[bookmark: _GoBack]Infants are at increased risk for severe pertussis morbidity and mortality[1]. Data reported to the European Centre for Disease Control and Prevention in 2018 showed that the highest notification rate of pertussis was in infants < 1 year of age (44.4/100, 000). Among those infants <1 year of age, the proportion of unvaccinated infants was 58% and all the three deaths reported were in infants too young to receive the first dose of pertussis immunization[2]. Immunization with tetanus-diphtheria-acellular-pertussis (Tdap) vaccine in pregnancy has been implemented in many countries worldwide in order to protect infants during early life from pertussis. This strategy is highly effective in reducing the burden of pertussis disease among infants[3, 4]. 
Immunization with Tdap in pregnancy modifies infants’ active immune responses to their own immunizations in infancy[5]. This modification results in lower antigen-specific anti-B. pertussis IgG levels in infants born to women immunized with Tdap in pregnancy compared with infants of unimmunized women post-primary and post-booster immunization [5-8]. Fortunately, current surveillance data do not support that there is clinical significance of this reduced lower immune response, although continuous surveillance is needed [9, 10]. 
Tdap vaccine formulations that are currently used in pregnancy also include tetanus-toxoid (TT) and diphtheria-toxoid (DT). As a result, infants’ immune responses to TT and DT components of multivalent vaccines and vaccines conjugated to these toxoids as carrier proteins (e.g. Haemophilus influenzae type b [Hib], pneumococcal conjugate vaccines [PCVs], and meningococcal conjugate vaccines) might also be modified. Some studies have reported lower anti-DT IgG levels post-primary immunization with diphtheria-tetanus-acellular-pertussis (DTaP) and lower IgG levels for some Streptococcus pneumoniae serotypes post-primary immunization with PCV13 in infants born to women immunized with Tdap in pregnancy compared with unimmunized women[11, 12]. 
Factors affecting immune response to primary or booster immunizations in infants born to women immunized with Tdap in pregnancy and the magnitude of these effects have not yet been well-described (e.g., timing of immunization in pregnancy, pre-existing maternally–derived IgG levels, infant’s age at immunization and spacing of primary immunization schedule).  
Thus, the aim of this study was to explore factors associated with antibody responses to immunizations in infants born to women immunized with Tdap in pregnancy and infants of unimmunized women and the magnitude of their effect. 
Methods: 

Data source
Studies were identified through a systematic literature review of publications exploring the effect of immunization against pertussis in pregnancy on infants’ immune responses to primary and/or booster immunization and reporting antigen-specific IgG levels/titers (pertussis toxin [PT], filamentous haemagglutinin [FHA], pertactin [PRN], fimbriae 2/3 [FIM2/3], tetanus-toxoid [TT], diphtheria-toxoid [DT], Hib polyribosyl ribitol phosphate [PRP], pneumococcal polysaccharide [PS]) (PROSPERO registration number: CRD42017079171). Both randomized controlled trials and non-randomized studies were eligible for inclusion. The full methodology of the systemic review was previously detailed [13]. Individual-participant data from these studies were obtained by contacting authors. 
Data Analysis
Antigen-specific IgG levels were log2-transformed and analyzed using mixed-effects models. Models were fitted for each antigen-specific antibody at two time point (post-primary and post- booster immunizations) separately for infants of immunized or unimmunized women. 
In order to explore factors that may affect the antibody responses of infants to immunizations, analyses were restricted to studies that included pre-primary and post-primary immunization IgG levels (for the post-primary immunization model), and pre-primary and post-booster immunization IgG levels (for the post-booster immunization model) in infants of women who did or did not receive Tdap vaccines in pregnancy. For anti-TT and anti-PRP antibody analyses, infants of women who did not receive Tdap in pregnancy were excluded from the analyses if their mothers were immunized with TT or tetanus-diphtheria (Td) vaccine in pregnancy. For anti-DT and anti-PS antibody analyses, infants of women who did not receive Tdap in pregnancy were excluded from the analyses if their mothers were immunized with Td in pregnancy. 
For the post-primary immunization model, co-variates included were those reported to influence immune response to vaccination: infants’ sex [14], gestational age at delivery[15-17], timing of immunization in pregnancy in weeks gestation (WG) (for the cohort of infants born to immunized women) [18-20], pre-existing homologous antigen-specific antibody levels before primary immunization [21], primary immunization schedule [22] (2-, 3-, 4-month versus 2-, 4-, 6-month schedule, [primary immunization schedule was not included for FIM2/3 antibodies model in order to enable fitting of the model]), and age at initiation of primary immunization [23-26]. For the model exploring the effect of carrier proteins on the immune response after primary immunization to Hib and PCV13, anti-TT and anti-DT IgG levels before primary immunization were included as antibodies against carrier proteins. For the models exploring factors affecting the immune response to primary immunization with PCV13, analysis was restricted to studies exploring 2 and 3 doses of PCV13 (as a 2-, 4-months versus 2-, 4-, 6-months schedules).     
For the post-booster immunization models, co-variates included were infants’ sex[14], timing of immunization in pregnancy (for the cohort of infants born to immunized women) [18-20], pre-existing antigen-specific homologous antibody levels before primary immunization [21], age at primary immunization, primary immunization schedule (2-, 3-, 4-month versus 2-, 4-, 6-month schedule) [22], age at booster immunization [23-26] (range 9-24 months) (age at booster immunization was not included for anti-TT and anti-DT antibodies model of unimmunized women, in order to enable fitting the model). 
The antilog (2x) of the coefficients from the models and their 95% confidence intervals (CIs) are presented as geometric mean ratios (GMRs) and their 95% CIs. The GMR indicates the relative increase (fold rise) in antibody levels in response to immunization associated with 1 unit change in a co-variate (e.g. the relative increase in antibody response for a 1-week older infant, the relative increase in antibody response associated with a two-fold higher antibody levels)[21]. 
R version 3.4.0 was used for all analysis (meta package, version 4.9-1). 

Results: 
Studies included in this analysis originated from five randomized controlled trials and three non-randomized studies (eTable 1 in the Supplement) [7],[27],[6],[28],[29],[30],[31],[32-34],[35],[36]. 
Primary immunization  
Infants of immunized women
Two-fold higher levels of anti-PT and anti-DT IgG pre-primary immunization were associated with 9% (GMR, 0.91; 95% CI:0.88-0.95) and 10% (GMR, 0.9; 95% CI:0.87-0.93) lower post-primary immunization levels, respectively (Figure 1a). Timing of Tdap immunization in pregnancy, gestational age at delivery, infants’ sex and age at initiation of primary immunization did not affect antigen-specific anti-B. pertussis, anti-TT nor anti-DT IgG levels after primary immunization (Figure 1a). The infants’ immunization schedule did not affect antigen-specific anti-B. pertussis and anti-DT IgG levels post-primary, whilst a 2-, 3-, 4-month schedule was associated with 46% (GMR 0.54; 95% CI:0.36-0.81) lower post-primary immunization anti-TT IgG levels, compared with a 2-, 4-, 6-month immunization schedule (Figure 1a). 
Two-fold higher levels of anti-TT IgG pre-primary immunization were associated with 30% (GMR 1.30; 95% CI:1.13-1.50) higher post-primary immunization anti-PRP IgG levels (Figure 1a). Anti-TT and anti-DT pre-primary immunization IgG levels did not affect anti-PS IgG levels post-primary immunization with PCV 13 (Figure 2a). 
Infants of unimmunized women
Two-fold higher levels of antigen-specific anti-B. pertussis IgG (except FIM2/3) pre-primary immunization were associated with 8-16% lower post-primary immunization levels in (GMRs, PT 0.92, 95% CI:0.88-0.97 ; FHA:0.88, 95% CI:0.85-0.92 ; PRN:0.84, 95% CI:0.81-0.88 ) (Figure 1b). Two-fold higher levels of anti-TT and anti-DT IgG pre- primary immunization were associated with 12% (GMR, 0.88; 95% CI:0.83-0.93) and 17% (GMR, 0.83; 95% CI:0.79-0.87) lower post-primary immunization levels, respectively. Infants’ sex, gestational age at delivery, and age at initiation of primary immunization did not affect antigen-specific anti-B. pertussis and anti-TT IgG levels post-primary immunization, but older age at initiation of primary immunization was associated with 12% (GMR, 1.12; 95% CI:1.02-1.23) higher anti-DT levels post-primary immunization (Figure 1b). Immunization schedule did not affect antigen-specific anti-B. pertussis IgG levels, while 2-, 3-, 4-month immunization schedule was associated with 55% (GMR, 0.45; 95% CI:0.3-0.67) and 72% (GMR, 0.28; 95% CI:0.1-0.79) lower anti-TT and anti-DT IgG levels post-primary immunization, compared with 2-, 4-, 6-month immunization schedule (Figure 1b). 
Anti-TT IgG levels pre-primary immunization did not affect IgG levels to Hib post-primary immunization (Figure 1b). Immunization with 2-, 3-, 4-month schedule was associated with 84% (GMR, 0.16; 95% CI:0.03-0.77) lower anti-PRP IgG levels post-primary immunization, compared with immunization with 2-, 4-, 6-month schedule (Figure 1b). Two-fold higher levels of anti-DT IgG pre-primary immunization were associated with lower levels post-primary immunization with PCV 13 for 9 serotypes (PS1, PS4, PS6B, PS7F, PS9V, PS18C, PS19A, PS19F, PS23F), with a reduction ranged between 9-17% (Figure 2b).
Booster immunization  
Infants of immunized women 
Two-fold higher levels of anti-PT, anti-FHA and anti-PRN IgG pre-primary immunization were associated with 9% lower (GMR, 0.85; 95% CI:0.85-0.97), 8% lower (GMR, 0.92; 95% CI:0.85-0.99) and 13% higher (GMR, 1.13; 95% CI:1.03-1.24) levels of the corresponding IgG in infants post-booster immunization, respectively (Figure 3a). Timing of immunization with Tdap in pregnancy, age at initiation of primary immunization, and age at booster immunization did not affect antigen-specific anti-B. pertussis, anti-TT and anti-DT IgG levels after booster immunization (Figure 3a). Spacing of primary immunizations (2-, 3-, 4-month versus 2-, 4-, 6-month) did not affect antigen-specific anti-B. pertussis, anti-TT and anti-DT IgG levels after booster immunization.  
Infants of unimmunized women 
Two-fold higher levels of anti-FHA IgG pre-primary immunization were associated with 8% (GMR, 0.92; 95% CI:0.86-0.99) lower post-booster immunization levels (Figure 3b). Age at initiation of primary immunization did not affect antigen-specific anti-B. pertussis, anti-TT and anti-DT IgG levels after booster immunization. Age at booster immunization did not affect anti-FHA and anti-TT IgG levels after immunization, but older age in weeks was associated with 9% higher anti-PT levels (GMR, 1.09; 95% CI:1.01-1.18) post-booster immunization. Spacing of primary immunization (2-, 3-, 4-month versus 2-, 4-, 6-month schedule) did not affect IgG levels after booster immunization except for anti-PT whereas 2-, 3-, 4-month schedule was associated with 78% lower anti-PT IgG levels (GMR, 0.22; 95% CI:0.08-0.61) post-booster immunization, compared with 2-, 4-, 6- month immunization schedule (Figure 3b).


Discussion:
This longitudinal individual-participant data meta-analysis of eight studies investigated factors that affect the antibody responses to routine immunizations in infants born to Tdap-immunized and unimmunized women. Increased maternally-derived IgG levels in infants pre-immunization had an inhibitory effect on post-primary immunization antibody responses to some antigens among infants of both Tdap-immunized and unimmunized women and this effect was also observed post-booster immunization. Our findings align with previous observations of the impact of maternal antibodies on infants’ IgG responses and extend them to infants born to women immunized in pregnancy. Our results also showed that the structure of the infants’ immunization schedule does not appear to affect post-primary and post-booster immunization antibody responses for most antigens. 

It is well-established that preexisting maternally-derived IgG levels can be associated with inhibition of immune responses to primary immunization: a previous meta-analysis showed that maternal antibodies had inhibitory effect on 20/21 antigens including PT, FHA, PRN, DT and TT, even in the absence of immunization in pregnancy[26]. This inhibitory effect also extended to booster immunization for PT, FHA and PRN[26]. Our data reaffirm these observations in a cohort of infants born to immunized women. Current data do not suggest that these lower antigen-specific anti-B. pertussis antibody levels have clinical relevance, as the incidence of pertussis did not increase in infants older than 6 months of age after the implementation of antenatal pertussis immunization programs [9, 10]. However, large surveillance datasets would be required to conclude if later in life, the incidence of pertussis disease is higher in infants born to immunized mothers. The mechanism(s) leading to this inhibitory effect of maternal antibodies has not been well established. Different postulated mechanisms include inhibition of B cell activation via masking of vaccine antigen epitopes in the presence of maternal antibodies and phagocytosis of antigen-antibody complexes [37]. In addition, engagement of FcγRIIB on B cells by antigen-antibody complexes might also lead to inhibition of B cell activation [38]. It has been recently shown that there was a reduction in the number of plasma and memory B cells in the germinal center of mice in the presence of maternal antibodies, which could explain persistence of inhibition to post-booster immunization time points [39]. It is also important to note that while maternally-derived antibodies affect antibody immune responses to immunization in infants, current data suggest that cellular immune responses are largely unaffected [40]. 

Exploring what influences the infants’ responses to immunization is important. In our meta-analysis, age in weeks at initiation of primary immunization was not found to affect IgG levels to the majority of vaccine antigens post-primary and post-booster immunization among infants of women immunized with Tdap in pregnancy and infants of unimmunized women. Previous meta-analysis showed that older age in months at primary immunization was associated with higher immune responses after primary and after booster immunization in infants of unimmunized women[26]. However, our meta-analysis investigated the effect of age in weekly intervals (versus monthly intervals in the latter meta-analysis[26]). The range of initiation of primary immunization in our analysis was restricted to 2-, 3-, 4-month or 2-, 4-, 6-month primary immunization schedules and these intervals are therefore very narrow (5-11 weeks). 

In our study, spacing of primary immunization did not affect post-primary and post-booster immunization IgG levels for most vaccine antigens. However, we found that immunization following a 2-, 3-, 4-month schedule was associated with lower antibody responses post-primary (anti-TT IgG in infants of immunized women than in the 2-, 4-, 6-month schedule; anti-TT IgG, anti-DT IgG, anti-PRP IgG in infants of unimmunized women), and post-booster immunization (anti-PT IgG in infants of unimmunized women) and this was independent of pre-primary immunization antibody levels. Primary immunization schedules with longer intervals between the vaccine doses have been shown to result in higher immune responses. A previous study by Simondon et al showed that infants immunized with a 2-, 4-, 6-month primary immunization schedule had a significantly higher immune response to pertussis (measured by neutralization assay) than infants immunized with a 2-, 3-, 4-month schedule[41]. Similarly, the work by Booy et al showed that immunization with 3-, 5-, 9-months schedule was associated with significantly higher antibody levels against diphtheria and tetanus compared with immunization at 2-, 3-, 4-months [22]. The underlying mechanism for the association between longer intervals between vaccine doses and higher antibody levels requires further investigation. It has been suggested that longer interval between vaccine doses leads to higher antibody levels via generation of successive waves of B-cells and increased affinity maturation of primary immune response in the maturing infant immune system [42, 43].

As current Tdap vaccines that are administered in pregnancy also include TT, infants’ vaccine-induced immune responses to Hib vaccines conjugated to TT might be affected. We found that higher pre-primary immunization anti-TT IgG levels were associated with higher post-primary immunization anti-PRP levels in infants of immunized women. Other evidence supports that immunization with Hib vaccine conjugated to TT was associated with higher anti-PRP levels in infants born to women not immunized in pregnancy, when given concomitantly with meningococcal serogroup C polysaccharide vaccine conjugated to TT, supporting the enhancement of immunogenicity of Hib vaccines conjugated to TT[44, 45]. We also report that higher pre-primary immunization anti-DT levels were associated with lower post-primary immunization anti-PS levels for 9/13 serotypes in infants of unimmunized women. This is consistent with previous literature showing that maternal pre-existing anti-DT levels, not in the context of immunization during pregnancy, were associated with lower immune response to serotypes 4, 6B and 9V after immunization with PCV-7 [26]. This suggests that the association between Tdap administration in pregnancy and infants’ immunization with PCV13 is mediated via antibodies against the carrier protein (anti-DT antibodies) that are transferred to infants. However, we found that pre-primary immunization anti-DT IgG levels were not associated with lower post-primary immunization anti-PS IgG levels in infants of immunized women. The small number of infants included in these sub-analyses might have precluded reaching statistical significance in these analyses.  

Our meta-analysis has a number of strengths. This is the first meta-analysis to fully quantify the effect of different factors on immune response to routine vaccines given to infants of immunized women. The individual-participant nature of this meta-analysis allowed for adjustment for co-variates that could have influenced the vaccine-induced immune responses, which was not possible in any of the individual studies due to small numbers. The availability of a control group of infants born to unimmunized women enabled more accurate investigation of factors relevant to immunization in pregnancy (e.g. timing of immunization in pregnancy). The use of mixed-effects model enabled combining data from different studies that used different laboratory assays due to the choice of random intercept (study site and vaccination schedule). Our study is limited by the small number of participants in some models that precluded definite conclusion of certain analyses. Another limitation is that we did not evaluate the function of vaccine-induced antibodies, as there is scarce published data on this. In addition, we did not examine the effect of vaccination with whole-cell pertussis vaccine on infants’ immune responses [46, 47]. 

Conclusions: 

Increased maternally-derived antibodies modifies antibody responses to primary and booster immunization in infants of Tdap-immunized and unimmunized women leading to lower immune response for some antigens. Timing of immunization in pregnancy and structure of immunization schedule in infants did not mitigate this modification for most antigens, but wider immunization schedule was associated with higher antibody responses for other antigens. Current data do not suggest that there is clinical significance of lower immune responses in infants born to women immunized against pertussis in pregnancy. However, if these lower antibody levels are shown to have clinical relevance in the future, modification of infants’ immunization programs may need to be considered for infants born to women who received Tdap vaccines in pregnancy. These data are important in the design of maternal and infants’ immunization programs in countries implementing and considering antenatal pertussis immunization strategy. 
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Figure titles and legends
Figure 1: Factors affecting antibody immune response to primary immunization with diphtheria-tetanus-acellular pertussis (DTaP) vaccine during infancy. Effect of different factors on antibody levels against pertussis toxin (PT), filamentous haemagglutinin (FHA), pertactin (PRN), fimbria 2/3 (FIM), polyribosyl ribitol phosphate (PRP), tetanus-toxoid (TT) and diphtheria-toxoid (DT), after the third dose of immunization with DTaP vaccine (2-, 3-, and 4-month schedules and 2-, 4- and, 6-month schedules) in infants born to women (A) immunized with tetanus-diphtheria-acellular pertussis in pregnancy and (B) unimmunized women. The geometric mean ration (GMR) indicates the relative change (fold change) in antibody levels after primary immunization that is associated with 1 unit change in a co-variate. GMRs <1 indicate that a 1 unit increase in a co-variate for continuous co-variates (or a 2-, 3-, 4- month schedule) is associated with lower antibody levels after primary immunization, while GMR >1 indicates that a 1 unit increase in a co-variate for continuous co-variates (or a 2-, 3-, 4- month schedule) is associated with higher antibody levels after the third dose. Deviation of 3 weeks in initiation of primary immunization was allowed. Abbreviations: R: range; PT: Pertussis toxin; FHA: Filamentous haemagglutinin; PRN: Pertactin; FIM2/3: Fimbriae 2/3; TT: tetanus-toxoid; DT: diphtheria-toxoid; PRP: Polyribosylribitol Phosphate; WG: Weeks gestation; WK: weeks; GA: gestational age; Ab: antibody; GMR: Geometric mean ration; CI: Confidence interval.  
Figure 2: Factors affecting antibody immune response to primary immunization with pneumococcal conjugate vaccine 13 (PCV 13) during infancy. Effect of different factors on antibody levels against pneumococcal capsular polysaccharides (PCP) after primary immunization with PCV 13 (2-, 4-month and 2-, 4-, 6-month and 4-month schedules) in infants born to women (A) immunized with tetanus-diphtheria-acellular pertussis in pregnancy and (B) unimmunized women. The geometric mean ratio (GMR) indicates the relative change (fold change) in antibody levels after primary immunization that is associated with 1 unit change in a co-variate. GMRs <1 indicate that a 1 unit increase in a co-variate for continuous co-variates (or a 2-, 4- month schedule) is associated with lower antibody levels after primary immunization, while GMR >1 indicates that a 1 unit increase in a co-variate for continuous co-variates (or a 2-, 4- month schedule) is associated with higher antibody levels after the third dose. Deviation of 3 weeks in initiation of primary immunization was allowed. Abbreviations: R: range; PS: Pneumococcal polysaccharide; TT: tetanus-toxoid; DT: diphtheria-toxoid; PRP: Polyribosylribitol Phosphate; WG: Weeks gestation; WK: weeks; GA: gestational age; Ab: antibody; GMR: Geometric mean ration; CI: Confidence interval.  
Figure 3: Factors affecting antibody immune response to booster immunization with Diphtheria-Tetanus- acellular pertussis (DTaP) vaccine during infancy. Effect of different factors on antibody levels against pertussis toxin (PT), filamentous haemagglutinin (FHA), pertactin (PRN), fimbria 2/3 (FIM), tetanus-toxoid (TT) and diphtheria-toxoid (DT), after a booster dose of immunization with DTaP vaccine after primary immunization (with a 2-, 3-, and 4-month schedules and 2-, 4- and, 6-month schedules) in infants born to women (A) immunized with tetanus-diphtheria-acellular pertussis in pregnancy and (B) unimmunized women. The geometric mean ration (GMR) indicates the relative change (fold change) in antibody levels after primary immunization that is associated with 1 unit change in a co-variate. GMRs <1 indicate that a 1 unit increase in a co-variate for continuous co-variates (or a 2-, 3-, 4- month schedule) is associated with lower antibody levels after primary immunization, while GMR >1 indicates that a 1 unit increase in a co-variate for continuous co-variates (or a 2-, 3-, 4- month schedule) is associated with higher antibody levels after the third dose. Deviation of 3 weeks in initiation of primary immunization was allowed. R: range; PT: Pertussis toxin; FHA: Filamentous haemagglutinin; PRN: Pertactin; TT: tetanus-toxoid; DT: diphtheria-toxoid; WG: Weeks gestation; Ab: antibody; GMR: Geometric mean ration; CI: Confidence interval.  
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