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Background
Use of a polysaccharide vaccine challenge to demonstrate immunologic memory after priming with capsular group C meningococcal conjugate vaccines (MenCC) risks induction of immunologic hyporesponsiveness. For this reason, MenCC vaccines are now used as probes of immunologic memory, however, no studies have demonstrated their ability to distinguish primed from unprimed children.

Methods 
This study was part of a randomised controlled trial investigating the immunogenicity of a booster dose of the combined Haemophilus influenzae type b and MenC-tetanus toxoid vaccine (Hib-MenC-TT) in infants receiving reduced dose MenCC vaccine priming schedules (one MenC-CRM/MenC-TT or two MenC-CRM vaccine doses) compared with an unprimed group. Antibody kinetics were studied in a subset of 269 children by measuring changes in the MenC serum bactericidal antibody, using rabbit complement, (MenC rSBA) titres and MenC specific IgG memory B-cells before and at 6 and 28 days following the 12 month booster vaccination.

Results
At 6 days after the 12 month MenCC vaccine, the rise in MenC rSBA titres and MenC specific IgG memory B-cells of the primed groups were significantly higher than the infant MenCC naïve group. Participants primed with one MenC-TT dose had the highest increase in MenC rSBA titres compared with all other groups. The MenC rSBA titres at the 28th compared with the 6th day after boosting was significantly higher in those primed with a single MenC-TT/MenC-CRM vaccine in infancy compared with those who were not primed or who were primed with two doses of the MenC-CRM vaccine. 

Conclusion
Immunologic memory can be demonstrated by a MenCC booster vaccination but is affected by the type and number of MenCC doses used for infant priming. The MenC rSBA responses can be used to demonstrate successful immunologic priming. 

Trial registration number: Eudract No: 2009-016579-31; NCT01129518; Study ID: 2008_06 (http://clinicaltrials.gov)















Introduction
Demonstration of immune memory is fundamental in defining a successful capsular group C meningococcal glycoconjugate (MenCC) vaccine in clinical trials [1]. Classically, immune memory was demonstrated in MenCC trials from the anamnestic response seen following a challenge with a fractional dose of MenC polysaccharide vaccine [2]. However, concerns have been raised about the induction of hyporesponsiveness following the administration of full as well as fractional doses of MenC pure polysaccharide vaccines after priming with a MenCC vaccine [3-5]. This is thought to be a result of terminal differentiation of B-cells to plasma cells without replenishment of the B-cell memory pool, resulting in a potentially increased susceptibility to invasive capsular group C meningococcal disease [6]. In addition, boosting with full doses of MenC pure polysaccharide vaccines after previous MenCC vaccination may result in severe systemic reactions [2,7]. It has therefore been proposed that the WHO guidelines on the clinical evaluation of MenCC vaccines be altered to recommend the use of booster doses of conjugate vaccines to assess immunologic memory [8]. One suggested means of doing this is to assess whether MenC serum bactericidal antibody (SBA) titres increase above baseline to a greater magnitude following a ‘challenge’ dose of a MenC vaccine in those who have previously been primed by prior immunisation with a MenCC vaccine, compared with those who are vaccine naïve. Furthermore, detection of MenC specific memory B-cells, that maintain circulating MenC bactericidal antibody above the threshold of protection by differentiating into plasma cells, may be another method for assessing immune memory [9]. Hyporesponsiveness is not known to occur following MenCC vaccines but no guidance exists on which methods should be used to demonstrate immunologic memory [1] and studies on the use of MenCC vaccines as probes of immune memory are limited. This is the first study of the kinetics of the immune response to a MenCC challenge in MenCC primed and unprimed children, and in children receiving different MenCC vaccine priming regimens.  

Methods
Participants and recruitment
This study was part of a phase 4 open label randomised control trial carried out in four centres in the UK and one centre in Malta from July 2010 until August 2013. The primary and booster stages of this trial as well as exclusion criteria and details of approvals from ethical and medicines regulatory agencies in both countries have been published elsewhere [10].


Visits and vaccines
Briefly, 509 healthy infants (mean age: 8.5 weeks; Range: 6.9 – 10.6 weeks), were randomised in the primary vaccination phase in a 10:10:7:4 ratio to 4 different groups to receive one dose of the MenC-CRM vaccine (Menjugate, GlaxoSmithKline Vaccines, Siena, Italy) at 3 months of age (single infant dose MenC-CRM group), or two doses of the same MenC-CRM vaccine formulation at 2 and 3 months of age (two infant dose MenC-CRM group) or one dose of the MenC-TT vaccine (NeisVac-C, Pfizer Inc., New York, US) at 3 months of age (single infant dose MenC-TT group) or not to receive any MenCC doses (control group). All infants received the combined diphtheria-toxoid, tetanus-toxoid, acellular pertussis, inactivated polio and Haemophilus influenzae type b vaccine (DTaP-IPV-Hib, Pediacel, Sanofi Pasteur MSD, Lyon, France) at 2, 3 and 4 months of age and the 13-valent pneumococcal conjugate vaccine (PCV13, Prevenar 13, Pfizer Inc., New York, US) at 2 and 4 months of age. The 478 participants who entered the booster phase (mean age: 12.5 months; Range: 11.9 – 13.6 months) received the Hib-MenC-TT vaccine (Menitorix, GlaxoSmithKline Biologicals, Rixensart, Belgium), together with the measles, mumps and rubella vaccine, at 12 months of age.

In the booster phase blood samples were obtained at 12 months of age, prior to administration of the Hib-MenC-TT vaccine, and 28 days later. At least 64 participants from each of the two infant dose MenC-CRM, single infant dose MenC-CRM and single infant dose MenC-TT groups, as well as all participants in the control group, were randomly selected to have a blood sample 6 days after the 12 month Hib-MenC-TT vaccine (Figure 1). Selection of the subset of participants in the MenC groups who were to have an additional blood sample 6 days after the Hib-MenC-TT vaccine at 12 months of age was part of the original randomisation process as described elsewhere [10]. The parents of enrolled participants as well as the study staff were not masked to allocation to the subset who needed blood sampling 6 days after the Hib-MenC-TT vaccine.

Serologic assays
Group C serum bactericidal antibody was measured using a SBA assay targeting the N. meningitidis C11 (C:16:P1.7-1,1) strain (MenC SBA) and baby rabbit serum (Pel-Freeze Incorporated, Rodgerson, AZ) as the complement source (MenC rSBA). MenC rSBA assays were performed at the Vaccine Evaluation Unit, Public Health England, Manchester Laboratory, Manchester Royal Infirmary, Manchester, UK.

MenC specific IgG memory B-cells
Heparinised whole blood samples were taken from participants who could provide a sufficient volume of blood and whose blood could be processed within 6 hours from sampling at the laboratory facilities in Oxford. Peripheral blood mononuclear cells (PBMCs) were separated by density gradient centrifugation (Lymphoprep; Alere, UK), stimulated for differentiation of MenC memory B-cells into MenC IgG secreting cells as described by Blanchard et al and Kelly et al [9, 11], and then measured using an enzyme linked immunospot (EliSpot) assay [12]. 

Statistical analysis
In order to provide a power of 88%, a sample size of 56 (increased to 64 to allow for a 12.5% drop out) was required in each group to detect a 10% difference in the mean rSBA response between each MenCC groups and the control group at 6 days after the 12 month Hib-MenC-TT vaccination, with a two sided significance level of 5%. Analysis of the outcome variables was performed on those participants within each group who had both pre- and post-boost MenC rSBA titre results. MenC rSBA titres below the lower limit of detection of the SBA assay (<4) were given an arbitrary value of 2 in order to be able to perform the analysis. Since it was expected that some primed participants would have detectable MenC rSBA titres before the 12 month Hib-MenC-TT vaccine dose an analysis of the immune kinetics of the pre-boost and the 6-day post boost antibody titres was carried out by fitting a regression analysis model to the log-transformed rSBA titres that adjusted for the pre-boost titres (i.e. the analysis of the 6-day post boost antibody titres included an adjustment for detectable pre-boost titres in order to have a comparable pre-boost antibody baseline between the groups). Since we were assessing differences in antibody titres, analysis of unadjusted data would have resulted in a falsely higher fold increase in the groups with the smaller pre-vaccination titres and would not have reflected the true differences between the groups. Geometric means and their 95% confidence intervals (95% CI) were calculated from the antilog of the mean of the log transformed rSBA titres and the geometric mean ratios (GMR) comparing randomised groups, and their 95% CI from the parameter estimates in the regression model. An analysis of the antibody kinetics at the 28th compared with the 6th day after the Hib-MenC-TT vaccine was performed in participants having results available from these two time points by computing the adjusted GMRs from a similar regression analysis model that adjusted for the 6 day post-boost antibody titres. The analysis was performed using STATA 13.

Analysis of the MenC specific IgG memory B-cells was exploratory and the sample size had been predetermined by the MenC rSBA analysis. Blood was taken only from those participants who lived in the vicinity of the Oxford research laboratory facilities where blood could be processed within 6 hours of sampling. The statistical methods used to analyse the pre-boost and the 6th and 28th day post boost results were similar to the rSBA analysis, with calculation of the geometric means, and their 95% CI as well as the GMRs using a regression analysis model that adjusted for pre-boost numbers. When no cells were identified on the EliSpot assay, a value of 0.31 cells/million peripheral blood mononuclear cells (PBMC), equivalent to half the lowest level of detection of the assay, was assigned in order to be able to log10 transform the results.



Results
There were 181 participants who had paired sera before and 6 days after the Hib-MenC-TT vaccination at 12 months of age (Figure 1). Before Hib-MenC-TT immunisation only around 30% of the participants primed with a MenCC vaccine in infancy had MenC rSBA titres ≥8, whilst none of those in the control group had detectable MenC SBA (Table 1). At 6 days after the Hib-MenC-TT vaccination a significantly higher proportion of participants who were primed with a MenCC vaccine in infancy had MenC rSBA titres ≥8 compared with those in the control group, who had not been primed (100% in the MenC primed groups vs 82.6% in the unprimed group; all p≤0.006; Fishers Exact tests) (Table 1). MenC rSBA titres and circulating MenC specific IgG memory B-cells after the booster vaccine were significantly higher in participants primed in infancy compared with those who were not primed (Figures 2, 3 and Tables 1, 2). Participants primed with MenC-CRM vaccines had an increase in rSBA titres (as measured by post-immunisation rSBA GMTs adjusted for pre-immunisation levels) almost 4 times more than control participants in both single dose CRM recipients (GMR compared with controls 3.82, 95% CI: 1.88 to 7.77, p<0.0001) and two dose MenC-CRM recipients (3.99, 95% CI: 1.93 to 8.23, p<0.0001) (Figure 2, Table 1). MenC IgG memory B-cells, after adjusting for pre-boost levels, were similarly significantly higher in the single and two dose MenC-CRM groups when compared with the control group (GMR 6.23, 95% CI: 2.04 to 18.96, p=0.002 and GMR 3.99, 95% CI: 1.23 to 12.92, p=0.022; respectively) (Table 2). Participants primed with a single dose of MenC-TT had an increase in rSBA titres and memory B-cells 13.5 times and 8 times more than control participants, respectively (MenC rSBA GMR 13.49, 95% CI: 6.68 to 27.25, p<0.0001 and MenC memory B-cells GMR 8.12, 95% CI: 2.33 to 28.35, p=0.0015). The response to the Hib-MenC-TT booster in the single infant dose MenC-TT group was also significantly higher than in those primed with MenC-CRM (MenC rSBA GMR 3.53, 95% CI: 1.79 to 6.97; p<0.0001 and higher than in the two infant dose MenC-CRM group (MenC rSBA GMR 3.38, 95% CI: 1.69 to 6.77; p=0.001), although the change in the number of circulating MenC IgG memory B-cells was not significantly different. In contrast, no significant differences were seen in the MenC rSBA rise six days after the Hib-MenC-TT boost between the single and the two infant dose MenC-CRM groups (Table 1). Similarly, the change in the number of circulating memory B-cells was not significantly different between these MenC-CRM primed groups (Table 2).

Differences observed in the GMRs were not reflected in the proportion of participants with protective titres above accepted thresholds. Priming with one MenC-TT dose at 3 months of age did not induce significant differences in the percentage of participants with MenC rSBA titres ≥8 or ≥128 six days after the Hib-MenC-TT 12 month booster dose when compared with the MenC-CRM primed groups. 

A separate analysis of the 6 day post-boost MenC bactericidal antibody and memory B-cell kinetics of primed participants who had undetectable pre-boost MenC rSBA titres (<4) showed a significantly higher increase in MenC rSBA titres, but not circulating MenC IgG memory B-cells, in the primed compared with the control group (Supplementary figures 1a, 2a and Supplementary table 1). However, no significant differences in the post boost MenC rSBA GMTs and memory IgG B-cells were noted in participants with pre-boost MenC rSBA titres <4 compared with those with titres ≥4 within the same primed group (Supplementary figures 1, 2 and Supplementary table 1). No significant differences were noted in the rise in post-boost MenC rSBA titres and memory IgG B-cells of participants with pre-boost titres >4 between the single and two infant dose MenC-CRM groups. Although the change in the number of MenC IgG memory B-cells was not significantly different, the rise in the MenC rSBA titres was significantly higher in the MenC-TT when compared with the MenC-CRM groups (Supplementary figures 1b, 2b and Supplementary table 1). 


In order to assess the MenC rSBA kinetics at the 28th compared to the 6th day after the Hib-MenC-TT boost, an exploratory analysis of changes in the MenC rSBA titres and MenC IgG memory B-cells was performed after the Hib-MenC-TT vaccine given at 12 months of age (Figure 2, 3). Although there was a decline in the MenC rSBA GMTs in all groups at the 28th compared with the 6th day after the Hib-MenC-TT vaccine, which was only statistically significant for the two infant dose MenC-CRM group, the MenC rSBA titres of participants primed in infancy with a single MenC-CRM dose at day 28 (after adjusting for the 6th day levels) remained 4 times higher than those in the control group (GMR 4.04, 95% CI: 1.96 to 8.31; p=<0.0001). Similarly the MenC rSBA titres in the single infant dose MenC-TT group was also significantly higher than those in the control group (GMR 7.99, 95% CI: 3.63 to 17.60; p=<0.0001). In contrast no significant difference was noted in the day 28 MenC titres of the two infant dose MenC-CRM compared with the control group (Table 1). A comparison of the MenC rSBA titres between the differently primed groups showed no significant difference between the single infant dose MenC-CRM and MenC-TT groups. However, the MenC rSBA titres were 2.7 times and 5.3 times higher in the single infant dose MenC-CRM and MenC-TT groups, respectively, when compared to the two infant dose MenC-CRM group (GMR 2.67, 95% CI: 1.31 to 5.44; p=0.007 and 5.28, 95% CI: 2.54 to 10.96; p<0.0001, respectively, Table 1).

Intriguingly the increase in the number of MenC specific IgG memory B-cells was almost 5 times higher in the participants receiving their first MenCC dose at 12 months compared with those primed with one or two MenC-CRM doses (GMR 4.85, 95%CI: 1.29 to 18.29; p=0.02 and GMR 4.63, 95%CI: 0.10 to 21.48, p=0.05) (Table 2). There was no significant difference in the memory B-cell responses between participants primed with MenC-TT in infancy compared with those in the control and the MenC-CRM primed groups (Table 2).

Discussion
The significantly higher MenC rSBA titres as measured by the GMRs of primed compared with unprimed groups six days after a 12 month Hib-MenC-TT booster dose, shows that the MenC rSBA responses can be used to distinguish the presence or lack of MenCC priming. A significantly higher proportion of participants primed in infancy had MenC rSBA titres ≥8 six days after Hib-MenC-TT vaccination at 12 months of age compared with those who were never primed. This demonstrates the importance of infant priming to attain high post-boost MenC rSBA titres that exceed the protective threshold of ≥8 and reflects the significantly higher number of MenC IgG memory B-cells detected 6 days after the 12 month Hib-MenC-TT vaccine in primed compared with unprimed children. 

Prior to boosting, around 60% of participants in each of the primed groups had undetectable MenC rSBA titres ≤4, although MenC IgG memory B-cells were still detectable in their bloodstream (Supplementary table 1). A direct comparison of these children with those in the control group revealed significantly higher post-boost MenC rSBA titres, again demonstrating the presence of priming despite the undetectable pre-boost MenC rSBA titres. This observation was not reflected in similar significant differences in the number of MenC memory B-cells, very likely from the small number of participants with MenC rSBA titres ≤4 who had blood available for B-cell analysis. Interestingly the anamnestic response in children primed with a MenCC vaccine in infancy but who had undetectable pre-boost titres by the time they were 12 months of age was not significantly different from those with detectable titres who were primed with the same MenCC formulation and schedule in infancy. Despite differences in the persistence of MenC antibody in children primed with similar MenCC vaccine schedules in infancy, it appears that immune memory is similar, reflected by a similar rise in antibody titres to a booster dose.  

Following the 12 month Hib-MenC-TT vaccine, we observed a tendency towards a decline in the post-boost MenC rSBA titres at 28 days when compared with the titres measured at 6 days. Our observation is similar to the drop in MenC rSBA titres seen from 7-10 days to 21-25 days after a MenC polysaccharide vaccine challenge in toddlers vaccinated with a MenC-CRM vaccine 12 months previously and following a MenC glycoconjugate or pure polysaccharide vaccine in 18-50 year old adults previously vaccinated with a MenC-TT vaccine [13,14]. In contrast, following MenCC vaccination of adolescents and adults who never received a MenC vaccine previously or who were vaccinated with a MenC pure polysaccharide or a MenCC vaccine, the MenC rSBA titres rose rapidly in the first 5-7 days and continued to increase to 28 days later [15-17]. Such discrepancies could be due to variations in the MenC vaccine formulations used, vaccine scheduling, time elapsed from first immunisation to boosting in the different studies, differences in meningococcal C carriage rates, as well as differing memory B-cell responses in infants and children from that of adults in different populations. 
The lower rise in MenC rSBA titres at 6 days post Hib-MenC-TT vaccination in unprimed than in primed individuals indicates that these antibodies are likely derived from low numbers of B cells that are proliferating during the primary response before sufficient time has passed for germinal centre output. In primed infants a secondary response is observed as strong rapid high avidity response as measured by SBA. The subsequent relatively steeper decline in bactericidal titres at 28 days from Hib-MenC-TT vaccination in MenCC naive participants may suggest that this component of the primary response arises from the early, possibly pre-germinal centre, production of short-lived plasma cells. 
Infants primed with the two dose MenC-CRM schedule had a lower number of memory B-cells prior to the booster at 12 months of age than did those who had only one dose suggesting that administering multiple doses of the vaccine during priming may affect the memory pool and perhaps accounting for the differences in functional antibody between the two groups one month after the booster.  

No studies have previously investigated the post-boost MenC rSBA or circulating memory B-cell kinetics in children primed with different MenCC vaccines. We have shown that the kinetics of the immune response are affected by the MenCC vaccine formulation and schedule used for priming in infancy. The significantly higher MenC rSBA titres seen at 6 days after the 12 month Hib-MenC-TT boost in participants primed in infancy with one MenC-TT vaccine dose compared with one/two MenC-CRM dose priming indicate that this vaccine formulation induces more robust immunologic memory than the MenC-CRM vaccine. Furthermore, the decline in MenC rSBA at the 28th compared with the 6th day after the 12 month Hib-MenC-TT vaccination is significantly less in children primed with MenC-TT compared with the MenC-CRM primed groups, an effect that persists until 24 months of age [10]. 


We did not observe any significant differences in the 6 day post-boost antibody kinetics in children previously primed with a single or two dose MenC-CRM schedule. However, the MenC rSBA titres at the 28th compared with the 6th day, after boosting were significantly higher in the single infant dose MenC-CRM group than in the two infant dose MenC-CRM group. In addition, the MenC rSBA response was not significantly different in the two infant dose MenC-CRM group compared with the control group. The differences in the antibody kinetics between children primed with one or two MenC-CRM doses in infancy are similar to that which was observed in children primed with one or two doses of MenC-TT vaccine in infancy and then challenged with a low dose of a MenAC polysaccharide vaccine at 12 months of age in a different study [18]. Thus it appears that a higher quantity of antigen used for priming negatively impacts the booster response at 12 months of age to an extent that the antibody kinetics at the 28th compared with the 6th day after boosting are not significantly different from those who were not primed in infancy.


The clinical relevance of the MenC antibody kinetics induced by a 12 month MenCC vaccine following MenCC priming, or no priming, in infancy lies in the persistence of MenC rSBA GMTs above the protective threshold of ≥8 which is important for sustained protection against invasive MenC disease. This is because the incubation period of meningococcal disease is short with the majority of secondary cases of IMD occurring 24 hours to 7 days following exposure to an index case [19]. A rise in MenC rSBA titres to above the threshold of protection of ≥8 only occurs around the 9th day following acquisition of MenC carriage in individuals with undetectable MenC bactericidal antibodies [20]. Similarly, the immune memory response in previously vaccinated adolescents and adults following a MenCC vaccine challenge is delayed by 5-7 days [21,22]. As shown by surveillance data from countries with routine MenCC vaccination, relying on an anamnestic response to antigenic exposure from colonisation or revaccination would not be rapid enough to prevent invasive disease in those with unprotective titres [23,24], since protection is dependent on having MenC rSBA titres ≥8 [25]. As we have shown in this study infant priming results in a greater increase in MenC-rSBA titres following a 12 month MenCC vaccine compared with no priming, an effect that is more pronounced with a single infant MenC-TT rather than with MenC-CRM vaccine priming. A single dose of MenCC vaccine at 12 months of age still resulted in MenC rSBA GMTs ≥8 in 80% of children 28 days after vaccination (Table 1), a proportion that might be acceptable in countries like the UK where MenC disease has been controlled following a robust MenC infant prime and boost vaccination programme and an initial catch up MenCC vaccine campaign [26]. The herd protection that has been established from such a MenCC vaccine programme is likely to be sustained through adolescent vaccination and may make it possible to remove the infant priming dose in the future. The 12 month MenCC vaccine might, however, still be important for a robust rise in MenC rSBA GMTs above the threshold of ≥8 following an adolescent boost.

Conclusion
MenC glycoconjugate vaccines can be used to demonstrate the induction of immune memory, a regulatory requirement that is necessary to define a successful MenCC vaccine in clinical trials. Immune memory may, however, be affected by the MenCC vaccine formulation and number of doses used for infant vaccination 
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