC GSD Q1–Q3 Min–Max S+  

PnPs 1             
6-month  72  0.63  3.02 0.29–1.56 0.04–10.5  68%  68  0.86  2.83 0.35–1.93 0.16–8.85  74% 
7-month  69  0.51  2.87 0.24–1.11 0.04–7.26  55%  67  0.68  2.74 0.31–1.50 0.10–4.87  72% 
18-month  65  0.55  2.86 0.25–0.95 0.07–7.37  68%  59  0.69  2.66 0.36–1.25 0.09–8.23  76% 
19-month  64  0.48  2.89 0.22–0.89 0.06–8.77  61%  54  0.65  2.54 0.31–1.16 0.11–5.14  72% 

PnPs 3             
6-month  72  0.28  2.39 0.19–0.47 0.02–1.89  39%  68  0.43  2.22 0.29–0.70 0.05–2.06  63% 
7-month  69  0.22  2.32 0.12–0.33 0.02–1.16  23%  67  0.33  2.30 0.20–0.52 0.05–2.58  45% 
18-month  65  0.25  2.67 0.13–0.51 0.03–2.35  35%  59  0.32  2.42 0.18–0.48 0.06–4.52  41% 
19-month  64  0.22  2.60 0.12–0.40 0.03–3.33  30%  54  0.30  2.19 0.15–0.43 0.09–2.25  41% 

PnPs 4             
6-month  72  0.66  3.60 0.29–1.64 0.02–10.5  69%  68  1.03  3.13 0.54–2.09 0.04–7.64  85% 
7-month  69  0.54  3.26 0.25–1.21 0.02–9.18  62%  67  0.82  2.68 0.44–1.54 0.04–4.72  81% 
18-month  65  0.74  2.42 0.45–1.46 0.09–8.31  83%  59  0.84  2.46 0.50–1.47 0.09–14.0  83% 
19-month  64  0.61  2.45 0.40–1.22 0.06–10.6  80%  54  0.80  2.43 0.50–1.39 0.14–13.2  85% 

PnPs 5             
6-month  72  0.53  3.69 0.17–1.40 0.02–8.19  72%  68  0.82  2.96 0.44–1.77 0.03–5.37  81% 
7-month  69  0.50  3.35 0.22–1.20 0.03–4.89  70%  67  0.72  2.81 0.34–1.50 0.03–4.75  73% 
18-month  65  0.72  2.28 0.44–1.27 0.15–5.39  83%  59  0.83  2.25 0.55–1.31 0.09–9.46  88% 
19-month  64  0.67  2.23 0.38–1.08 0.14–5.16  77%  54  0.78  2.20 0.50–1.27 0.11–6.22  89% 

PnPs 6A             
6-month  72  0.87  4.96 0.31–2.83 0.01–30.5  72%  68  1.60  3.87 0.81–4.22 0.02–14.4  85% 
7-month  69  0.75  4.41 0.25–2.21 0.03–18.1  70%  67  1.39  3.38 0.75–3.45 0.03–9.41  88% 
18-month  65  2.42  2.51 1.24–4.57 0.43–13.0  100%  59  2.78  2.35 1.55–4.14 0.55–45.5  100% 
19-month  64  2.26  2.60 1.11–4.26 0.38–16.4  100%  54  2.57  2.36 1.48–3.40 0.42–32.2  100% 

PnPs 6B             
6-month  72  0.06  5.60 0.02–0.21 0.00–5.49  14%  68  0.14  5.71 0.03–0.40 0.01–14.2  29% 
7-month  69  0.07  4.95 0.02–0.25 0.00–4.25  17%  67  0.14  5.27 0.04–0.46 0.01–8.96  31% 
18-month  65  0.85  4.01 0.30–2.41 0.03–8.17  72%  59  1.54  3.08 0.69–3.13 0.16–100  93% 
19-month  64  0.81  4.07 0.29–2.62 0.03–15.5  73%  54  1.44  2.93 0.68–2.80 0.18–62.4  94% 

PnPs 7F             
6-month  72  1.31  2.60 0.84–2.60 0.06–10.6  94%  68  1.79  2.38 1.06–3.26 0.07–8.35  99% 
7-month  69  1.12  2.61 0.73–2.23 0.04–6.85  91%  67  1.47  2.36 0.84–2.94 0.07–6.32  94% 
18-month  65  1.36  2.09 0.86–2.24 0.25–6.53  94%  59  1.76  1.93 1.12–2.49 0.39–18.7  100% 
19-month  64  1.34  2.13 0.94–2.08 0.23–8.76  94%  54  1.79  1.86 1.21–2.51 0.47–13.5  100% 

PnPs 9V             
6-month  72  0.49  4.39 0.26–1.50 0.02–14.8  68%  68  0.87  3.14 0.45–1.96 0.04–6.62  79% 
7-month  69  0.43  3.56 0.20–1.07 0.02–6.72  59%  67  0.73  2.74 0.35–1.52 0.04–5.18  75% 
18-month  65  0.71  2.67 0.35–1.59 0.11–6.15  75%  59  0.90  2.31 0.48–1.56 0.14–8.86  85% 
19-month  64  0.64  2.72 0.29–1.22 0.11–9.05  69%  54  0.83  2.38 0.40–1.41 0.13–5.66  83% 

PnPs 14             
6-month  72  1.06  4.21 0.26–3.71 0.07–15.0  69%  68  2.38  3.23 1.20–4.76 0.05–17.1  96% 
7-month  69  1.02  4.20 0.39–2.86 0.04–29.3  75%  67  2.11  2.94 1.23–4.68 0.06–15.8  94% 
18-month  65  1.51  3.14 0.62–3.39 0.09–15.9  91%  59  1.89  2.41 1.09–3.61 0.05–14.8  97% 
19-month  64  1.33  3.17 0.57–2.73 0.09–17.6  88%  54  1.65  2.49 1.14–3.12 0.04–10.4  96% 

PnPs 18C             
6-month  72  0.76  2.68 0.44–1.53 0.06–7.64  78%  68  1.03  2.63 0.60–2.04 0.05–6.08  90% 
7-month  69  0.58  2.43 0.31–1.14 0.08–5.22  70%  67  0.82  2.36 0.48–1.49 0.06–4.97  87% 
18-month  65  0.49  2.28 0.28–0.85 0.09–4.06  65%  59  0.58  2.20 0.36–1.04 0.11–9.65  76% 
19-month  64  0.45  2.32 0.24–0.80 0.09–4.52  58%  54  0.55  2.27 0.32–0.98 0.12–9.61  70% 

PnPs 19A             
6-month  72  0.36  3.45 0.12–0.90 0.04–5.78  54%  68  0.47  3.71 0.21–1.15 0.01–6.13  66% 
7-month  69  0.27  3.08 0.09–0.63 0.04–4.31  46%  67  0.33  3.35 0.15–0.79 0.01–4.59  51% 
18-month  65  0.67  4.21 0.24–1.42 0.07–164  65%  59  0.75  3.43 0.34–1.33 0.06–44.0  75% 
19-month  64  0.60  4.61 0.21–1.19 0.07–158  58%  54  0.73  3.52 0.38–1.40 0.05–37.7  76% 

PnPs 19F             
6-month  72  2.20  3.65 1.15–5.64 0.02–27.2  93%  68  3.33  3.42 1.96–7.16 0.01–36.1  97% 
7-month  69  1.55  3.53 0.91–3.84 0.01–13.9  91%  67  2.49  3.11 1.50–4.30 0.01–30.5  97% 
18-month  65  1.45  3.72 0.58–3.41 0.07–112  91%  59  2.81  3.03 1.47–4.77 0.52–57.7  100% 
19-month  64  1.24  3.61 0.53–3.30 0.08–101  86%  54  2.71  3.24 1.49–4.91 0.30–145  98% 

PnPs 23F             
6-month  72  0.24  4.60 0.11–0.59 0.00–4.91  44%  68  0.49  4.03 0.19–1.66 0.01–6.58  56% 
7-month  69  0.19  4.17 0.09–0.49 0.00–2.83  38%  67  0.39  3.64 0.17–1.04 0.01–4.97  51% 
18-month  65  0.63  3.34 0.33–1.61 0.04–5.73  71%  59  1.35  3.68 0.55–3.07 0.14–72.3  86% 
19-month  64  0.62  3.41 0.29–1.48 0.05–10.8  64%  54  1.37  3.57 0.56–3.32 0.17–44.1  83% 

HBsAg             
6-month  72  3.81  3.78 1.91–9.00 0.04–33.7  100%  68  4.80  3.66 2.32–12.2 0.06–51.4  100% 
7-month  69  7.53  2.90 3.97–14.8 0.24–42.3  100%  67  8.66  3.08 3.82–20.5 0.53–51.8  100% 
18-month  65  0.52  4.14 0.21–1.49 0.02–7.59  100%  59  0.49  4.04 0.22–1.34 0.01–14.2  100% 
19-month  64  0.46  4.33 0.20–1.27 0.02–7.06  100%  54  0.40  3.81 0.21–1.13 0.02–8.35  100% 

Hib-PRP             
6-month  72  0.04  3.71 0.02–0.06 0.00–1.98  12%  68  0.11  4.85 0.03–0.28 0.01–9.03  38% 
7-month  69  0.20  5.54 0.07–0.67 0.00–8.28  54%  67  0.64  5.14 0.27–2.43 0.02–28.3  82% 

(continued on next page)  
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observed in the PP analysis set (Appendix pp.13, 16–18, 21–23). After 
Hib-PRP boosting, 50 of 54 toddlers (93%) in the wP/aP group and 62 
of 64 (97%) in the aP-only group achieved a fourfold seroconversion 
in Hib-PRP IgG. The probability of a difference > 0 in the wP/aP group 
compared to the aP-only group was 0.21 and 0.55 in the ITT and PP 
analysis sets (Appendix p 24–25), respectively. 

At 6 months (pre-third dose of hepatitis B vaccine) and 7 
months old (4 weeks post-hepatitis B priming), all infants across 
the study groups had HBsAg IgG concentrations above the speci-
fied seroprotective threshold in both ITT (Table 2; Appendix p. 6) 
and PP analyses sets (Appendix p 13). GMCs for HBsAg IgG were 
non-inferior (GMR  >  2/3) with at least 95% probability in the wP/ 
aP group compared to the aP-only group at both ages (Appendix 
pp. 14–18). 

No episodes of vaccine-serotype invasive pneumococcal disease, 
invasive Hib disease, or hepatitis B infection were ascertained during 
the follow-up period (∼18 months). Additional SAEs and adverse 
events of special interest (breakthrough pertussis infections and 
hypotonic hyporesponsive episodes) occurring within the first 6 
months of follow-up were described previously17; SAEs following 
the 18-month vaccine doses and unsolicited adverse events by 
treatment group will be reported at the end of the trial. 

Discussion 

Here we report for the first time, the long-term im-
munomodulatory effect of a mixed wP/aP schedule on co-ad-
ministered vaccine responses up to 19 months old. In this 
randomised study, compared to an aP-only schedule, a mixed wP/ 
aP schedule resulted in non-inferior IgG responses to co-ad-
ministered pneumococcal vaccine serotypes and Hib-PRP at ages 
6, 7, 18, and 19 months, and to HBsAg at 6 and 7 months old, all 
with high probability. In many instances, antibody responses (IgG 
GMR) were superior in the mixed wP/aP schedule group (i.e., 6B, 
19F, and 23F at all the assessed time points). Consistent with 
earlier reports,10,29 here we speculate that the innate immune 
activation caused by the pathogen-associated molecular patterns 
in the whole pertussis bacteria present in the wP vaccine, along 
with the subsequent activation of antigen-presenting cells and 
pro-inflammatory cytokines, provides stronger signals to stimu-
late CD4+ T cells. Further, these stimuli support the induction and 
maturation of polysaccharide-specific memory B cells and plasma 
cell generation, as well as memory B cell and plasma cell re-
sponses with broader isotypic profiles, providing robust and more 
durable protective immunity. Live attenuated vaccines, such as 
those for measles, mumps, rubella, and BCG, have also been sug-
gested to boost immune responses to unrelated pathogens.30 The 
proposed mechanisms for BCG’s non-specific effects include epi-
genetic reprogramming of monocytes and a metabolic shift in 
innate immune cells in both animal experiments and ex vivo 
studies in humans.31 In the future, we will assess additional stored 
sera and cryopreserved peripheral blood mononuclear cells from 
this cohort using functional opsonophagocytic assays, global T- 
cell and memory B-cell phenotyping to determine the functional 
impact and cellular drivers of the differences observed here. The 
strengths of our trial lie in its rich data collection, allowing us to 

measure individual-level antibody trajectories across four time 
points while randomisation minimised potential bias from im-
balance in baseline demographics between the two schedules. 
This approach enabled detailed insights into the immunological 
outcomes of the different vaccination schedules. The study also 
derived comprehensive reactogenicity and parental acceptability 
data (which have been reported previously) that demonstrate the 
wP/aP strategy (using a WHO-prequalified vaccine formulation) is 
well-tolerated and accepted, albeit more reactogenic.17 Our pre-
vious meta-analysis found that the risk difference for SAEs in re-
ceiving a first dose of wP versus aP is likely small, ranging from 
three fewer to two more events per 1000 children.32 As described 
previously, none of the seven SAEs reported within the first six 
months of follow-up among five infants in the OPTIMUM stage 
one cohort were assessed to be related to the study vaccines.17 

Our study has three main limitations. First, we did not collect 
baseline (pre-vaccination) 6-week samples to measure passively 
transferred maternal antibody levels, which are known to also in-
fluence infant vaccine immunogenicity.33,34 Exploratory analyses on 
this cohort, including history of maternal dTpa as well as data from 
simultaneous observational studies involving infants primed with 
the standard aP-only schedule, may provide further insights on the 
role of immune interference by maternal antibodies in this setting. 
Second, the phlebotomy schedule was driven by parsimony and the 
priority to assess the immunogenicity of the pertussis priming 
schedule. We were therefore not able to measure peak immune re-
sponses to PCV serotypes, which are likely to have occurred ap-
proximately one month after the 4-month and 12-month 13vPCV 
doses. Instead, we could only examine the impact of mixed wP/aP 
priming at two- and three-months post-primary 13vPCV, and at six 
months post-boosting, respectively. Third, it was beyond the scope 
of this study to assess the implications of differential immune re-
sponses on risk of disease; this will require very large population- 
level analyses. Fourth, we note that wP- versus aP-based formula-
tions used as the first priming dose in this trial differ not only in 
their pertussis antigen content but also in their TT concentrations 
(higher in wP than in aP) and in the inclusion of the IPV component 
(present in aP but not in wP). However, on biological plausibility 
grounds, and consistent with prior studies, we believe that enhanced 
immune responses to PT and co-administered antigens are a func-
tion of the type of pertussis vaccine administered as a first dose of 
the primary series, and not the result of differing amounts of the TT 
conjugate.1,3,17 While the adjuvanticity of IPV as part of DTaP/dTpa 
formulations has been reported previously in Australian and Eur-
opean cohorts,9,35,36 we were unable to further explore the proposed 
immunostimulant effects of IPV co-vaccination on Hib-PRP and 
13vPCV responses. 

An aggregate correlate of protection of 0.35 µg/mL is established 
for protection against invasive pneumococcal disease;37 however, 
higher IgG concentrations appear to be required for protection 
against individual serotypes and specific populations.38 In the 3 + 0 
and 2 + 1 PCV schedule era, serotypes 3 and 19A have been the major 
aetiological agents of breakthrough invasive pneumococcal disease 
in Australia despite high vaccine coverage.39–41 Here we find that 
regardless of the pertussis vaccine primary series strategy, serotype 
3 was associated with the lowest GMCs when measured during the 

Table 2 (continued)               

aP-only (n = 75) wP/aP (n = 75)  

n GMC GSD Q1–Q3 Min–Max S+ n GMC GSD Q1–Q3 Min–Max S+  

18-month  65  0.09  3.11 0.04–0.20 0.01–1.62  3%  59  0.22  4.69 0.07–0.48 0.01–21.4  15% 
19-month  64  10.18  5.71 3.57–36.5 0.06–153  84%  54  23.25  6.26 8.98–65.7 0.13–984  93% 

aP, acellular pertussis vaccine; wP, whole-cell pertussis vaccine; GMC, geometric mean concentration; GSD, geometric standard deviation; Q1 – 25th sample percentile, Q3 – 75th 
sample percentile; Min–Max, minimum-maximum; S+, seroprotective at specified level; PnPs, pneumococcal polysaccharide; Hib-PRP, Haemophilus influenzae type b capsular 
polysaccharide polyribosylribitol phosphate; HBsAg, hepatitis B surface antigen.  
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second year of life. While the GMC and proportion meeting the 
seroprotective threshold for these serotypes were numerically 
higher for the mixed wP/aP group at each timepoint, the data are 
inconclusive for an improved immunogenic response for these 
specific serotypes. Finally, the multiplexed immunoassay used here 
has been developed for research purposes. IgG-specific 

concentrations for select pneumococcal serotypes, measured with 
the same assay in a different cohort, correlate well with an opso-
nophagocytic assay and are reproducible over time.42 Since the es-
tablished seroprotective thresholds may not perform similarly across 
technologies, the data therefore should be used to interpret immune 
kinetics only. 

Fig. 2. IgG geometric mean ratio (GMR, wP/aP vs aP-only) by vaccination age and antigen/serotype (intention-to-treat). Points - median, rectangles - 80% credible interval (CrI), 
lines - 95% CrI. aP, acellular pertussis vaccine; wP, whole-cell pertussis vaccine; PnPs, pneumococcal polysaccharide; HBsAg, hepatitis B surface antigen; Hib-PRP, Haemophilus 
influenzae type b capsular polysaccharide polyribosylribitol phosphate. 
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We conclude that the mixed wP/aP effectively boosts IgG responses 
to co-administered vaccine antigens and enhances the booster effect of 
polysaccharide vaccine antigens given in the second year of life. While 
the implications for vaccine-preventable diseases are uncertain, this 

evidence supports countries with stable wP-based pertussis and 13vPCV 
programs to follow WHO recommendations for the continued use of wP 
schedules. These findings are also anticipated to inform 13vPCV dose- 
sparing policies (e.g., from 3 + 0 to 2 + 1 PCV schedules) globally. 

Fig. 3. Standardised probability difference (wP/aP - aP-only) for IgG seroprotection by serotype/antigen, age, and assigned treatment (intention-to-treat). Points - median, 
rectangles - 80% credible interval (CrI), lines - 95% CrI. aP, acellular pertussis vaccine; wP, whole-cell pertussis vaccine; PnPs, pneumococcal polysaccharide; Hib-PRP, Haemophilus 
influenzae type b capsular polysaccharide polyribosylribitol phosphate. 
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