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Introduction
The UK antenatal pertussis vaccination programme used a diphtheria-tetanus-acellular pertussis-inactivated polio combination vaccine (dTaP-IPV) from 2012 until June 2024. Maternal immunisation substantially reduces the risk of severe pertussis infection in infants in the first few months of life1. However, there is now clear evidence that high levels of maternally derived antibodies can modulate the antibody response of infants following the primary series to both pertussis 2–4and polio5,6 (also termed ‘blunting’7). No clinical impact of this has been shown for pertussis in the first years of life. Reduced immune responses to poliovirus may, however, be clinically relevant as it could expose young children to the risk of polio 8 in the context of circulating vaccine derived poliovirus type 2 (VDPV2). VDPV2 was detected in London sewage samples between February and November 20229. Circulating VDPV2 is an urgent reminder that suboptimal immunity to poliovirus could have clinical implications and highlights the threat that vaccine-derived viruses present to the global polio eradication initiative launched by the WHO in 1988. 
 In July 2024 the programme switched to using dTaP without IPV following advice from the Joint Committee on Vaccination and Immunisation (JCVI)10 . The prior inclusion of IPV in the antenatal vaccine and UK childhood immunisation schedule for polio comprising a primary series given at 2, 3 and 4 months and a preschool booster at 3 years 4 months set the UK apart from other countries’ vaccination programmes5,11. The long-term effects of these differences have not been investigated in the UK. It is unclear whether the immunity gap observed post-primary series5 persists until the preschool booster and whether the immunity gap is overcome by the administration of the later (preschool) booster as given in the UK schedule. If the immunity gap is maintained until the preschool booster dose, this indicates a potential vulnerability to poliovirus infections in children aged 1-3 years old. Moreover, if sufficient poliovirus protection is not attained after administration of the preschool booster there may be a risk to the whole population from VDPV2 circulation12. 
In order to determine whether the reduced poliovirus antibody responses observed at 13 months persist up to administration of the preschool booster and whether the preschool booster restores protective immunity, we measured poliovirus-specific neutralising antibodies in samples collected from children as part of the iMAP3 study4. Samples were collected at preschool age (post-primary series and prior to the preschool booster vaccination) and again following the booster vaccination. 
Methods
Study Design 
The design of this observational, multi-centre, open label phase IV extension study has been described previously4. Briefly, children at preschool age, due for their preschool booster and who had taken part in the iMAP2 study, were invited to participate in iMAP3. The iMAP2 study was a phase 4 multi-centre randomised trial comparing the effect of two different dTaP-IPV vaccinations (Repevax; Sanofi Pasteur, or Boostrix-IPV; GlaxoSmithKline) given in pregnancy, with a non-randomised control group, on infant antibody concentrations (initially pertussis specific antibodies2  and later poliovirus specific neutralising antibodies5) up to 13 months of age. Of the 144 children participating in the iMAP2 study, 63 were recruited between March 2018 and September 2019 for the iMAP3 study. Exclusion criteria included the presence of any of the contraindications to vaccination specified in the Greenbook13, or receipt of an additional pertussis-containing vaccine outside of the usual schedule. 
In the iMAP3 study, two venous blood samples were taken via venepuncture, following written, informed parental consent. The first sample was taken prior to the receipt of the preschool booster and the second 28-35 days after the preschool booster. The preschool booster comprised Repevax (dTaP5-IPV; Sanofi Pasteur) and was given at 3 years 4 months of age as per the UK immunisation schedule. 
The study was approved by the NHS Health Research Authority and the London Brent Research Ethics Committee (18/NW/0095), clinical trials registration number NCT03578120. 
Outcomes
The primary outcome was the difference in poliovirus serum neutralising antibody titres post receipt of the preschool booster, between children born to mothers who received one of two DTaP-IPV antenatal vaccines (Boostrix-IPV or Repevax), compared with those who did not. As well as the geometric mean titres (GMTs), the proportion with titres >=4, the lower limit of detection, and with protective titres (>=8)14–16 are presented. Secondary outcomes included the differences in serum neutralising antibody titres against poliovirus in these groups of children prior to receipt of the preschool booster.
Poliovirus specific neutralising antibodies 
Poliovirus serum neutralizing antibodies to type 2 poliovirus were measured at the UK Medicines and Healthcare Regulatory Agency (MHRA) following the WHO protocol with the S19-Sabin 2 poliovirus hyper-attenuated strain as the challenge17. The International Reference for anti-poliovirus serum (82/585) was used as a working reference and tested in parallel to confirm the validity and sensitivity of the tests. Due to limited volumes of sera available for testing, seroresponses to type 2 poliovirus only was tested. This was chosen as it was the most relevant in the context of VDPV2 circulation detected in environmental surveillance18 . Limited serum per participant meant some sera required dilution, so the lower limit of detection for the assay was >=4. Laboratory staff were blinded to the study arm.
Statistical Analysis 
Data were stratified into the three different groups: children born to mothers who received Repevax, Boostrix-IPV, and no IPV containing vaccine in pregnancy. GMTs were calculated with 95% confidence intervals and comparisons of titres between groups done using the non-parametric Kruskal Wallis test. Normality of logged titres was assessed visually in histograms. As some were skewed, formal testing was done with a non-parametric test, but geometric means were still calculated with 95% confidence intervals.  Even for skewed data, 95% confidence intervals are appropriate for the mean as the central limit theorem leads to approximately normal distributions unless sample sizes are very small. Where sample sizes are <20 a footnote has been added to indicate that the 95% CIs are approximate due to small numbers and skewed data. 
Proportions above threshold values were compared via Fisher’s exact test and by logistic regression adjusted for gender and times since vaccination.  To maximise the power of the study the two vaccinated study arms, after confirming no significant differences, were combined for comparison with the arm with no maternal vaccinations. It was assumed missing data were missing at random and excluded from analysis and children who had either a pre-boost or post-boost Polio 2 result were included in analysis. 
The GMTs over time were also plotted on a log-titre by timepoint graph. 
Analyses were conducted using stata version 17 (STATACORP, TX, USA).
Results
Of the children recruited for the iMAP3 study, 61 had poliovirus neutralising antibody results available, obtained either prior to, and/or post receipt of the preschool booster (24 Boostrix-IPV, 22 Repevax, and 15 born to unvaccinated mothers). Details of those recruited have been published previously4. No statistically significant differences were observed in demographic factors between those recruited and those not recruited from the iMAP2 study.  
Antibody titres post-primary immunisation in those with pre- or post-booster results
Of those recruited to iMAP3 with preschool booster results available, there was no significant difference in poliovirus neutralising antibody titres post-primary immunisations between children born to mothers immunised with Boostrix- IPV and children born to mothers immunised with Repevax at both 5 months (GMT 30.0 vs GMT 44.1, p= 0.33) and at 13 months (GMT 7.6 vs GMT 3.9, p= 0.09). However, antibody titres were significantly lower in children born to immunised mothers compared with unimmunised mothers at 13 months (GMT 5.8 vs GMT 36.1, p= 0.0006), despite differences not reaching significance in the period immediately post primary immunisation (GMT 35.7 vs GMT 83.5, p= 0.11) [Table 1]. 
Antibody titres prior to preschool booster
Prior to receipt of the preschool booster no significant difference was found between children born to mothers immunised with Boostrix-IPV versus Repevax. Children of unvaccinated mothers had significantly higher GMTs of antibodies compared with children of vaccinated mothers (54.7 vs 4.3, p=0.0001), with 80% compared with 42% having protective antibody titres (>=8) (p=0.016) and 93% vs 51% having titres >=4 (p= 0.005) [Table 2]. 
The GMTs of children born to unvaccinated mothers, and those born to mothers vaccinated with Repevax, were (non significantly) higher prior to the preschool booster than when measured at 13 months of age in the same children (GMT 54.7 vs GMT 36.1 and GMT 4.9 vs GMT 3.9, respectively). On analysis of individual participant results it was found that 2 participants in the unvaccinated maternal arm and 3 participants in the Repevax vaccination arm demonstrated at least a four-fold increase in antibody titre [Supplementary chart].  Of note, removal of these outliers makes no difference to the statistical significance of the results.
Antibody titres post preschool booster 
One month following the preschool booster all children had antibody titres >=8, regardless of whether their mothers were immunised with Boostrix-IPV, Repevax or not immunised. Children of vaccinated mothers had significantly lower GMT compared with children of unvaccinated mothers (988 vs 2964, p=0.009). There was no significant difference in GMT between children born to Boostrix-IPV or Repevax vaccinated mothers [Table 3]. 

The polio antibody results for all timepoints (5 months, 13 months, pre-preschool booster, post-preschool booster) for all children are displayed in Figure 1. 
Discussion
Prior work established a reduced response to the poliovirus primary immunisation series between infants whose mothers receive a dTaP-IPV vaccine in pregnancy and those whose mothers do not, which persists until at least 13 months of age5. To our knowledge, whether this immunity gap continues through until preschool age has not been assessed.
At 3 years and 4 months of age, children born to vaccinated mothers (regardless of the IPV-containing vaccine received) have significantly lower poliovirus specific antibody titres, with over half lacking GMTs >=8, the proposed correlate of protection12-14, when compared with children born to unvaccinated mothers. This represents a potential vulnerability of children aged up to 3 years to 4 months. Encouragingly, following the preschool booster, all children, regardless of study arm, have a significant rise in poliovirus specific neutralising antibodies to above the titres associated with protection. However, a significant difference in antibody titre between children born to unvaccinated mothers compared to vaccinated mothers is still evident post-booster vaccine. Ongoing surveillance is required to see if this difference has clinical significance and whether it persists until the next scheduled booster dose in the UK given at 13-14 years of age (the “school-leaving booster”). 
Interestingly, five children showed at least a four-fold increase in poliovirus specific antibody titres between 13 months of age and the preschool booster age, two in the maternal-unvaccinated group, and three in the maternal vaccinated group. For these children, there was no corresponding increase in pertussis antibody concentrations (data not shown), indicating that they had not inadvertently received the preschool booster. In one participant, we were able to confirm receipt of an oral poliovirus vaccine whilst abroad. However, we were unable to identify a new exposure to poliovirus (infection or vaccine) in any of the other participants, although we may speculate that they have had contact with a recipient of oral polio vaccine8,19. 
Since this study was conducted, the JCVI has updated recommendations to the UK immunisation programme. Firstly, it advised a preference for a non-IPV containing pertussis vaccine to be given as part of the maternal vaccination programme10 . This change is supported by our data demonstrating that the reduced poliovirus specific neutralising antibody titres seen in children of IPV-vaccinated mothers after the primary series persist until receipt of the pre-school booster. Other studies have also shown reduced infant antibody responses to heterologous vaccine antigens including polio, if mothers receive dTaP vaccines antenatally20,21. These studies have several limitations including small sample sizes20 and non-randomised vaccine allocation21, with evidence of baseline differences in infant poliovirus specific antibody concentrations between maternal immunisation groups. Therefore, the impact of maternal non-IPV dTaP vaccination on poliovirus specific antibody levels in infants remains uncertain. 
Secondly, the JCVI recommended the introduction of a booster dose of a polio-containing vaccine at 18 months of age22. We anticipate that most children receiving the 18-month hexavalent vaccine will now have had mothers vaccinated antenatally with a non-IPV-containing pertussis vaccine. However, the introduction of the additional hexavalent vaccine at 18 months may still be beneficial in terms of immunity to poliovirus given that in this study 20% of children born to unvaccinated mothers were found to have titres below the protective threshold for polio at preschool age. Moreover, the JCVI recommend the continuation of the polio vaccine booster campaign for children aged 1-9 years old in London. This campaign will include children who have had mothers receiving a pertussis-containing IPV vaccination antenatally as per our study cohort. This may be of particular benefit to children who receive this booster prior to receiving the pre-school booster (i.e. children aged 1 – 3 years 4 months), given that in this study we see only 42% of children of dTaP-IPV vaccinated mothers have titres above the protective threshold at this age. Whether the optimum timing of an IPV-containing booster vaccine is at 12-months of age or 18-months of age will be influenced by other considerations, for example related to pertussis immunity2. 
There are some limitations to this study. Firstly, the sample size is relatively small due to the restricted pool of potential participants and loss to follow up, which reduced the statistical power of the analysis. Moreover, data were not available for all children at both timepoints due to inadequate blood sample volumes. Secondly, the group of children born to unvaccinated mothers was a convenience sample and not subject to randomisation. This may introduce systematic differences; however, we expect these to be minimal and there was no significant difference in baseline characteristics between these groups. 
In conclusion, this is the first study to examine the effect of a polio containing pertussis vaccination given antenatally on children’s immune responses at preschool age. In this study there is evidence that the majority of children whose mothers received a dTaP-IPV vaccine antenatally, and some children whose mothers did not receive this vaccine, have serum poliovirus neutralising antibodies below the correlate of protection at pre-school age. This supports the JCVI recommendation for removing the IPV component of the antenatal pertussis vaccine, and introduction of an IPV containing booster at 18 months respectively. For children who were vaccinated as per the schedule examined in this study, further research is required on the duration of protection conferred following the pre-school booster. 
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