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Abstract: Over the last decades, different quadrivalent antimeningococcal vaccine formulations
(diphteria toxoid conjugate, MenACWY-D; tetanus toxoid conjugate, MenACWY-TT; CRM;g; protein
conjugate, MenACWY-CRM) have been developed. However, their availability varies, both in terms
of authorized formulations and of inclusion in vaccination schedules. Furthermore, several countries
include only the monovalent meningococcal C (MenC) vaccine in their immunization programmes.
Finally, there is currently no updated systematic review that directly compares the MenACWY
formulations. Thus, we summarized the evidence on efficacy and safety through four parallel,
independent systematic literature reviews with meta-analysis which included randomized controlled
trials comparing the abovementioned vaccines. A total of 16 studies have been included. In terms
of efficacy, MenACWY-TT outperformed MenACWY-D and MenACWY-CRM for A, W-135, and Y
serogroups, while no significant difference was found for serogroup C. Furthermore, we did not find
significant differences in efficacy between MenC and MenACWY-TT. Regarding the safety, we were
able to perform a quantitative analysis only between MenACWY-TT and MenC, finding no significant
check for differences. Similarly, among the different MenACWY formulations no relevant differences were
updates identified. These findings suggest that MenACWY-TT could be preferable to other formulations to
Citation: Conti, A.; Broglia, G.; Sacchi,  improve current vaccination programs and to better develop future immunization policies.
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1. Introduction

Invasive meningococcal disease (IMD) is a severe condition caused by Neisseria menin-

Academic Editor: Alan Cross gitidis, characterized by a rapid onset and fatality rates up to 80% in untreated subjects [1].

Received: 21 November 2022 Moreover, survivors often suffer from long term sequelae, such as hearing loss and ampu-
Revised: 1 January 2023 tations [2]. The poor clinical outcomes [1] and the relevant associated economic costs [3]
Accepted: 4 January 2023 characterize IMD as a major public health issue. In this context, vaccination is universally
Published: 13 January 2023 recognized as one of the most effective strategies to mitigate the incidence of IMD. Accord-

ingly, vaccination campaigns have been strongly recommended [4,5], especially for the

most susceptible subjects (namely, infants, children, and young adults) [6].
= Several vaccines against N. meningitidis have been developed and commercialized
Copyright: © 2023 by the authors.  gyer the last decades [7]. The introduction of a conjugate vaccine against serogroup A
Licensee MDPL, Basel, Switzerland. (o AfriVac®, Meningitis Vaccine Project) in sub-Saharian Africa halved the number of sus-
pected meningitis cases, proving the importance of massive immunization campaigns [8].
Similarly, vaccination programs with monovalent serogroup C meningococcal conjugate
vaccines (MenC) have successfully reduced the burden of the disease in infants, older
children, and adults in Europe [9]. Although these campaigns have significantly mitigated
the IMD incidence, the broad use of MenC caused a relative increase of the cases associated
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with A, B, W-135, and Y serogroups [10]. In particular, the emergence of a hypervirulent
meningococcal W-135 clone has pushed many developed countries to consider the admin-
istration of quadrivalent meningococcal vaccines against serogroups A, C, W-135, and Y
(MenACWY) [10,11].

The story of MenACWY started in 2005, with the licensure of the diphtheria toxoid
conjugate vaccine (MenACWY-D) in the United States, followed by the CRMj97 protein
conjugate vaccine (MenACWY-CRM) in 2010 and the approval of the tetanus toxoid conju-
gate vaccine (MenACWY-TT) in the European Union two years later [7]. However, despite
these formulations have been available for several years, the vaccination strategies are
very heterogeneous among the different developed countries. For example, MenACWY-TT
is available in the market as two different products (Nimenrix®, Pfizer, and MenQuadﬁ®,
Sanofi Pasteur), of which only MenQuadﬁ® is available in the United States since 2020.
Similarly, the MenACWY-D is not available in Europe [7]. In addition, only about 60% of
European countries includes MenACWY in their national immunization plans and, among
them, vaccination schedules are highly different in terms of inoculation ages and number
of doses [12].

It is also noteworthy that, despite the long-standing story of MenACWY vaccines,
there are still different gaps of knowledge in the relevant scientific literature. In particular,
the last reviews comparing different types of MenACWY were conducted in 2014 [4,13].
While one mostly focused on polysaccharide meningococcal vaccines, which are not used
anymore, and found only one study comparing MenACWY-TT and MenACWY-D [13], the
other did not include MenACWY-CRM vaccines [4]. Furthermore, none of them performed
any meta-analysis directly comparing the MenACWY vaccines investigated in our review.
Thus, there is currently no updated and comprehensive systematic quantitative synthesis
on these vaccines.

For these reasons, we systematically summarized the available evidence from random-
ized controlled trials on the efficacy and safety of the different formulations of MenACWY
vaccines. We also carried out meta-analyses of the quantitative results.

2. Materials and Methods
2.1. Search Strategy

We conducted four parallel systematic reviews with meta-analysis of literature according
to the Recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses statement (PRISMA) [14]. The search was performed on the PubMed database on 30
October 2022. Table 1 shows the search strings and the objectives of each review.

Table 1. Search strings and objectives of the different reviews.

Review String Objective

1 “Meningococcal Vaccines”[Mesh] AND To compare the efficacy of different
quadrivalent quadrivalent vaccines.

2 “Vaccines”[Majr] AND menc To compare the efficacy of quadrivalent and

monovalent vaccines.

“Meningococcal Vaccines/adverse

3 effects”[Mesh] OR (“Meningococcal
Vaccines”[Mesh] AND safety)

“Meningococcal Vaccines/adverse

4 effects”[Mesh] OR (“Meningococcal
Vaccines”[Mesh] AND safety)

To compare safety of monovalent and
quadrivalent vaccines.

To compare safety among different
quadrivalent vaccines.

Similar to several regulatory authorities, we considered the proportion of individuals
presenting a serum bactericidal activity (SBA) title >1:8 using either human or rabbit
complement assays one month after the vaccination as the main efficacy outcome [15].
SBA titers are an indirect measure of protection, and are considered the gold standard for
infectious diseases with a low incidence rate such as IMD [5,16]. Therefore, we excluded
studies considering different outcomes for efficacy (e.g., long-term antibody persistence). In
addition, only papers describing clinical trials performed in healthy subjects and evaluating
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MenC, MenACWY-CRM, MenACWY-D, and MenACWY-TT vaccines were included. Apart
from quadrivalent vaccines, we included MenC in our review as several European countries
comprise only the latter in vaccination schedules [12] and a direct comparison can bolster
the results of this review, especially in the light of the long standing history of MenC
vaccination campaigns.

Studies evaluating quadrivalent meningococcal polysaccharide vaccine (MenPS) were
excluded because MenPS is not used anymore in routine clinical practice. We also excluded
studies performed after a booster dose since the majority of European countries recommend
a single administration [12]. Finally, we excluded studies published in a language different
from English and studies with the coadministration of meningococcal vaccine together
with other vaccines.

2.2. Data Extraction, Analysis, and Synthesis

Extracted information was entered in a Microsoft Excel database; three researchers
(C.S., G.B,, ER\) independently screened the articles to assess studies’ eligibility for inclu-
sion. Inconsistencies were resolved after a discussion involving the whole research team.
Gathered information was organized, and subsequently analyzed, according to the four
abovementioned reviews (Table 2). In the first review, we compared the immunogenicity of
MenACWY-CRM, MenACWY-DT, and MenACWY-TT. In the second one, we compared
the immunogenicity of MenC to MenACWY. In the third one, we compared adverse ef-
fects between MenC and any other MenACWY. Finally, in the fourth one we compared
adverse effects the different MenACWY vaccines. We conducted the quality appraisal of
the included studies using the Cochrane Risk of Bias 2 Tool [17].

Table 2. Studies included in the systematic reviews. N: number of enrolled subjects; E: efficacy;
S: safety; Review: number of the review(s) that includes the study (see Table 1); Ph2: phase 2
randomized controlled trial; Ph3: phase 3 randomized controlled trial.

Study Countries N Subject Age Aim Review Vaccines Study Design
.. United States, MenACWY-TT, .
Baccarini et al. [18] Puerto Rico 1000 2-9 years E+S 1,4 MenACWY-CRM Ph3, double-blind
. MenACWY-TT . .
Baxter et al. [19] United States 784 10-25 years E+S 1,4 MenACWY-D, Ph2 single-blind
MenACWY-TT, . .
Bona et al. [20] Italy 202 12-15 months E+S 1,4 MenACWY-CRM Ph2 single-blind
. MenACWY-TT,
Chang et al. [21] United States 1715 10-17 years E+S 1,4 MenACWY-CRM Ph2 open-label
. . MenACWY-TT Ph3 modified
Dhingra et al. [22] United States 3344 10-55 years E+S 1,4 MenACWY-D, double-blind
. United States, MenACWY-D, . .
Halperin et al. [23] Canada 2907 2-5 years E+S 1,4 MenACWY-CRM Ph3 single-blind
. ) United States, MenACWY-TT, .
Halperin et al. [24] Canada 1016 10-25 years E+S 1,4 MenACWY-D Ph2 observer-blind
. MenACWY-D .
Jackson et al. [25] United States 2180 11-18 years E+S 1,4 MenACWY-CRM, Ph3 observer-blind
Germany, .
Knuf et al. [26] Austria 508 1-5 years E+S 2,3 MenACWY-TT, MenC Ph2 double-blind
Austria,
Knuf et al. [27] Germany, 793 12-23 months E+S 2 MenACWY-TT, MenC Ph3 open
Greece
Knuf et al. [28] Gl‘jg*r‘izy 413 2-10 years E 2,3 MenACWY-TT, MenC Ph3 open
Denmark,
Knuf et al. [29] Germany, 707 12-23 months E+S 2,3 MenACWY-TT, MenC Ph3 double-blind
Finland
.. . MenACWY-D,
Reisinger et al. [30]  United States 1359 19-55 years E+S 1,4 MenACWY-CRM Ph3 open
Stamboulian et al. . . MenACWY-D, .
[31] Latin America 2505 19-65 years E+S 1,4 MenACWY-CRM Ph3 observer-blind
Vesikari et al. [32] Finland 1000 12-23 months E+S 2,3 MenACWY-TT, MenC Ph3 single-blind
Vesikari et al. [33] Finland 304 12-23 months E+S 2,3 MenACWY-TT, MenC Ph2 open
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Where possible, we carried out a random-effect meta-analysis of the results of the
different reviews. Results were reported as risk ratios of the outcome of interest (namely,
SBA titer higher than the pre-defined threshold for immunogenicity, and the proportion
of adverse events (AE) for safety). Regarding the safety comparison, the meta-analysis
was stratified basing on the following subgroups: mild local reaction, severe local reaction,
mild systemic reaction, and severe systemic reaction. This classification was based on the
original, three-level grading of symptoms used among the majority of the studies included
in Review 3. In detail, we considered as “mild” the reactions from grade 1 and 2, and
“severe” the reactions reported as grade 3.

3. Results

PRISMA flowcharts of the screening process are available in Figure Al. Overall, 16
different studies were included (Table 2). All of them were randomized-controlled trials,
of which ten were a phase 3 and six phase 2 trials. Four studies were double-blind, three
single-blind and nine used on open label design. The number of enrolled participants per
trial varied from 202 to 3344, with a median of 1000 patients. All studies evaluated the
vaccine efficacy, while 15 of them also evaluated safety. The most represented countries
were the United States (8 studies), followed by Germany (4), Austria, Canada, Finland (3),
and France, Greece, Italy, Puerto Rico, Latin America, Denmark (1).

With regards to the quality appraisal, the included studies showed a low to moderate
risk of bias. Indeed, some of the studies used an open label design, in which participants
are aware of the type of vaccine administered, resulting in a moderate risk of bias for four
studies. Only one study [33] showed moderate risk of bias due to a non-completely clear
data analysis plan. The complete risk of bias assessment matrix is available in Figure A2.
The results of the four reviews are reported in the following paragraphs.

3.1. Review 1: Efficacy Comparison among Different MenACWY Vaccines

A total of ten studies compared the efficacy of different quadrivalent vaccines among
them. Meta-analytic pairwise comparisons of the different serogroups are reported here.

3.1.1. MenACWY-TT vs. MenACWY-CRM

As shown in Figure 1, three studies compared the efficacy of MenACWY-TT against
MenACWY-CRM [18,20,21]. Overall, MenACWY-TT showed a higher efficacy than MenACWY-
CRM when all the serogroups were considered (RR: 1.12, 95% CI 1.05-1.19). A statistically
significant effect was found for serogroup A (RR: 1.09, 95% CI: 1.04-1.15), W (RR: 1.09, 95%
CI: 1.07-1.12), and Y (RR: 1.09, 95% CI: 1.06-1.11), but not for C (RR: 1.23, 95% CI: 0.99-1.54).
Notably, the heterogeneity of the estimates for serogroups C was also particularly high
(I2: 96%).

3.1.2. MenACWY-TT vs. MenACWY-D

Three studies compared the efficacy of MenACWY-TT against MenACWY-D [19,22,24].
The metanalysis (Figure 2) was performed only on two studies [19,22], as Halperin et al. [24],
presented the proportion of subjects with SBA titers > 1:8 only using a graphical chart,
from which was not possible to gather original data. Also in this case, a statistically
significant effect was found for serogroup A (RR: 1.09, 95% CI: 1.02-1.17), W (RR: 1.14, 95%
CI: 1.05-1.24), and Y (RR: 1.13, 95% CI: 1.10-1.16), but not for C (RR: 1.10, 95% CI: 0.86-1.42).
Moreover, the heterogeneity for serogroup C was very high (I?: 99%).
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TT CRM

Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Serogroup A :
Baccarini et al., 2020 394 456 363 458 . 1.09 [1.03;1.16] 8.6%
Bona et al., 2016 93 101 89 99 —- 1.02 [0.94;1.12] 7.9%
Chang et al., 2020 463 495 414 500 . 3 1.13 [1.08;1.18] 8.9%
Random effects model 1052 1057 S 1.09 [1.04;1.15] 25.4%
Heterogeneity: /2 = 49%, 1? = 0.0009, p = 0.14 :
Serogroup C
Baccarini et al., 2020 448 458 308 459 : —l- 1.46 [1.37;1.56] 8.5%
Bona et al., 2016 92 101 91 99 —: 0.99 [0.91;1.08] 8.0%
Chang et al., 2020 487 495 380 500 . 3 1.29 [1.23;1.36] 8.8%
Random effects model 1054 1058 —=————— 1.23 [0.99; 1.54] 25.3%
Heterogeneity: /2 = 96%, > = 0.0372, p < 0.01 :
Serogroup W :
Baccarini et al., 2020 434 458 396 459 L ] 1.10 [1.05;1.15] 9.0%
Bona et al., 2016 78 101 74 99 —i— 1.03 [0.88;1.21] 5.8%
Chang et al., 2020 490 495 453 500 ] 1.09 [1.06;1.13] 9.2%
Random effects model 1054 1058 < 1.09 [1.07;1.12] 24.0%
Heterogeneity: P=0%, =0, p=0.76 :
Serogroup Y :
Baccarini et al., 2020 451 458 417 459 . 1.08 [1.05;1.12] 9.2%
Bona et al., 2016 87 101 81 99 — i 1.05 [0.93;1.19] 6.8%
Chang et al., 2020 490 495 453 500 = 1.09 [1.06;1.13] 9.2%
Random effects model 1054 1058 <@ 1.09 [1.06; 1.11] 25.2%
Heterogeneity: 12 = 0%, ©> = 0, p = 0.81
Random effects model 4214 4231 = 1.12 [1.05; 1.19] 100.0%
Heterogeneity: 1> = 91%, t? = 0.0102, p < 0.01 f
Test for subgroup differences: X§ =1.30,df =3 (p =0.73) 0.75 1 1.5

RR > 1: favour of TT

Figure 1. Efficacy of MenACWY-TT vs. MenACWY-CRM [18,20,21].

TT D
Study Events Total Events Total
Serogroup A
Baxter et al., 2011 415 507 118 167
Dhingra et al., 2020 2375 2508 525 593
Random effects model 3015 760
Heterogeneity: I? = 50%, ©° = 0.0016, p=0.16
Serogroup C
Baxter et al., 2011 490 510 171 173
Dhingra et al., 2020 2400 2508 452 593
Random effects model 3018 766
Heterogeneity: /% = 99%, ©° = 0.0324, p < 0.01
Serogroup W
Baxter et al., 2011 438 479 113 149
Dhingra et al., 2020 2405 2508 516 593
Random effects model 2987 742

Heterogeneity: = 68%, ?= 0.0027, p =0.08

Serogroup Y

Baxter et al., 2011 492 517 139 170
Dhingra et al., 2020 2478 2508 521 593
Random effects model 3025 763

Heterogeneity: 2=0%, =0, p=0.40

Random effects model 12045 3031
Heterogeneity: /% = 95%, ©° = 0.0060, p < 0.01
Test for subgroup differences: X§ =0.78, df =3 (p = 0.85)

Risk Ratio RR 95%-Cl Weight

1.16 [1.04;1.29] 9.6%
1.07 [1.04;1.10] 13.8%
1.09 [1.02; 1.17] 23.4%

_._
L
-
: 0.97 [0.95;1.00] 14.0%
. 1.26 [1.20;1.31] 13.1%
1.10 [0.86; 1.42] 27.1%
L ]
_

1.21 [1.10;1.33] 10.3%
1.10 [1.07;1.14] 13.7%
1.14 [1.05; 1.24] 24.0%

—— 1.16 [1.08;1.25] 11.6%
] 1.12 [1.09; 1.16] 13.8%
< 1.13 [1.10; 1.16] 25.4%
— 1.12 [1.06; 1.19] 100.0%
I B
0.8 1 1.25

RR > 1: favour of TT

Figure 2. Efficacy of MenACWY-TT vs. MenACWY-D [19,22].
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3.1.3. MenACWY-D vs. MenACWY-CRM

The efficacy of MenACWY-D vs. MenACWY-CRM was investigated in four stud-
ies [23,25,30,31]. MenACWY-D was significantly less effective than MenACWY-CRM for
serogroups W (RR: 0.89, 95% CI: 0.81-0.98) and Y (RR: 0.78, 95% CI: 0.67-0.90), while no
significant difference was found for serogroups A (RR: 1.00, 95% CI: 0.91-1.10) and C (RR:
0.96, 95% CI: 0.90-1.01) (Figure 3). For all the serogroups, a substantial heterogeneity in the
estimates was found.

D CRM
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Serogroup A
Halperin et al., 2010 917 1146 850 1148 3 1.08 [1.03;1.13] 7.6%
Jackson et al., 2009 240 359 806 1075 - 0.89 [0.82;0.97] 7.0%
Reisinger et al., 2009 228 321 664 963 : 1.03 [0.95;1.12] 7.0%
Stamboulian et al., 2010 80 182 81 179 : 0.97 [0.77;1.22] 4.0%
Random effects model 2008 3365 1.00 [0.91; 1.10] 25.6%
Heterogeneity: 2= 82%, 2= 0.0069, p <0.01
Serogroup C
Halperin et al., 2010 653 1146 700 1148 - 0.93 [0.87;1.00] 7.3%
Jackson et al., 2009 421 501 1246 1483 1.00 [0.96;1.05] 7.6%
Reisinger et al., 2009 229 318 769 961 - 0.90 [0.83;0.97] 7.1%
Stamboulian et al., 2010 92 183 88 180 : 1.03 [0.84;1.27] 4.4%
Random effects model 2148 3772 = 0.96 [0.90; 1.01] 26.4%
Heterogeneity: /% = 57%, t° = 0.0018, p = 0.07
Serogroup W
Halperin et al., 2010 584 1146 746 1148 - 0.78 [0.73;0.84] 7.2%
Jackson et al., 2009 253 288 983 1024 ] 0.92 [0.88;0.96] 7.6%
Reisinger et al., 2009 263 292 455 484 2 |l 0.96 [0.92;1.00] 7.6%
Stamboulian et al., 2010 93 180 98 178 —— 0.94 [0.77;1.14] 4.6%
Random effects model 1906 2834 - 0.89 [0.81; 0.98] 27.1%
Heterogeneity: /% = 87%, t° = 0.0076, p < 0.01 :
Serogroup Y
Halperin et al., 2010 481 1146 712 1149 0.68 [0.62;0.74] 7.0%
Jackson et al., 2009 203 294 912 1036 —- 0.78 [0.72;0.85] 7.0%
Reisinger et al., 2009 214 306 397 503 —- 0.89 [0.81;0.97] 6.9%
Random effects model 1746 2688 ———/—— 0.78 [0.67; 0.90] 21.0%
Heterogeneity: /% = 90%, t° = 0.0162, p < 0.01
Random effects model 7808 12659 < 0.91 [0.85; 0.97] 100.0%
Heterogeneity: P = 91%, “= 0.0138, p <0.01 f [
Test for subgroup differences: xg =8.83,df =3 (p = 0.03) 0.75 1 15

RR > 1: favour of D

Figure 3. Efficacy of MenACWY-D vs. MenACWY-CRM [23,25,30,31].

3.2. Review 2: Efficacy Comparison of Quadrivalent Men ACWY vs. MenC Vaccines

Limitedly to serogroup C, six studies [26-29,32,33] compared the efficacy of MenACWY-
TT against MenC. The RR was 1.00 (95% CI 1.00-1.01) with very low heterogeneity
(Figure 4).

We did not find any study comparing MenC with MenACWY-CRM, or with MenACWY-D.

TT MenC
Study Events Total Events Total Risk Ratio RR 95%~-Cl Weight
Knuf et al., 2010 168 169 45 46 : 1.02 [0.97;1.06] 2.4%
Knuf et al., 2011 547 552 112 114 — 1.01 [0.98;1.03] 7.2%
Knuf et al., 2013 293 293 97 97 T 1.00 [0.99;1.02] 21.3%
Knuf et al., 2022 213 213 215 215 | 1.00 [0.99;1.01] 57.5%
Vesikari et al., 2011 353 354 118 121 —+—=—  1.02 [0.99;1.05] 5.7%
Vesikari et al., 2012 220 220 67 68 ———— 1.01 [0.99;1.04] 5.8%
Random effects model 1801 661 <I:> 1.00 [1.00; 1.01] 100.0%

Heterogeneity: 2= 0%, 2= 0,p=0.64
RR > 1: favour of TT
Figure 4. Efficacy of MenACWY-TT vs. MenC (Serogroup C) [26-29,32,33].
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3.3. Review 3: Safety Comparison of MenACWY vs. MenC

Five studies compared the safety of MenACWY-TT against MenC [26,28,29,32,33].
Similar to Review 2, none of the included studies compared the safety of MenACWY-
D or MenACWY-CRM versus MenC. As shown in Figure 5, we did not find significant
differences in the frequency of AE (RR: 1.02, 95% CI: 0.90-1.15). Also, subgroup analysis
did not show substantial differences (Local mild reactions, RR: 1.12, 95% CI: 0.93-1.35;
Local severe reactions, RR: 1.10, 95% CI: 0.30—4.06; Systemic mild reactions, RR: 0.97, 95%
CI: 0.81-1.15; Systemic severe reactions, RR: 0.87, 95% CI: 0.23-3.25) Heterogeneity ranged
between 0% and 53% in the different analyses. One of the studies was not included in the
meta-analysis as it was based on a different AE classification [29].

TT MenC

Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Type = Local (mild)

Knuf et al., 2010 107 215 22 63 143 [0.99; 2.05] 10.4%
Knuf et al., 2013 107 305 39 101 091 [0.68; 1.21] 15.8%
Vesikari et al., 2011 130 374 37 125 117 [0.87; 1.59] 14.5%
Vesikari et al., 2012 82 225 24 73 1.1 [0.77; 1.61] 10.0%
Random effects model 1119 362 112 [0.93; 1.35] 50.8%

Heterogeneity: /2 = 21%, t° = 0.0085, p = 0.28

Type = Local (severe)

Knuf et al., 2010 1 215 0 63 —— 2.93 [0.00; 1938.13] 0.0%
Knuf et al., 2013 20 305 15 101 - 044 [0.24; 0.83] 3.6%
Vesikari et al., 2011 16 374 1 125 T— 535 [0.72; 39.92] 0.4%
Vesikari et al., 2012 7 225 2 73 — 1.14 [0.24; 5.35] 0.6%
Random effects model 1119 362 > 1.10 [0.30; 4.06] 4.6%

Heterogeneity: /% = 53%, 1> = 0.8969, p = 0.10

Type = Systemic (mild)

Knuf et al., 2010 75 215 25 63 0.88 [0.62; 1.25] 10.9%
Vesikari et al., 2011 149 374 50 125 E 1.00 [0.78; 1.28] 20.8%
Vesikari et al., 2012 86 225 28 73 1.00 [0.71; 1.39] 121%
Random effects model 814 261 0.97 [0.81; 1.15] 43.8%

Heterogeneity: 2 =0%, 7% =0, p=0.83

Type = Systemic (severe)

Knuf et al., 2010 2 215 1 63 —T 0.59 [0.05; 6.36] 0.3%

Vesikari et al., 2011 5 374 2 125 —r 0.84 [0.16; 4.25] 0.6%

Vesikari et al., 2012 8 225 0 73 — 1+ 25.96 [0.05; 13191.96] 0.0%
<<

Random effects model 814 261 > 0.87 [0.23; 3.25] 0.8%
Heterogeneity: /% = 0%, ©° = < 0.0001, p = 0.54
Random effects model 3866 1246 1.02 [0.90; 1.15] 100.0%
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Figure 5. Safety of MenC vs. MenACWY-TT [26,28,32,33].

3.4. Review 4: Safety Comparison among Different Quadrivalent Meningococcal Vaccines

Ten studies matched the criteria for the fourth review [18-25,30,31]. Due to the differ-
ent reported outcomes and observation periods which were considered, it was not possible
to perform a meta-analysis. Therefore, we summarized results in a descriptive way.

Three studies compared MenACWY-TT and MenACWY-CRM safety profiles [18,20,21].
Baccarini et al. [18] monitored solicited AE, systemic reactions, and serious AE up to 30 min,
7 days, and 30 days, respectively. Chang et al. [21] monitored immediate reactions (within
30 min after inoculation) and delayed reactions (within 180 days after the inoculation),
while Bona et al. [20] monitored solicited AE for 7 days, unsolicited AE for 29 days and
medically attended AE for the study period. All the studies found a comparable safety
profile for MenACWY-TT and MenACWY-CRM.

The safety of MenACWY-D compared to MenACWY-CRM was assessed by four
studies [23,25,30,31]. All the studies found a comparable safety profile for AE within 7 days
after the inoculation. Regarding immediate reactions, Stamboulian et al. [31] found in the
56-65 age group a higher number of reports for unsolicited AE in MenACWY-CRM than
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MenACWY-D. Halperin et al. [23] reported, in the 6-10 age group, less fever and more
erythema reactions for the MenACWY-CRM than the MenACWY-D.

Three studies compared the safety of MenACWY-D to MenACWY-TT [19,22,24], and none
of them reported relevant differences in safety profiles. While Halperin et al. [24] recorded
solicited AE for three days, the other two studies [19,22] conducted a 7-days monitoring,.

4. Discussion

In the present study, we used data from 16 RCTs including more than 20000 individ-
uals to investigate the efficacy and safety of quadrivalent meningococcal vaccines. As a
major result, we found that overall MenACWY-TT was significantly more effective than
MenACWY-CRM and MenACWY-D. In particular, MenACWY-TT outperformed the other
vaccines on A, W-135, and Y serogroups, while for the serogroup C no significant difference
was found. The comparison between MenACWY-D and MenACWY-CRM pointed out the
overall superiority of the latter, while subgroup analyses identified a significant greater
efficacy for serogroups W-135 and Y. Furthermore, our results also found a similar efficacy
of MenACWY-TT and MenC regarding the protection against serogroup C.

Interestingly, immunization policies of most developed countries currently do not
favor a specific type of quadrivalent vaccine. For example, in the United States, the
Advisory Committee on Immunization published the latest meningococcal vaccination
guidelines two years ago, recommending quadrivalent vaccination but not suggesting a
specific MenACWY formulation [34]. In the same way, MenACWY-TT and MenACWY-
CRM are equally recommended among European countries [12], even though both have
been available for more than 10 years [7] during which several studies compared the
two formulations.

As a second point, vaccination strategies must take in consideration the safety and
the occurrence of AEs. Our review also highlights that all MenACWY vaccines have a
reassuring safety profile, with little or no differences between the different types. However,
it should be noted that we were able to quantitatively compare adverse reactions only
among MenACWY-TT and MenC due to differences in observation periods and outcome
in the studies evaluating the other types of vaccines. In this respect, the use of a more
standardized classification of adverse reactions in future studies would be very useful
to thoroughly evaluate the safety profiles. Furthermore, our review considered the AEs
occurred only within 30 days after the inoculation. Despite this is considered the standard
timespan for monitoring AEs [35], observational studies based on large samples and
considering a wider period of time could help to investigate the potential onset of infrequent
or long-term adverse effects.

Another factor that should be taken in designing and implementing vaccination pro-
grammes is the cost-effectiveness ratio. Although MenACWY is one of the most expensive
vaccine [36], some studies suggest that its implementation among developed countries
could be cost-effective [37,38]. For example, it has been estimated that vaccinating the
15-19 years old Australians with MenACWY could lead to 2058 quality adjusted life years
(QALY) gained and 114 million Australian dollars of direct and indirect costs saved [39].
Similar results were obtained in Canada, where the introduction of MenACWY among ado-
lescents could save 4291 QALY and 46 million Canadian dollars [40] . Despite our review
does not aim to assess the economic aspects of MenACWY vaccination, it is interesting to
observe that the MenACWY-TT price is only 2% higher than the MenACWY-CRM, at least
in the United States [41]. Under this view and considering the superiority of MenACWY-TT
observed in our study, we think that more studies comparing the cost-effectiveness of the
different types of MenACWY are warranted.

It is worth mentioning that our review presents some limitations. First, the number
of included studies is small. Indeed, despite the large number of participants, analyses
were performed on subgroups of 2 to 6 original studies. Thus, meta-analytic estimates are
heavily dependent from the results of specific studies. For example, the possible presence
of confounding in one or more studies could have affected the results. However, as we
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included only randomized controlled trials, we are reasonably confident that no significant
differences were present among the two arms of each study. In addition, despite the
antibody development can vary with subject age, we were not able to broadly perform
age-based subgroup analyses due to heterogeneity among studies. Moreover, some of
the studies were conducted following an open label design. Although it is unlikely that
adverse reaction reporting was affected by the absence of participants’ blinding, we cannot
completely exclude this phenomenon. In terms of efficacy, it should be noted that studies
comparing MenC against MenACWY-TT used rabbit complement SBA, while the others
considered human complement SBA, which has a different titer wane profile [42]. However,
in each meta-analysis all the studies used the same type of SBA as a proxy measure of
protection. Thus, we do not expect that the results have been affected by it.

Furthermore, our review does not include studies on vaccines against meningococcal
serogroup B, that causes the majority of IMD cases in developed countries [12]. Indeed,
currently only monovalent vaccines against this serogroup (Bexsero®, GSK, and Trumenba®,
Ptizer) are licensed, not allowing a direct comparison to MenACWY. However, it is worth
mentioning that a pentavalent MenABCWY vaccine is currently under development, which
is expected to simplify and improve vaccinations programmes wordwide [43].

As final consideration, the abovementioned emergence of certain serogroups after the
introduction of MenC, as well as the changing migration flows that could influence the
current serogroups prevalence [44], highlight the importance of a comprehensive approach
in controlling all the serogroups, together with the implementation of evidence-based
vaccination strategies. In this regard, the adoption of quadrivalent formulations could
substantially help to mitigate the incidence of IMD.

5. Conclusions

Among the MenACWY vaccines, the MenACWY-TT proved to be more effective
than MenACWY-D and MenACWY-CRM, and showed a comparable effectiveness to
MenC for serogroup C. Moreover, the safety profiles are similar among all the investigated
vaccines. These results, together with the changing epidemiological landscape of meningitis,
suggest that the adoption of MenACWY-TT instead of other formulations could be taken in
consideration for future immunization policies.
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Abbreviations

The following abbreviations are used in this manuscript:

IMD Invasive meningococcal disease

MenC Monovalent serogroup C meningococcal conjugate vaccine

MenACWY Quadrivalent meningococcal vaccine against serogroups A, C, W-135, and Y
MenACWY-D Diphtheria toxoid conjugate vaccine

MenACWY-CRM  CRM;jg; protein conjugate vaccine
MenACWY-TT Tetanus toxoid conjugate vaccine
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PRISMA  Preferred Reporting Items for Systematic Reviews and Meta-Analyses

SBA Serum bactericidal activity

MenPS  Quadrivalent meningococcal conjugate vaccine
AE Adverse event

RR Risk ratio

CI Confidence interval
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Figure A2. Risk of bias assessment matrix of included studies [18-33].

T MenC
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
Knuf et al., 2011 547 552 112 114 T 1.01 [0.98;1.03] 14.8%
Knuf et al., 2022 213 213 215 215 1.00 [0.99;1.01] 60.9%
Vesikari et al., 2011 353 354 118 121 ————=— 1.02 [0.99;1.05] 12.1%
Vesikari et al., 2012 220 220 67 68 —r——=——  1.01 [0.99;1.04] 12.2%
Random effects model 1339 518 - 1.01 [1.00; 1.02] 100.0%

Heterogeneity: 12 = 0%, ©° < 0.0001, p=041
1

RR > 1:favour of TT
Figure A3. Efficacy of MenACWY-TT vs. MenC (Serogroup C). Subgroup analysis for 12-23 months

age group [27,29,32,33].
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T MenC
Study Events Total Events Total Risk Ratio RR 95%—-Cl Weight
Type = Local (mild)
Vesikari et al., 2011 130 374 37 125 117 [0.87; 1.59] 24.4%
Vesikari et al., 2012 82 225 24 73 1.1 [0.77; 1.61] 16.4%
Random effects model 599 198 1.15 [0.91; 1.45] 40.9%

Heterogeneity: 2=0%,1° =0, p=0.81

Type = Local (severe)

Vesikari et al., 2011 16 374 1 125 T 535 [0.72; 39.92] 0.6%
Vesikari et al., 2012 7 225 2 73 — 1.14 [0.24; 5.35] 0.9%
Random effects model 599 198 = 2.15 [0.48; 9.57] 1.5%

Heterogeneity: /% = 30%, 1> = 0.3622, p = 0.23

Type = Systemic (mild)

Vesikari et al., 2011 149 374 50 125 E 1.00 [0.78; 1.28] 36.6%
Vesikari et al., 2012 86 225 28 73 1.00 [0.71; 1.39] 20.1%
Random effects model 599 198 1.00 [0.82; 1.22] 56.7%

Heterogeneity: =0%,1° =0, p=1.00

Type = Systemic (severe)
Vesikari et al., 2011 5 374 2 125 —r 0.84 [0.16; 4.25] 0.9%
Vesikari et al., 2012 8 225 0 73 — 25.96 [0.05;13191.96] 0.1%
Random effects model 599 198 e 1.18 [0.16; 9.01] 0.9%
Heterogeneity: 1% = 9%, 1° = 0.5051, p=0.30

Random effects model 2396 792 1.07 [0.92; 1.24] 100.0%
Heterogeneity: = 0%, ?= 0,p=0.73 f T T !
Test for subgroup differences: Xi =1.67,df =3 (p = 0.64) 0.001 0.1 1 10 1000

RR > 1: favour of TT

Figure A4. Safety of MenACWY-TT vs. MenC (Serogroup C). Subgroup analysis for 12-23 months
age group [32,33].
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