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ABSTRACT Neisseria meningitidis serogroup B (NmB) strains have diverse antigens, 
necessitating methods for predicting meningococcal serogroup B (MenB) vaccine strain 
coverage. The genetic Meningococcal Antigen Typing System (gMATS), a correlate of 
MATS estimates, predicts strain coverage by the 4-component MenB (4CMenB) vaccine 
in cultivable and non-cultivable NmB isolates. In Taiwan, 134 invasive, disease-caus­
ing NmB isolates were collected in 2003–2020 (23.1%, 4.5%, 5.2%, 29.8%, and 37.3% 
from individuals aged ≤11 months, 12–23 months, 2–4 years, 5–29 years, and ≥30 
years, respectively). NmB isolates were characterized by whole-genome sequencing and 
vaccine antigen genotyping, and 4CMenB strain coverage was predicted using gMATS. 
Analysis of phylogenetic relationships with 502 global NmB genomes showed that most 
isolates belonged to three global hyperinvasive clonal complexes: ST-4821 (27.6%), ST-32 
(23.9%), and ST-41/44 (14.9%). Predicted strain coverage by gMATS was 62.7%, with 
27.6% isolates covered, 2.2% not covered, and 66.4% unpredictable by gMATS. Age 
group coverage point estimates ranged from 42.9% (2–4 years) to 66.1% (≤11 months). 
Antigen coverage estimates and percentages predicted as covered/not covered were 
highly variable, with higher estimates for isolates with one or more gMATS-positive 
antigens than for isolates positive for one 4CMenB antigen. In conclusion, this first study 
on NmB strain coverage by 4CMenB in Taiwan shows 62.7% coverage by gMATS, with 
predictable coverage for 29.8% of isolates. These could be underestimated since the 
gMATS calculation does not consider synergistic mechanisms associated with simultane­
ous antibody binding to multiple targets elicited by multicomponent vaccines or the 
contributions of minor outer membrane vesicle vaccine components.

IMPORTANCE Meningococcal diseases, caused by the bacterium Neisseria meningitidis 
(meningococcus), include meningitis and septicemia. Although rare, invasive meningo­
coccal disease is often severe and can be fatal. Nearly all cases are caused by six 
meningococcal serogroups (types), including meningococcal serogroup B. Vaccines 
are available against meningococcal serogroup B, but the antigens targeted by these 
vaccines have highly variable genetic features and expression levels, so the effective­
ness of vaccination may vary depending on the strains circulating in particular coun­
tries. It is therefore important to test meningococcal serogroup B strains isolated from 
specific populations to estimate the percentage of bacterial strains that a vaccine can 
protect against (vaccine strain coverage). Meningococcal isolates were collected in 
Taiwan between 2003 and 2020, of which 134 were identified as serogroup B. We did 
further investigations on these isolates, including using a method (called gMATS) to 
predict vaccine strain coverage by the 4-component meningococcal serogroup B vaccine 
(4CMenB).
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T he Neisseria meningitidis (Nm) bacterium causes invasive meningococcal disease 
(IMD) by crossing the epithelium of the nasopharynx and passing into the blood­

stream (1). IMD is associated with a case fatality rate (CFR) of 4.1%–20.0% (2) and 
long-term sequelae in up to 25% of survivors, such as neurological or hearing impair­
ment, chronic pain, scarring, and amputation (3–5). Estimations of the incidence of 
IMD in the Asia­Pacific region are limited by inadequate population-based surveillance 
systems in most countries (6). In Taiwan, IMD is a notifiable disease, and hospitals are 
obliged to report cases to the Taiwan Centers for Disease Control (CDC). Between 1993 
and 2020, 380 IMD cases were reported (7), but PCR positivity is not included in the 
diagnostic criteria used in Taiwan (8), so the true number of IMD cases is likely higher (9, 
10).

Globally, 12 Nm serogroups have been identified, with six (NmA, NmB, NmC, NmW, 
NmX, and NmY) responsible for most IMD cases (11). In Taiwan, Nm serogroup B 
(NmB) disease was predominant in 1993–2020; overall, NmB was identified in 66% of 
recovered isolates and in 81% of isolates collected in 2003–2020 (7). This increase in 
NmB isolates was accompanied most notably by a decrease in NmW isolates (35% of 
recovered isolates in 1996–2002 versus 2% in 2003–2020). NmB IMD is prevalent in 
various Asia­Pacific countries (12). In China, results of a meta-analysis suggested that the 
proportion of NmB disease cases was 30% in 2010–2020 and an increase in incidence 
during this period, with 52% of cases in 2015–2020 caused by NmB (13). In Japan, 
between 2003 and 2020, NmB caused 26% of 188 IMD cases (14), while in South Korea, 
NmB accounted for 37% of 19 IMD cases in 2010–2016 (15). In Vietnam, a study of 
military hospitals between 2014 and 2021 found that 91% of 69 IMD cases were caused 
by NmB (16).

Two protein-based meningococcal serogroup B (MenB) vaccines have been licensed: 
the 4CMenB vaccine (Bexsero, GSK) (17, 18) and MenB-FHbp vaccine (Trumenba, Pfizer), 
which contains two of the three factor H-binding protein (fHbp) variants (subvariants 
3.45 and 1.55) (19). 4CMenB includes three recombinant protein antigens, Neisseria 
adhesin A (NadA, peptide 3.8), neisserial heparin-binding antigen (NHBA, peptide 2), and 
fHbp (subvariant 1.1), plus detergent-extracted outer membrane vesicle (OMV) obtained 
from a New Zealand outbreak isolate, containing porin A protein (PorA, serosubtype 
1.4) as the main vaccine antigen (17, 20). Bexsero is the only MenB vaccine available in 
Taiwan, where it was licensed for the immunization of individuals aged 2 months and 
older in May 2021 (21).

The licensure of MenB vaccines relied on safety data and immunogenicity results 
generated by the serum bactericidal antibody assay using human complement (hSBA 
assay), testing against vaccine antigen­specific indicator strains (22). As well as demon­
strated immunogenicity, estimation of vaccine strain coverage enables understanding 
of the potential performance of MenB vaccines. Strain coverage by 4CMenB has been 
predicted using the Meningococcal Antigen Typing System (MATS) and genetic MATS 
(gMATS) (23–25). The latter can be performed using genome sequencing data for Nm 
from cultivable and non-cultivable clinical isolates, while MATS cannot be used for 
non-culture confirmed IMD cases. MATS data from more than 3,000 isolates from 17 
countries were used to calibrate gMATS (25).

In the serogroup analysis of Nm isolates collected in Taiwan in 2003–2020, 134 
NmB isolates were identified (7). Here, the NmB isolates are characterized by whole-
genome sequencing (WGS) and vaccine antigen genotyping, and 4CMenB vaccine strain 
coverage is predicted using gMATS.

Research Article mSphere

June 2024  Volume 9  Issue 6 10.1128/msphere.00220-24 2

https://doi.org/10.1128/msphere.00220-24


RESULTS

Distribution of NmB isolates

Of the 134 NmB isolates, 83 (61.9%) were collected in the period 2003–2008, 20 (14.9%) 
in 2009–2014, and 31 (23.1%) in 2015–2020. Forty-four NmB isolates (32.8%) were from 
children aged under 5 years, of which 31 (23.1%) were from children aged under 12 
months, while 40 (29.8%) were from individuals aged 5–29 years, and 50 (37.3%) isolates 
were from individuals aged 30 years or older (Fig. 1).

Genetic characteristics of NmB isolates

The phylogenetic distribution of clonal complexes of the 134 NmB isolates, relative 
to 502 randomly selected NmB isolate genomes downloaded from PubMLST, was 
reconstructed in a network created in SplitsTree using the NeighborNet algorithm. 
Excluding singlets (i.e., profiles not assigned to a clonal complex: 18 isolates), eight clonal 
complexes were represented (Fig. 2). The most prevalent was sequence type (ST) 4821 
complex (37 isolates, 27.6%), followed by ST-32 complex (32 isolates, 23.9%), ST-41/44 
complex (20 isolates, 14.9%), and ST-3439 complex (17 isolates, 12.7%).

Vaccine antigen genotyping

Reconstructions created from phylogenetic network analysis of 499 fHbp peptides, 508 
NHBA peptides, and 130 NadA peptides downloaded from PubMLST and correspond­
ing to NmB genomes only were superimposed with the peptides present in the 134 
NmB isolates (Fig. S1 to S3). The prevalence of fHbp variants 1, 2, and 3 among the 
NmB isolates was 28.4% (38 isolates), 63.4% (85 isolates), and 4.5% (6 isolates), respec­
tively (data not available for five isolates) (Fig. S1). The most common fHbp peptides 
were peptides 1.13, 2.16, 2.19, and 2.101. The NHBA peptides in the 134 NmB isolates 
were widely distributed among the global range of NHBA peptides (Fig. S2). The most 
common NHBA peptides were peptides 528 (31 isolates; 23.1%), 669 (27; 20.1%), 2 (17; 
12.7%), and 803 (12; 9.0%).

Thirty-two Taiwan NmB isolates (23.9%) contained NadA peptides; Fig. S3 shows the 
results of the phylogenetic network analysis of NadA peptides in the isolates. For PorA, 
11 (8.2%) isolates harbored PorA VR2 matching with peptide 4, with the remaining 123 
isolates containing a diversity of other PorA peptides (see next section).

FIG 1 Distribution of 134 NmB isolates by patient age group.
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Predicted MenB strain coverage

The predicted 4CMenB vaccine strain coverage by gMATS for the 134 isolates was 62.7% 
[lower limit (LL), 27.6%; upper limit (UL), 97.8%] (Fig. 3). Overall, 27.6% of isolates were 
covered, 2.2% were not covered, and 66.4% were unpredictable by gMATS (data not 
available for 3.7% of isolates) (Fig. 3). Only 29.8% of isolates were therefore predictable 
(covered/not covered) by gMATS. Coverage by number of antigens showed that the 
proportion of isolates predicted to be covered by gMATS was highest (23.9%) for isolates 
with one 4CMenB vaccine antigen (Fig. 3).

The gMATS coverage point estimates for each time period were 66.3% (LL, 33.7%; UL, 
98.8%) for 2003–2008, 65.0% (LL 30.0%; UL 100%) for 2009–2014, and 51.6% (LL 9.7%; UL 
93.5%) for 2015–2020. Analysis by Pearson’s chi-squared test showed no statistically 
significant differences in coverage point estimate by time period (data not shown). For 
each age group, gMATS coverage point estimates were 66.1% (LL 35.5%; UL 96.8%) for 
children younger than 12 months; 50.0% (LL 0%; UL 100%) and 42.9% (LL 14.3%; UL 
71.4%) for children aged 12–23 months and 2–4 years, respectively; and 63.8% (LL 27.5%; 

FIG 2 Phylogenetic distribution of clonal complexes of 134 NmB isolates from Taiwan in relation to 502 randomly selected NmB isolates genomes downloaded 

from PubMLST, as reconstructed in network created in SplitsTree using the NeighborNet algorithm based on single-nucleotide polymorphisms identified by 

kSNP algorithm.
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UL 100%) and 64.0% (LL 28.0%; UL 100%) for individuals aged 5–29 years and 30 years or 
older, respectively.

The analysis of gMATS coverage by clonal complex showed isolates with ST-41/44 
complex contributed most to gMATS coverage (18 out of 20 isolates were covered), 
with contributions also from ST-162 (five of five isolates), ST-3439 (four of 17 isolates), 
ST-35 (two of two isolates), ST-4821 (two of 37 isolates), and ST-32 (one of 32 isolates) 
complexes (Fig. 4). gMATS point estimates for the complexes were 97.5% (LL, 95.0%; 
UL, 100%) for ST-41/44, 100% for ST-162 and ST-35, 61.8% (LL 23.5%; UL 100%) for 
ST-3439, 52.7% (LL 5.4%; UL 100%) for ST-4821, and 51.6% (LL 3.1%; UL 100%) for 
ST-32. However, gMATS coverage predictions for several clonal complexes were affected 

FIG 3 gMATS-based coverage distribution of isolates by the number of 4CMenB vaccine antigens contained in isolate contributing to coverage. Overall, 27.6% of 

isolates were covered, 2.2% were not covered, and 66.4% were unpredictable by gMATS. 4CMenB, 4-component MenB vaccine; U, unpredictable by gMATS; NA, 

genotyping data not available.

FIG 4 gMATS-based coverage distribution of isolates by clonal complex. ST, sequence type.
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by high proportions of unpredictable isolates (76.5% unpredictable for ST-3439; >90% 
unpredictable for ST-4821 and ST-32).

The analysis of single 4CMenB antigen coverage by gMATS showed coverage for four 
fHbp variant 1 peptides (peptides 1.1, 1.4, 1.14, and 1.90) (Fig. S4A). Analysis of data 
according to coverage of isolates containing at least one gMATS-positive antigen showed 
predicted coverage for isolates containing one of 14 fHbp peptides, including peptides 
belonging to fHbp variants 2 and 3 (Fig. 5A).

Results for the NHBA antigen indicated coverage for five peptides (peptides 1, 2, 20, 
21, and 3) and a high rate of unpredictable coverage for other antigen peptides (Fig. S4B) 
but, for isolates with at least one gMATS-positive antigen, coverage was detected for nine 
NHBA peptides (Fig. 5B). For NadA, gMATS does not consider this 4CMenB antigen as 
there is no robust correlate with the NadA MATS outcome (as explained in Materials and 
Methods). Taking into account isolates containing at least one gMATS-positive antigen, 
among the 32 isolates with NadA peptides, one was covered, and among 102 isolates 
without NadA peptides, 36 had predicted coverage by gMATS, three were not covered, 
and the remainder had unpredictable coverage (Fig. 5C).

Coverage was demonstrated for 11 isolates harboring PorA VR2 matching with 
peptide 4, the exact match for the 4CMenB vaccine antigen. Analysis according to 
coverage by at least one gMATS-positive antigen predicted coverage for an additional 26 
isolates with 11 other PorA VR2 peptides (Fig. 5D).

DISCUSSION

This is the first study to evaluate the predicted coverage of NmB strains by 4CMenB in 
Taiwan, which was shown to be 62.7% using the genome-based tool, gMATS. Almost 
two-thirds of isolates were recovered in 2003–2008, followed by a drop in number in the 
second 6-year period. A subsequent increase in 2015–2020 reflected a reported increase 
in NmB disease in China during the same period (13). Approximately one-third of isolates 
were from children aged under 5 years, most of which were from infants (under 1 year 
old), a critical age-based risk group for MenB vaccination (26).

It was reported previously that NmB was the predominant serogroup in Taiwan in 
2003–2020, and its prevalence had increased from 50.0% of isolates in 1996–2002 to 
81.2% in 2003–2020 (7). In our analysis, 86.6% of NmB isolates from Taiwan were 
represented by eight clonal complexes, most commonly one of three global hyperinva­
sive clonal complexes, ST-4821, ST-32, and ST-41/44 (7, 27), and a newly assigned clonal 
complex, ST-3439 (7). ST-4821 was the leading NmB clonal complex, and this is also a 
major clonal complex group in China (7, 27, 28), where ST-4821 was initially identified in 
NmC strains, followed by NmB strains through capsular switching (29–31). An analysis of 
378 NmB strains isolated in China between 2005 and 2016 found that ST-4821 was the 
most prevalent lineage in both patient-derived (37.9%) and healthy carrier-derived 
(35.6%) strains (32). In Taiwan, most ST-4821 isolates (40 of 50 ST-4821 Nm isolates) were 
NmB. ST-4821 and ST-32 were identified previously in association with two IMD out­
breaks in Taiwan, one in a junior high school, and another at a military base (7). Outside 
of Asia, ST-32 and ST-41/44 were found to be the most common clonal complexes in an 
analysis of invasive NmB isolate panels from the United States, Australia, Canada, and 
nine European countries (33). In Taiwan, the percentages of NmB isolates assigned to 
ST-32 and ST-41/44 were higher than reported in China (2005–2016; 1.7% and 3.4%, 
respectively) (32).

The prevalences of fHbp variants 1 and 2 in our study are similar to those (32.1% and 
61.9%, respectively) reported in a study of fHbp variants in 84 NmB patient strains 
isolated in China up to 2016 (34). Interestingly, in the same study, an examination of 445 
NmB isolates derived from healthy carriers showed a 90.7% prevalence of fHbp variant 2 
(34). Another study in China reported a higher proportion of variant 1 in NmB isolates 
from patients than from healthy carriers, suggesting that fHbp variant 1 correlates 
positively with NmB pathogenicity (32). Studies conducted in other regions show 
differences in the distribution of fHbp variants, with variant 1 predominant in invasive 
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FIG 5 gMATS-based coverage distribution of isolates for individual 4CMenB vaccine antigen variants or peptides by gMATS strain coverage overall. 4CMenB, 

4-component MenB vaccine; NA, genotyping data not available.
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NmB isolate panels from the United States, Australia, Canada, and Europe (33). This 
highlights the importance of continuous monitoring to identify possible changes in the 
circulation of fHbp variants and new subvariants.

The NHBA peptides identified in the NmB isolates from Taiwan reflected the global 
distribution of peptides. Of the six most represented NHBA peptides in Taiwan, four (2, 
20, 503, and 669) were also identified in the study in China (32). Two of the gMATS 
unpredictable peptides (528 and 669) are in the same cluster as NHBA peptide 2 (so 
matched to the vaccine). Almost one-quarter of isolates were positive for NadA peptide, 
which was similar to the percentage (27%) reported in a study of a global NmB strain 
panel (25) but higher than reported in NmB isolates from China, where 8% of 432 
isolates were PCR-positive for the nadA gene (32). In Taiwan, we found that few isolates 
harbored the PorA variant contained in the 4CMenB vaccine, with high diversity in PorA, 
as reported in NmB isolates from China (32).

The predicted 4CMenB strain coverage by gMATS has a degree of uncertainty (LL 
27.6%; UL 97.8%) that reflects the large proportion of unpredictable isolates by gMATS. 
However, half of gMATS unpredictable isolates are considered as covered by gMATS (25), 
and, in our study, the proportion of isolates predicted as not covered by 4CMenB was 
low (2.2%). The 62.7% gMATS point estimate is in line with gMATS estimates of between 
58% and 91% reported in studies conducted in Europe, North America, and Australia (25, 
35–41). Moreover, the 4CMenB coverage of NmB strains recovered in 2005–2016 in China 
was 63.6%, in terms of isolates containing one or two matching 4CMenB variants (32). 
In our study, among the different age groups, 4CMenB strain coverage by gMATS was 
highest for infants.

Interpretation of the predicted strain coverage needs to take into account that, 
overall, 66% of isolates were categorized as unpredictable, with predictable gMATS 
coverage for only 29.8% of NmB isolates. However, the gMATS-unpredictable percen­
tages in the present analysis were highly variable, particularly in isolates positive for one 
antigen (fHbp, NHBA, or PorA) versus isolates gMATS-positive for one or more antigens. 
This suggests that unpredictable peptides may contribute to protection individually 
or in association with other 4CMenB antigens. Indeed, there is evidence that 4CMenB 
elicits antibodies against multiple surface-exposed antigens, which may act in concert 
and be functional against meningococcal strains not predicted to be covered (42). 
Different OMV components may also assist in providing protection since, while PorA 
is the immunodominant antigen (17, 20), OMV contains a complex mixture of anti­
gens (43). Antibodies induced by fHbp, NHBA, and minor OMV components can bind 
the bacterial surface simultaneously, overcoming limitations of low surface expression 
and high antigenic diversity and triggering complement-mediated bacterial lysis (42). 
gMATS also underestimates the contribution of NadA antigen to coverage (44) and 
has specific limitations connected with the genotype–phenotype association approach 
(25). Underestimation of coverage with gMATS was demonstrated in an analysis of 40 
isolates representative of IMD in England and Wales (25). Along with all gMATS-covered 
strains, 57% of gMATS-negative strains and 75% of gMATS-unpredictable strains were 
killed by hSBA. This analysis also showed a lower estimate of strain coverage by gMATS 
(72%–73%) than by hSBA assay (88%) (25, 45), which is a more precise measurement of 
coverage but not feasible for analyzing large numbers of NmB strains (46). Ultimately, 
the true impact and effectiveness of MenB vaccines can only be confirmed through 
real-world evidence of clinical outcomes. For 4CMenB, studies of real-world effectiveness 
in various age groups and with different vaccination schedules report effectiveness 
estimates of up to 94% against NmB disease (47).

In conclusion, the results of this analysis of NmB isolates from Taiwan show overall 
4CMenB strain coverage of 62.7% by gMATS, which is in line with estimates from other 
countries, but coverage was predictable for only 29.8% of isolates. These are likely to 
be underestimates since, similar to MATS, gMATS does not measure the contribution to 
killing of synergistic mechanisms associated with simultaneous binding of antibodies 
elicited by multicomponent vaccines, such as 4CMenB, to multiple antigenic targets. 
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The contribution of NadA and minor OMV vaccine components is also not taken into 
consideration with gMATS. Nevertheless, these results contribute to better understand­
ing of disease-causing NmB strains in Taiwan and indicate the need to monitor their 
epidemiology.

MATERIALS AND METHODS

Nm isolates

As explained previously (7), 165 Nm isolates were recovered between 2003 and 2020 
from the blood of patients with IMD and obtained from the Biobank Section of the 
Taiwan CDC. A total of 134 NmB isolates underwent genome sequencing and assembly 
from the raw sequencing reads provided by author Dr. Min-Chi Lu (7). Genome assembly 
was conducted with the Unicycler v.0.4.9b pipeline based on SPAdes assembler (48).

Phylogenetic analysis

WGS of bacterial isolates was conducted by the Taiwan CDC, and 4CMenB antigen typing 
was used to generate allelic profiles for the 134 NmB isolates, as described previously (7).

We characterized the whole-genome diversity of the Taiwan NmB isolates in 
terms of their phylogenetic relationships with a sampled subset of 502 NmB isolate 
genomes downloaded in September 2022 from the PubMLST Neisseria database (https://
pubmlst.org/organisms/neisseria-spp). The 502 NmB isolates were randomly selected 
from the PubMLST list of >8,000 NmB genomes, representing the global collection of 
genomes archived in the database.

Phylogenetic reconstructions were made using NeighborNet method (49) computed 
by SplitsTree software (version 4.14) (50) and based on the sequences alignment of 
single-nucleotide polymorphisms computed by kSNP (version 4.0) algorithm.

Vaccine strain coverage prediction by genotyping

The fHbp, nhba, nadA, and porA genes and their protein translations were extracted 
from the whole-genome sequences by BIGSdb application (version 1.24) using default 
settings (51). Alleles and corresponding peptide identification numbers (IDs; protein 
variants) were assigned using the PubMLST Neisseria species database definitions. 
Antigen­specific strain coverage predicted by gMATS was defined by identifying peptide 
IDs significantly associated with MATS coverage/non-coverage for that antigen, as 
described previously (25) and shown in Table S1.

For fHbp and NHBA antigens, peptide IDs present in more than five isolates were 
considered. Peptide IDs for which the percentage of MATS-covered strains was higher 
than 60% or lower than 40% were considered predictors of coverage or non-coverage, 
respectively, if a test of proportions rejected 50% as null hypothesis (P < 0.05 or 
<0.001). Peptide IDs not fulfilling these criteria were considered unpredictable. The 
same approach was attempted for NadA, testing the association of nadA gene pres­
ence/absence, and NadA-MATS coverage. However, the information for this antigen, 
limited to its presence/absence, failed to establish a robust correlate with NadA MATS 
outcome. For this reason, the contribution of NadA antigen to the gMATS coverage 
estimation was disregarded. The contribution to coverage by the OMV component was 
estimated by sequencing part of the porA gene encoding variable region 2 (VR2) and 
checking identity to the variant present in the vaccine, i.e., PorA VR2 match with peptide 
4 was defined as covered (PorA VR2 = 4) and other cases as not covered (23).

An isolate was defined as gMATS-covered if one or more antigen­specific predictions 
for that strain were covered. If all antigen­specific gMATS predictors were not covered, 
the isolate was defined as gMATS not covered. All remaining isolates were defined as 
gMATS unpredictable. Previous gMATS coverage data on over 3,000 MenB isolates found 
that 49% of gMATS unpredictable isolates were MATS-covered (25), so half of gMATS 
unpredictable isolates were considered as covered by gMATS in this analysis.

Research Article mSphere

June 2024  Volume 9  Issue 6 10.1128/msphere.00220-24 9

https://pubmlst.org/organisms/neisseria-spp
https://doi.org/10.1128/msphere.00220-24


ACKNOWLEDGMENTS

The authors thank Dr. Chien-Shun Chiou for his contribution to the study. The authors 
also thank Business & Decision Life Sciences Medical Communication Service Center 
for editorial assistance and manuscript coordination, on behalf of GSK. Joanne Knowles 
(independent medical writer) provided medical writing support, on behalf of GSK.

GlaxoSmithKline Biologicals SA funded this study and was involved in all stages of 
study conduct, including analysis of the data. GlaxoSmithKline Biologicals SA also took 
charge of all costs associated with the development and publication of this paper.

All authors participated in the design or implementation or analysis and interpreta­
tion of the study and the development of this manuscript. All authors had full access to 
the data and gave final approval before submission.

Bexsero is a trademark owned by or licensed to GSK. Trumenba is a trademark of 
Pfizer.

AUTHOR AFFILIATIONS

1GSK, Siena, Italy
2School of Medicine, China Medical University, Taichung, Taiwan
3GSK, Taipei, Taiwan

AUTHOR ORCIDs

Alessandro Muzzi  http://orcid.org/0000-0002-8635-6424
Laura Serino  http://orcid.org/0000-0002-8618-9726

FUNDING

Funder Grant(s) Author(s)

GSK | GlaxoSmithKline Biologicals (GSK) Alessandro Muzzi

Min-Chi Lu

Elena Mori

Alessia Biolchi

Tiffany Fu

Laura Serino

DATA AVAILABILITY

Data used for this publication were generated by CDC. For access to anonymized 
subject-level data, please contact CDC or Min-Chi Lu (luminchi@gmail.com).

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (mSphere00220-24-s0001.docx). Supplemental table and 
figures.

REFERENCES

1. Mikucki A, McCluskey NR, Kahler CM. 2022. The host-pathogen 
interactions and epicellular lifestyle of Neisseria meningitidis. Front Cell 
Infect Microbiol 12:862935. https://doi.org/10.3389/fcimb.2022.862935

2. Wang B, Santoreneos R, Giles L, Haji Ali Afzali H, Marshall H. 2019. Case 
fatality rates of invasive Meningococcal disease by Serogroup and age: a 

systematic review and meta-analysis. Vaccine 37:2768–2782. 
https://doi.org/10.1016/j.vaccine.2019.04.020

3. Olbrich KJ, Müller D, Schumacher S, Beck E, Meszaros K, Koerber F. 2018. 
Systematic review of invasive meningococcal disease: sequelae and 
quality of life impact on patients and their caregivers. Infect Dis Ther 
7:421–438. https://doi.org/10.1007/s40121-018-0213-2

Research Article mSphere

June 2024  Volume 9  Issue 6 10.1128/msphere.00220-2410

https://doi.org/10.13039/100020955
mailto:luminchi@gmail.com
https://doi.org/10.1128/msphere.00220-24
https://doi.org/10.3389/fcimb.2022.862935
https://doi.org/10.1016/j.vaccine.2019.04.020
https://doi.org/10.1007/s40121-018-0213-2
https://doi.org/10.1128/msphere.00220-24


4. Voss SS, Nielsen J, Valentiner-Branth P. 2022. Risk of sequelae after 
invasive meningococcal disease. BMC Infect Dis 22:148. https://doi.org/
10.1186/s12879-022-07129-4

5. Shen J, Begum N, Ruiz-Garcia Y, Martinon-Torres F, Bekkat-Berkani R, 
Meszaros K. 2022. Range of invasive meningococcal disease sequelae 
and health economic application - a systematic and clinical review. BMC 
Public Health 22:1078. https://doi.org/10.1186/s12889-022-13342-2

6. Shaker R, Fayad D, Dbaibo G. 2018. Challenges and opportunities for 
meningococcal vaccination in the developing world. Hum Vaccin 
Immunother 14:1084–1097. https://doi.org/10.1080/21645515.2018.
1434463

7. Chiou CS, Liao YS, Chen BH, Lu MC, Hong YP, Wang YW, Teng RH. 2022. 
Demographic features of invasive meningococcal disease in Taiwan, 
1993 to 2020, and genetic characteristics of Neisseria meningitidis 
isolates, 2003 to 2020. Microbiol Spectr 10:e0088222. https://doi.org/10.
1128/spectrum.00882-22

8. Taiwan Centers for Disease Control. 2023. Meningococcal meningitis. 
Available from: https://www.cdc.gov.tw/File/Get/mf46NVLruqRVGaA­
MOubDMA. Retrieved 25 Oct 2023.

9. Guiducci S, Moriondo M, Nieddu F, Ricci S, De Vitis E, Casini A, Poggi GM, 
Indolfi G, Resti M, Azzari C. 2019. Culture and real-time polymerase chain 
reaction sensitivity in the diagnosis of invasive meningococcal disease: 
does culture Miss less severe cases? PLoS One 14:e0212922. https://doi.
org/10.1371/journal.pone.0212922

10. Edge C, Waight P, Ribeiro S, Borrow R, Ramsay M, Ladhani S. 2016. 
Clinical diagnoses and outcomes of 4619 hospitalised cases of 
laboratory­confirmed invasive meningococcal disease in England: 
linkage analysis of multiple national databases. J Infect 73:427–436. 
https://doi.org/10.1016/j.jinf.2016.07.016

11. Parikh SR, Campbell H, Bettinger JA, Harrison LH, Marshall HS, Martinon-
Torres F, Safadi MA, Shao Z, Zhu B, von Gottberg A, Borrow R, Ramsay 
ME, Ladhani SN. 2020. The everchanging epidemiology of meningococ­
cal disease worldwide and the potential for prevention through 
vaccination. J Infect 81:483–498. https://doi.org/10.1016/j.jinf.2020.05.
079

12. Aye AMM, Bai X, Borrow R, Bory S, Carlos J, Caugant DA, Chiou C-S, Dai 
VTT, Dinleyici EC, Ghimire P, et al. 2020. Meningococcal disease 
surveillance in the Asia­Pacific region (2020): the global meningococcal 
initiative. J Infect 81:698–711. https://doi.org/10.1016/j.jinf.2020.07.025

13. Xu J, Chen Y, Yue M, Yu J, Han F, Xu L, Shao Z. 2022. Prevalence of 
Neisseria meningitidis serogroups in invasive meningococcal disease in 
China, 2010 - 2020: a systematic review and meta-analysis. Hum Vaccin 
Immunother 18:2071077. https://doi.org/10.1080/21645515.2022.
2071077

14. Takahashi H, Morita M, Kamiya H, Fukusumi M, Sunagawa M, Nakamura-
Miwa H, Akeda Y, Shimuta K, Ohnishi M. 2023. Genomic characterization 
of Japanese meningococcal strains isolated over a 17-year period 
between 2003 and 2020 in Japan. Vaccine 41:416–426. https://doi.org/
10.1016/j.vaccine.2022.10.083

15. Lee H, Seo Y, Kim KH, Lee K, Choe KW. 2018. Prevalence and serogroup 
changes of Neisseria meningitidis in South Korea, 2010-2016. Sci Rep 
8:5292. https://doi.org/10.1038/s41598-018-23365-8

16. Van CP, Nguyen TT, Bui ST, Nguyen TV, Tran HTT, Pham DT, Trieu LP, 
Nguyen MD. 2021. Invasive meningococcal disease remains a health 
threat in Vietnam people’s army. Infect Drug Resist 14:5261–5269. https:/
/doi.org/10.2147/IDR.S339110

17. Rappuoli R, Pizza M, Masignani V, Vadivelu K. 2018. Meningococcal B 
vaccine (4CMenB): the journey from research to real world experience. 
Expert Rev Vaccines 17:1111–1121. https://doi.org/10.1080/14760584.
2018.1547637

18. Deghmane AE, Taha MK. 2022. Product review on the IMD serogroup B 
vaccine Bexsero. Hum Vaccin Immunother 18:2020043. https://doi.org/
10.1080/21645515.2021.2020043

19. Perez JL, Absalon J, Beeslaar J, Balmer P, Jansen KU, Jones TR, Harris S, 
York LJ, Jiang Q, Radley D, Anderson AS, Crowther G, Eiden JJ. 2018. 
From research to licensure and beyond: clinical development of MenB-
FHbp, a broadly protective meningococcal B vaccine. Expert Rev 
Vaccines 17:461–477. https://doi.org/10.1080/14760584.2018.1483726

20. Serruto D, Bottomley MJ, Ram S, Giuliani MM, Rappuoli R. 2012. The new 
multicomponent vaccine against meningococcal serogroup B, 4CMenB: 
immunological, functional and structural characterization of the 

antigens. Vaccine 30 Suppl 2:B87–97. https://doi.org/10.1016/j.vaccine.
2012.01.033

21. Taiwan Food and Drug Administration. 2021. License details: Bexsero. 
Available from: https://info.fda.gov.tw/MLMS/H0001D.aspx?Type=Lic&
LicId=60001150. Retrieved 25 Oct 2023.

22. Borrow R, Carlone GM, Rosenstein N, Blake M, Feavers I, Martin D, 
Zollinger W, Robbins J, Aaberge I, Granoff DM, Miller E, Plikaytis B, van 
Alphen L, Poolman J, Rappuoli R, Danzig L, Hackell J, Danve B, Caulfield 
M, Lambert S, Stephens D. 2006. Neisseria meningitidis group B correlates 
of protection and assay standardization. International meeting report 
Emory University, Atlanta, Georgia, United States, 16-17 March 2005. 
Vaccine 24:5093–5107. https://doi.org/10.1016/j.vaccine.2006.03.091

23. Donnelly J, Medini D, Boccadifuoco G, Biolchi A, Ward J, Frasch C, Moxon 
ER, Stella M, Comanducci M, Bambini S, Muzzi A, Andrews W, Chen J, 
Santos G, Santini L, Boucher P, Serruto D, Pizza M, Rappuoli R, Giuliani 
MM. 2010. Qualitative and quantitative assessment of meningococcal 
antigens to evaluate the potential strain coverage of protein-based 
vaccines. Proc Natl Acad Sci U S A 107:19490–19495. https://doi.org/10.
1073/pnas.1013758107

24. Medini D, Stella M, Wassil J. 2015. MATS: global coverage estimates for 
4CMenB, a novel multicomponent meningococcal B vaccine. Vaccine 
33:2629–2636. https://doi.org/10.1016/j.vaccine.2015.04.015

25. Muzzi A, Brozzi A, Serino L, Bodini M, Abad R, Caugant D, Comanducci M, 
Lemos AP, Gorla MC, Křížová P, et al. 2019. Genetic meningococcal 
antigen typing system (gMATS): a genotyping tool that predicts 4CMenB 
strain coverage worldwide. Vaccine 37:991–1000. https://doi.org/10.
1016/j.vaccine.2018.12.061

26. Sulis G, Horn M, Borrow R, Basta NE. 2022. A comparison of national 
vaccination policies to prevent serogroup B meningococcal disease. 
Vaccine 40:3647–3654. https://doi.org/10.1016/j.vaccine.2022.04.101

27. Chen M, Harrison OB, Bratcher HB, Bo Z, Jolley KA, Rodrigues CMC, Bray 
JE, Guo Q, Zhang X, Chen M, Maiden MCJ. 2021. Evolution of sequence 
type 4821 clonal complex hyperinvasive and quinolone-resistant 
meningococci. Emerg Infect Dis 27:1110–1122. https://doi.org/10.3201/
eid2704.203612

28. Chen H, Li M, Tu S, Zhang X, Wang X, Zhang Y, Zhao C, Guo Y, Wang H. 
2022. Metagenomic data from cerebrospinal fluid permits tracing the 
origin and spread of Neisseria meningitidis CC4821 in China. Commun 
Biol 5:839. https://doi.org/10.1038/s42003-022-03792-0

29. Zhu B, Xu Z, Du P, Xu L, Sun X, Gao Y, Shao Z. 2015. Sequence type 4821 
clonal complex serogroup B Neisseria meningitidis in China, 1978-2013. 
Emerg Infect Dis 21:925–932. https://doi.org/10.3201/eid2106.140687

30. Zhang X, Shao Z, Yang E, Xu L, Xu X, Li M, Ren J, Zhu Y, Yang F, Liang X, 
Mayer LW, Xu J, Jin Q. 2007. Molecular characterization of serogroup C 
Neisseria meningitidis isolated in China. J Med Microbiol 56:1224–1229. 
https://doi.org/10.1099/jmm.0.47263-0

31. Li J, Shao Z, Liu G, Bai X, Borrow R, Chen M, Guo Q, Han Y, Li Y, Taha MK, 
Xu X, Xu X, Zheng H. 2018. Meningococcal disease and control in China: 
findings and updates from the global meningococcal initiative (GMI). J 
Infect 76:429–437. https://doi.org/10.1016/j.jinf.2018.01.007

32. Zhu B, Shi F, Zhang A, Sun X, Xu Z, Xu L, Gao Y, Lv J, Shao Z. 2018. 
Prevalence and genetic characteristics of 4CMenB and rLP2086 vaccine 
candidates among Neisseria meningitidis serogroup B strains, China. 
Vaccine 36:1983–1989. https://doi.org/10.1016/j.vaccine.2018.02.112

33. Muzzi A, Bodini M, Topaz N, Masignani V, Vadivelu K, Marjuki H, Wang X, 
Serino L, Medini D. 2022. Genetic features of a representative panel of 
110 meningococcal B isolates to assess the efficacy of meningococcal B 
vaccines. mSphere 7. https://doi.org/10.1128/msphere.00385-22

34. Shi F, Zhang A, Zhu B, Gao Y, Xu L, Li Y, Yin Z, Li J, Xie N, Shao Z. 2017. 
Prevalence of factor H binding protein sub-variants among Neisseria 
meningitidis in China. Vaccine 35:2343–2350. https://doi.org/10.1016/j.
vaccine.2017.03.057

35. Hong E, Terrade A, Muzzi A, De Paola R, Boccadifuoco G, La Gaetana R, 
Deghmane A-E, Pizza M, Serino L, Taha M-K. 2021. Evolution of strain 
coverage by the multicomponent meningococcal serogroup B vaccine 
(4CMenB) in France. Hum Vaccin Immunother 17:5614–5622. https://doi.
org/10.1080/21645515.2021.2004055

36. Tozer SJ, Smith HV, Whiley DM, Borrow R, Boccadifuoco G, Medini D, 
Serruto D, Giuliani MM, Stella M, De Paola R, Muzzi A, Pizza M, Sloots TP, 
Nissen MD. 2021. High coverage of diverse invasive meningococcal 
serogroup B strains by the 4-component vaccine 4CMenB in Australia, 

Research Article mSphere

June 2024  Volume 9  Issue 6 10.1128/msphere.00220-2411

https://doi.org/10.1186/s12879-022-07129-4
https://doi.org/10.1186/s12889-022-13342-2
https://doi.org/10.1080/21645515.2018.1434463
https://doi.org/10.1128/spectrum.00882-22
https://www.cdc.gov.tw/File/Get/mf46NVLruqRVGaAMOubDMA
https://doi.org/10.1371/journal.pone.0212922
https://doi.org/10.1016/j.jinf.2016.07.016
https://doi.org/10.1016/j.jinf.2020.05.079
https://doi.org/10.1016/j.jinf.2020.07.025
https://doi.org/10.1080/21645515.2022.2071077
https://doi.org/10.1016/j.vaccine.2022.10.083
https://doi.org/10.1038/s41598-018-23365-8
https://doi.org/10.2147/IDR.S339110
https://doi.org/10.1080/14760584.2018.1547637
https://doi.org/10.1080/21645515.2021.2020043
https://doi.org/10.1080/14760584.2018.1483726
https://doi.org/10.1016/j.vaccine.2012.01.033
https://info.fda.gov.tw/MLMS/H0001D.aspx?Type=Lic&LicId=60001150
https://doi.org/10.1016/j.vaccine.2006.03.091
https://doi.org/10.1073/pnas.1013758107
https://doi.org/10.1016/j.vaccine.2015.04.015
https://doi.org/10.1016/j.vaccine.2018.12.061
https://doi.org/10.1016/j.vaccine.2022.04.101
https://doi.org/10.3201/eid2704.203612
https://doi.org/10.1038/s42003-022-03792-0
https://doi.org/10.3201/eid2106.140687
https://doi.org/10.1099/jmm.0.47263-0
https://doi.org/10.1016/j.jinf.2018.01.007
https://doi.org/10.1016/j.vaccine.2018.02.112
https://doi.org/10.1128/msphere.00385-22
https://doi.org/10.1016/j.vaccine.2017.03.057
https://doi.org/10.1080/21645515.2021.2004055
https://doi.org/10.1128/msphere.00220-24


2007-2011: concordant predictions between MATS and genetic MATS. 
Hum Vaccin Immunother 17:3230–3238. https://doi.org/10.1080/
21645515.2021.1904758

37. Bodini M, Brozzi A, Giuliani M, Nohynek H, Vainio A, Kuusi M, De Paola R, 
Pizza M, Medini D, Toropainen M, Serino L, Muzzi A. 2020. Genomic 
characterization of invasive meningococcal serogroup B isolates and 
estimation of 4CMenB vaccine coverage in Finland. mSphere 
5:e00376-20. https://doi.org/10.1128/mSphere.00376-20

38. Freudenburg-de Graaf W, Knol MJ, van der Ende A. 2020. Predicted 
coverage by 4CMenB vaccine against invasive meningococcal disease 
cases in the Netherlands. Vaccine 38:7850–7857. https://doi.org/10.
1016/j.vaccine.2020.10.008

39. Ceyhan M, Ozsurekci Y, Lucidarme J, Borrow R, Meningitis Surveillance 
Group. 2020. Characterization of invasive Neisseria meningitidis isolates 
recovered from children in Turkey during a period of increased 
serogroup B disease, 2013-2017. Vaccine 38:3545–3552. https://doi.org/
10.1016/j.vaccine.2020.03.024

40. Waśko I, Gołębiewska A, Kiedrowska M, Ronkiewicz P, Wróbel-Pawelczyk 
I, Kuch A, Hong E, Skoczyńska A. 2020. Genetic variability of polish 
serogroup B meningococci (2010-2016) including the 4CMenB vaccine 
component genes. Vaccine 38:1943–1952. https://doi.org/10.1016/j.
vaccine.2020.01.021

41. Sereikaitė E, Plepytė R, Petrutienė A, Stravinskienė D, Kučinskaitė-Kodzė 
I, Gėgžna V, Ivaškevičienė I, Žvirblienė A, Plečkaitytė M. 2023. Molecular 
characterization of invasive Neisseria meningitidis isolates collected in 
Lithuania (2009-2019) and estimation of serogroup B meningococcal 
vaccine 4CMenB and MenB-Fhbp coverage. Front Cell Infect Microbiol 
13:1136211. https://doi.org/10.3389/fcimb.2023.1136211

42. Viviani V, Biolchi A, Pizza M. 2022. Synergistic activity of antibodies in the 
multicomponent 4CMenB vaccine. Expert Rev Vaccines 21:645–658. 
https://doi.org/10.1080/14760584.2022.2050697

43. Awanye AM, Chang CM, Wheeler JX, Chan H, Marsay L, Dold C, Rollier CS, 
Bird LE, Nettleship JE, Owens RJ, Pollard AJ, Derrick JP. 2019. Immunoge­
nicity profiling of protein antigens from capsular group B Neisseria 
meningitidis. Sci Rep 9:6843. https://doi.org/10.1038/s41598-019-43139-
0

44. Fagnocchi L, Biolchi A, Ferlicca F, Boccadifuoco G, Brunelli B, Brier S, 
Norais N, Chiarot E, Bensi G, Kroll JS, Pizza M, Donnelly J, Giuliani MM, 
Delany I. 2013. Transcriptional regulation of the nadA gene in Neisseria 
meningitidis impacts the prediction of coverage of a multicomponent 
meningococcal serogroup B vaccine. Infect Immun 81:560–569. https://
doi.org/10.1128/IAI.01085-12

45. Frosi G, Biolchi A, Lo Sapio M, Rigat F, Gilchrist S, Lucidarme J, Findlow J, 
Borrow R, Pizza M, Giuliani MM, Medini D. 2013. Bactericidal antibody 
against a representative epidemiological meningococcal serogroup B 
panel confirms that MATS underestimates 4CMenB vaccine strain 
coverage. Vaccine 31:4968–4974. https://doi.org/10.1016/j.vaccine.2013.
08.006

46. Borrow R, Taha MK, Giuliani MM, Pizza M, Banzhoff A, Bekkat-Berkani R. 
2020. Methods to evaluate serogroup B meningococcal vaccines: from 
predictions to real-world evidence. J Infect 81:862–872. https://doi.org/
10.1016/j.jinf.2020.07.034

47. Cinconze E, Rosillon D, Rappuoli R, Vadivelu K, Bekkat-Berkani R, Abbing-
Karahagopian V. 2023. Challenges in synthesis of real-world vaccine 
effects on meningococcal serogroup B disease for 4CMenB vaccine post-
licensure effectiveness studies: a systematic review. Vaccine 41:4347–
4358. https://doi.org/10.1016/j.vaccine.2023.05.025

48. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial 
genome assemblies from short and long sequencing reads. PLoS 
Comput Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595

49. Bryant D, Moulton V. 2004. Neighbor-net: an agglomerative method for 
the construction of phylogenetic networks. Mol Biol Evol 21:255–265. 
https://doi.org/10.1093/molbev/msh018

50. Huson DH, Bryant D. 2006. Application of phylogenetic networks in 
evolutionary studies. Mol Biol Evol 23:254–267. https://doi.org/10.1093/
molbev/msj030

51. Jolley KA, Maiden MCJ. 2010. BIGSdb: scalable analysis of bacterial 
genome variation at the population level. BMC Bioinformatics 11:595. 
https://doi.org/10.1186/1471-2105-11-595

Research Article mSphere

June 2024  Volume 9  Issue 6 10.1128/msphere.00220-2412

https://doi.org/10.1080/21645515.2021.1904758
https://doi.org/10.1128/mSphere.00376-20
https://doi.org/10.1016/j.vaccine.2020.10.008
https://doi.org/10.1016/j.vaccine.2020.03.024
https://doi.org/10.1016/j.vaccine.2020.01.021
https://doi.org/10.3389/fcimb.2023.1136211
https://doi.org/10.1080/14760584.2022.2050697
https://doi.org/10.1038/s41598-019-43139-0
https://doi.org/10.1128/IAI.01085-12
https://doi.org/10.1016/j.vaccine.2013.08.006
https://doi.org/10.1016/j.jinf.2020.07.034
https://doi.org/10.1016/j.vaccine.2023.05.025
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/molbev/msh018
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1186/1471-2105-11-595
https://doi.org/10.1128/msphere.00220-24

	Prediction by genetic MATS of 4CMenB vaccine strain coverage of invasive meningococcal serogroup B isolates circulating in Taiwan between 2003 and 2020
	RESULTS
	Distribution of NmB isolates
	Genetic characteristics of NmB isolates
	Vaccine antigen genotyping
	Predicted MenB strain coverage

	DISCUSSION
	MATERIALS AND METHODS
	Nm isolates
	Phylogenetic analysis
	Vaccine strain coverage prediction by genotyping



