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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.

Keywords: Neisseria meningitidis, sex differences, vaccine response, antibody levels, meningococcal vaccination,
adolescents
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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
(T'T)-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 1gG 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 In-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
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TABLE 1A | Characteristics of the study population for meningococcal
serogroups A, W, and Y.

TABLE 1B | Characteristics of the study population for meningococcal
serogroups C.

Characteristic Girls (n = 121) Boys (n = 116) Characteristic Girls (n = 342) Boys (n = 327)
Age group, n (%) Group*, n (%)
10y 47 (38.8) 33 (28.4) 10y MenG-TT 14m 53 (15.5) 38(11.6)
12y 36 (29.9) 43 (37.1) 10y MenACWY-TT 14m 47 (13.7) 33(10.1)
15y 38 (31.4) 40 (34.5) 12y MenC-TT 3y 44 (12.9) 47 (14.4)
Baseline IgG in ng/mL, median (IQR) 12y MenC-TT 14m 37 (10.8) 45 (13.8)
MenA 0.55(0.29-1.39) (n = 118)  0.44 (0.25-0.85) (h=114) 12y MenACWY-TT 14m 36 (10.5) 43(13.2)
MenW 0.12(0.05-0.44) (n = 119)  0.08 (0.04-0.23) (h = 115) 15y MenC-TT 6y 41 (12.0) 45 (13.8)
MenY 0.06 (0.03-0.12) (n =119)  0.05 (0.03-0.08) (n = 115) 15y MenC-TT 3y 46 (13.5) 36 (11.0)
Baseline SBA titer 15y MenACWY-TT 3y 38 (11.1) 40 (12.2)
MenA, median (range) 2 (2-2,048) 2 (2-1,024) Baseline IgG in jug/mL, median (IQR)
MenA > 8, n (%) 24/117 (21) 22/115 (19) MenC
MenW, median (range) 2 (2-512) 2 (2-2,048) Overall 0.26 (0.15-0.51) 0.24 (0.14-0.46)
MenW > 8, n (%) 18/118 (15) 18/115 (16) (n =338 (n = 326)
MenY, median (range) 2 (2-4,096) 2 (2-4,096) 10y 14m 0.21(0.12-0.43) 0.27 (0.13-0.53)
MenY = 8, n (%) 35/117 (30) 38/115 (33) (n=98) (n=70)
12y 3y 0.24 (0.15-0.66) 0.26 (0.18-0.47)
MenA, meningococcal serogroup A; MenW, meningococcal serogroup W135,; MenY, (n=44) (n=47)
menirjgococca( serogroup Y; I9G, immunoglobulin G; SBA, serum bactericidal antibody; 12y 14m 0.21(0.10-0.43) 0.21 (0.11-0.43)
IQR, interquartile range. n=71) (=88
15y 6y 0.45 (0.28-0.83) 0.25 (0.16-0.52)
IgA and salivary IgA we performed the same analyses as for IgG (n=41) (n = 45)
and SBA. No measurements at 3 years after booster vaccination 15y 3y 0.28 (0.18-0.51) 0.24 (0.14-0.46)
were available for serum or salivary IgA. The same analyses were (n=284) (n=76)
also performed for TT-specific serum IgG for the MenC booster ~ Baseline SBA titer
vaccination group, with measurements available at baseline, 1 =~ MenC, median (range)
month and 1 year after vaccination. A p-value of < 0.05 was  Overall 2 (2-16,384) 2 (2-16,384)
considered as statistically significant. 10y 14m 2 (2-2,048) 2 (2-512)
12y 3y 2 (2-3,072) 2 (2-4,096)
RESULTS 12y 14m 2 (2-1,024) 2 (2-2,048)
15y 6y 4 (2-16,384) 2 (2-768)
Population Characteristics 15y 3y 2 (2-2,048) 2 (2-16,384)
As shown in Table 1A, the distribution of girls and boys  MenC > 8,n (%)
slightly differed across age groups in the study population for  Overal 66/337 (19.6) 70/326 (21.5)
meningococcal serogroup A, W and Y with more girls in the 10y 14m 12/98 (12) 13/70 (19)
youngest age group and more boys in the older age groups. 12y 3y 14/44 (32) 17/47 (36)
Baseline IgG levels against meningococcal serogroups A, W 12y 14m 6/71(9) 10/88 (11)
and Y were generally low for both sexes. The percentage with 15y 6y 20/41 (49) 19/45 (42)
protective SBA titers at baseline was similar for girls and boys 45 3y 14/83 (17) 11/76 (15)

for all three serogroups, with overall 20, 15, and 31% of the
participants protected for serogroup A, W, and Y, respectively.

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.

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

MenC, meningococcal serogroup C; IgG, immunoglobulin G; SBA, serum bactericidal
antibody; IQR, interquartile range. *Groups differed on the following aspects: (1) booster
age, (2) MenC-TT or MenACWY-TT booster vaccination, and (3) priming age.

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 Figurel. Adjustment for IgG level/SBA titer at
baseline slightly changed some estimates, but did not alter the
observed trend.

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.
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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.

Girls (n = 121) Boys (n = 116) GMC ratio (95% CI) GMT ratio (95% Cl)
n GMC GMT n GMC GMT Adjusted for Adjusted for Adjusted for Adjusted for
(95% CI) (95%Cl) (95% CI) (95% CI) age group age group age group age group
and IgG at and SBA at
TO* TO*
MenA
T 119 25.6 3482 113 28.5 4,600 0.93 0.85 0.80 0.79
(20.4-32.2) (2,614-4,638) (22.7-35.7) (4,045-5,232) (0.68-1.27) (0.63-1.15) (0.59-1.09) (0.57-1.08)
T2 116 7.55 914 111 5.77 649 1.31 1.18 1.47 1.41
(6.28-9.08) (711-1,176) (4.78-6.96) (506-832) (1.02-1.70) (0.95-1.47) (1.04-2.08) (1.00-1.99)
MenW
T 119 5.11 5,449 113 4.69 6,267 1.20 1.04 0.93 0.92
(3.80-6.88) (3,982-7,456) (3.561-6.27) (5,377-7,305) (0.81-1.77) (0.71-1.53) (0.66-1.31) (0.65-1.29)
T2 1162 3.91 1,311 111 2.62 1,041 1.54 1.40 1.34 1.34
(8.00-5.10) (1,026-1,676) (2.10-3.27) (892-1,214) (1.10-2.16) (1.00-1.94) (1.01-1.77) (1.01-1.76)
MenY
T 119 5.98 4,408 113 5.60 3,535 1.12 1.07 1.32 1.35
(4.55-7.85) (8,510-5,534) (4.27-7.33) (8,055-4,091) (0.77-1.63) (0.76-1.51) (1.02-1.72) (1.05-1.75)
T2 116 1.98 1,501 111 1.40 1,183 1.47 1.39 1.34 1.37
(1.48-2.64) (1,134-1,986) (1.03-1.92) (955-1,466) (0.97-2.23) (0.97-2.01) (0.95-1.90) (0.98-1.92)

MenA, meningococcal serogroup A; MenW, meningococcal serogroup W135; MenY, meningococcal serogroup Y; IgG, immunoglobulin G, SBA, serum bactericidal antibody; GMC,
geometric mean concentration; GMT, geometric mean titer; Cl, confidence interval; TO, before vaccination; T1, 1 month after vaccination; T2, 1 year after vaccination. Significant results
(p < 0.05) are outlined in bold. *Number of girls (F) and boys (M) excluded from the analysis due to missing IgG/SBA at TO: MenA IgG T1: 2F, 1M; MenA IgG T2: 2F, 1M; MenW IgG
T1: 1F; MenW IgG T2: 1F; MenY IgG T1: 1F; MenY IgG T2: 1F; MenA SBA T1: 3F; MenA SBA T2: 3F; MenW SBA T1: 2F; MenW SBA T2: 2F; MenY SBA T1: 3F; MenY SBA T2: 3F.
Number of girls included in the GMT: n = 115 (one missing SBA).

GMC ratio GMT ratio
i — — ® T1*
= F—=— © TI**
MenY MenY *
[ ™ S —a— | W)
f—=— b I
—— —&+—
——=— F—=—
MenW = | MenW =
— —a—
| —e—H
F—=— ||
MenA F—— MenA ——
—— Pt
T T T 1 T I T T 1
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
"~ favors boys favors girls " "~ favors boys favors girls -

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 TO (IgG or SBA, respectively, for
GMC and GMT ratio); **adjusted for age group.

Estimates were somewhat attenuated after adjusting for IgG/SBA  IMeningococcal Serogroup C: IgG and SBA

at TO, e.g., to 1.18 (0.95-1.47) and 1.40 (1.00-1.94), respectively =~ For MenC, IgG GMCs and SBA GMTs are shown in Table 2B.
for the previously mentioned GMC ratios for MenA and  Overall, both IgG and SBA were higher in girls at all
MenW IgG. postvaccination timepoints (Figure 2), e.g., at 1-month after the
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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.

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).

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
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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.

MenC Girls (n = 121) Boys (n = 116) GMC ratio (95% Cl) GMT ratio (95% Cl)
n (IgG) n (SBA) GMC GMT n (IgG) n (SBA) GMC GMT adjusted for adjusted for adjusted for adjusted for
(95%Cl) (95%Cl) (95%Cl) (95%Cl) study group study group study group study group
and IgG at and SBA at
TO* TO*
T
10y 97 97 124 29,012 68 68 124 29,079 1.00 0.99 1.00 0.99
(98.6-156) (21,723- (103-150) (23,331- (0.74-1.37)  (0.73-1.35)  (0.68-1.47) (0.67-1.45)
38,748) 36,244)
12y 113 112 191 41,167 133 133 160 34,586 1.19 1.19 1.18 1.18
(167-219) (35,033- (142-181) (30,143- (0.99-1.42)  (0.99-1.42)  (0.96-1.45) (0.97-1.45)
48,374) 39,683)
15y 122 121 184 43,726 121 121 147 34,428 1.24 1.25 1.27 1.30
(162-209) (38,179- (128-169) (29,264 (1.03-1.49)  (1.04-1.51)  (1.04-1.56)  (1.06-1.59)
50,078) 40,503)
Overall 332 330 166 37,973 322 322 147 33,285 1.16 1.15 1.17 1.17
(151-183) (33,914- (136-160) (30,276- (1.02-1.31) (1.02-1.30) (1.01-1.35) (1.01-1.35)
42,519) 36,592)
T2
10y 93 93 9.73 1,623 66 66 9.66 1,581 1.02 1.02 0.97 0.97
(7.91-12.0)  (1,159-2,002) (7.77-12.00 (1,217-2,054) (0.76-1.36)  (0.77-1.35)  (0.67-1.42) (0.67-1.41)
12y 111 110 17.5 3,355 132 132 13.7 2,383 1.26 1.26 1.38 1.39
(14.7-20.7)  (2,755-4,085) (11.5-16.2) (1,994-2,848) (1.01-1.57)  (1.03-1.55)  (1.08-1.77)  (1.10-1.77)
15y 121 121 25.6 4,780 117 117 22.3 3,871 1.16 1.08 1.24 1.24
(22.0-29.9) (4,007-5,701) (19.0-26.1) (3,221-4,651) (0.94-1.42)  (0.89-1.33)  (0.98-1.58) (0.98-1.57)
Overall 325 324 17.0 3,052 315 315 156.2 2,619 1.16 1.12 1.22 1.22
(15.3-19.0)  (2,677-3,480) (13.7-17.0) (2,323-2,952) (1.01-1.32) (0.99-1.28)  (1.04-1.43) (1.04-1.42)
T3
10y 40 40 6.27 578 26 26 6.62 686 0.95 1.09 0.84 0.92
(4.82-8.16) (404-827) (5.22-8.40) (633-884) (0.66-1.36)  (0.75-1.59)  (0.53-1.34) (0.57-1.49)
12y 37 37 15.3 2,335 38 38 12.4 1,707 1.24 1.26 1.37 1.43
(12.1-19.5)  (1,670-3,264) (8.54-17.9) (1,202-2,422) (0.81-1.89)  (0.85-1.87)  (0.86-2.17)  (0.92-2.20)
15y 33 33 20.7 4,096 25 25 17.5 3,191 1.19 1.07 1.28 1.27
(15.9-27.0)  (2,994-5,603) (13.6-22.5) (2,373-4,293) (0.83-1.69)  (0.76-1.50)  (0.85-1.95) (0.84-1.93)
Overall 110 110 121 1,663 89 89 1.4 1,559 1.12 1.14 1.15 1.18
(10.2-14.4)  (1,300-2,129) (9.32-13.8)  (1,253-1,940) (0.90-1.41)  (0.92-1.41)  (0.88-1.50) (0.91-1.53)

MenC, meningococcal serogroup C; IgG, immunoglobulin G; SBA, serum bactericidal antibody; GMC, geometric mean concentration; GMT, geometric mean titer; Cl, confidence
interval; TO, before vaccination; T1, 1 month after vaccination; T2, 1 year after vaccination; T3, 3 years after vaccination. Significant results (o < 0.05) are outlined in bold. *Number of
girls (F) and boys (M) excluded from the analysis due to missing IgG/SBA at TO: IgG T1 10y: 1F; IgG T1 overall: 1F; IgG T2 10y: 1F IgG T2 overall: 1F; SBA T1 10y: 1F; SBAT1 16y: 1F;
SBA T1 overall: 2F; SBA T2 10y: 1F; SBA T2 15y: 1F; SBA T2 overall: 2F.

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.
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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 TO (IgG or SBA respectively for GMC and GMT ratio).

TABLE 3 | Proportions protected according to SBA titer for girls and boys for all serogroups and timepoints.

Serogroup Timepoint Girls Boys p-value*
N protected (SBA > 8) N total % N protected (SBA > 8) N total %

A 1 mo 1156 119 96.6 113 113 100 0.122
Tyr 112 116 96.6 107 111 96.4 1.000

W 1mo 115 119 96.6 113 113 100 0.122
1yr 112 115 97.4 111 111 100 0.247

Y 1mo 118 119 99.2 113 113 100 1.000
1yr 112 116 96.6 110 111 99.1 0.370

C 1mo 329 330 99.7 322 322 100 1.000
1yr 322 324 99.4 315 315 100 0.499
3yr 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 girls and boys were determined with Fisher’s exact test. “Determined

in a subgroup of participants who participated in a follow-up study.

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
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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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