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aNational Reference Centre for Bacterial Meningitis, National Medicines Institute, Warsaw, Poland
b Institute Pasteur, Invasive Bacterial Infections Unit, Paris, France

a r t i c l e i n f o
Article history:
Received 22 May 2019
Received in revised form 20 December 2019
Accepted 7 January 2020
Available online 21 January 2020

Keywords:
Neisseria meningitidis
invasive meningococcal disease
molecular epidemiology
Bexsero� Antigen Sequence Type
a b s t r a c t

Neisseria meningitidis serogroup B (MenB) has recently become the major cause of invasive meningococ-
cal disease in Poland. Therefore, the purpose of this study was to characterize MenB isolates, responsible
for invasive meningococcal disease in 2010–2016, by MLST and sequencing of genes encoding proteins
used as 4CMenB vaccine antigens. Two methods of coverage estimation were performed: extrapolation
of MATS results of Polish meningococci 2010–2011 (exMATS) and gMATS, which combines genotyping
and MATS results.
Among 662 isolates 20 clonal complexes (CC) were detected, of which the most frequent were CC32,

CC41/44 and CC18, accounting for 31.9%, 16.5% and 12.7%, respectively. A total of 111 combinations of
PorA variable regions (VR1/VR2) were found, with P1.7,16 (15.0%) and P1.22,14 (13.6%) being prevalent.
Vaccine variant VR2:4 was detected in 7.3% of isolates, mainly representing CC41/44 and non-assigned
CC. Eighty five fHbp alleles encoding 74 peptide subvariants were revealed. Subvariant 1.1, a component
of 4CMenB, was prevalent (24.2%) and found generally in CC32. Typing of the nhba gene revealed 102
alleles encoding 87 peptides. The most frequent was peptide 3 (22.4%), whereas vaccine peptide 2 was
detected in 9.8%, mostly among CC41/44. The nadA gene was detected in 34.0% of isolates and the most
prevalent was peptide 1 (variant NadA-1; 71.6%), found almost exclusively in CC32 meningococci.
Vaccine peptide 8 (variant NadA-2/3) was identified once. Consequently, 292 completed BAST profiles
were revealed. Regarding vaccine coverage, 39.7% of isolates had at least one 4CMenB vaccine variant,
but according to exMATS and gMATS the coverage was 83.3% and 86.6%, respectively.
In conclusion, Polish MenB (2010–2016) was highly diverse according to MLST and gene alleles encod-

ing 4CMenB vaccine antigens. Some correlations between clonal complexes and variants of examined
proteins/BAST profiles were revealed and a high coverage of 4CMenB vaccine was estimated.
� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Neisseria meningitidis (meningococcus, Men) is a Gram-negative
diplococcus responsible for invasive meningococcal disease (IMD),
predominantly presenting as meningitis and/or septicemia, with a
general notification rate of around 0.55 per 100,000 people in Euro-
pean countries [1]. Although IMD is present all over the world, the
distribution of serogroups, clonal complexes and associated inci-
dence and case fatality rates may differ significantly. The epidemi-
ology of IMD has also been changing over time and differs in age
groups, with the highest incidence in children under 1 year old
[1–3]. IMD occurs mostly as sporadic cases but may suddenly
appear as an outbreak or epidemic. The disease evolves rapidly
and still presents high mortality in spite of appropriate treatment.
Prevention against this human-associated bacterium is most effi-
cient by vaccination. Polysaccharide-based vaccines and conjugate
vaccines are effective against the most frequent serogroups (A, C,
W, Y) except N. meningitidis serogroup B (MenB) strains [4].
Prevention of MenB IMD is still a challenge due to poor immuno-
genicity and similarity of MenB capsular polysaccharide to polysia-
lic structures in human neural tissue. Therefore, vaccines including
other, alternative antigens have been developed, such as the
protein-based novel vaccines (Bexsero�, Trumenba�) that have
been licensed in Europe, Australia and the USA in recent years.
4CMenB (tradename Bexsero) has been implemented into national
immunization routine schedules in the UK, Ireland and Italy so far.
Other countries, such as the USA, Canada, Ireland and France, have
used these vaccines for the control of outbreaks [5–13]. 4CMenB
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includes four meningococcal subcapsular proteins with antigenic
activity: factor H binding protein (fHbp), Neisserial heparin bind-
ing antigen (NHBA), Neisseria adhesin A (NadA) and porin A (PorA).
Due to the high variability of these protein antigens, 4CMenB does
not cover all MenB isolates. To predict strain coverage by 4CMenB,
the meningococcal antigen typing system (MATS) assay was devel-
oped. This combines PorA genotyping and enzyme-linked
immunosorbent assay (ELISA) that compares the quality and quan-
tity of the three remaining antigens with those of three corre-
sponding reference strains, to generate a set of relative potencies
(RPs). If a strain possesses PorA P1.4 and/or any of the three RPs
exceed a corresponding threshold level (the positive bactericidal
threshold) the isolate is likely to be covered by the vaccine [14].
However, MATS is performed only in a few laboratories selected
by the 4CMenB producer, therefore estimates of coverage are often
limited to those based on genotypic analysis of all four antigens.
The Bexsero antigen sequence type (BAST) provides a means of
indexing distinct combinations of 4CMenB antigens that may then
be combined with chosen genotypic coverage criteria [15–17].
Recently, a genetic MATS assay (gMATS) was proposed that linked
antigen genotyping and MATS data of 3481 MenB isolates from
European and non-European countries. This led to the generation
of a defined list of fHbp and NHBA peptides that were classed as
covered, not covered or unpredictable. Only PorA P1.4 was consid-
ered covered while NadA was always regarded as not covered.
When gMATS is applied to large national datasets, the proportion
of isolates with indeterminate coverage is divided equally into cov-
ered and not covered [18].

Meningococci of serogroup B are the cause of themajority of IMD
cases in many countries, although in recent years other serogroups
have also been responsible for a high percentage of IMD cases (e.g.
MenW in England, the Netherlands, Australia, Argentina and Chile;
MenC in France and Italy) [19,20]. The epidemiology of serogroup
B meningococci in Poland has changed over the last 20 years.
According to the National Reference Centre For Bacterial Meningitis
data, before 2005 MenB was responsible for approximately 75% of
IMD, mainly meningitis, due to Polish surveillance system that
obliged to report only meningitis but not septicaemia cases. After
2005 the systemhas changed and all cases of IMDhad to be notified.
Between 2006 and 2009, dissemination of MenC ST-11 isolates and
their outbreaks were noted. All these led to decrease of the propor-
tion of MenB to around 40–50% which was comparable to MenC. In
the recent years due to decreasing of MenC, percentage of MenB
increased up to 70% [21,22]. Consequently, the purpose of this study
was the characterization of PolishMenB over a seven-year period in
order to determine the molecular epidemiology and estimate the
strain coverage by 4CMenB.
2. Materials and methods

The project included MenB isolates responsible for IMD in
Poland between 2010 and 2016, sent to the National Reference
Centre for Bacterial Meningitis (NRCBM) within a laboratory-
based surveillance system. In the study period, the NRCBM
received 698 MenB isolates; 36 could not be recovered and only
confirmation of species and genogroup by polymerase chain reac-
tion (PCR) was provided, so these were excluded from study.
Therefore, 662 isolates were further analyzed (2010: n = 82;
2011: n = 114; 2012: n = 96; 2013: n = 113; 2014: n = 82; 2015:
n = 100; 2016: n = 75). They were routinely re-identified and ser-
ogrouped by slide agglutination using serogroup-specific antisera
(groups A, B, C, W, Y; Remel, UK). Multilocus sequence typing
(MLST) and porA typing using standard procedures (http://
pubmlst.org/neisseria/) were performed. Isolates were also charac-
terized by sequencing of genes encoding surface proteins used as
vaccine antigens (including fHbp, nadA and nhba) and generating
BAST profiles [15,23,24]. The range of clonal complexes and tested
peptides was measured by Simpson’s index of diversity (value 0, no
diversity; closer to 1, greater diversity) [25]. Phylogenetic analysis
was carried out using BioNumerics (v7.6; Applied Maths, Sint-
Martens-Latem, Belgium). Statistical analysis used the chi-square
test (https://www.graphpad.com/quickcalcs/contingency2/) and
the chi-square test for trend (http://epitools.ausvet.com.au/con-
tent.php?page=trend); a p value of �0.05 was considered to be
significant.

The NRCBM provides routine PCR diagnosis of clinical materials
and collects strains that, together with Polish National Census of
Population data, were used for incidence calculation (presented
in Section 3.1).

We used two calculations of strain coverage by 4CMenB. The first
one (coverage/exMATS) was derived from extrapolation of Polish
MenB2010–2011MATS analysis results [26] to all theMenB isolates
tested in this study. Peptides that were 100% MATS positive were
estimated as covered and those that were 100% MATS negative as
not covered. For peptides that were MATS positive, but coverage
was <100% and >0%, covered isolates between 2012 and 2016 were
chosen randomly butwith respect to their proportions in STs, clonal
complexes and year of analysis. For example NHBA peptide 3 was
covered by MATS in 24.6%, therefore 36 of 148 isolates between
2012 and 2016 were assumed as covered. Annual distribution was
calculatedas follows (numberof isolates assumedas covered/all iso-
lates with this peptide): in 2012: 5/21; 2013: 6/25; 2014: 4/16;
2015: 4/17 and in 2016: 3/12. Isolates with fHbp subvariants and
NHBA variants that appeared for the first time after 2011, and there-
fore MATS data were not available, were defined as unknown.
Among these, the 50% of isolates that were not estimated as covered
by other antigens were assumed to be covered. The second calcula-
tion was based on gMATS presented by Muzzi et al. [18]. Detailed
coverage of individual peptides identified among Polish meningo-
cocci is summarized in Table 1.
3. Results

3.1. Epidemiological background

During the study period (2010–2016), 1495 IMD cases were lab-
oratory confirmed (1106 by culture and 389 by PCR) by the NRCBM
and this was 93.9% of all IMD cases registered by the National Insti-
tute of Public Health–National Institute of Hygiene (NIPH-NIH)
based on obligatory reports by physicians and microbiologists
[27]. The majority of cases were caused by meningococci of ser-
ogroups B (61.7%: 698 culture and 224 non-culture cases) and C
(32.0%: 361 culture and 118 non-culture cases). The distribution of
MenB was temporally increasing, accounting for 54.9% in the first
three years (2010–2012) and 68.2% in the following years
(2013–2016) (v2 for trend, p < 0.0001). The highest percentage of
MenB was found in infants (76.9% of all cases in this age group), in
whom the incidence of MenB IMD was 9.7/100,000, whereas the
overall MenB incidence was 0.34/100,000. The overall case fatality
rate (CFR) was 11.2%, without any significant differences between
serogroups B and C. However, taking age groups into consideration,
in people aged 65 years and children aged 2–3 years the MenB CFR
was twice the overall value (21.7% and 21.4%, respectively).
3.2. MLST analysis of MenB

MLST was performed for all 662 MenB isolates; 287 sequence
types were determined, of which 217 (75.6%) were notified only
once. These represented 32.7% of all MenB isolates. Only eight
sequence types were represented by 10 or more isolates: the
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Table 1
Two methods of coverage estimation for Polish MenB, 2010–2016.

Antigen Calculation method

exMATS
peptide – coverage – %*
(number of covered/all isolates with the peptide)

gMATS

fHbp covered 1.1 (158), 1.4 (46), 1.14 (45), 1.144 (41), 1.15 (16), 1.232 (2), 1.234 (3), 1.245 (7),
1.66 (1), 1.510 (5), 1.590 (1), 1.591 (1), 1.592 (1), 1.594 (1), 1.664 (1), 1.665 (1),
� 100% each peptide
1.37–94.3% (82/87)
1.13–60% (11/19)
1.321–43% (16/38)
Unknown � 50% (10/20)

1.1, 1.2, 1.4, 1.14, 1.15, 1.37, 1.144, 1.232, 1.245, 1.249, 1.510
Unpredictable – 50%

fHbp not covered 1.213 (2), 1.260 (14), 1.539 (3), 1.593 (4)
all variants of family 2 and 3 (135)
Unknown (10/20) � 50%

1.213
all variants of family 2 and 3
Unpredictable – 50%

NHBA covered 10 (5), 12 (4), 243 (34), 384 (4), 408 (1), new_2 (2), 578 (1), 580 (1), 582 (1),
583 (1), new_6 (2) � 100%,
2–94.4% (61/65)
3–24.6% (36/148)
20–21.4%, (15/71)
21–25% (9/35)
81–50% (1/2)
54 – 50% (1/2)
6–3.8% (3/74)
Unknown (27/54) � 50%

1, 2, 3, 10, 20, 21, 243
Unpredictable – 50%

NHBA not covered 17 (2), 18 (23), 24 (18), 29 (6), 42 (2), 47 (9), 49 (7), 53 (9), 58 (3), 63 (16),
89 (1), 114 (1), 115 (16), 118 (4), 188 (9), 249 (2), 253 (6), 502 (5), 579 (1),
581 (1), new_1 (1), new_3 (1), new_4 (1), new_5 (1), new_7 (1),
Unknown (27/54) � 50%

6, 17, 18, 24, 30, 31, 43, 47, 58, 112, 114, 120, 187, 253
Unpredictable – 50%

NadA covered 3 (10) and 8 (1) – 100% none

VR2 PorA covered 4 (48) – 100% 4

Overall coverage 83.3% 86.6%

Unknown – peptides for which Polish MATS data was not available.
Unpredictable – according to gMATS [18].
*- % of coverage of each peptide was calculated on the basis of MATS results for isolates 2010–2011 (n = 196). Accordingly, number of isolates assumed as covered was
estimated.
MATS results for isolates 2010–2011 (number of MATS positive/all with the peptide) which are the basis of exMATS calculation is as follows:
fHbp peptides; 1.1 (57/57); 1.37 (33/35); 1.14 (15/15); 1.4 (9/9); 1.321 (3/7); 1.13 (3/5); 1.144 (5/5); 1.15 (4/4); 1.245 (3/3); 1.260 (0/3), 1.234 (2/2); peptides; 1.66, 1.232,
1.510, 1.590, 1.591, 1.592, 1.594, 1.664 and 1.665 – (1/1) per each; peptides; 1.213, 1.539, 1.593 – (0/1) per each; peptides belonging to family 2 and 3 (n = 38) all MATS
negative.
NHBA peptides; 3 (14/57); 6 (1/26); 2 (17/18); 20 (3/14); 21 (2/8); 243 (5/5); 54 (1/2); 81 (1/2); new_2 (2/2); new_6 (2/2); peptides; 10, 12, 384, 408, 578, 580, 582 and 583 –
(1/1) per each.
MATS negative peptides; 18 (6), 24 (6), 63 (6), 47 (3), 49 (3), 53 (3), 115 (3), 188 (3), 253 (3), 54 (2), 58 (2); 17, 29, 42, 89, 114, 249, 502, 579, 581, new_1, new_3, new_4,
new_5, new_7 – 1 per each.
NadA peptides; 3 (2/2); all other MATS negative.
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leading one was ST-32 (CC32) (n = 133, 20.1%), followed by ST-33
(CC32) (n = 43, 6.5%), ST-1194 (CC41/44) (n = 28, 4.2%), ST-9316
(non-assigned CC) (n = 21, 3.2%), ST-213 (CC213) (n = 19, 2.9%),
ST-145 (CC18) (n = 17, 2.6%), ST-6765 (CC213) (n = 10) and
ST-8203 (CC41/44) (n = 10). Distribution of sequence types among
clonal complexes and Simpson’s index of diversity of clonal
complexes are shown in Table S1 (see Supplementary Material).

Twenty clonal complexes were detected, of which the most fre-
quent were CC32, CC41/44, CC18, CC213 and CC269, accounting for
31.9%, 16.5%, 12.7%, 6.2% and 3.6% of isolates, respectively. Other
clonal complexes were represented by less than 2% of isolates each.
A significant part (20.2%) of MenB isolates were non-assigned to a
well-defined clonal complex (Fig. 1). The yearly distribution of five
major clonal complexes fluctuated in the range 66–77% without
any statistical significance (v2 for trend, p = 0.6).

3.3. Genetic variability of fHbp, nhba, nadA and porA and their
distribution among clonal complexes

3.3.1. fHbp
Typing of the fHbp gene was provided for 652 MenB isolates; for

10 isolates the peptide variant was not determined due to difficulty
with obtaining the PCR product or sequencing. Eighty-five fHbp
alleles encoding 74 peptide subvariants were revealed (Simpson’s
index of diversity = 0.9, Table S2, Table S4 see Supplementary
Material). The majority of isolates represented variant 1 (79.2%),
followed by variant 2 (14.1%) and variant 3 (6.6%). One isolate pos-
sessed an fHbp hybrid variant (allele 231, peptide 207, 0.1%).
Among the determined peptide subvariants the leading one was
1.1 (variant 1, subvariant 1; the 4CMenB vaccine variant), account-
ing for 24.2%.

Variant 1 was predominant in all age groups, with the highest
proportion among children 1–4 years of age, accounting for
89.6%, and the lowest among infants and adults aged >25 years
(73.1% and 72.0%, respectively). It was also the prevalent variant
in each year of the study, with proportions ranging from 74.0% to
82.7% (v2 for trend, p = 0.38). With regard to major subvariants,
proportions of subvariants 1.1 and 1.37 were significantly descend-
ing (v2 for trend, p = 0.03 and 0.01, respectively). Conversely, an
increasing trend was observed for subvariants 1.144 and 1.321
(v2 for trend, p = 0.001 and 0.007, respectively).

The vaccine subvariant 1.1 fHbp (n = 158) was mostly associ-
ated with CC32 (73.9% of all CC32, mainly ST-32, 123/133) but
occurred also once in isolates of CC213 and CC269. The second



Fig. 1. Minimum spanning tree of the MLST data for the 662 N. meningitidis study isolates. Each circle represents one ST and the size of the circle is proportional to the number
of isolates with that ST. CCs are marked with colors: white circles represent STs non assigned to CCs (n.a. CC). Connecting lines infer phylogenetic relatedness in terms of
number of allelic differences (thick solid, 1: thin solid, 2: dashed, 3: dotted, 4). Gray zones surrounding groups of STs represent these with maximum distance of three
between nodes. The ST numbers are indicated for those that are represented by five or more isolates.
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most common CC32 peptide, subvariant 1.144, appeared in 19.4%
of CC32 (mainly ST-33, 37/43). Subvariants 1.14 and 1.4 were com-
monly found among CC41/44, accounting for 38.5% and 35.8% of
these isolates, respectively. In the group of non-assigned CC
meningococci, major proportions were MenB carrying subvariants
1.321 (mostly ST-9316) and 1.37, accounting for 22.4% and 13.4%,
respectively. However, the majority of subvariant 1.37 was associ-
ated with CC18: 80.9% of this clonal complex possessed this sub-
variant. Other most common subvariants 1.15 and 3.45 occurred
almost exclusively in CC269 and CC213, respectively. The distribu-
tion of individual fHbp subvariants among major clonal complexes
is shown in Fig. 2.
3.3.2. nhba
Typing of the nhba gene was completed for 661 isolates, reveal-

ing 102 alleles and 87 peptides (Simpson’s index of diversity = 0.9,
Table S4, see Supplementary Material). The PCR product was not
obtained for one isolate, despite many attempts. The most frequent
peptide was peptide 3 (n = 148, 22.4%), followed by peptides 6
(n = 74, 11.2%), 20 (n = 71, 10.7%), 2 (n = 65, 9.8%), 21 (n = 35,
5.3%), 243 (n = 34, 5.1%), 18 (n = 23, 3.5%), 24 (n = 18, 2.7%), 63
(n = 16, 2.4%) and 115 (n = 16, 2.4%). The other 78 peptides were
each represented by less than 2.0% of all MenB, including 47
appearing only once. The yearly distribution of major peptides
was changing slightly without statistical significance except for
peptide 20, whose proportion was found to increase since 2013
(v2 for trend, p = 0.003). The 4CMenB vaccine peptide 2 appeared
each year, accounting for 7.1–14.6% (v2 for trend, p = 0.5). Forty
percent of MenB with peptide 2 occurred among children under
2 years of age (n = 26). The most common peptides were associated
with individual clonal complexes or sequence types, for example
peptides 3 and 20 were found mainly among CC32 (ST-32 and
ST-33, respectively), peptides 6, 2 and 21 in CC18, CC41/44 and
CC269, respectively, and peptides 18 and 115 were characteristic
for ST-213 and ST-6765, both representing CC213. The vaccine
peptide 2 was detected mostly among CC41/44, in five STs non-
assigned to any clonal complex and once in CC60 and CC32 (Fig. 3).
3.3.3. porA
Typing of the porA gene was performed for 661 isolates. For one

isolate (ST-9127, CC18) it was impossible to obtain the PCR pro-
duct, despite many attempts. There were 37 variants of PorA vari-
able region VR1 and 53 of VR2 detected, therefore 111
combinations of VR1/VR2 were found (Simpson’s index of diver-
sity = 0.9). The most common were P1.7,16 (n = 99, 15.0%),
P1.22,14 (n = 90, 13.6%), P1.7–2,16 (n = 40, 6.1%) and P1.5–2,10–
1 (n = 35, 5.3%), with the remaining combinations each represented
by less than 5% of all MenB. The 4CMenB vaccine VR2 PorA variant
(VR2:4) was detected each year, accounting for 1.8–12.2% in 48
isolates (7.3%), mainly among children under 2 years of age
(n = 26, 54.2%). The most frequent combinations of P1.7,16 and
P1.7–2,16 were found mostly among CC32, whereas P1.22,14 was
found among all clonal complexes but mostly in CC213 (in 85.4%
of isolates representing this clonal complex). The vaccine VR2:4
was found among CC41/44 (n = 24), followed by non-assigned CC
(n = 12), CC162 (n = 5), CC269 (n = 4) and then CC18, CC32 and
CC213 (n = 1 for each) (Fig. 4, Table S4, see Supplementary
Material).



Fig. 2. Distribution of fHbp subvariants among major clonal complexes of Polish serogroup B meningococci, 2010–2016 (n = 652).

Fig. 3. Distribution of NHBA variants among major clonal complexes of Polish serogroup B meningococci, 2010–2016 (n = 661).
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3.3.4. nadA
The nadA gene was detected in 225 (34.0%) isolates, of which 26

possessed a frameshift mutation and three possessed insertion
sequences. For one isolate (ST-9316, non assigned CC) the result
of PCR was unclear and needs further analysis. The most prevalent
peptide was peptide 1 (variant NadA-1; 79.6%), followed by 21
(variant NadA-4/5; 13.3%) and 3 (variant NadA-2/3; 5.1%). Variant
1 was found almost exclusively in CC32 meningococci (mainly
ST-32), whereas variant 4/5 was associated with CC213 and
non-assigned CC (mostly ST-9316). Vaccine peptide 8 (variant
NadA-2/3) was noticed once in CC18 (Table 2, Table S4, see Supple-
mentary Material). Simpson’s index of diversity for NadA was 0.45.
3.3.5. BAST profiles
A total of 292 completed BAST profiles were revealed, including

8 new ones (Table S3, see Supplementary Material). Thirteen iso-
lates possessed incomplete BAST profiles due to lack of fHbp
(n = 10), nhba (n = 1), porA (n = 1) and nadA (n = 1). Thus complete
BAST profiles were assigned to 649 (98.0%) tested isolates. A signif-
icant number of detected BAST profiles (n = 221, representing
34.0% of all MenB) appeared only once and only a limited number
were characterized by frequency �10, with the leading BAST-4
(fHbp 1.1; NHBA-3; NadA-1.1; PorA P1.7,16) occurring in 89
(13.7%) isolates. They were found exclusively in particular clonal
complexes: for example, BAST-4, BAST-84, BAST-1701 and BAST-
985 in CC32; BAST-239 and BAST-223 in CC/44; BAST-1243 in
CC18; BAST-224 in CC213; and BAST-222 in CC269 (Fig. 5,
Table S4, see Supplementary Material). The BAST-1 profile contain-
ing exact matches to the vaccine was not found.
3.4. Initial 4CMenB coverage estimation

Strain coverage by 4CMenB due to exact match was counted as
39.7% (258 isolates possessed at least one vaccine variant antigen).



Fig. 4. Distribution of VR1/VR2 PorA combinations among major clonal complexes of Polish serogroup B meningococci, 2010–2016 (n = 661).

Table 2
Variability of NadA peptides among major clonal complexes of Polish serogroup B meningococci, 2010–2016.

Variant Peptide n Clonal complex

Variant 1
(162, 72.0%)

1 156 CC32 (154 including 128 of ST-32); CC213 (1), non assigned CC (1)
141 1 CC32
frameshift (single deletion), allele 123 4 CC32
NadA interrupted by insertion sequence,
allele 259

1 CC32

Variant 2/3
(12, 5.3%)

3 10 CC213
8 1 CC18
frameshift, (FS:DA286 and deletion) allele
20

1 CC1157

Variant 4/5
(49, 21.8%)

21 26 non assigned CC (22 including 17 of ST-9316), CC213 (2), CC549 (2)
79 1 CC213
158 1 non assigned CC
Frameshift
(phase variable off)

allele 12 4 CC213
allele 34 11 CC213 (10), CC18 (1)
allele 38 1 CC213
allele 39 1 CC213
allele 135 1 CC213
allele 210 1 CC41/44
allele 261 1 CC213

Frameshift
(internal codon stop)

allele 258 1 CC865

NadA interrupted by insertion sequence* (0.9%) 2 CC32

* Two isolates for which size of PCR product confirmed presence of insertion sequence, but aligning consensus of sequenced fragments of gene failed.
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However, taking into consideration two calculations (exMATS and
gMATS), the results of coverage were 83.3% and 86.6%, respectively,
without any significant difference (p = 0.1).

With regard to annual fluctuations, coverage was 79.0–89.7%
for exMATS calculation (v2 for trend, p = 0.3) and 83.3–89.7% for
gMATS calculation (v2 for trend, p = 0.9). Comparing both calcula-
tions in individual years, the biggest difference was in 2010 (79.0%
vs. 88.9% for exMATS and gMATS, respectively) and in 2013 (80.4%
vs. 87.9%) (Fig. 6).

With regard to individual antigens, coverage of fHbp was 68.8%
and 70.9% (p = 0.2) in exMATS and gMATS calculations, respec-
tively. The difference resulted mostly from the fact that 55 isolates
that were considered as non-covered by exMATS/fHbp were deter-
mined as unpredictable (n = 43) or covered (n = 12) by gMATS/
fHbp. The coverage of NHBA was 31.8% in exMATS and 66.1% in
gMATS (p < 0.0001). This difference was due to the significant
number of isolates that were interpreted in exMATS and gMATS
as (i) non-covered and covered, respectively (n = 199), or (ii)
non-covered and unpredictable, respectively (n = 86). Differences
between exMATS and gMATS interpretations of fHbp and NHBA
peptides are listed in Table 3.

The coverage of isolates of major clonal complexes is high and
similar for both calculation methods, except for CC213 as shown
on Fig. 7. Low coverage among this clonal complex was associated
with dominated peptides; 75% of CC213 isolates possessed not-
covered fHbp variant 3.45 and 45% of isolates not-covered NHBA
variant 18. Additionally, 66% of CC213 meningococci lacked NadA
peptide or had encoding gene with frameshift. Finally, coverage



Fig. 5. Distribution of major BAST profiles among Polish serogroup B meningococci, 2010–2016 (n = 649).

Fig. 6. Annual fluctuation of coverage among Polish MenB, 2010–2016, according to
two different methods of calculation.
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was linked in exMATS mainly to NadA peptide 3 assumed as cov-
ered, while in gMATS to half of unpredictable isolates regarded
as covered.

4. Discussion

During 2010–2016, as well as in earlier years, MenB was the
main cause of IMD in Poland, where population-based vaccination
against meningococci had never been introduced [21].

MLST analysis revealed that the structure of the MenB popula-
tion was heterogeneous, but major clonal complexes are well
established in our country [21]. The distribution of clonal com-
plexes among MenB in Poland is mostly similar to the Czech
Republic, where the leading clonal complexes are CC32, CC41/44
and CC18 [28]. In other European countries, comparable to Poland,
the most common are CC41/44, CC32, CC269, CC213 and CC162,
although noticeable differences in their proportions have been
shown. The main difference concerns CC18, which is common in
Poland but very rare worldwide [29–34].

Polish isolates represented mainly fHbp variant 1 (79%), which
predominated in each year of the tested period. Previous
worldwide studies showed that the distribution of fHbp
peptides/subvariants varies geographically. Murphy et al. studied
1837 MenB isolates from the USA, European countries, New Zeal-
and and South Africa and found that the most frequent was variant
1 (called subfamily B, 70%), except in South Africa where variants 2
and 3 made up the majority [35]. Also, in a study of 1052 isolates
from different parts of Europe by Vogel et al. variant 1 was the
most prevalent and accounted for more than 60% [34]. The same
proportion was presented in a recent study of MenB in the USA
[31], and in Brazil the proportion of variant 1 was even higher,
accounting for 80% [36]. Conversely, in a long-term analysis of Chi-
nese isolates it was shown that invasive MenB possessed mainly
those subvariants representing variant 2 (61.9%), with variant 1
observed less often (32.1%) [37]. Considering the distribution of
subvariants among Polish MenB isolates, subvariant 1.1 (included
in 4CMenB) was mostly observed, accounting for almost 31% of
Men/variant 1 and a quarter of all tested MenB. This is quite similar
to American (33%) [31], Spanish (19.3%) [29], French (21.5%) and
German (18.9%) data [34] and much higher than in Greek (10.8%)
[38], Norwegian (12.2%), English (6.4%) and Italian (9.3%) isolates
[34]. Other subvariants that dominated in these countries (e.g.
1.4 in England and Norway; 1.14 in Italy and Germany [16,34];
1.15 in Greece [38]) occurred with lower frequency in Poland.

With regard to NHBA, Polish meningococci showed very high
diversity. Peptide 2, the 4CMenB component, was at 9.8% preva-
lence in our study, similar to the American (9.5%) [31] and Greek
isolates (10.1%) [38], but this was at least half that in other Euro-
pean countries, where the proportion ranged between 22.0% in
France and 31.7% in Norway [34]. Peptide 2 was also mostly found
in MenB from Atlantic Canada (63.6%) [33], but not in Quebec and
Western Canada (2.6% and 13.0%, respectively) [39,40]. Peptide 3,
which was the most prevalent in Poland (22.4%), was much less
prevalent (10.6%) in five European countries, but with the propor-
tion ranging from 20.5% in France to 3.7% in England and Wales
[34].

In this study a few correlations between clonal complexes and
peptides of tested antigens were observed, although some of them
were completely different in other countries. For example, vaccine
subvariant 1.1 was mostly found in CC32, similar to worldwide
results. Interestingly, subvariant 2.19 was mainly associated with
CC41/44 but in Spain it dominated in CC269 [29], whereas in Polish
MenB CC269, as well as that in England or some parts of Canada,
subvariant 1.15 was the most prevalent [16,39,40]. With regard



Table 3
Differences of NHBA and fHbp peptides coverage between exMATS and gMATS calculation.

Antigen Calculation method Number of isolates Peptide(s) (number of isolates)

exMATS gMATS

fHbp non-cov UNP 43 1.321(22); 1.260(14); 1.593(4); 1.539(3)
non-cov cov 12 1.13(7); 1.37(5)
cov UNP 26 1.321(16); 1.234(3); 1.66, 1.590, 1.591, 1.1.592, 1.594, 1.664, 1.665–1 per each
UNK cov 3 1.2(2); 1.249(1)

NHBA non-cov cov 197 3(1 1 2); 20(56); 21(26), 2(3)
non-cov UNP 86 63(16); 115(16); 188(9); 53(9); 49(7); 29(6); 502(5); 118(4); 42 and 249–2 per each;

54, 81, 89, 576, 579, 581, 584, 585, 586, 588–1 per each
UNK non-cov 14 120(4); 31 and 187–3 per each; 43(2); 30, and 112–1 per each
UNK cov 4 1(2); 5(2)
cov UNP 19 12 and 384–4 per each, 577 and 587–2 per each; 54, 81, 408, 578, 580, 582, 583–1 per each
cov non-cov 3 6(3)

cov = covered.
non-cov = not covered.
UNK = unknown (MenB without Polish MATS data available, isolated after 2011; in exMATS calculation half of them assumed as covered.
UNP = unpredictable; according to gMATS half of them regarded as covered.

Fig. 7. Coverage among clonal complexes of Polish MenB, 2010–2016, according to two different methods of calculation.
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to NHBA, peptides 3 and 20 were mostly detected in CC32, whereas
in a Greek study peptide 20 dominated in CC162 [38]. Vaccine pep-
tide 2 was associated with CC41/44, which was observed also in
other countries [34]. It has been commonly described that nadA
is usually noticed among specific clonal complexes such as CC32,
CC8 and CC11 but not in CC41/44, CC162 or CC269
[16,17,29,38,41,42]. Similarly, Polish isolates that carried nadA rep-
resented mainly CC32 but also CC18, CC213 and non-assigned CC.
Prevalent peptide 1 was found almost exclusively among CC32,
peptide 21 among ST-9316 (non-assigned CC) and peptide 3 only
in CC213. As well as peptide 3, alleles with a frameshift, poli C track
resulting in phase variable off mutation, were also commonly
found in CC213. Similar observations of peptide 1 corresponding
to CC32 and frameshift peptides corresponding to CC213 were
found in Spanish MenB isolates [29].

A very high number of BAST profiles were detected among Pol-
ish MenB isolates, as well as correlations between BAST profiles
and clonal complexes. The variety was due to a huge range of fHbp
and NHBA peptides. Only two profiles (BAST-4 and BAST-84) were
each present in more than 5% of all MenB, and they were exclu-
sively found in CC32. A similar observation of high diversity of
BAST profiles was described for English isolates [15]. However, in
our study the repertoire of major BAST profiles was different from
that in the UK study, even within the same clonal complex. For
example BAST-223 and BAST-239 were exclusively found in a third
of Polish CC41/44 whereas for English CC41/44 BAST-220 was
characteristic. Almost half of Polish CC269 represented BAST-222
whereas for English CC269 BAST-222 was the second profile after
BAST-219 [15,17].

Overall coverage assessed by MATS extrapolation (exMATS) and
gMATS between 2010 and 2016 is very similar, at 83.3% and 86.6%,
respectively. However, temporal analysis showed some differ-
ences, especially in 2010 and 2013. This was mainly due to some
NHBA peptides being estimated as non-covered by exMATS but
as unpredictable or covered by gMATS. Generally, almost half of
the isolates (n = 323) were considered differently by these two
methods of calculation with regard to NHBA, whose coverage in
gMATS double that in exMATS.

It is interesting that, despite significant differences in NHBA
coverage, the overall coverage predicted by exMATS and gMATS
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is very similar. This is because the isolate is considered as covered
if it has at least one antigen estimated as covered. Therefore,
although there were many isolates determined as non-covered
by NHBA in exMATS, the majority of them were covered by other
antigens.

These results confirm that genotyping may be very helpful in
predicting 4CMenB strain coverage but it does have some limita-
tions. Geographical distribution of individual peptides and their
coverage performed by MATS may differ significantly and thus
influence the final calculation in individual countries. Simultane-
ous temporal changes in distribution and constantly appearing
new peptides for which MATS analysis is not yet available are addi-
tional limitations that may lead to significant false estimation of
coverage. Thus, although surveillance of the meningococcal popu-
lation and genes encoding 4CMenB components is indisputable,
studies using MATS assay are needed, especially for new peptides.

In conclusion, our study provides a molecular characterization
of the MenB responsible for IMD in Poland during the seven-year
period of 2010–2016. The majority of MenB isolates represented
five clonal complexes, the most prevalent being CC32 and
CC41/44, which are also common worldwide, and also CC18, which
is rarely observed in other European countries except the neigh-
boring Czech Republic. Some correlations between clonal com-
plexes and individual peptides of fHbp, NHBA and NadA were
observed but a very diverse repertoire was noticed. Predicted
strain coverage by 4CMenB in Poland ranged from 83.3% to 86.6%
calculated by exMATS and gMATS, respectively, and was similar
to other European countries. Estimation of strain coverage by
4CMenB based on sequencing of genes encoding vaccine antigens
may be very useful, particularly in countries that are not able to
performMATS analysis. Additionally, sequencing captures the tem-
poral changes and geographical differences in the distribution of
peptides. However, the limitation appears to be the representative-
ness of existing MATS datasets, and therefore gMATS, when
applied to different countries.
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1952 I. Waśko et al. / Vaccine 38 (2020) 1943–1952
[18] Muzzi A, Brozzi A, Serino L, Bodini M, Abad R, Caugant D, et al. Genetic
Meningococcal Antigen Typing System (gMATS): a genotyping tool that
predicts 4CMenB strain coverage worldwide. Vaccine 2019;37:991–1000.
https://doi.org/10.1016/j.vaccine.2018.12.061.

[19] ECDC. Annual Epidemiological Reports on meningococcal disease. https://ecdc.
europa.eu/en/meningococcal-disease/surveillance-and-disease-data/aer.
Accessed August 2019.

[20] Presa J, Findlow J, Vojicic J, Williams S, Serra L. Epidemiologic trends, global
shifts in Meningococcal vaccination guidelines, and data supporting the use of
MenACWY-TT vaccine: a review. Infect Dis Ther 2019;8:307–33. https://doi.
org/10.1007/s40121-019-0254-1.

[21] Skoczynska A, Wasko I, Kuch A, Kadlubowski M, Golebiewska A, Forys M, et al.
A decade of invasive meningococcal disease surveillance in Poland. PLoS ONE
2013;8:. https://doi.org/10.1371/journal.pone.0071943e71943.

[22] NRCBM. Invasive Meningococcal disease in Poland in 2018. koroun.edu.pl/wp-
content/uploads/2019/05/ICHM2018.pdf. Accessed August 2019.

[23] Lucidarme J, Comanducci M, Findlow J, Gray SJ, Kaczmarski EB, Guiver M, et al.
Characterization of fHbp, nhba (gna2132), nadA, porA, and sequence type in
group B meningococcal case isolates collected in England and Wales during
January 2008 and potential coverage of an investigational group B
meningococcal vaccine. Clin Vaccine Immunol 2010;17:919–29. https://doi.
org/10.1128/CVI.00027-10.

[24] Lucidarme J, Tan L, Exley RM, Findlow J, Borrow R, Tang CM. Characterization
of Neisseria meningitidis isolates that do not express the virulence factor and
vaccine antigen factor H binding protein. Clin Vaccine Immunol
2011;18:1002–14. https://doi.org/10.1128/CVI.00055-11.

[25] Hunter PR, Gaston MA. Numerical index of the discriminatory ability of typing
systems: an application of Simpson’s index of diversity. J Clin Microbiol
1988;26:2465–6.
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