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ARTICLE INFO SUMMARY
Article history: This review summarizes the recent Global Meningococcal Initiative (GMI) regional meeting, which ex-
Accepted 16 October 2022 plored meningococcal disease in North America. Invasive meningococcal disease (IMD) cases are doc-

Available online 20 October 2022 umented through both passive and active surveillance networks. IMD appears to be decreasing in many

areas, such as the Dominican Republic (2016: 18 cases; 2021: 2 cases) and Panama (2008: 1 case/100,000;

ﬁ:ﬁﬁg&occal 2021: <0.1 cases/100,000); however, there is notable regional and temporal variation. Outbreaks persist in
Neisseria species at-risk subpopulations, such as people experiencing homelessness in the US and migrants in Mexico. The
Meningitis recent emergence of B-lactamase-positive and ciprofloxacin-resistant meningococci in the US is a major
North America concern. While vaccination practices vary across North America, vaccine uptake remains relatively high.
Vaccination Monovalent and multivalent conjugate vaccines (which many countries in North America primarily use)

Antibiotic resistance can provide herd protection. However, there is no evidence that group B vaccines reduce meningococcal
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carriage. The coronavirus pandemic illustrates that following public health crises, enhanced surveillance
of disease epidemiology and catch-up vaccine schedules is key. Whole genome sequencing is a key epi-
demiological tool for identifying IMD strain emergence and the evaluation of vaccine strain coverage. The
Global Roadmap on Defeating Meningitis by 2030 remains a focus of the GMI.

Crown Copyright © 2022 Published by Elsevier Ltd on behalf of The British Infection Association. All

rights reserved.

Introduction

Neisseria meningitidis is an obligate human gram-negative com-
mensal/pathogen that resides in the pharyngeal mucosa.!* Follow-
ing entry into the bloodstream, N. meningitidis can cause invasive
meningococcal disease (IMD), primarily manifesting as meningitis
and/or septicemia.” A key component that contributes to the viru-
lence of N. meningitidis is the polysaccharide capsule; based on its
biochemical composition, 12 serogroups have been characterized,
of which six (A, B, C, W, X and Y) most commonly cause IMD.? IMD
is a severe disease that causes significant morbidity and mortality
in children, young adults, and the elderly (aged >74 years).*>

Established in 2009, the Global Meningococcal Initiative (GMI)
is an international multidisciplinary group of experts dedicated to
promoting the prevention of IMD through education, research, and
international cooperation. Since its inception, 14 roundtable meet-
ings have been held to discuss the global and region-specific epi-
demiology, surveillance, and control of IMD, and provide recom-
mendations for IMD prevention®-8,

The most recent regional meeting, held virtually in March 2022,
was attended by members of the GMI steering committee, as well
as delegates from across North America and the United King-
dom. With a regional focus on North America, the objectives of
this meeting were to: (i) review meningococcal epidemiology and
immunization schedules; (ii) promote whole genome sequencing
(WGS), particularly for evaluating strain coverage of meningococcal
serogroup B (MenB) vaccines; (iii) further assess the impact of the
COVID-19 pandemic and population lockdowns on IMD epidemi-
ology and vaccine schedules; (iv) explore the Neisseria gene pool;
(v) revisit the World Health Organization (WHO) roadmap for de-
feating meningitis by 2030; (vi) discuss the regional increases in
meningococcal antibiotic resistance; and (vii) explore the current
evidence for meningococcal vaccines to provide herd protection.

This review summarizes the key discussion points, providing an
overview of the epidemiology, surveillance, prevention, and control
of IMD in the North America region.

The surveillance, epidemiology, and prevention of IMD in the
North America region

Surveillance of IMD

Disease surveillance is essential for the detection of IMD cases,
outbreaks, and trends within a geographical region.? Laboratory
confirmation of detected cases also allows for the collection of data
on the circulation, distribution, and evolution of specific meningo-
coccal serogroups and strains.” Across the North America region,
surveillance systems put in place by national health ministries
vary.

IMD is a nationally notifiable disease in the US, Canada, sev-
eral Caribbean countries, Mexico, and Costa Rica. In the US, sev-
eral active and passive surveillance systems are in place, including
Active Bacterial Core Surveillance (ABCs), the National Notifiable
Diseases Surveillance System (NNDSS) and Enhanced Meningococ-
cal Disease Surveillance (EMDS).!° EMDS provides a comprehensive
view of US meningococcal disease epidemiology.!! Equally, national
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surveillance systems are utilized in Canada, including the Canadian
Notifiable Disease Surveillance System (CNDSS) or the National En-
hanced IMD Surveillance Systems (eIMDSS), but limited clinical
data are collected.’? A separate, active national surveillance pro-
gram, the Canadian Immunization Monitoring Program ACTive (IM-
PACT), operates through 12 pediatric tertiary care hospitals, collect-
ing data from defined catchment areas for adverse events follow-
ing vaccination, as well as cases on vaccine-preventable infectious
diseases including IMD.'3

Established by the Pan-American Health Organization in 1993,
the Regional System for Vaccines (SIREVA) Il network is a regional,
passive surveillance program that obtains data on disease-causing
strains of Streptococcus pneumoniae, Haemophilus influenzae, and
N. meningitidis."* Costa Rica, Cuba, El Salvador, Guatemala, Mex-
ico, Panama, and the Dominican Republic are among the 19 coun-
tries that participate in this network.'* In Costa Rica, the char-
acterization of meningococci is conducted by two principal na-
tional laboratories/networks (National Network Laboratories Hos-
pitals and National Reference Center of Bacteriology [NRCB] - IN-
CIENSA) and involves antimicrobial resistance surveillance test-
ing.'* Forming part of the SIREVA-GIVEBPVac network, in Mexico
a passive laboratory-based surveillance network consisting of 25-
30 hospitals receive clinical isolates, but under-reporting remains
an issue.”” % Data on the number of cases of N. meningitidis in
countries included in the SIREVA Il network are obtained from na-
tional reference laboratories; however, the exact burden of IMD is
not available for all participating countries as several countries lack
a well-established surveillance system.'

Although IMD has been documented in Guatemala, it is not
a notifiable disease and surveillance systems are limited. In
Guatemala City, active hospital-based surveillance for acute bac-
terial diseases at the pediatric departments in three major refer-
ral hospitals recorded 1021 meningitis cases over 10 years (1996-
2005)."7 However, with high antibiotic use in the population, the
already limited capacity to detect cases is further restricted. Some
of these limitations may be overcome using multiplexed, in vitro,
diagnostic syndromic Panel testing, which is used for the rapid de-
tection of the most common bacterial, viral, and fungal pathogens
causing central nervous system infections (FilmArray Meningitis-
Encephalitis panel [BioFire]). However, no cases have been detected
at Roosevelt Hospital (a large public health center where the Fil-
marray MenPanel has been implemented for case identification).
Overall, the surveillance system in most Central American coun-
tries, like Guatemala, are limited by the lack of systematic case de-
tection and laboratory capacity. Additionally, there are currently no
data on N. meningitidis colonization in different populations (e.g.
Indigenous people, adolescents etc.).

Continual strengthening of N. meningitidis case detection in
health centers and regional hospitals is of importance. In the Do-
minican Republic, the reporting of cases to the national surveil-
lance system between 2016 and 2021 has been prompt (within 1
day or less).’® By coordinating with the National Health Service to
train health professionals and increase the diagnostic capacity of
the National Public Health Laboratory Dr. Defill4, the aim is to en-
sure that 80% of suspected cases are sampled and 100% of cases
are notified in a timely manner. Sensitivity of an enhanced IMD
surveillance system could be assessed by indicators of suspected
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syndromic versus confirmed cases, and rates of identification of N.
meningitidis compared with other established systems.

Incidence of IMD

The reported incidence rates of IMD were relatively consis-
tent and low across the North America region, ranging from 0.01
per 100,000 in Mexico to <0.5 per 100,000 in Costa Rica (see
Table 1). However, age-, population- and time-related variations
in meningococcal disease incidence were reported. A general trend
observed across the region was a notable decline in IMD incidence
in recent years. However, IMD outbreaks were still observed.'®

Across the North America region, several outbreaks of
serogroup B (NmB) and C (NmC) have occurred over the past 20—
30 years. In the Canadian province of Quebec, outbreaks of NmC
occurred in 1988 and 2001 with further outbreaks reported across
the country starting in 2000.20-21.22 These outbreaks contributed
to the introduction of routine meningococcal serogroup C (MenC)
vaccines to the National Immunization Programs (NIPs) in Canada.
In the US, outbreaks account for 5% of all meningococcal disease
cases.” Recent US outbreaks have occurred within specific popu-
lations, including NmB cases among university students, NmC out-
breaks among men who have sex with men (MSM) and outbreaks
of multiple serogroups among people experiencing homelessness
(PEH)?4-26, An NmC (sequence type [ST]—11) outbreak also oc-
curred in Tijuana (Mexico) in 2010, resulting in 19 cases of IMD
with a median age of 16 years.?’

The introduction of vaccinations, both in routine care and for
outbreak control, has potentially, partly contributed to the reduc-
tion in IMD incidence across the North America region. In the
US, the incidence of IMD declined from 1.3 cases per 100,000
people in 1996 to 0.11 cases per 100,000 people in 2019.%¢ In
Canada, incidences have been between 0.45 and 0.75 IMD cases
per 100,000 (2002-2011) (Table 1). However, meningococcal dis-
ease is also low or declining in other areas of North America with-
out routine meningococcal vaccinations. For example, the incidence
rate of IMD in Costa Rica has fluctuated but remained at low levels
since 2006, and in 2021 was reported as <0.5 per 100,000 peo-
ple.2? Following a peak in IMD incidence in the Dominican Re-
public in 2016 (18 cases), a gradual decline in incidence has been
observed through to 2021 (2 cases).!® IMD incidence has also de-
clined steadily in Panama from 2008 (1 case per 100,000) to 2021
(<0.1 cases per 100,000).2°

Several populations are particularly affected by IMD. In the US,
the highest rates of IMD occur in children aged <2 years and
adults aged >85 years, with an additional peak observed among
adolescents and adults aged 16-25 years.®-3! High incidence rates
were also observed among PEH (19.8 times higher compared with
non-PEH); incidence among PEH remained high even after the ex-
clusion of outbreak cases (12.8 times higher compared with non-
pEH)_BZ,BB

IMD among children occurs across the North America re-
gion®4:16.18.29 In Costa Rica, IMD cases have primarily occurred in
individuals aged <1 years (n = 15), 15-29 years (n = 20) and 30-
49 years (n = 19).2° A similar trend is present in the Dominican
Republic: the 1-4 years age group is most affected by meningococ-
cal disease; however, 3 out of 10 deaths occur in the 40-49-year
age group.'®

Between 2010 and 2014, 155 cases of IMD were reported in
Mexico.>> IMD cases continue to occur in Mexico, particularly near
the US border, which is an area with a large population of mi-
grants. Confirmed IMD cases have been reported in northern Mex-
ico, including Tijuana (52 cases; 2005-2018) and Nuevo Leén (10
cases; August 2018-March 2019).36:37 A notable increase in the
number of IMD cases in 2019 was also reported in the south-
ern states of Mexico, with case numbers increasing from 0 in
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Fig. 1. Predominant serogroup and clonal complex distribution across North Amer-
ica.

2015 to 8 in Chiapas, 8 in Tabasco and 9 in Guerrero.>® Both ge-
ographical and seasonal epidemic patterns of meningococcal dis-
ease have been observed in the Dominican Republic.’® Highest in-
cidence rates occur in the months of October to December, and in
the provinces of Barahona and Duarte.'

Serogroup distribution

The predominant reported serogroups in the North America re-
gion are B, C and W (Fig. 1). However, serogroup information from
surveillance systems is lacking throughout Central America and
Caribbean countries, which limits the ability to assess serogroup
distribution across the entire North America region.

Despite an overall decline in the incidence of NmB,° this
serogroup continues to predominate in several countries. In the US,
NmB was the most common cause of IMD in 2019 (26%).0 Be-
tween 2015-2019 the most common NmB clonal complexes (CC)
causing invasive disease within the US were CC-41/44 (34%) and
CC-32 (30%).*! In Canada, national laboratory surveillance data
shows that 565 cases of culture-confirmed IMD were found in
2015-2020, of which just under 40% were NmB.*? Invasive NmB
strains in Canada are diverse and display geographical differences.
Between 2015 and 2020, of the 215 NmB isolates analysed by
MLST, 41.9% and 28.8% belonged to the clonal complexes of CC-
41/44 and CC-269, respectively; however, this is likely skewed due
to previous hyperendemic disease in Quebec.*> In Costa Rica, NmB
has been the most prevalent. Based on National Reference cen-
ter for Bacteriology (NRCB) data in Costa Rica, NmB was the pre-
dominant serogroup between 2006 and 2015 across all age groups
(n = 78).2°

NmC also accounts for a large proportion of cases in the North
America region. In the Dominican Republic, NmC accounted for
most cases reported between 2016 and 2021 (n = 7/12).'® Of the
52 confirmed IMD cases reported in Tijuana (Mexico) between
2005 and 2008, 61.5% were attributable to NmC.>® NmC accounted
for 23% of all IMD cases in the US in 2019.4C In Costa Rica,
in 2006-2021 NmC was only detected in individuals aged 5-49
years.?? In Panama, after a prolonged period of NmC dominance
from 2006 to 2012, all documented invasive isolates were NmB be-
tween 2013 and 2021.44

Serogroup W (NmW) continues to circulate in the North Amer-
ican region. In Western Canada (2015-2020), NmW accounted for
~50% of IMD cases, displaying a shift in the dominant invasive se-
quence type from ST-22 to ST-11.4> Of the 163 NmW ST-11 isolates
analysed from 2015 to 2020, 135 (82.8%) were found to form three



EJ. Asturias, X. Bai, ] A. Bettinger et al. Journal of Infection 85 (2022) 611-622

Table 1
Epidemiology of and control strategies for invasive meningococcal disease across the North America region.
Surveillance
Country/region  system (Y/N) Epidemiology (key points) Control strategies (vaccines only)
Canada Y « 0.45-0.75 IMD cases per 100,000 (2002-2011) [141] + MenC vaccines (Men-C-C, Men-C-ACWY-TT,
« Serogroup W accounted for >50% of IMD in Western Canada Men-C-ACWY-D and Men-C-ACWY-CRM)
(2015-2020); shift to ST-11 invasive clonal complex[45] included as part of the NIP for infants,
« Invasive MenB strains show geographical differences; ST-41/44 and children, adolescents, and young adults
ST-269 are the two main clonal complexes[43] + MenB vaccines are licensed, but are not
included as routine vaccination part of the
NIP
us Y + 0.11 meningococcal disease cases per 100,000 (2019)[28] + MenACWY vaccines (Men-ACWY-D,
« Decline in IMD cases in 2020 (preliminary data)[142] MenACWY-CRM, MenACWY-TT) included as
« Incidence of IMD decreased between 2008 and 2019 for all three part of the NIP for adolescents
primary disease-causing serogroups (B, C and Y) [28,31] « MenB vaccines (MenB-FHbp and MenB-4C)
« Serogroup B (CC41/44 and CC32) and C (CC103 and CC11) are the most are recommended for adolescents through
commonly identified serogroups[41] shared clinical decision-making rather than a
- Expansion of CC23, ST-3587 penicillin- and ciprofloxacin-resistant MenY routine recommendation
strain across the country [73,75]
Mexico Y + 155 IMD cases (2010-2014)[35] + MenACYW vaccine is not included in the
» 0.04 IMD cases per 100,000 people (2010,2011,2013)[15] Universal Vaccination Program; only available
« 0.01 IMD cases per 100,000 people (2012,2014)[15] in private offices
« 52 confirmed cases in Tijuana (2005-2018), mostly serogroup C
(61.5%)[36]
- Rapid increase in serogroup Y cases - 4 isolates in 2019 (CC23, ST-3587)
mainly originating in Mexico[16]
Cuba N~ « 3.1 bacterial meningitis cases per 100,000 people (2007)[143] « 3 licensed vaccines: VA-MENGOC-BC,
« Further epidemiological data on IMD in Cuba not available MenACW and MenAW
» MenBC vaccines included as part of NIP for
infants
Dominican N « 2 cases of IMD reported in 2021; highest incidence reported in 2016 » The expanded immunization program
Republic (n=-18)[18] includes the conjugate vaccine against
- Seasonal epidemic pattern of October to December with geographical meningococcal serogroups A, C, W for
distribution (highest incidence in Barahona and Duarte provinces)[18] prioritized groups, such as the military,
« Meningococcal disease mostly affects the 1-4 years age group; 3 out of people with AIDS, immunosuppressed
10 deaths due to meningococcal disease occur in the 40-49 year age individuals, health workers in laboratories,
group[18] those at risk of overcrowding and people
« Majority of IMD cases identified as serogroup C (n=7/12; with comorbidities
2016-2021)[18]
Panama N « 1 IMD case per 100,000 people (2008); incidence steadily declined with + Meningococcal vaccines approved and
low incidence reported since 2019(30] licensed, but not included in NIP; only
« All documented IMD cases attributable to serogroup B (since 2012)[44] available via private health care
Guatemala N* (meningitis . 126 cases of meningitis, including 4 cases of meningococcal meningitis « Meningococcal vaccines not recommended as
is reportable) (2020). 58% in children under 5 years of age[34] part of NIP
» 1021 cases of meningitis reported in Guatemala City (1996-2005). 52%
culture- and latex agglutination-negative[17]
« No data on N. meningitidis colonization in different populations
El Salvador N’ « Incidence and serogroup distribution data not available « Meningococcal vaccines are not approved for
« Identification of six penicillin- and ciprofloxacin-resistant IMD cases use or included as part of the NIP
(2017-2019) all caused by NmY and classified as (ST-3587, CC23); the
four most recent isolates harboured the same fHbp peptide 1242[77]
Costa Rica Y+ . .

<0.5 IMD cases per 100,000 (2021)[29] Meningococcal vaccines are not included as
IMD primarily affects individuals aged <1 years, 15-29 years and 30-49 part of the NIP; only available via private
years[29] health services

Serogroup W emerged in 2018[29]

Increase in MenY prevalence, decrease in MenB prevalence; serogroup B

remains predominant across age groups[29]|

Identification of penicillin-resistant, penicillin-resistant and

cefotaxime-non-susceptible, and ciprofloxacin-resistant strains

(2019-2021)[29]

.

.

* Part of the SIREVA II network (regional laboratory-based passive surveillance program that collects quality laboratory data on disease-causing meningococcal strains).
IMD, invasive meningococcal disease; CC, clonal complex; ST, sequence type; NmY, Neisseria meningitidis serogroup Y; NIP, national immunization program; MenC,
meningococcal serogroup C; MenB, meningococcal serogroup B. This table summarises the epidemiology and control strategies of countries from the North American
region that were discussed during the 2022 Global Meningococcal Initiative meeting.
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major clusters with 75, 36, and 24 isolates, respectively. Ninety-
one percent of the isolates from the largest cluster were recov-
ered from Western Canada, 61% of the isolates from the second
largest cluster were recovered from Central Canada, while 92% of
the isolates from the third cluster were found to harbor the penA
allele 9 and displayed reduced susceptibility towards penicillin G.
Since 2018, NmW has emerged in Costa Rica?? and in Mexico,
where it accounted for 11.5% of confirmed IMD cases reported in
Tijuana between 2005 and 2018 and 30% of confirmed meningo-
coccal infection cases in Nuevo Ledn between August 2018 and
March 2019.36-37 The incidence of NmW has remained low and sta-
ble in the US since the late 1990s, with an incidence of 0.01 cases
per 100,000 people during 2015-201928,31,46-51,

Prevention and control strategies

The prevention and control strategies implemented by health
ministries vary across the North America region. When used at
an early stage and successfully implemented to achieve high
coverage, meningococcal vaccines can effectively control out-
breaks/epidemics. As previously discussed, several outbreaks of
NmB and NmC have occurred across the North America region
and province-wide vaccine immunization campaigns have been
launched in response to these outbreaks. For example, provincial
immunization campaigns launched in response to NmC (serotype
2a electrophoretic type-15 [C:2a ET-15]; ST-11) outbreaks in Que-
bec resulted in 84% (1992) and 82% (2001) vaccination coverage
in target populations (6 months to 20 years and 2 months to 20
years, respectively)®>->*. MenB vaccination was used in 2014 with
success in one region in Quebec to control an outbreak that had
persisted since 2003.%°

The US and Canada have robust NIPs, recommending rou-
tine meningococcal vaccinations to several risk groups; however,
there are differences between the two countries. In the US, sev-
eral meningococcal group A, C, W and Y conjugate (MenACWY)
and meningococcal group B (MenB) vaccines are licensed.”® The
US Advisory Committee on Immunization Practices recommends
routine MenACWY vaccination for adolescents aged 11-12 years,
with a booster dose at 16 years.”’ In Canada, available meningo-
coccal vaccines include two monovalent MenC conjugate vaccines
(conjugated to cross-reactive materialyg; protein [MenC-CRM] or
tetanus toxoid protein [MenC-TT]), three quadrivalent MenACWY
conjugate vaccines (serogroups ACWY conjugated to diphtheria
toxoid protein [Men-ACWY-DT], cross-reactive material;g; protein
[Men-ACWY-CRM], or tetanus toxoid protein [Men-ACWY-TT]), and
2 MenB vaccines (4CMenB and MenB-fHBP [subfamily A and B
factor-H binding protein]).’® The National Advisory Committee on
Immunization (NACI) in Canada recommends routine vaccinations
with MenC for healthy infants and children, and with MenC or
MenACWY for healthy adolescents and young adults.”® Recom-
mended immunization schedules vary according to provinces and
territories; however, the most common approach is one MenC dose
at 12 months of age and one MenACWY dose at 12-15 years of
age.”® Beyond outbreak control and use in high-risk populations,
in the US MenB vaccines are recommended on the basis of shared
clinical decision-making, with 28% of 17-year-olds having received
at least one dose of a MenB vaccine as of 2020.°° In Canada,
MenB vaccines are considered on an individual basis for children
two months of age and older.”®

In Cuba, the use of meningococcal vaccines is regulated, con-
trolled, and monitored by the Center for State Control of Drugs and
Medical Devices (CECMED).5" Regardless of whether a vaccine is
for use in the country or for export, a rigorous regulatory process
from development, preclinical and clinical trials to batch release
and laboratory testing is overseen by the CECMED.52 At present,
three meningococcal vaccines are available in Cuba (meningococ-
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cal B and C vaccine [VA-MENGOC-BC], meningococcal A, C, W vac-
cine [MenACW] and meningococcal A and W vaccine [MenAW]).
The NIP includes MenBC vaccination using a 2-dose schedule in
infants, the first dose at 3 months and the second at 5 months of
age.5

The US, Canada and Cuba are the only countries in North
America where routine meningococcal vaccines are included in the
NIP.53 In many countries in this region, vaccines are only available
via private health services; however, there are exceptions, such as
in Trinidad and Tobago where meningococcal vaccines are provided
under specific circumstances; for instance for individuals making
religious pilgrimage overseas. In Panama, routine meningococcal
vaccines are not recommended as part of the NIP but the intro-
duction of meningococcal vaccination for outbreak control signifi-
cantly decreased the average number of bacterial meningitis cases
per year from 60 to around 15 in Hospital del Nifio (1991-2020).5%

Due to the overcrowded conditions in migrant camps, the city
of Tijuana is a hot spot for the transmission of meningococcal and
other infectious diseases. Several programs, such as the Integral
Plan for Health Attention of Migrant Population, have been devel-
oped to provide health coverage and access to quality, essential
health services medicines and vaccines for refugees and migrants.
It is important that meningococcal vaccinations are included in
these measures.

Defeating meningitis by 2030: updates on the global roadmap

Following the launch of the WHO Global Roadmap on Defeat-
ing Meningitis by 2030 in September 2021, in several regions of
the world several steps have been made towards three primary
goals: i) elimination of bacterial meningitis epidemics, ii) reduc-
tion of cases of vaccine-preventable bacterial meningitis by 50%
and deaths by 70%, and iii) reduction of disability and improve-
ment of quality of life after meningitis.5> Regarding prevention and
epidemic control, routine vaccination programs against NmA have
been successfully introduced in 13 out of 26 of the African menin-
gitis belt countries to date. The aim is to introduce further routine
vaccination programs for serogroups ACWY/ACWXY in at least 5
meningitis belt countries by 2023. Alongside prevention, the timely
diagnosis and treatment of bacterial meningitis is critical to im-
prove disease outcomes, including vaccine-preventable deaths, and
minimize disease spread.’6 Several studies investigating alterna-
tive diagnostic methods, such as blood PCR performed on venous
dry blood spots, and the reasons underpinning the low frequency
of lumbar punctures in patients with suspected meningitis are
planned or in progress. The WHO are collaborating with the Pro-
gramme for Appropriate Technology in Health (PATH) and the Cen-
ters for Disease Control and Prevention (CDC) to identify promising
technologies for multiplex diagnostic testing, as well as develop-
ing evidence-based treatment and care guidelines. For global iden-
tification of the main meningitis pathogens, surveillance (such as
through the Global Antimicrobial Resistance Surveillance System),
molecular characterization, and genomic analysis (Global Meningi-
tis Genome Partnership) strategies are under development.

Challenges in meningococcal disease management and
treatment

Antibiotic resistance

The treatment and prevention of IMD relies on N. meningitidis’
susceptibility to antibiotics, particularly B-lactam antibiotics.6! Al-
though resistance in N. meningitidis is rare, expansion of meningo-
coccal strains with reduced susceptibility to penicillin G and/or
ciprofloxacin (commonly used for post-exposure prophylaxis) is of
concern 53-70,
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Historically, low rates of resistance to clinically relevant drugs
have been reported among meningococcal isolates in the US.”!.72
However, expansion of an antibiotic-resistant NmY CC23, ST-3587
strain has been reported, with detection of cases across the
US.”? This strain harbors penicillin resistance due to the acqui-
sition of ROB-1 B-lactamase, with a subset of isolates also dis-
playing resistance to ciprofloxacin due to gyrA mutations.”> The
characterization of a B-lactamase-positive, ciprofloxacin-resistant
meningococcal isolate from a 5-month-old child of Latino eth-
nicity in January 2020 prompted an expanded assessment con-
ducted by the CDC.”* As a result, 33 penicillin-resistant (blagog.1-
positive) isolates, including 11 isolates with ciprofloxacin resis-
tance, were identified from cases reported during 2013-2020.57 Of
the 11 dual-resistant strains, eight were reported from individu-
als of Latino ethnicity. Most cases caused by this strain were in
infants aged <1 year and adults aged >45 years.”” Dual-resistant
cases continue to be detected in the US in 2022, with most
penicillin-resistant isolates tested in 2021 being CC23, ST-3587
though testing is still in process.*?-’> While most of these isolates
are NmY, at least two isolates were identified as non-groupable
(NmNG) by slide agglutination, though they appeared to be genet-
ically derived from NmY. This has been reported for one isolate
previously.”*

In response to the expansion of resistant strains in the US, the
CDC has requested expedited shipment of all NmY isolates and
other isolates with genetic or state lab concerns from US state
partners for whole-genome sequencing and surveillance antimi-
crobial susceptibility testing, which can inform prophylaxis rec-
ommendations.3? Additionally, all N. meningitidis isolates from US
states undergo sequencing and cataloging into the Bacterial Menin-
gitis Genomic Analysis Platform (BMGAP), a web-based system that
can be used to check for specific genetic mutations or acquisitions
of genes conferring antimicrobial resistance.”®

The presence of this penicillin- and ciprofloxacin-resistant
strain has also been reported in El Salvador. All six penicillin-
and ciprofloxacin-resistant, culture-confirmed IMD cases in El Sal-
vador between 2017 and 2019 were caused by NmY and classi-
fied as ST-3587, CC23.”7 Based on core-genome single nucleotide
polymorphism alignment, maximum likelihood phylogeny analy-
sis demonstrated high similarity between these six strains, indi-
cating a common origin of the Salvadorian strains. Further global
dissemination has been demonstrated; the ST-3587/CC23 strain ac-
counted for all blaggp.1-positive NmY isolates identified in Canada
and France between 2017 and 2018.73:7° Furthermore, phylogenetic
analysis revealed that 33 blaggp.;-containing isolates from the US
and 12 blaggp.;-containing isolates from six other countries (in-
cluding Canada, Mexico, and France), formed a single clade.8°

Antibiotic resistant strains have been identified in other areas of
the Americas, including Costa Rica. In 2019 and 2020, 78 penicillin-
resistant isolates, as well as the first cases of penicillin-resistant,
cefotaxime-non-susceptible (PENR CTXNS) strains of NmY were re-
ported in Costa Rica.®! The first ciprofloxacin-resistant strain in
Costa Rica was reported in 2021.2°

Vaccine hesitancy

Despite the availability of vaccines in certain countries of North
America, data on uptake are not available from most countries.
In Canada, MenC immunization in infants is at 89% in British
Columbia and 91% nationally.®?8% The coverage for MenACWY vac-
cination among adolescents in British Columbia was 79% in 2019,
falling from >90% in 2005.%* A potential underlying factor behind
this decrease in coverage may be attributed to vaccine hesitancy.

Vaccine hesitancy is complex and context-specific, with tempo-
ral and geographical variations. Although confidence, complacency
and convenience have been identified as key issues driving vac-
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cine beliefs, further understanding of the root cause of these be-
liefs is required.®> Several modifiable factors may address vaccine
hesitancy, and can be broadly categorized under contextual influ-
ences, individual and group influences, and vaccine-specific issues.
Several studies, including a 2018 survey of Canadian parents that
assessed associations between parents’ knowledge, attitudes and
beliefs toward vaccination, as well as a 2014 systematic literature
review to examine factors underlying concerns regarding adminis-
tration of multiple injections during childhood vaccination visits,
have demonstrated the importance of healthcare providers in in-
fluencing peoples’ vaccine decision-making, with every encounter
being an opportunity for discussion.®%:87 To reduce vaccine hesi-
tancy, healthcare providers should be trained and use each health
encounter as an opportunity to listen to specific concerns, use mo-
tivational interviewing, proactively correct misconceptions, and of-
fer clear recommendations to their patients.56-87

The impact of the COVID-19 pandemic and lockdown on IMD
epidemiology and vaccine schedules

The COVID-19 pandemic impacted the incidence of, and vac-
cination strategies against, meningococcal disease.’ Across several
regions, the incidence rates of IMD and associated mortality fell
significantly following the onset of stringent Covid-19 control and
national lockdown measures in 2020.° For example, noticeable re-
ductions in IMD cases have been recorded in Mexico, falling from
48 cases in 2019 to 12 in 2020.5

While there are some exceptions, such as Trinidad and Tobago
where meningococcal vaccinations are only delivered if requested
by the healthcare provider, routine immunization in countries
where meningococcal vaccines are included in the NIP typically oc-
curs during infancy, childhood, or adolescence.®® These young pop-
ulations were heavily affected by the stringent Covid-19 lockdown
measures introduced globally, with reported increases in obesity
and myopia, a range of socioeconomic effects and rises in orphan-
hood 89-92, For example, between 2020 and 2021, over 140,000
children in the US experienced the death of a parent or grandpar-
ent caregiver.”> The closure of schools interrupted, delayed, reor-
ganized, or completely suspended routine immunizations.”?-%4 Of
note, meningococcal quadrivalent and MenB vaccination programs
have been impacted by Covid-19 control measures in 50 to 75%
of countries that provide these vaccines.”> With the easing of re-
strictions, this disruption to immunization and resultant reduction
in vaccine coverage has the potential to lead to disease outbreaks,
such as measles, polio and IMD.”%-%4 Therefore, there are strong
recommendations for the implementation of catch-up vaccination
programs following the Covid-19 pandemic.”® Due to a decline in
childhood vaccination coverage, a delay in vaccination during 2020
and concerns of wavering meningococcal herd protection in Eng-
land and France, there are calls to introduce a boost vaccination
strategy to protect against potential rebound epidemics.%-97

Meningococcal immunization: vaccine strain coverage
estimations

Sequence analysis for MenB vaccine strain coverage

For N. meningitidis, polysaccharide conjugate vaccines are avail-
able for all major disease-associated capsular groups, except for
NmB, due to the poor immunogenicity of the MenB capsular
polysaccharide.”®-° Bexsero (4CMenB), a multi-component vac-
cine, includes the fHbp, NadA, NHBA and PorA peptide/protein
antigens, the latter as part of an outer membrane vesicle.'’ These
vary in terms of strain distribution, cross-reactivity, and surface ex-
pression; thus, 4CMenB vaccine strain coverage varies within and
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between MenB strains.!?! Advances have been made in the se-
quencing techniques used to estimate MenB vaccine strain cover-
age.

Due to the low incidence of IMD, vaccine efficacy evaluations
are impractical. Instead, the immunogenicity of meningococcal vac-
cines can be assessed using data generated by in vitro laboratory
assays.'2 For MenB, the human complement serum bactericidal
antibody assay (hSBA) has been the gold standard for determin-
ing killing by post-vaccination sera. However, the incompatibility
of hSBA with certain strains, along with comprehensive validation
requirements have limited the practical use of this assay for test-
ing large isolate panels.'”2 Therefore, to determine 4CMenB strain
coverage, the Meningococcal Antigen Typing System (MATS) was
developed with reference to hSBA.'%> For MATS, a standard lysed
suspension is prepared from an isolate and applied to three ELISA
plates - one each for NHBA, fHbp and NadA. The relative potency
(RP) is then calculated versus a reference strain.'®> In a previ-
ous study assessing 1052 strains collected from England, Wales,
France, Germany, Italy and Norway (July 2007-June 2008), MATS
predicted that 78% of strains would be killed by post-vaccination
sera (95% Cl: 63, 90; range of point estimates 73-87% in individual
country panels).’%* To overcome the labor intensity, limited avail-
ability and viable culture requirements of MATS, genotypic alter-
natives have been developed, including genetic (g)MATS and the
Meningococcal Deduced Vaccine Antigen Reactivity (MenDeVAR)
index.‘05']°6

MenDeVAR is likely to supersede gMATS as it also covers Tru-
menba (MenB-fHbp) and is ‘live’ on PubMLST.org. However, in a
recent assessment of MATS, gMATS and MenDeVAR in invasive
MenB isolates, gMATS provided a prediction for a greater pro-
portion of isolates (76.5% versus 63.3%) and was in better agree-
ment with MATS. To further the application of sequence analy-
sis, improvements for non-culture typing/whole-genome sequenc-
ing (WGS) and the incorporation of peptide expression are impor-
tant considerations.

In 2010, the meningococcal antigen surface expression (MEA-
SURE) assay was developed to quantify surface expression of fHbp
variants on intact isolates to predict susceptibility to bacterici-
dal killing and assess strain coverage by MenB-fHbp. A 30 pg of
surface-expressed fHbp/ug of total cell protein was associated with
a 91.2% probability that the isolate would be killed by the MenB-
fHbp immune sera.'?’

Vaccine match against circulating strains

MenB vaccines (4CMenB and MenB-fHbp) target specific anti-
gens among NmB isolates. Collectively the peptides contained in-
clude fHbp (peptides A05/3.45, BO1/1.55, and B24/1.1), NHBA (pep-
tide 2), NadA (peptide 8) and PorA VR2 (4).19° The presence of
antigens and corresponding peptides identified in N. meningitidis
NmB strains (collected during 2015-2019) that match the antigens
in licensed MenB vaccines in the US has been analyzed. Among
NmB isolates, over 98% of isolates harboured intact fHbp, NHBA
and PorA. The fourth antigen, NadA, was present in 30% of iso-
lates.*! fHbp subfamily A (variants 2 and 3) and PorA displayed
the highest degree of match among hyperinvasive lineages (CC32,
CC41/44 and CC269). The analysis identified 67 unique fHbp pep-
tide sequences, 68 unique NHBA peptide sequences and 140 unique
PorA peptide sequences. For fHbp, peptide 1.1 was predominant
across subfamily B (variant 1) and 2.19 was predominant among
subfamily A (variants 2 and 3). For NHBA, peptide 2 and peptide 5
were the predominant peptide sequences. fHbp peptides matched
by US licensed MenB vaccines include peptides 1.1 (24.2%) and
3.45 (3.2%). NHBA peptide 2 (17.8%) is included in the 4CMenB
vaccine. Retrospective analyses of the temporal peptide distribu-
tion indicated that between 2000 and 2019 the prevalence of fHbp
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peptide 1.1 has declined, whereas the prevalence of NHBA pep-
tide 2 has increased.*! Analyses of antigen peptides that were
predicted to be covered by MenB vaccines were conducted using
gMATS for MenB-4C strain coverage and data from clinical stud-
ies conducted in vaccinated individuals using hSBA for Men-fHbp
strain coverage '°8-10, Through gMATS analysis, 39-57% of circu-
lating NmB strains would match antigens in MenB-4C and through
immunogenicity analyses, approximately 50% of circulating strains
would match antigens in MenB-fHbp.#! In Canada, the potential of
4CMenB to cover strains circulating from 2006 to 2009 was consid-
ered through the characterization of 157 isolates using MATS. Over-
all predicated coverage was 66%'!!. In another study investigating
isolate susceptibility to vaccines, 91.2% of the Canadian MenB iso-
lates were found to express fHbp levels indicative of susceptibility
to the MenB-fHbp vaccine!'2.

Recent developments in sequencing: IMD surveillance and
control

Enhancing meningococcal genomic surveillance through culture-free
WGS

The identification of N. meningitidis and their molecular charac-
terization is important for the successful study, analysis, and con-
trol of IMD. Multi Locus Sequence Typing (MLST) based on the al-
leles of seven housekeeping genes is used to discriminate between
circulating N. meningitidis for both long-term epidemiology studies
and outbreak investigations'!>. Further increase in typing resolu-
tion is achieved by WGS of the bacterial genome to allow single
nucleotide polymorphism (SNP)-analysis on the genome level'!4
However, obtaining high-quality sequence data applicable for the
assembly of bacterial genome is limited to cultured bacteria, while
the direct sequencing of clinical specimens produces mainly un-
usable low-quality sequence data due to low bacterial and high
human DNA abundances. To enhance the detection and molecu-
lar characterization of meningococcal strains from clinical speci-
mens, selective whole genome amplification (SWGA) has been de-
veloped!'>. SWGA is a culture-free, targeted DNA enrichment strat-
egy that has been successfully tested on meningococci-positive
clinical specimens, such as cerebrospinal fluid (CSF) and urine. Fol-
lowing DNA extraction, denaturation and neutralization, multiple-
displacement amplification is performed using several components,
including SWGA primers and a phi29 polymerase'!® or its ther-
mostable version EquiPhi20''6. The SWGA primers have a binding
preference for meningococcal genomes with an almost two-order-
of-magnitude higher coverage on N. meningitidis DNA compared
with human DNA. The resulting output is enriched meningococcal
DNA specimens and a 10-fold increase in the number of clinical
specimens that can be successfully sequenced via WGS. The total
average success rate of full molecular typing is >50%, with higher
numbers of genomes per pL leading to higher success rates!'!>-116,

In the sub-Saharan African meningitis belt, SWGA has been
used to assess meningococcal clinical samples for enhanced
meningococcal molecular surveillance. The data demonstrated that
cases associated with CC11 have significantly decreased from
20117 to 201916, CC181 and CC10217 have emerged as the dom-
inant clonal complexes alongside CC11 in this region, and the
further application of SWGA has allowed the phylogeny of these
strains to be mapped across Africa''®'"”, Through identifying ap-
propriate primers for amplification, SWGA could also be applied
to other meningitis pathogens, such as H. influenzae. The integra-
tion of SWGA into genomic surveillance workflows may improve
data quality and representativeness when cultures are not avail-
able, thereby strengthening public health surveillance and outbreak
investigations.
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Exploring the Neisserial gene pool

With the identification of further antibiotic-resistant N. menin-
gitidis strains, identifying the potential antibiotic gene resistance
pool through sequence analysis could provide valuable insights. As
a genetically diverse genus, certain Neisseria species are genetically
well-characterized (e.g. N. meningitidis), whereas many are not, due
to discordance between WGS and phenotyping-based nomencla-
ture'’®, There is an ongoing effort to refine species nomencla-
ture using genomics, and further species have recently been dis-
covered using WGS, including Neisseria viridiae and Neisseria bas-
seii'!®. Due to the highly plastic genomes of Neisseria, the role of
intra- and inter-species horizontal gene transfer (HGT) has been
well documented ''9-121 In 2016, two human cases (sporadic) of
a novel Neisseria brasiliensis species (animal commensal species)
were identified in Brazil'>?. Genomic analyses identified the iso-
lates as distinct strains of the same species, closely related to Neis-
seria iguanae. Both genomes contained an intact capsule gene clus-
ter (cps) that was similar in gene organization and sequence iden-
tity to N. meningitidis. Isolate 1 carried capsule genes similar to N.
meningitidis capsular group X (containing Nm group X sialic acid
acetyltransferase) and isolate 2 carried capsule genes similar to
capsular group B (containing Nm group B sialic acid transferase).
The two cases each acquired a different combination of Nm-like
cps genes, likely through multiple HGT steps. However, whether
these HGTs occurred in the animal or human host remains unclear.
The identification and characterization of these strains demon-
strates virulence gene exchange among different Neisseria species.

In the Neisseria genus, antibiotic resistance is primarily found
in gonococci and occurs via both point mutation and recombina-
tion'23; mtrCDE and penA are frequently associated with antibi-
otic resistance'?, However, the antibiotic resistance gene content
among non-human Neisseria is yet to be explored.

Vaccine cross-protection against gonorrhea

There is potential for the meningococcal vaccine to infer cross-
protection against other genetically related species, such as N. gon-
orrhoeae, which shares around ~85% of its genetic sequence with
N. meningitidis.'** To target a meningococcal epidemic in Cuba,
a nationwide mass vaccination campaign with the MenB vaccine,
VA-MENGOC-BC, was conducted from 1989 to 1990, followed by a
second vaccination campaign in 1991. The incidence of gonorrhea
in Cuba increased from 1970 to 1989; however, following the mass
VA-MENGOC-BC immunization program, a notable and persistent
decrease in gonorrhea incidence was recorded. These preliminary
data suggest that A-MENGOC-BC could induce a degree of cross-
protection against gonorrhea.'?>

Herd protection versus direct protection for meningococcal vaccines

Herd protection is a key contributor to decreasing invasive dis-
ease. In the UK, the introduction of MenC vaccines resulted in a de-
creased incidence of meningococcal disease across all age groups,
including target and non-target (>18 years) populations'®. More-
over, a 66% reduction in NmC meningococcal carriage among older
adolescents was reported'?’. Similarly, in Canada, the introduction
of the MenC conjugate vaccine during 2001-2005 resulted in a
sustained reduction in NmC disease, with the largest decrease ob-
served in the 15-24 year age group (83%; 0.27 to 0.05 per 100
000 per year) who were not vaccinated in all 8 provinces. This
study suggested that the introduction of the vaccine induced herd
protection through the reduced transmission of N. meningitidis.28
These reductions in carriage rates demonstrate successful estab-
lishment of herd protection with conjugate vaccines.
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In the meningitis belt of Africa, IMD cases peak during the dry
season, which has resulted in numerous periodic epidemics over
past decades. The Meningitis Vaccine Project was established to
rapidly induce herd protection with the aim of vaccinating the tar-
get population (1-29 years) with the capsular group A conjugate
vaccine (MenAfriVac) to achieve >90% coverage!?°. To determine
the impact of herd protection, carriage surveys of the target popu-
lation before and after mass vaccination were performed in three
districts in Burkina Faso'®°. Prior to vaccination, overall carriage
was 3.98% and NmA carriage was 0.39%'3!. Following vaccination
(89.7% coverage), no group A carriers were identified in the entire
22,093 samples. The results demonstrated persistent elimination of
group A carriage in vaccinated and unvaccinated populations from
3 weeks to 13 months post-mass vaccination. In a 7-year follow-
up study of this nationwide mass vaccination campaign in Burk-
ina Faso, zero carriers of serogroup A meningococci were detected
among over 13,700 specimens collected, indicating long-term ef-
fectiveness of MenAfriVac on carriage!32.

Data to support herd protection with quadrivalent MenACWY
conjugate vaccines is less robust with a recent meta-analysis con-
cluding that a minimal, non-significant carriage reduction was ob-
served with MenACWY vaccines'>3. However, indirect protection
has been observed in several studies'>*. In response to a national
ST-11 MenW IMD outbreak in England, an emergency adolescent
vaccination program with MenACWY was implemented in Septem-
ber 2015. Poisson models were used to estimate the indirect ef-
fects of the adolescent MenACWY program in children eligible for
4CMenB but not MenACWY. Over four years, the 4CMenB vaccine
was estimated to have directly prevented 98 cases and the Men-
ACWY program to have indirectly prevented between 114 and 899
cases'3%, Recently, an ecologic analysis was conducted to assess the
impact of this program between 2015 and 201936, In August 2019,
vaccine uptake was 37-41% in adolescents (18 years) immunized
in primary care and 71-86% in younger teenagers routinely vacci-
nated in school. It was estimated that the program provided di-
rect protection against 19 cases of NmY and 25 cases of NmW.
However, this study suggested potential herd protection with Men-
ACWY. The estimated indirect protection provided by the program
was much greater than direct, preventing 60-106 cases of NmY
and 25-1193 cases of NmW. In addition, Carr et al. recently re-
ported the carriage of groups C, W, and Y decreased 65% follow-
ing the introduction of the MenACWY vaccination program in the
UK'34. As such, MenACWY vaccines appear to confer significant
herd protection.

The available data do not suggest that MenB vaccination con-
fer herd protection. For example, 4CMenB vaccination of Australian
adolescents did not have a substantial effect on meningococcal car-
riage!’. Therefore, the control of invasive disease incidence cannot
rely upon indirect protection from MenB vaccination.

Conclusion

Across the North America region, IMD prevention and control
strategies vary, with meningococcal vaccines not widely approved
or available as part of the NIP in most countries. In Canada, MenC
and MenB vaccines are licensed and routine MenC immunization
is included as part of the NIP. In the US, MenACWY conjugate vac-
cines are licensed and routinely included as part of the NIP and
MenB vaccines are recommended for individuals at increased risk
of NmB disease, as well as for 16-23 year-olds based on “shared
clinical decision making". The general trend of reducing IMD rates
that has been observed across the North American region may, in
part, be due to vaccine uptake in the area. As such, increasing the
inclusion of meningococcal vaccines into the NIPs of North Amer-
ican countries beyond the US, Canada, and Cuba, is an important
milestone that should remain a focus of public health authorities.
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Additionally, the need to increase vaccine access for at-risk popu-
lations, such as PEH and migrants, should not be overlooked.

The potential for vaccine hesitancy to impede uptake remains
an issue in some regions of North America and is a concern under-
pinned by issues surrounding confidence, complacency and con-
venience. Increasing our understanding of the cause of vaccine
hesitancy is key as these insights can help to inform effective
solutions.

The incidence of IMD is relatively low throughout North Amer-
ica, with higher incidence rates in specific populations (e.g. youth
and PEH). Active and passive surveillance system networks are in
place, but as IMD is not notifiable in all countries, the true bur-
den of IMD in North America is not completely understood. Based
on the limited available data, NmB, NmC and NmW appear most
prevalent; however, notable geographical and temporal variation in
dominant serogroups has been observed between North American
countries. For example, NmB dominates in the US and Costa Rica,
whereas NmC dominates in the Dominican Republic. Expansion of
the NmW ST-11, NmB ST-41/44 in Western Canada and NmY CC23
clonal complexes has also been observed in several countries. The
emergence and dissemination of antibiotic resistant NmY is an on-
going concern, with reported cases in the USA, Costa Rica, Canada
and France.

Disease surveillance is key for the identification of IMD cases
and outbreaks, as well as the recognition of trends in transmis-
sion and incidence. This information can help identify and avoid
potential public health emergencies and guide public health strate-
gies. However, several countries in the North American region,
such as Guatemala, appear to lack well-established surveillance
systems. Furthermore, there is evidence to suggest that estab-
lished systems, such as eIMDSS in Canada, may collect limited
clinical data. Ensuring that more efficient and effective disease
surveillance systems, including for IMD, are developed and suffi-
ciently resourced should be taken as a priority by public health
authorities.

During the Covid-19 pandemic, the reported incidence of IMD
declined throughout 2020, and prevention and control strate-
gies for IMD were impacted across the globe. The implemen-
tation of catch-up immunization programs could help to limit
potential disease outbreaks that may occur with the easing of
restrictions.

A high level of herd protection with monovalent conjugate vac-
cines has been demonstrated, and a degree of herd protection has
also been observed with quadrivalent MenACWY vaccines.!?8.139
However, group B protein-based vaccines must rely purely on di-
rect protection'*?, Sequence analysis has provided valuable insight
into the coverage of MenB vaccines and further insights into the
potential pool of antibiotic resistance within the Neisseria species.
Recent advancement in sequencing, such as culture-free WGS, have
the potential to enhance meningococcal genomic surveillance. Such
developments have the potential to further our understanding of
meningococcal epidemiology, which could support more informed
and effective IMD prevention strategies.

The Global Roadmap on Defeating Meningitis by 2030 is the
first resolution endorsed by the World Health Assembly on the
prevention and control on meningitis. The framework outlines ac-
tionable steps and milestones for meningitis prevention, treat-
ment, and surveillance, as well as improved support for indi-
viduals affected by the disease. Continuing to follow this flag-
ship global strategy will support the ultimate target of univer-
sal health coverage and a world free of meningitis. Further-
more, updated recommendations on the use of meningococcal
vaccines from the SAGE Working Group on meningococcal vac-
cines and vaccination will help to guide more effective vaccina-
tion programs, with the intent of reducing the global burden of
meningitis.
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