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Sex-Related Differences in the Immune Response to Meningococcal Vaccinations During Adolescence
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Background: Immune responses to pediatric vaccinations have been reported to differ according to sex. Such sex-differential responses may become more pronounced during adolescence due to hormonal differences. We investigated whether the vaccine response following primary vaccination against meningococcal serogroup A (MenA), MenW and MenY and booster vaccination against MenC differed between girls and boys using data from two clinical studies.

Methods: Children aged 10, 12, and 15 years, who had been primed with MenC vaccination between 14 months and 6 years of age, received a booster MenC vaccination or MenACWY vaccination. Polysaccharide-specific IgG concentrations and functional antibody titers [determined with the serum bactericidal antibody (SBA) assay] were measured at baseline, 1 month, 1 year, and 3 years (only MenC group) after vaccination. We calculated geometric mean concentrations and titers (GMC and GMT) ratios for girls vs. boys adjusted for age group. Additionally, we compared the proportion protected individuals between girls and boys at all timepoints.

Results: This study included 342 girls and 327 boys from two clinical trials. While MenAWY antibody levels did not differ consistently 1 month after vaccination, all GMC- and GMT-ratios were in favor of girls 1 year after vaccination [range: 1.31 (1.02–1.70) for MenA IgG to 1.54 (1.10–2.16) for MenW IgG]. Overall, MenC antibody levels were slightly higher in girls at all postvaccination timepoints (GMC- and GMT-ratios: 1.16/1.17 at 1 month, 1.16/1.22 at 1 year and 1.12/1.15 3 years postvaccination). Higher MenC antibody levels were observed in 12- and 15-year-old girls compared to boys of the same age, whereas 10-year-old boys and girls had similar antibody levels. The percentage of participants protected (SBA titer ≥ 8) was very high (95–100%) at all timepoints, and did not differ significantly between boys and girls.

Conclusion: Antibody responses were higher in girls than in boys for all serogroups at most timepoints after primary MenAWY vaccination and booster MenC vaccination. The differences in average titers were however small and the percentage participants with protective titers was very high for both sexes.
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INTRODUCTION

Sex-related differences of genetic and hormonal nature are known to influence the immune system (1). Biological factors related to sex, such as hormones, but also chromosomal differences are considered important in both infectious diseases and autoimmunity (2). Invasive meningococcal disease (IMD) is a severe disease, caused by the Gram-negative bacterium Neisseria meningitidis (3), which can be prevented by vaccination. A meta-analytic evaluation of sex differences in IMD rates by age group in 10 countries found excess incidence rates in young males, but a reversed sex ratio in older adults with higher rates in females (4). During a recent IMD-W outbreak in the Netherlands, females were affected more often than males (66 vs. 34% respectively), although cases predominantly occurred in (older) adults (5). Mortality data from New York City showed higher case fatality rates for IMD in females across all ages (6). However, there is insufficient knowledge about the vaccine response at different stages of life in relation to sex and a paucity of clinical (vaccine) trials that include data analyzed by sex (7, 8). Immune responses to several infant vaccinations have been reported to differ according to sex (9). Such sex-differential responses may become more pronounced during adolescence due to hormonal differences. For example, while IgG and IgM levels are generally equal between the sexes pre-puberty, these immunoglobulins are higher in females post-puberty (2). Knowledge on sex differences in vaccine response could contribute to the rationale of vaccine strategies, as was previously proposed for influenza vaccination (10).

A meningococcal serogroup C (MenC) conjugate vaccine was introduced in the national immunization programme (NIP) in the Netherlands in September 2002 for 14-month-olds (11); children born from July 2001 onwards were therefore eligible for vaccination. Furthermore, a catch-up campaign for children up to 18 years of age (born from June 1983 until July 2001) was conducted from June until November 2002 (11). Recently, the MenC conjugate vaccine was replaced by a meningococcal serogroup A, C, W and Y (MenACWY) conjugate vaccine in response to an increase of IMD serogroup W (IMD-W) (12). During this increase, teenagers were the main target population for vaccination, since they were disproportionally affected during this increase (13) and since this age group has the highest meningococcal carriage rate (14). A mass campaign for 14–18 year-olds (born between January 2001 and December 2005) was conducted, and all 14-year-olds are now offered a MenACWY-TT booster dose, after priming at the age of 14 months. Data on protection levels after meningococcal vaccination separated by sex are scarce and lacking for adolescents in particular.

Our objective was to explore the sex-related differences in the immune response following adolescent meningococcal vaccination in two clinical studies that were carried out between 2011–14 and 2015–19. We determined the quantity and functionality of serum and salivary MenACWY antibody levels in individuals aged 10, 12 and 15 years at time of vaccination, and assessed differences between the sexes.



MATERIALS AND METHODS


Study Populations

Two phase-IV clinical trials (clinical trial numbers: NL3372 and NL4286) enrolled participants in 2011 and 2014 to receive a MenC-TT or MenACWY-TT vaccine, respectively, at the age of 10, 12 or 15 years after being primed at young age (aged between 14 months and 6 years) with a MenC-TT vaccine, as previously described (15–17). Serum samples were collected at baseline (T0), 1 month (T1) and 1 year (T2) after vaccination. In addition, from a subset of participants serum samples were collected at 3 years (T3) postvaccination (MenC booster vaccination group) (18).



Serological Analyses

MenA-, MenC-, MenW-, and MenY-PS-specific serum IgG, serum IgA and salivary IgA concentrations and tetanus toxoid (TT)-specific serum IgG concentrations were measured using a fluorescent-bead-based multiplex immunoassay (MIA) (19–22). Functional antibodies were assessed with the serum bactericidal antibody (rSBA) assay using baby rabbit complement and MenA strain 3125, MenC strain C11 (23), MenW strain MP01240070 and MenY strain S-1975 as target strains. The correlate of protection (internationally accepted) of rSBA titer ≥ 8 was used for analyses, with the bactericidal titer defined as the dilution of the serum that corresponded with ≥50% killing after 60 min incubation (24–26). When the titer fell below the cut-off of the assay (titer <4), a value of 2 was assigned.



Statistical Analyses

The statistical analyses were performed using Excel, GraphPad Prism 8 and SPSS Statistics v24. Geometric mean concentrations (GMCs) of meningococcal serogroups A, C, W and Y polysaccharide (PS)-specific IgG and TT-specific IgG and geometric mean titers (GMTs) for serogroup-specific SBA titers were calculated for girls and boys separately (across age groups) at T1 (1 month after booster vaccination) and T2 (1 year after booster vaccination). We used a generalized linear model to perform regression analyses per serogroup, using ln-transformed IgG levels or SBA titer at T1 or T2 as dependent variable and sex as independent variable. The exponentiated regression coefficient for sex was used to obtain IgG GMC ratios or SBA GMT ratios for girls vs. boys for each serogroup. We performed the MenAWY analyses (1) adjusted for age group and (2) adjusted for both age group and IgG or SBA at T0. For meningococcal serogroup A, W and Y, we did not perform separate analyses for the different age groups because of the small sample sizes. We performed MenC analyses (1) adjusted for study-group (8 groups which differed on the following aspects: booster age, priming age and MenC-TT or MenACWY-TT booster vaccination) and (2) adjusted for both study-group and IgG or SBA result at T0. We performed analyses per booster-age-group (10, 12, and 15 years), and overall for each timepoint. Analyses were performed for an additional timepoint (T3: 3 years after MenC booster vaccination) for the subgroup for whom measurements at this additional timepoint were available. In addition, the proportion of protected (SBA titer ≥ 8) girls and boys at the different time points for each serogroup were compared by a Fischer's exact test. For serum IgA and salivary IgA we performed the same analyses as for IgG and SBA. No measurements at 3 years after booster vaccination were available for serum or salivary IgA. The same analyses were also performed for TT-specific serum IgG for the MenC booster vaccination group, with measurements available at baseline, 1 month and 1 year after vaccination. A p-value of <0.05 was considered as statistically significant.




RESULTS


Population Characteristics

As shown in Table 1A, the distribution of girls and boys slightly differed across age groups in the study population for meningococcal serogroup A, W and Y with more girls in the youngest age group and more boys in the older age groups. Baseline IgG levels against meningococcal serogroups A, W and Y were generally low for both sexes. The percentage with protective SBA titers at baseline was similar for girls and boys for all three serogroups, with overall 20, 15, and 31% of the participants protected for serogroup A, W, and Y, respectively.


Table 1A. Characteristics of the study population for meningococcal serogroups A, W, and Y.
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The characteristics of the study population for meningococcal serogroup C are described in Table 1B. Both the baseline MenC IgG concentrations and the percentage with protective SBA titers at baseline did not differ between girls and boys. The overall percentage of participants with protective SBA titers at baseline ranged from 10% among 12-year olds who were primed at 14 months of age, to 45% in 15-year olds who were primed at 6 years of age.


Table 1B. Characteristics of the study population for meningococcal serogroups C.
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Meningococcal Serogroups A, W and Y: IgG and SBA

The IgG GMCs and SBA GMTs for MenA, MenW and MenY for girls and boys (across age groups) at 1 month and 1 year after booster vaccination, and the corresponding (adjusted) GMC ratios and GMT ratios are shown in Table 2A. At 1 month after the MenACWY vaccination, IgG levels and SBA titers did not differ consistently between sexes, as shown in Figure 1. Adjustment for IgG level/SBA titer at baseline slightly changed some estimates, but did not alter the observed trend.


Table 2A. Geometric mean IgG concentrations and geometric mean SBA titers for girls and boys and geometric mean concentration/titer ratios for girls vs. boys for meningococcal serogroups A, W and Y at 1 month and 1 year following MenACWY-TT vaccination.
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FIGURE 1. Geometric mean concentration (GMC) ratio and geometric mean titer (GMT) ratio for meningococcal serogroup A (MenA), MenW and MenY in girls vs. boys at 1 month (T1) and 1 year (T2) after a meningococcal serogroup A, C, W and Y conjugated to tetanus toxoid (MenACWY-TT) vaccine in adolescents who were primed at young age (aged between 14 months and 6 years) with a MenC-TT vaccine. *Adjusted for age group and baseline level at T0 (IgG or SBA, respectively, for GMC and GMT ratio); **adjusted for age group.


At 1 year after vaccination, all GMC/GMT ratio estimates were in favor of girls: ratio estimates ranged from 1.31 (1.02–1.70) for MenA IgG to 1.54 (1.10–2.16) for MenW IgG. Estimates were somewhat attenuated after adjusting for IgG/SBA at T0, e.g., to 1.18 (0.95–1.47) and 1.40 (1.00–1.94), respectively for the previously mentioned GMC ratios for MenA and MenW IgG.



Meningococcal Serogroup C: IgG and SBA

For MenC, IgG GMCs and SBA GMTs are shown in Table 2B. Overall, both IgG and SBA were higher in girls at all postvaccination timepoints (Figure 2), e.g., at 1-month after the booster the overall IgG GMC ratio was 1.16 (1.02–1.31) and the overall SBA GMT ratio was 1.17 (1.01–1.35). When separated by age group, higher MenC IgG levels and SBA titers were observed in 12-and 15-year-old girls than in boys, whereas 10-year-old boys and girls had similar IgG levels and SBA titers.


Table 2B. Geometric mean IgG concentrations and geometric mean SBA titers for girls and boys and geometric mean concentration/titer ratios for girls vs. boys for meningococcal serogroup C at 1 month, 1 year and 3 years following MenC-TT/MenACWY-TT booster vaccination.
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FIGURE 2. Geometric mean concentration (GMC) ratio and geometric mean titer (GMT) ratio for meningococcal serogroup C (MenC) in girls vs. boys per age group (10, 12 or 15 years) and overall at 1 month (T1), 1 year (T2) and 3 years (T3) after either a meningococcal serogroup A, C, W and Y conjugated to tetanus toxoid (MenACWY-TT) vaccine or a MenC-TT vaccine in adolescents who were primed at young age (aged between 14 months and 6 years) with a MenC-TT vaccine. *Adjusted for age group and baseline level at T0 (IgG or SBA respectively for GMC and GMT ratio).




Meningococcal Serogroup A, C, W and Y: Proportions Protected

The vast majority of participants (96–100%), both girls and boys, were protected against all serogroups 1 month and 1 year after vaccination. There were no significant differences in the proportions protected (SBA ≥ 8) between girls and boys at any timepoint or for any serogroup (Table 3). Three years after vaccination, all girls and boys (n = 110 and n = 89, respectively) were still protected against MenC (18).


Table 3. Proportions protected according to SBA titer for girls and boys for all serogroups and timepoints.
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Serum and Salivary Meningococcal IgA

Results for serum IgA and salivary IgA are shown in Supplementary Tables 2A,B (with baseline characteristics in Supplementary Tables 1A,B). The observed trend of the IgA results was similar to IgG and SBA, either showing no clear difference or somewhat higher levels in girls. However, although the trend was similar, the difference only reached significance for MenY serum IgA at T2 when adjusted for age group only (p = 0.037) or for age group and baseline levels (p = 0.019). For MenC, a significant difference toward girls was observed for serum IgA at 1 year after vaccination in 12-year-olds, when adjusted for age and baseline level. A significant difference was found for MenC salivary IgA at 1 month after vaccination in 12-year-olds as well as for the overall group.



Serum Tetanus IgG

Results for TT-specific serum IgG were only available for the MenC-booster group for baseline, 1 month and 1 year after vaccination (Supplementary Table 3). We found a significant difference for 10-year-olds at T2 with a higher level in boys [GMC ratio girls vs. boys: 0.72 (0.54–0.96), p = 0.024], but we found no significant difference in other age groups nor at other timepoints.




DISCUSSION

In this study, we evaluated sex-related differences in the immune response to a meningococcal conjugate vaccine in adolescents. We found slightly higher antibody levels in girls than in boys at the age of 12 or 15 years, respectively, and at more than a month after vaccination. Our results suggest some sex-based disparity in the meningococcal vaccine-induced immune response during adolescence. Since this is a period characterized by a developing and changing hormonal system while simultaneously being prone for carriage of meningococci, a sufficient vaccine response is important.

To our knowledge, we are the first to report meningococcal vaccine-induced sex-specific immune responses in adolescents. A meta-analysis by Voysey et al. (9) found consistently higher immune responses in girls than boys-all aged younger than 3 years-to a [diphtheria cross-reacting material (CRM197) conjugated] meningococcal ACWY vaccine for serogroup A, W and Y, but not for serogroup C with most geometric mean MenC ratios close to 1. This is in contrast to our results that showed favorable results in girls for all serogroups including serogroup C, albeit not for each timepoint. In line with our findings, a study that investigated the vaccine response to other capsular conjugate vaccines like the pneumococcal vaccine and Haemophilus influenza type B (Hib) vaccine reported no differences or higher antibody levels in females, although they included infants and young children (27). Similar, a trend of comparable or higher tetanus antibody levels in boys was also observed in that study.

It was previously proposed that the carrier protein in conjugate vaccines might have a sex-differential effect (9, 28). In the current study, all participants received a meningococcal vaccine conjugated to tetanus toxoid and we could not make a comparison between different carrier proteins. Yet, with regard to the carrier protein itself, we only identified a significant difference in 10-year-olds with higher tetanus antibody levels in boys rather than girls. This finding does not prove nor exclude a sex-differential effect toward females as promoted by the carrier protein.

Since age is inextricably linked with sex hormones-which induce variation of the immune profile during life-the influence of age should always be considered in studies comparing responses according to sex. Generally, estrogens have a variable (mostly activating) effect on the immune function, while progesterone is considered as a modulator or suppressive hormone and testosterone mainly acts as immunosuppressor (2, 29). In adolescence, the actions of steroid hormones result in extensive changes to an individual's body (30), including the immune system. Therefore, our results cannot be translated directly to younger children or elderly, in whom sex-differences are hypothesized to be minimized due to the life-course related changing hormonal status. For instance, the effect of sex could be limited in postmenopausal women due to relatively high levels of progesterone compared to earlier in life (and comparable progesterone levels to males at elder age), though genetic differences continue to exist. This is also highlighted by the fact that we found sex-differences in 12- and 15-year-olds but not in 10-year-olds. At the age of 10, most children are in a phase prior to, or at the start of the pubertal rise of reproductive hormones that is called the gonadarche (31, 32). Before this phase, the effect of gonadal steroids on the vaccine response is expected to be limited. The implications of sex-differential effects for vaccination policy are therefore dependent on many factors and sex should always be considered in relation to age.

Not only vaccination or disease, but also asymptomatic carriage can induce the production of antibodies (33, 34). We cannot exclude that carriage of the bacterium might have influenced our results, since serogroup C, W and Y are still prevalent in the Netherlands (13). To what extent carriage might have affected our results remains uncertain, but evidence for sex-differential meningococcal carriage rates is limited. A large carriage study in the UK that investigated predisposing factors for meningococcal carriage in teenagers did not find an association between carriage and sex (35), similar to results from a study in adolescents in Australia (36). In university students in the United States, meningococcal carriage was in fact associated with being male (37). In this study, we did not find any significant sex-related differences in IgA levels. IgA is the dominant Ig type in mucosal tissues and thus important in the first line of defense at the location of carriage, e.g., the nasopharynx and its mucosal surfaces (38, 39). Moreover, the sex-related differences in IgG levels we found were present after vaccination, but not before vaccination and carriage levels are known to increase after the age of 15 years (14). Therefore, it appears unlikely that our results were confounded by naturally-acquired immunity.

In spite of a difference in geometric mean antibody levels, protection levels did not differ significantly up to 3 years postvaccination. Longer follow-up studies are necessary to investigate the implications for adolescents when antibodies wane. Although there seems to be a tendency of faster waning for MenAWY in males (with sex differences increasing over time), we did not observe this pattern for MenC. We have some data available 5 years after the MenACWY vaccination for a subgroup of participants, but these results were inconclusive due to small sample sizes and proportions protected were still very high among adolescents as was previously published (40). We encourage future clinical trials, carriage studies but also serosurveillance studies-that often cover longer periods after vaccination due to the nature of the study-to report data stratified by sex. Thereby, the knowledge on sex differences in vaccine-induced immune responses could be expanded, not only for meningococci but also for other vaccine-preventable pathogens. Meningococcal vaccination policy might not change when long-term data would become available, which is supported by our finding that differences between sexes are limited 3 years postvaccination and protection levels at that timepoint were very high for both sexes. However, it might be relevant for other vaccine-preventable diseases if vaccine-induced immunity wanes fast in one sex but not the other.

One of the strengths of this study is the clinical trial setting of the studies with a fairly equal number of included boys and girls enabled post-hoc analysis without risk of selection bias. We investigated both IgG concentrations and functional antibody titers, which enabled analysis of the proportions protected next to geometric means of antibody levels. However, despite our trial has a follow-up time of 3 years, we found very high levels of protected participants at this latest timepoint. This hampered the exploration of clinical relevance of the biological differences that we found. Future modeling studies could estimate potential differences in duration of protection and serosurveillance studies should also consider presenting data by sex to explore sex-based differences in antibody levels across the population. One of the limitations of the study is the lack of information about every individual's pubertal maturation status at time of the study. Since the onset of puberty differs per individual, we could not analyse the results per puberty stage (pre-puberty vs. puberty) next to the age-specific analyses that we did. Furthermore, we could not analyse the MenAWY results per age group due to the limited number of participants in the MenACWY booster group. Nevertheless, we did have a large sample size in the MenC booster group which enabled us to examine MenC IgG, IgA and TT results per age group.

To conclude, our data showed that the vaccine responses following an adolescent MenC or MenACWY vaccination were slightly higher in 12- and 15-year-old girls than in boys. However, the percentage with protective titers was very high for both boys and girls. More research is needed to establish whether these findings are of clinical relevance on the long-term when antibodies wane and protection levels decrease.
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meningococcal serogroup Y; IgG, immunoglobulin G; SBA, serum bctericidal antibody;

IQR, interquartie range.
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12y MenC-TT 3y 44.(12.9) 47 (14.4)
12y MenC-TT 14m 37(10.8) 45(13.8)
12y MenACWY-TT  14m 36(10.5) 43(13.2)
15y MenC-TT 6y 41(12.0) 45(13.8)
15y MenG-TT 3y 46(13.5) 36(11.0)
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Overall 0.26 (0.15-0.51) 0.24 (0.14-0.46)
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12y 3y 0.24(0.15-0.66) 0.26(0.18-0.47)
(n=144) h=47)
12y 14m 0.21(0.10-0.43) 0.21(0.11-0.43)
(nh=71) (=288
15y 6y 0.45 (0.28-0.83) 0.25 (0.16-0.52)
(h=41) (h=45)
15y 3y 0.28(0.18-0.51) 0.24(0.14-0.46)
=84 =76
Baseline SBA titer
MenC, median (range)
Overall 2(2-16,384) 2(2-16,384)
10y 14m 2(2-2,048) 2(2-512)
12y 3y 2(2-3072) 2(2-4,096)
12y 14m 2(2-1,024) 2(2-2,048)
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MenC = 8, n (%)
Overall 66/337 (19.6) 70/326 (21.5)
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12y 3y 14/44 (32) 17/47 (36)
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MenC, meningococcal serogroup C; IgG, immunoglobulin G; SBA, serum bactericidal
antibody; IQR, interquartie range. *Groups dlfered on the following aspects: (1) booster
age, (2) MenC-TT or MenACWY-TT booster vaccination, and (3) priming age.
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Serogroup Timepoint Girls Boys. p-value*

N protected (SBA > 8) Ntotal % N protected (SBA = 8) N total %

A 1 mo 115 119 96.6 113 113 100 0.122
1yr 112 116 96.6 107 111 96.4 1.000

w 1 mo 115 119 96.6 113 113 100 0.122
1yr 112 115 974 111 111 100 0247

Y 1 mo 118 119 992 113 113 100 1.000
1yr 112 116 96.6 110 111 9.1 0370

c 1mo 329 330 9.7 302 322 100 1.000
1yr 302 324 99.4 315 315 100 0.499
3y 110 110 100 89 89 100 NA

mo, month; yr, year; NA, not applicable. “p-values (two-sided) of the difference in proportion protected between gis and boys were determined with Fisher's exact test. *Defermined
in a subgroup of participants who participated in a follow-up study.
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