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Abstract

The epidemiology of infectious diseases must consider a number of aspects of the
disease along with its control and prevention, as these will ultimately alter disease
incidence, trends and distribution within a population. For many infectious diseases, the
greatest medical tool available to combat them is vaccination. Historically, the UK has
successfully controlled invasive meningococcal disease through vaccination. As a
result, the majority of disease seen in today’s epidemiological landscape is caused by a
previously non-preventable form. Monitoring the epidemiology of invasive
meningococcal disease relies on strong surveillance systems which in turn, allow for the
evaluation of vaccination programmes. An understanding of the relationship between a
vaccination programme and its effect on the epidemiology of the targeted disease is
vital for assessing the success of a programme and gives insight into how these

programmes may be improved.

This thesis presents eight studies, presented in three sections, that used
epidemiological data to demonstrate the success of the national infant MenB
vaccination programme in England. The studies presented have provided baseline
estimates of the burden of invasive meningococcal disease (IMD) and the predicted
strain coverage of the 4CMenB vaccine against circulating strains in England prior to
the vaccine’s national introduction in September 2015. These studies also provided the
first ever estimates of 4CMenB’s vaccine effectiveness at a reduced vaccination
schedule, to that used for licensure, along with the impact on MenB disease in the
group with the highest incidence of disease, children under the age of five, who were
targeted with the vaccine. Further, these studies looked at the epidemiology and trends
of disease in vulnerable populations in England, highlighting the markedly increased risk
in a young person on long term complement inhibitor therapy and raising awareness of
the increased risk in cases who initially present with a less common presentation and its
implications for the public health and clinical management of these cases. Finally, these
studies explored cases of IMD in pregnant women in England over a four-year period

and showed that while disease during pregnancy can be severe, there was an unusual



finding of a significantly decreased risk of IMD in pregnant women compared to non-

pregnant women of a similar age.

The combined findings of these studies show the success of the first nationally funded

4CMenB immunisation programme and its subsequent effects on the epidemiology of

invasive meningococcal disease in England.



Chapter One

Understanding the epidemiology of communicable diseases encompasses multiple
factors rooted in its aetiology. Understanding how patterns of how a pathogen acts, how
the human body responds, and the pathogen’s behavior once it has successfully
infected a population are all required to successfully control and prevent its spread.

High quality, multifaceted surveillance underpins all of those aspects and is pivotal in
implementing disease control programmes. Invasive meningococcal disease (IMD) is a
severe disease which is marked by its rapid and aggressive nature which can be life-
threatening and many survivors are left with long-term complications which include
amputations, deafness and neurological complications. While IMD is rare in the UK, the
highest burden falls on children aged under five years, particularly in infants, with a
second peak in incidence in adolescents and older adults aged 65 and older. In the UK
the highest burden of IMD is due to a type of meningococci that until 2013 was
previously unpreventable. A novel multicomponent vaccine, 4CMenB, prevents this form
of disease and was licensed on immunogenicity studies alone. In September 2015, the
UK was the first country to introduce this vaccine into its nationally funded infant

immunisation programme.

1. Neisseria meningitidis

The meningococcus

Known scientifically as Neisseria meningitidis, the meningococcus is the organism
responsible for invasive meningococcal disease (IMD). N. meningitidis is a member of
the Neisseriaceae bacterial family, is a Gram-negative [3-proteobacterium, and is a
fastidious facultative anaerobe, meaning that it can grow with or without the presence of
oxygen. It is exclusively found in humans where its main reservoir is the
nasopharyngeal tract and is typically harmless (Van Deuren et al., 2000). As a result, it
is often considered an ‘accidental pathogen’ that harbors a number of characteristics

which help it survive and invade host tissues.



The polysaccharide capsule

Meningococci can be encapsulated or unencapsulated, although the vast majority of
bacteria responsible for causing invasive disease, when they enter normally sterile sites
such as blood or cerebrospinal fluid (CSF), are encapsulated. The bacterial capsule is
composed of polysaccharides, and those associated with the main bacterial type
associated with invasive meningococcal disease (IMD) are usually composed of sialic
acid derivatives. The exception to this are MenA and MenX organisms whose capsules
are comprised of repeating units of N-acetyl-mannosamine-1-phosphate (Swartley et
al., 1998). Neu5Ac is the most common form of sialic acid in humans and plays an
important role in intracellular/intramolecular recognition (Varki et al., 2017). Neu5Ac is
incorporated into the capsule of the meningococcus and this molecular mimicry allows it
to be less detectable to the host’s immune system (Rouphael and Stephens, 2012).
One example can be seen in the MenB capsule, which contains a form of sialic acid (a
(2-8)-linked homopolymer) which is identical to human fetal neuronal cell adhesion
molecules (Rouphael and Stephens, 2012). This makes it a challenging to target the

MenB capsule in vaccines as it runs the risk of eliciting an autoimmune response.

The biochemistry of the capsule is the foundation for the categorisation and
nomenclature of the N. meningitidis bacterial species which is referred to as the
serogroup. Based on antigenic differences in the polysaccharide capsule, there are 12
serogroups, A, B,C,E, H, |, K, L, X, W, Y and Z. Half of these (A, B, C, W, X, and Y)
are responsible forthe majority of IMD, with prevalence of each varying greatly by

geographic region.

The polysaccharide capsules of B and C organisms are composed of entirely sialic acid
with MenB and MenC having a 2>8 and a 2>9 linkages respectively (Table 1). MenW
contains repeating units of sialic acid and D-galactose while MenY is comprised of sialic
acid and D-glucose. MenA and MenX capsules do not contain sialic acid and instead
are comprised of N-acetylmannosamine-1-phosphate and N-acetylglucosamine-1-
phosphate respectively (Table 1). Thus, the polysaccharide capsule helps to inhibit
phagocytosis and provides resistance to antibody/complement-mediated killing



(Kugelberg et al., 2008) and thus is essential for bacterial survival in blood and is also

involved in the bacteria’s propensity to cause disease, in immunocompetent individuals.

Table 1: Comparison of important meningococcal serogroups and their capsule structures

Serogroup Capsule structure

A o (al1-6)-linked-N-acetyl-mannosamine-
=}
% 1-phosphate
S Homopolymers of
‘©
o N-acetyl-D-mannosamine-1-P _ _

“ = (al-6)-linked-N-acetyl-mannosamine-
Ucé: 1-phosphate
z

B (a2-8)-linked-N-acetyl-neuraminic acid

Homopolymers of sialic acid

Q

C 7 (a2-9)-linked-N-acetyl-neuraminic acid
&
(&)

W 5 (a 2-6)-linked-6-D-Gal(al-4)-N-acetyl-
@©
'c—% Heteropolymers of sialic-acid- neuraminic acid

. containing diasaccharides (a 2-6)-linked-6-D-Glc(al-4)-N-acetyl-

neuraminic acid
Virulence

As N. meningitidis is a commensal bacterium it is commonly carried asymptomatically,
in the mucosa of the nasopharynx, by approximately 10 % of the population (Caugant
and Maiden, 2009). The rates of bacteria carriage increase in certain conditions, such
as in those who have chronic upper respiratory conditions and those who smoke with
peak carriage rates seen in adolescence. To be able to cause invasive disease, the
bacterium must survive in the bloodstream and spread. In order for the meningococcus

to survive, a number of different methods may be used to evade the host’s immune



system. The ability for meningococci to cause disease relies on a combination of genes
or allelic variants of genes (Tinsley and Nassif, 2001). There have been and continue to
be multiple attempts to identify genetic elements of the bacteria that are associated with
invasive disease (Tinsley and Nassif, 1996; Bart et al., 2000). To date the region in the
bacteria which encodes the ability to synthesise the polysaccharide capsule remains the
principal determinant of virulence (Caugant and Maiden, 2009). During pathogenesis,
the expression of the polysaccharide capsule undergoes genetic regulation (Pizza and
Rappuoli, 2015). The meningococcal capsule is essential for survival in the blood as it
prevents phagocytosis and aids in the evasion of the host’s immune response. For this
reason, the genes responsible for capsular synthesis, termed cps are typically
upregulated when invading the bloodstream and downregulated or lost entirely during
asymptomatic carriage (Pizza and Rappuoli, 2015). This, along with a number of other
factors result in meningococci having a pathogenic potential with the ability to pass
through epithelial cells and enter the blood stream where they may survive and multiply
(Taha et al., 2002; Caugant and Maiden, 2009). The bacterial capsule offers protection
from the host’'s immune system as it is poorly immunogenic and along with other
surface structures of the bacteria, such as those involved in attachment to host cells or
those that can stimulate the release of inflammatory mediators can lead to septic shock
(Van Amersfoort et al., 2003).

Many meningococci do not have capsular loci, cannot generate a capsule and are not
associated with invasive disease in healthy individuals as they are killed by complement
(Jodar et al., 2002). It is known that meningococci can switch their capsular expression
in the nasopharynx (Ala’Aldeen et al., 2000) and thus a hypervirulent MenC strain has
the potential to become a hypervirulent MenW strain thereby potentially evading

vaccine-induced immunity (Lucidarme et al., 2017).

Pathogenesis

Invasive meningococcal disease occurs when the meningococcus enters an otherwise
sterile site in the body (such as blood, CSF, joint fluids) which can result in

meningococcemia, meningitis, septic arthritis, septic shock, purpura fulminans,



pneumonia, arthritis, epiglottitis and pericarditis (Harfi et al., 2012). Although rare, IMD
is a life-threatening disease and one that is feared due to its sudden onset and rapid
deterioration. Case fatality rates of up to 80% have been seen in untreated cases
(Flexner, 1913) and 8-15% in those receiving treatment (ECDC, 2017b). Survivors of
IMD may also experience marked morbidity with 12-20% suffering from clinical

sequelae such as deafness, brain damage and amputations (Lucas et al., 2016).

2. Risk factors for IMD

Hostfactors

IMD is typically a disease of healthy individuals, although the exact reasons as to why
some people develop more severe disease than others are still not fully understood.
Recent studies using genome wide association studies (GWAS) (Davila et al., 2010)
have identified aspects within hosts that may contribute to an increased susceptibility to
IMD. One interaction which has proven to be important in the pathogenesis of IMD is
that between the meningococcus and the complement system (Ladhani et al., 2019) In
immunocompetent individuals, their complement system acts as a first line of defense
against IMD, as it is essential in lysing the bacteria in the blood (Lewis and Ram, 2014;
Ladhani et al., 2019). Therefore, in individuals with defects in various components of the
complement system; such as in the alternative pathway (properdin and factor D), the
terminal pathway (C5 to C9) (Rosain et al., 2017) as well as those with autosomal
recessive terminal complement pathway deficiencies are all at an increased risk for IMD
(Figueroa et al., 1993).

In addition to inherited complement deficiencies, there are also medical conditions and
treatments, particularly those for paroxysmal nocturnal haemoglobinuria (PHN) and
atypical haemolytic uraemic syndrome (aHUS), that require complement inhibitors
which in turn can result in either acquired or secondary complement deficiency
(Figueroa and Densen, 1991). Individuals with these disorders are rare (0.03% of the
general population) but are associated with a 7000 to 10,000-fold higher risk of IMD,
with 50-60% experiencing 21 IMD episode (Figueroa and Densen, 1991). Other



immunocompromised individuals such as those with human immunodeficiency virus
(HIV) have also been associated with an increased risk for IMD (Simmons et al., 2015).
A family history of IMD has been shown to be associated with an increased risk which
would suggest there may be genetic factors that may be important for susceptibility to
this disease (Olea et al., 2017). A case-control study showed genetic polymorphisms
may effect susceptibility to IMD (Domingo et al., 2002) while population-based methods,
such as genome-wide association studies (GWAS) have shown genetic variation in the
complement factor H (CFH) is associated with susceptibility to IMD (Davila et al., 2010).
GWAS studies of meningococcal cases has shown that variation in the regulation of
complement activity plays a role in determining which individuals will get invasive
disease versus those who will be asymptomatic carriers (Davila et al., 2010; Martin6n-
Torres et al., 2016).

Environmental factors

The environmental factors that contribute to a higher chance of developing IMD are
those associated with settings that increase the chance of an individual encountering
and acquiring meningococci. These settings include crowding in both living and social
situations, mixing of adolescents in university halls of residence (Mandal et al., 2017),
crowded conditions associated with mass gatherings such as Hajj, the annual Islamic
pilgrimage to Mecca (Yezli, 2018) and other international mass gatherings, such as
music festivals, scout jamborees (Kanai et al., 2017) and more recently, funerals (Patel
et al., 2017). Seasonal changes are also highly associated with IMD incidence. In
temperate climates, such as in England and mainland Europe, peak incidences are
seen in the winter months. This could be for a number of reasons, including an
increased tendency to spend time indoors along with a simultaneous increased
incidence for viral infections, where influenza in particular has been shown as a risk
factor for IMD(Cartwright et al., 1991; Jacobs et al., 2014). Conversely, the dry season
is often the peak of IMD incidence in sub-Saharan Africa where dust and low humidity
are the environmental conditions thought to be linked to this spike in IMD incidence
(Palmgren, 2009).



3. Methodologies in the characterisation of N. meningitidis

Serogroup typing

Classification by serogroup is extremely useful and often the first method of
summarising IMD epidemiology. However, a deeper understanding of IMD epidemiology
and potential methods of prevention through vaccination requires knowledge beyond
serogroup (Harrison et al., 2009). Newer molecular approaches to IMD classification
accompany the traditional serological methods to help scientists better understand

trends of IMD and how meningococci may be changing over time.

PCR

Since the mid-1990s PCR-based diagnostics have been more widely used to identify
patients with meningococcal disease as well as other bacterial infections (Corless et al.,
2001). Since its introduction this diagnostic method has substantially increased IMD
burden estimates (Gray et al., 2006). A negative aspect of PCR is the absence of a
bacterial isolate for phenotyping. Phenotyping allows for a finer level of classification,
beyond capsular group and subtype. However, there are further genotypic

characterisations possible from PCR samples.

Multilocus sequence typing

Since its introduction in 1998 multilocus sequence typing (MLST) has become more
widely used for the molecular characterisation of N. meningitidis. MLST is a nucleotide
sequence-based approach that can be applied to many bacterial pathogens and is
conducted by sequencing bacteria’'s DNA on seven portions of the DNA known as
‘housekeeping genes’. The reason housekeeping genes are the focus of this method is
because these genes are not considered to be under any selective pressure. This
results in allelic profiles of isolates that can be compared to a large central database
and used to determine the genetic lineage of N. meningitidis (Maiden et al., 1998).
Another advantage of MLST is that allelic profiles can be obtained from clinical material.

The seven housekeeping loci can be amplified in these samples directly from blood or



CSF from IMD cases by polymerase chain reaction (PCR) (Urwin and Maiden, 2003).
This means isolates can be characterised even if they cannot be cultured from clinical
specimens (Urwin and Maiden, 2003). MLST has widely replaced multilocus enzyme
electrophoresis (MLEE) as the primary method for determining genetic lineage(Harrison
et al., 2009). MLST targets the housekeeping genes to classify meningococci into
sequence types (ST) based on changes in these genes. Meningococci are highly
variable, but often the same ST can be found in different capsular groups, for example
ST-11 clonal complex (ccl1l; also known as the ET-37 complex and lineage 11) are
hyperinvasive and may express serogroups C or W and, less frequently, B or Y
(Lucidarme et al., 2015). Beyond this, meningococci are often also classified by clonal
complexes (cc), bacterial lineages, which consist of groups of related STs. A clonal
complex includes several lineages of highly related isolates (clones) (Taha, 2002). Most
invasive meningococcal isolates belong to a limited number of ccs, which correspond to
the hyperinvasive lineages (Lucidarme et al., 2015). The ability of a few hyper virulent
meningococcal strains to cause the majority of disease globally is still not fully

understood.

Whole genome sequencing

Whole genome sequencing (WGS) is newer approach of typing that offers an even
higher resolution of characterisation, distinguishing meningococci on up to 2200 genes
(Jolley et al., 2012). This also allows WGS to distinguish between very closely related
meningococci and track the evolution of different strains (Whaley et al., 2018). In
England, WGS has been routinely carried out on all bacterial isolates, which are those
cases confirmed by culture where a live organism was isolated from a sterile site. Like
MLST, databases have been developed to contain global genetic data from
meningococcal WGS which enables the ability to map the distribution of isolates from

across the world (Maiden et al., 1998).

Latex agglutination

Some countries use other non-culture based approaches to supplement cultures. These

methods include Latex agglutination, a laboratory method used to check for certain



or antigens in a clinical specimens (typically blood or CSF). The sample is mixed with
latex beads, coated with a specific antibody or antigen and if the suspected substance
Is present, the latex beads will clump together (agglutinate) (Latex agglutination test:

MedlinePlus Medical Encyclopedia, n.d.). This allows for serogroup identification and is

a rapid diagnostic with results taking from 15 minutes to an hour (Sobanski et al., 2001).

4. Epidemiology of IMD

IMD is a global disease and varies by serogroup, serotype, serosubtype, cc,
geographical region and time. Patterns of IMD are unpredictable differing widely by age
serogroup and severity. The majority of IMD is due to clonal complexes of N.
meningitidis that harbor the propensity to emerge, spread and cause infection
worldwide. MenC and MenW account for substantial proportions of IMD in most of
Africa and Latin America, while MenB is the predominant serogroup across Europe,
North America and the Western Pacific (Booy et al., 2018). While natural fluctuations in
disease do occur, such trends are also influenced by public health interventions,
including prevention and control through vaccination which will inevitably cause

additional shifts in IMD epidemiology.

Understanding the local epidemiology, trends over time and impact of meningococcal
vaccination programmes is important not only in understanding how vaccination
programmes affect disease patterns but also to identify knowledge gaps and potential
for further reductions in disease burden through additional preventive strategies as new

more effective and higher valent meningococcal vaccines become available.

Epidemiology of IMD in England prior to September 2015

Trends in IMD across England and Wales have been consistently reported since the
early 1990s. Data from the national reference laboratory between 1993/94 and 2003/04
reported an average annual incidence of 3.8/100,000 population (median: 3.8/100,000;
range: 2.3-5.4/100,000) (Gray et al., 2006). This also captured the start of an increase
in MenC disease in 1995/96 with continued momentum and associated increase in
mortality through 1999/00. This finding lead to widespread introduction of the
meningococcal group C conjugate (MCC)



vaccine in November 1999 for all individuals aged less than 25 years of age. The
introduction of the MCC vaccine was based on serological criteria alone, without the
direct evidence of vaccine efficacy which set a precedent for other meningococcal
vaccines (Miller et al., 2001). Between 1993/94-2000/01 a continued increase in MenB
incidence was observed along with their diversity in phenotypes where it accounted for
the majority of disease but at that time was unpreventable. Since 2009/10, the UK has
experienced a year-on-year increase in MenW disease due to rapid expansion of a
single endemic hyper-virulent strain belonging to sequence type 11 clonal complex (cc)
(Ladhani et al., 2015). Consequently, the quadrivalent MenACWY conjugate vaccine
was introduced in adolescents aged 13-18 beginning August 2015 (Campbell et al.,
2015). It was recently reported that serum samples from children immunized with a
meningococcal serogroup B vaccine (4CMenB) demonstrated potent serum bactericidal
antibody activity against the hypervirulent Neisseria meningitidis serogroup W strain
belonging to the sequence type (ST) 11 clonal complex, circulating in England (Ladhani
et al., 2016).

5. Meningococcal vaccines
Vaccination is the key method of IMD prevention with various vaccines and vaccination

strategies developed over the years. Vaccination aims to protect those who are
vaccinated against IMD when exposed as well as reducing the acquisition, carriage and

onward transmission of the bacteria (Borrow et al., 2017).

Polysaccharide vaccines

Polysaccharide vaccines containing the polysaccharide capsule of single or multiple
meningococcal serogroups have been available for more than 40 years. While they
remain ineffective in young children, they have been proven to be immunogenic and
safe in older children and adults. Most polysaccharides are thymus-independent
antigens which do not require T-cells to induce an immune response (Mond et al.,
1995). This often results in them being unable to induce memory cells in neonates and

infants and, therefore, have a short duration of protection and poor responses to



booster doses (Ali et al., 2014). Polysaccharide vaccines are still used, mainly in lower-

and middle-income countries (LMICs), due to their low cost (Vaughan et al., 2019).

Conjugate vaccines

Protein-conjugate vaccines, on the other hand, use a carrier protein to present the
meningococcal capsular polysaccharide to the immune system, in a manner that
induces a T-cell mediated response (Ali et al., 2014). As a result, these vaccines are
immunogenic from birth, induce immune memory, protect for a longer duration and
provide a booster response with subsequent doses (Borrow et al., 2017). In addition to
providing direct protection in vaccinated individuals, protein-conjugate vaccines also
prevent the acquisition of bacterial carriage, thus disrupting transmission and inducing
indirect (herd) protection across the population (Trotter and Maiden, 2009). Currently,
both polysaccharide and protein-conjugate vaccines are available against serogroups A,
C, W and Y; since these vaccines contain capsular antigens, they do not provide cross-
protection against other meningococcal serogroups. Similar protein-conjugate vaccines
against MenB have been difficult to develop because the MenB capsular polysaccharide
contains components which are similar to human foetal neuronal cells and are,
therefore, poorly immunogenic with the potential to induce autoimmune antibodies (Tan
et al., 2010).

Outer membrane vesicle vaccines

Meningococcal outer membrane proteins have been used for over 20 years in millions
of vaccine doses. They have been used as a carrier protein in Haemophilus influenzae
type b (Hib) polysaccharide conjugate vaccine and as vesicle vaccine formulations
against meningococcal disease (Holst et al., 2009). In Gram negative bacteria, outer
membrane vesicles (OMVs) play a key role in the interaction and communication
between the host and pathogen (Vernikos and Medini, 2014). OMVs are involved in
overall disease progression, since they act as vehicles for the secretion of bacterial
proteins and lipids which allows them to play a role in colonization, modification of the
host’'s immune response and delivery of virulence factors into host cells (Kuehn and

Kesty, 2005). Research into the use of OMV based vaccines to control specific



outbreaks began in the 1970s and since then there have been three independently
developed vaccines for the use against regional MenB outbreaks in Cuba (1987-1989),
Norway (1988-1991) and New Zealand (2004-2008), with estimated vaccine
effectiveness of 83%, 87% and 73% respectively (Sierra et al., 1991; Rosenqvist et al.,
1995; Arnold et al., 2011). The compromise with OMV vaccines is the tradeoff between
their coverage and effectiveness. Mounted immune responses by these vaccines are
largely strain specific and directed against the immunodominant PorA in the vaccine. An
exception to the typical homologous coverage was observed with two OMV vaccines.
Cuba was the first to develop and successfully test the first effective MenB OMV
vaccine (VA-MENGOC-BC) OMV vaccine that was used to control an outbreak of MenB
(B4:P1.15) in both Cuba and Brazil, where it proved effective against both the outbreak

strain and other circulating strains of MenB (Sierra et al., 1991; de Moraes et al., 1992).
Similarly, the New Zealand OMV vaccine (MeNZBé‘) seemed to be cross-protection

between strains and regional evidence showed an estimated 54% effectiveness against
heterologous MenB strains as well as 56% effectiveness against circulating non-MenB
strains (Arnold et al., 2011).

Reverse vaccinology and 4CMenB

Reverse vaccinology uses a genomic, rather than cellular approach to vaccine
development. Vaccines are classically developed using a pathogenic strain in vitro to
produce a live attenuated strain that is harmless to the host but preserves its ability to
elicit an immune response. Other approaches have also used antigens to develop
subunit vaccines. These methods have been highly successful for a number of
pathogens but remain unfeasible in cases where components of the pathogen, like
MenB, that provoke immune responses are very similar to components in host tissues
(Vernikos and Medini, 2014). Thus, reverse vaccinology has been applied successfully
to pathogens that have otherwise been pervicacious. The first example of successful

application of reverse vaccinology was the 4CMenB vaccine.



The 4CMenB vaccine

This first success in reverse vaccinology identified three recombinant proteins—factor H
binding protein (fHbp) variant 1.1, neisserial heparin-binding antigen (NHBA) peptide 2,
and neisserial adhesin A (NadA) variant 3. These three recombinant proteins were
included in 4CMenB, together with outer membrane vesicles containing the porin PorA

(P1.4) from a New Zealand outbreak strain used in MeNZB®.

These proteins are each involved in different processes of IMD pathogenesis.
Factor H binding protein (fHbp) is a surface-exposed lipoprotein. Its function is to
help the meningococcus evade alternative complement pathway-mediated Killing
by binding activate factor H onto the cell surface of the meningococcus (Madico et
al., 2006)

Previously referred to as GNA2132, the neisseria heparin binding antigen (NHBA) is an
important protective antigen of N. meningitidis. NHBA binds heparin and heparin
sulphate which is thought to play a role in the evasion of complement-mediated
bacterial lysis (Serruto et al., 2010). Neisserial adhesion A (NadA) is also a surface
exposed protein that is believed to have a role in meningococcal adhesion to epithelial
cells of the nasopharynx. Unlike capsular polysaccharides, which tend to be expressed
abundantly and are antigenically relatively uniform in invasive meningococci, surface
proteins can be sparse and antigenically diverse. This also means that the vaccine will
not protect against all MenB strains.The ability of 4CMenB to protect against serogroup
B meningococcal strains and the breadth of protection depends on the degree of
surface expression and the extent to which vaccine induced antibodies recognise and
bind to these proteins (Donnelly et al., 2010). To evaluate vaccine strain coverage, the
Meningococcal Antigen Typing System (MATS) was created by the vaccine
manufacturer. MATS was a novel laboratory testing method to be used on invasive
isolates. It aimed to determine whether in the isolate, each antigen was sufficiently
expressed and if the isolates antigen(s) was similar enough to the antigen in the vaccine
such that antibodies elicited by 4CMenB would lyse the bacterium (Plikaytis et al.,
2012).



6. Surveillance of IMD
Disease surveillance systems are the means by which the prevalence, incidence and

distribution of IMD is ascertained. Differences in IMD epidemiology can only be fully
understood in the context of a region’s surveillance system and the associated
strengths and weaknesses. The ideal system would have laboratory-based surveillance
that confirms clinically suspected cases of IMD to inform national surveillance. Most
surveillance systems rely on specimens from normally sterile sites (CSF, blood and
other normally sterile bodily fluids) since specimens from non-sterile sites like the
pharynx are not used to confirm invasive disease as a large proportion of the population

asymptomatically carry N. meningitidis in this part of the body.

Incidence of IMD varies globally by region and in many areas of the world, the gold-
standard method of active surveillance and laboratory confirmation and strain
characterisation is not possible. Thus, combinations of different surveillance systems
and diagnostic methods are used and vary by and across country, making comparison

and ascertainment of true IMD incidence difficult.

The following sections focus on specific areas of surveillance that are used to derive

data on IMD epidemiology and burden within a given population.

Sentinel surveillance

In addition to case ascertainment, population-based surveillance is ideal as it enables
disease incidence to be determined (Harrison et al., 2009). This can be achieved
through sentinel surveillance which uses nominated reporting units with a high
probability of seeing cases of the disease in question (WHO | Sentinel Surveillance,
n.d.). This can be useful if the population base is known and the chosen centres are
thought to be representative of the general population. However, if this is not the case
the incidence of IMD cases can be skewed or under-representative. However, when the
chosen sites are applicable to the general population, sentinel surveillance can be very

useful in determining disease incidence (Harrison et al., 2009).



Active or passive surveillance

Another feature of surveillance systems is whether they are active or passive. Passive
surveillance often involves reporting of IMD cases, usually required by law, by
healthcare providers and/or laboratories. These reports are then collected by local
health authorities. Passive surveillance is advantageous as it occurs continuously and
requires few resources but relies on a strong public health infrastructure and would
potentially not capture those without access to health care. Conversely, active
surveillance involves health authorities regularly contacting each entity required to
report cases and eliciting reports (Harrison et al., 2009). The main difference between
these methods is the sensitivity of surveillance (proportion of notifiable cases that are

reported) is higher in active surveillance systems.

7. Surveillance of IMD in England

Notifications

Notification of clinically diagnosed cases of IMD, by a registered medical practitioner, is
a statutory requirement in England and has been since the early 1990s where all cases
of IMD require public health management. This is to ensure contacts of the case are
identified and offered antibiotic chemoprophylaxis and vaccination (where appropriate)
(PHE guidance 2019). This management is undertaken by the PHE Health Protection
Teams (HPT) in an area local to the case. Medical practitioners responsible for the case
notify their local HPT who then report this to PHE. As a result, there is a national record
of notified cases captured on HPZone, a national web-based case management system
used by local HPTs as a method to rapidly record public health events and actions.
These notifications hold information on gender, age in years, regional location and often

provide some insight into the clinical presentation of the case.

Laboratory confirmation of cases

When a high proportion of clinically suspected cases are investigated, microbiologically,

laboratory confirmed cases offer a source of reliable surveillance data on a population



level. This data is both sensitive and specific and circumvents some of the uncertainty
around diagnosis which is present for many diseases but especially IMD where initial
presentations can often be non-specific(Gray et al., 2006). In England, the PHE
Meningococcal Reference Unit (MRU) provides a national reference service for IMD
confirmation and characterisation of invasive meningococci (both culture and non-
culture). The MRU also provides free non-culture PCR confirmation of meningococcal
diagnosis (including genogroup and genosubtype analysis) for clinical specimens from
patients with suspected IMD, that are routinely submitted by the National Health Service
(NHS) hospitals in England (PHE enhanced surveillance plan, 2019). Since 1999, all
confirmed cases of IMD are referred to the PHE immunisation team where they are then
followed up to confirm vaccination history, travel history, country of birth and any
underlying medical conditions. Using laboratory confirmed cases to ascertain IMD
incidence in England is a method that has proven high case ascertainment (Ladhani et
al, 2015). Since July 2010, all invasive meningococcal isolates sent to the MRU are also

whole genome sequenced.

Laboratory surveillance of MenB IMD

Invasive MenB disease is defined as an individual with isolation of MenB or positive
capsular group B specific PCR from a normally sterile site. The impact of 4CMenB is
monitored using the Meningococcal Antigen Typing MATS is not yet validated for use

against non-MenB isolates.

The definition of an isolate with a positive MATS assay result (“MATS positive”) and
therefore potential coverage by 4CMenB is a MenB strain with a relative potency
(versus that of a reference strain) of at least one vaccine protein (fHbp, NadA, NHBA)
above the positive bactericidal threshold (PBT) and/or determination of a P1.4 PorA
subtype by sequencing of VR2 and/or by serosubtyping.

In accordance with a new study (Muzzi et al., 2019) for non-culture MenB cases, a PorA
genosubtype of P1.4 and /or fHbp genotype for peptides 1, 2, 4, 14, 15, 37, 89, 90, 110,
144, 224, 232, 245, 249, 252, or 510 are considered likely to be covered by the vaccine

but this has not yet been validated against recent MATS data.



Vaccine coverage data

PHE routinely collects data on vaccine uptake using Collection of Vaccination Evaluated
Rapidly (COVER), a mandated routine coverage collection which was established in
1987 COVER standardises on collecting data for children at 12 months, 24 months and
5 years of age. This is done through the collation of data from Child Health Information
Systems (CHIS). Local authority data from CHIS are extracted to and submitted to PHE
where they are collated and analysed to report on childhood vaccination levels in

England.

Data on deaths

PHE has access to electronic death registration records provided by the Office for
National Statistics (ONS). These are data where IMD, meningococcal septicaemia,
meningococcal meningitis or other meningococcal related causes have been identified
as the cause of death. ONS data is linked with laboratory data to determine casual
capsular group of the infecting meningococci. Additionally, the NHS Personal
Demographics Service (PDS) is also used to ascertain whether or not a patient has died

within a reasonable period of disease onset (typically 28 days).

Enhanced surveillance in England

In 2013, PHE enhanced the laboratory surveillance of IMD by collecting clinical data
using postal questionnaires to general practitioners (GPs) of laboratory confirmed IMD
cases diagnosed since 01 January 2011. These questionnaires aimed to capture
information on comorbidities, risk factors, clinical presentation, intensive care admission
(ICU) and outcomes. Enhanced surveillance was revised to include an opportunity to
collect vaccination history and extended to follow-up all laboratory confirmed cases of
IMD from September 2015. Instead of requesting this information from GPs, enhanced
surveillance from September 2015 involved the PHE immunisation team liaising with
HPTSs for the completion of epidemiological surveillance forms. In addition to these
surveillance forms, detailed clinical questionnaires were designed for completion by the
responsible hospital consultant for all cases of confirmed IMD in children less than 5

years of age. This questionnaire aimed to gather information on length of hospital stay,



clinical investigations including blood and cerebrospinal fluid test, imaging (CT scan,
MRI or ultrasound), outcome and sequelae. Changes in the surveillance of IMD were
made to align with the introduction of a new MenB infant vaccination programme and a

MenACWY vaccination programme for teenagers.

From 15! of September 2015, all infants born on or after the 01 May 2015 were

offered the vaccine at a reduced 2+1 schedule with two catch-up cohorts (Table 1).

Table 2: Definition of catch-up and routine cohorts eligible for Bexsero® under the

national immunisation programme

Vaccination Cohort Birth dates Vaccination schedule
May 2015 4 and 12-13 months (1+1)
Catch-up cohort
June 2015 3,4 and 12-13 months (2+1)
Routine cohort on or after 01 July 2015 2,4 and 12-13 months (2+1)

This thesis presents eight studies to demonstrate the effect of the 4CMenB infant
vaccination programme on the epidemiology of MenB disease in England and show that
this work contributes the first real-world evidence of the vaccine’s impact and
effectiveness. This is split into three chapters in the form of: six observational studies,
one case report, and one literature review from work carried out between 2015 and
2020 in England.

Chapter one begins with an overview of IMD, meningococcal vaccines, the development
of vaccines against group B meningococcal disease, risk factors for disease and the
types and roles of national surveillance in monitoring disease and vaccination

programmes. Chapter two presents the first three studies which all explore a different



area of IMD epidemiology prior to the introduction of the new vaccine and how this
provided a baseline for studies that came after its implementation. Chapter three is
comprised of two studies that explain the epidemiological experience with the MenB
vaccine in England, 10 months and 3 years after its introduction, and its effectand
effectiveness in vaccinated populations. Chapter four contains three studies that
examine IMD in vulnerable populations as what implications these risk factors have for
the management of these cases. Finally, chapter five discusses the impact of the
findings in the studies presented as well as potential for further work on group B

meningococcal disease.



Chapter Two

1. Invasive meningococcal disease epidemiology and predicted strain
coverage of 4CMenB prior to its introduction in the national
immunisation programme in England

Critical account of published work on IMD epidemiology in England prior

September 2015

Three publications have been selected that use national surveillance data to establish
baselines, both epidemiological and molecular, against which the impact of the
meningococcal group B vaccination programme will be measured in future. These
studies updated and built on earlier epidemiological summaries conducted in England
and Wales (Gray et al., 2006; Ladhani et al., 2012), along with strain coverage
estimates (Vogel et al., 2013)and the potential of 4CMenB to protect against non-group

B meningococcal strains (Ladhani et al., 2016).

3.1. Study 1

Epidemiology, clinical presentation, risk factors, intensive care admission and
outcomes of invasive meningococcal disease in England, 2010-2015. Vaccine
(2018)

Sydel R. Parikh, Helen Campbell, Stephen J. Gray, Kazim Beebeejaun, Sonia Ribeiro,
Ray Borrow, Mary E. Ramsay, Shamez N. Ladhani

3.1.1. Study 1 Aim

This study aimed to summarise the epidemiology and capsular group distribution of IMD
in England along with linked information on risk factors, clinical presentation and
outcomes of disease over four calendar years. The study aimed to update national and
regional incidences as well as exploring relationships between clinical presentations

and outcomes.



3.1.2. Study 1 Summary
National surveillance data on laboratory confirmed cases of IMD along with capsular
group, diagnostic method and regional information were used in conjunction with ONS
data on population estimates to determine IMD incidence by age, capsular group and
geographical region. Information from enhanced surveillance questionnaires sent to
GPs included data on comorbidities, risk factors, clinical presentation, intensive care
admission (ICU) and outcomes. Incomplete or missing information in the questionnaires
was followed-up by telephoning the GP, contacting the patient’s hospital clinician or
requesting additional information from the local PHE health protection team (HPT),
which maintains records of all suspected and confirmed IMD cases for public health
management of cases and close contact and for monitoring outbreaks. If needed,
additional information was sought from HPZone, electronic ONS death registration
records were linked with laboratory data. Dates of death were confirmed using the NHS
PDS and only deaths occurring within 28 days of receipt of sample were included.
Clinical data were presented for cases diagnosed between January 2011and July 2015.
These data were analysed descriptively and logistic regression was used where
appropriate to investigate whether any associations between clinical and surveillance

data existed.

3.1.3. Study 1 Results

This study provided updated and detailed insight into the burden of IMD in England
between 2011-2015. This paper showed that IMD epidemiology in England was still
similar to mainland Europe with declining incidences in both overall IMD and IMD due to
MenB. The large cohort of cases allowed for the first time, the description of clinical
presentations, risk factors, severity and outcomes of IMD by age and capsular group.
England has one of the highest disease incidences in Europe and the resulting case
numbers allow for a more accurate assessment of disease characteristics. Enhanced
follow-up was achieved for all 3411 cases diagnosed in England during 01 January
2011 and 30 June 2015. Using this data, this study was able to show, for the first time, a

low prevalence of known risk factors among IMD cases. This paper also presented data

on a more detailed breakdown of disease in older age groups (>65 years). It was



interesting to note from this work that MenY cases became more prevalent with
increasing age, as did atypical clinical presentations and diagnosis with only a cultured

specimen.

3.1.4. Contribution to Study 1

Jointly conceived the project, solely carried out the data collation and analysis and
wrote the first draft of the manuscript.

3.2. Study 2

Meningococcal serogroup B strain coverage of the multicomponent 4CMenB
vaccine with corresponding regional distribution and clinical characteristics in
England, Wales, and Northern Ireland, 2007-08 and 2014-15: a qualitative and
guantitative assessment. Lancet Infectious Diseases (2017)

Sydel R. Parikh, Lynne Newbold, Stephanie Slater, Maria Stella, Monica Moschioni, Jay
Lucidarme, Rosita De Paola, Maria Giuliani, Laura Serino, Stephen J Gray, Stephen A
Clark, Jamie Findlow, Mariagrazia Pizza, Mary E Ramsay, Shamez N Ladhani, Ray

Borrow

3.2.1. Study 2 Aim
This paper updated the predicted coverage of 4CMenB against circulating MenB strains
in the UK, using MenB strains from two epidemiological years, 2007/2008 and
2014/2015. MATS coverage estimates were assessed for 2014-15 MenB isolates in the
UK and then compared to corresponding 2007-08 data on MATS coverage estimates
and regional distribution. An additional feature of this study was that it assessed age
distribution, clinical characteristics and outcomes of IMD in patients with MATS-positive
and MATS-negative MenB isolates in England. This estimate of coverage served as a
baseline against which future estimates would be based following the introduction of the
infant 4CMenB programme that commenced in September 2015 (data in this paper is to
the end of June 2015).

3.2.2. Study 2 Summary



Invasive serogroup B meningococcal isolates from cases in England, Wales, and
Northern Ireland were characterised genotypically by multilocus sequence typing (Jolley

and Maiden, 2010) and each of the four main 4CMenB antigens. This was carried out



for two epidemiological years 2007-2008 and 2014-2015. Clinical characteristics, risk
factors, and outcomes were assessed according to MATS coverage for 2014-15
English cases. In order to properly assess vaccine coverage estimates, it was
necessary to determine the genetic constitution of the MenB isolates. This was
conducted by characterising the genotypes of 2014-15 isolates with data extracted from
the Meningitis Research Foundation’s Meningococcus Genome Library was used since
it contained the genome sequences for all English, Welsh, and Northern Irish invasive
isolates received by the Public Health England Meningococcal Reference Unit since
July, 2010. MATS data were generated for both epidemiological years (2007-08 and
2014-15) using the same methods described previously (Donnelly et al., 2010; Plikaytis
et al., 2012; Domnich et al., 2015). PorA subtypes were determined by phenotyping.
MATS predicted strain coverage was defined as the proportion of serogroup B
meningococcal isolates with MATS relative potency greater than the positive

bactericidal thresholds for one or more antigen or the presence of PorA (P1.4).

In 2014-15, 165 of 251 (66%; 95% CI 52—80) meningococcal group B isolates were
estimated by MATS to be covered by 4CMenB, compared with 391 of 535 (73%; 95%
CI 57-87) in 2007-08. The proportion of MATS-positive isolates with one vaccine
antigen increased from 23% (122 of 535) in 2007—-08 to 31% (78 of 251) in 201415,
whereas the proportion with more than one antigen fell from 50% (269 of 535) to 35%
(87 of 251). This effect reflected changes in the circulating strains, particularly the ST-

269 clonal complex strains.

In alogistic regression model, MATS positivity was associated with a 1.95-fold
increased risk (95% CI 1.02-3.76; p=0.017) of severe invasive meningococcal disease
(intensive care admission, death, or both), independent of age, sex, underlying

comorbidity, or clinical presentation.



3.2.3. Study 2 New knowledge gained

This study updated the predicted 4CMenB strain coverage for England, Wales and
Northern Ireland prior to the introduction of the vaccine into the national immunisation
programme in the UK. MATS coverage increased with age, varied by geographical
region, and was associated with more severe disease. MATS coverage was highest for
individuals older than 5 years for both 2007-08 (77%) and 2014-15 (70%). In 2014-15,
MATS coverage as well as the number of antigens covered, were mostly lower across
all age groups when compared with coverage estimates from 2007-08. Of particular
interest, in 2014-15, over a third (37%) of MenB isolates in infants were MATS-negative
and a further 30% were only covered by one vaccine antigen. MATS-positivity was also
found to be associated with a significant 1.95-fold increased risk of severe IMD
(intensive care admission, death or both) which was independent of sex, age,

underlying comorbidity or clinical presentation.

This study demonstrated that predicted strain coverage of the 4CMenB vaccine, against
circulating MenB strains in England and Wales, fell between the two observed
epidemiological years. This is important to note before the introduction of the vaccine
into the national infant immunisation programme, especially in light of a very low

estimated coverage among infants in England.

3.3. Study 3

Meningococcal Group W Disease in Infants and Potential Prevention by
Vaccination Emerging Infectious Diseases (2016)
Sydel R. Parikh, Helen Campbell, Kazim Beebeejaun, Sonia Ribeiro, Steve J. Gray,

Ray Borrow, Mary E. Ramsay, Shamez N. Ladhani

3.3.1. Study 3 Aim

This study aimed to assess the historical trends of MenW disease in infants in England

in the three most recent epidemiological years (2012-13 to 2014-15) prior to the



introduction of 4CMenB. This was aimed to establish the picture of MenW disease in

infants at that time and postulate the number of cases that may be prevented by MenB
vaccination, given published evidence (Ladhani et al. 2016) on the potential of 4CMenB
to also protect against the hyper-virulent ST-11 MenW strain, which is also prevalent in

England and for which no vaccine is licensed for infants

3.3.2. Study 3 Summary
National enhanced surveillance data on laboratory confirmed cases of IMD were used
to retrospectively summarise the epidemiology of MenW disease in England across all
ages between, the epidemiological years 1998-99 and 2014-15. MenW cases occurring
between 2012-13 and 2014-15 in those aged <1 year were looked at by age in months
(= 11 months). Laboratory data for cases in this group, confirmed by culture, were
analyzed phenotypically in order to identify MenW:2a strains, a surrogate phenotypic

marker for the hypervirulent ST-11 MenW strain.

3.3.3. Study 3 Results
This study established long term trends of MenW incidence and phenotypic distribution
in England over a 17-year period. A total of 176 MenW cases occurred during this time
across all age groups where the number of cases peaked during 2000-01 (n=28) due to
a national outbreak associated with the Hajj pilgrimage but this soon declined after
mandatory vaccination for pilgrims was initiated. MenW cases in infants began to
iIncrease again beginning in 2012-13 (n=4), rising to 12 in 2013-14 and in 2014-15
MenW (n=21) accounted for 16.5% of all cases of IMD in infants (n=127). Breakdown of
MenW incidence by age in months, before 1 year of age, showed a peak at 4 months of

age which remained high until the first birthday.

Phenotypic characterisation can only be performed on cases confirmed by culture and
thus it could not be ascertained for cases confirmed by PCR only. Between 2012-13
and 2014-15 a total of 25 (67.5%) of 37 MenW cases in infants were confirmed by
culture of which nearly half (n=18; 49%) were characterised as MenW:2a, a surrogate
phenotypic marker for the hypervirulent ST-11 MenW strain. Data on age distribution

and phenotype suggest that »70% of MenW cases in infants could be prevented by the



introduction of the 4CMenB vaccine at 2 and 4 months of age, while from mid-2016 the
booster will be available for children aged 1 year of age and could work to protect

toddlers for whom MenW cases were also increasing.

3.3.4. Study 3 New Knowledge gained

This is the first study that established a baseline of the phenotypic epidemiology of
MenW cases in infants and it was demonstrated that 4CMenB could protect against
circulating MenW:cc11 strains which is important as MenW causes the greatest number

of IMD cases in infants in England, after MenB.
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The epidemiology of invasive meningococcal disease (IMD) is constantly changing as new strains are
introduced into a population and older strains are removed through vaccination, population immunity
or natural trends. Consequently, the clinical disease associated with circulating strains may also change
over time. In England, IMD incidence has declined from 1.8/100,000 in 2010/2011 to 1.1/100,000 in
2013/2014, with a small increase in 2014/2015 to 1.3/100,000. Between 01 January 2011 and 30 june
2015, MenB was responsible for 73.0% (n = 2489) of 3411 laboratory-confirmed IMD cases, followed by

KemoMs: 2 MenW (n =371, 10.9%), MenY (n = 373, 10.9%) and MenC (n = 129, 3.8%); other capsular groups were rare
Meningococcal disease z < z s :

Epidemiology (n =49, 1.4%). Detailed questionnaires were completed for all 3411 laboratory-confirmed cases. Clinical
Surveillance presentation varied by capsular group and age. Atypical presentations were uncommon (244/3411;
Risk factors 7.2%), increasing from 1.2% (41/3411) in children to 3.5% (120/3411) in older adults. Known IMD risk
Case fatality factors were rare (18/3411; 0.5%) and included complement deficiency (n = 11), asplenia (n = 6) or both

(n=1). Nearly a third of cases required intensive care (1069/3411; 31.3%), with rates highest in adults.
The 28-day CFR was 6.9% (n = 237), with the lowest rates in 0-14 year-olds (85/1885, 4.5%) and highest
among 85+ year-olds (30/94, 31.9%). These observations provide a useful baseline for the current burden
of IMD in a European country with enhanced national surveillance.

© 2018 Published by Elsevier Ltd.

1. Introduction

Invasive meningococcal disease (IMD) is one of the most feared
infectious diseases in children and adults due to its sudden onset,
rapid progression, serious clinical presentations, high case fatality
and long-term sequelae among survivors. The fight against
meningococcal disease has advanced with the availability of effec-
tive vaccines against the major capsular groups responsible for
invasive disease worldwide.

In Europe, group B meningococci (MenB) are responsible for the
majority of IMD cases and deaths, especially in children, adoles-
cents and young adults [1]. Group C disease (MenC) is rare, espe-
cially in countries with established MenC immunisation
programmes. Currently, many countries across Europe are experi-

* Corresponding author at: Immunisation Department, Public Health England, 61
Colindale Avenue, London NW9 5EQ, United Kingdom.
E-mail address: sydel.par phe.gov.uk (SR Parikh).

https://doi.org/10.1016/j.vaccine.2018.02.038

0264-410X/© 2018 Published by Elsevier Ltd.

encing an increase in IMD due to a highly virulent group W
meningococcal strain (MenW) belonging to the ST-11 clonal com-
plex [2].

The UK was first country to offer the MenC conjugate vaccine to
all children and adults up to 25 years of age. In August 2015, the UK
implemented an emergency immunisation programme offering
the quadrivalent meningococcal ACWY conjugate vaccine to teen-
agers in order to control the rapid increase MenW disease across all
age groups [3]. In September 2015, the UK also became the first
country to introduce a novel, protein-based vaccine against group
B meningococci (MenB) into its nationally-funded, infant immuni-
sation programme |4]. This vaccine has the potential to protect
infants against other meningococcal capsular groups, including
the hypervirulent ST-11 MenW strain [5]. In anticipation of these
two national immunisation programmes, Public Health England
enhanced national surveillance to collect more detailed data for
cases diagnosed since 2011 in order to complement the laboratory
surveillance that was already in place.
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Here we present the epidemiology, capsular group distribution,
risk factors, clinical presentation and outcomes of all IMD cases in
England over a 5-year period, providing a baseline against which
the impact of the two new meningococcal vaccine programmes
may be measured in future.

2. Methods
2.1. Surveillance of IMD

Public Health England (PHE) conducts enhanced national IMD
surveillance and its Meningococcal Reference Unit (MRU) provides
a national reference service for IMD confirmation and characterisa-
tion of invasive meningococci (both culture and non-culture). The
MRU also provides free non-culture PCR confirmation of meningo-
coccal diagnosis (including genogroup and genosubtype analysis)
for clinical specimens that are routinely submitted by National
Health Service (NHS) hospitals in England [6], a method that has
proven high case ascertainment |7]. In 2013, PHE enhanced the
laboratory surveillance by collecting clinical data using postal
questionnaires to general practitioners (GPs) of laboratory-
confirmed IMD cases diagnosed since 01 January 2011. Information
collected included comorbidities, risk factors, clinical presentation,
intensive care admission (ICU) and outcomes. Incomplete or miss-
ing information in the questionnaires was followed-up by tele-
phoning the GP, contacting the patient’s hospital clinician or
requesting additional information from the local PHE health pro-
tection team (HPT), which maintains records of all suspected and
confirmed IMD cases for public health management of cases and
close contact and for monitoring outbreaks. If needed, additional
information was sought from HPZone, a national web-based case
management system used by local Health Protection Teams to
record public health events and actions, and from electronic death
registration records provided to PHE by the Office for National
Statistics for public health surveillance purposes and confirmed
dates of death using the Personal Demographics Service (PDS) only
including deaths within 28 days of receipt of sample.

2.2. Data

Demographic, clinical questionnaire and microbiological data
were entered into a single Microsoft Access Database (Microsoft
Corporation, Redmond, Washington) cleaned and de-duplicated
before importing into Stata version 13.0 (StataCorp LP, College Sta-
tion, Texas) for analysis. The final database included all laboratory-
confirmed IMD cases in England that were confirmed by the MRU
over five epidemiological (July to June) years from 2010/11 to
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2014/15. These data were used to calculate national and regional
incidence, as well as serogroup distribution of IMD cases. Clinical
data are presented for cases diagnosed between January 2011
and July 2015. These data are predominately descriptive and logis-
tic regression analyses were used where appropriate.

3. Results
3.1. IMD incidence

IMD incidence in England declined by 38.9% from 1.8/100,000
(n=1009) in 2010/11 to 1.1/100,000 (n=636) in 2013/14, fol-
lowed by a small increase in 2014/15 at 1.3/100,000 (n=724)
(Fig. 1). The greatest proportional decline was observed in toddlers
(10.6/100,000 to 5.8/100,000; 45.3% decrease) and 5-14 year olds
(1.8/100,000 to 1.0/100,000; 44.4% decrease), compared to 34.0%
in infants (29.1/100,000 to 19.2/100,000). At the same time, IMD
incidence increased in older adults, ranging from a 12.5% increase
in 65-74 year olds (0.8/100,000 to 0.9/100,000) to 116.7% in 85+
year-olds (1.2/100,000 population to 2.6/100,000 population).
Compared to 2013/14, IMD incidence in 2014/15 increased in all
age-groups, except infants (21.6/100,000 [n=151] to
19.2/100,000 [n = 127]) and 25-44 year olds (0.4/100,000 [n =55]
to 0.3/100,000 [n = 48]).

3.2. Capsular group

The incidence of MenB disease nearly halved over the five years,
from 1.5/100,000 in 2010/11 (n =843) to 0.8/100,000 in 2014/15
(n=418). This decline was observed across all the age-groups
and was greatest in toddlers (1-4 years) (10.0/100,000 [n =278]
to 5.0/100,000 [n = 139]; 50% decrease) and infants (27.1/100,000
[n=195] to 15.2/100,000 [n = 101]; 44% decrease). IMD incidence
in 15-24 year-olds also declined by 20% over the same period from
2.0/100,000 (n=149) to 1.6/100,000 (n = 106).

In contrast, MenW incidence increased from 0.1/100,000 (n =
36; 4% of all IMD cases) in 2010/11 to 0.3/100,000 (n=176;
24.3% of all IMD cases) in 2014/15. This increase was initially
observed in the 15-24 year age group but soon followed across
all ages, with the greatest increases seen in infants (0.42 per
100,000 [n=3] in 2010/11 to 3.01 per 100,000 [n=21] in
2014/15), such that infants had the highest MenW incidence in
2014/15 compared to any other age group. In 15-24 year olds,
MenW incidence increased from 0.08/100,000 (n =6) in 2010/11
to 0.43/100,000 in 2014/15, when it was responsible for 29.2%
(31/106) of all IMD cases in this age group. In older adults, MenW
disease was rare but increased rapidly over the five years from 0.04
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Fig. 1. Incidence by age group stratified by epidemiological year and meningococcal capsular group in England: 2010/11 to 2014/15.
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Table 1
Regional distribution of IMD incdence in England durnng the 2014/15 epidemiolog-
ical year.

Region MenB incidence Men C/W[Y All IMD incidence

per 100,000 (n) incidence per per 100,000 (n)
100,000 (n)
East Midlands 073 (34) 047 (2) 122 (57)
West Midlands 092 (53) 0.45 (26) 1.39 (80)
East of England 054 (33) 036 (22) 0.91(55)
London 0.54 (47) 0.52 (45) 1.07 (93)
North East 1.33(35) 091 (24) 2.25 (59)
North West 1.24 (89) 0.56 (40) 1.83 (131)
South East 0.55 (49) 0.59 (53) 1.14 (102)
South West 062 (34) 0.60 (33) 1.22 (67)
Yorkshire and Humber 0.82 (44) 0.61 (33) 1.48 (80)

per 100,000 (n = 2) to 0.44 per 100,000 (n = 24); a 10-fold increase
in 65-74 year-olds, 0.16 per 100,000 (n = 5) to 0.76 per 100,000 (n
=25) in 75-84 year-old and from 0.24 per 100,000 (n=3) to 1.18
per 100,000 (n=16) in adults aged 85 years and older. In older
adults, the rapid increase in MenW disease offset the decline in
MenB disease such that the overall IMD incidence increased across
all three older age groups by 2014/15.

IMD incidence due to MenY (0.13-0.17/100,000), MenC (0.04-
0.06/100,000) and other capsular groups (0.01-0.04/100,000)
remained relatively stable over the five-year period.

3.3. Region

IMD incidence in 2014/15 varied by region (Table 1), from
0.91/100,000 in the East of England (n=55) to 2.25/100,000 in
the North East (n=59). There were also regional differences in
MenB and MenACWY incidence across England. MenB incidence
was lowest in London (0.54/100,000; n=47) and the East of Eng-
land (0.54/100,000; n=33) and highest in the North East
(1.33/100,000; n = 35). MenA/C/W]Y incidence was lowest in the
East of England (0.36 per 100,000; n = 22) and highest in the North
East 0.91/100,000 (n = 24).

3.4. Case follow-up

Enhanced national follow-up for IMD was undertaken for all
3411 cases diagnosed in England during 01 January 2011 to 30
June 2015. MenB was responsible for 73.0% (2489/3411) of IMD
cases, followed by MenY (373/3411; 10.9%), MenW (371/3411;
10.9%) and MenC (129/3411; 3.8%). More than half the MenB cases
(1423/2489; 57.2%) were in children aged <5 years including 25.0%
(622/2489) in infants aged <1 year. The contribution of MenB to
total IMD cases decreased with age, such that it was only respon-
sible for 24.5% (23/94) of IMD cases in 85+ year-olds compared
to 88.4% (622/704) in infants (Table 2).

The 15-24 year age-group had the highest number of MenW
cases (69/498; 13.9%) compared to the other age-groups, but this
capsular group contributed to a greater proportion of IMD cases
in older adults, responsible for over a quarter of cases in those aged
65-74 (47/181, 26.0%), 75-84 years (52/159; 32.7%) and 85+ year-
olds (28/94, 29.8%). The distribution of MenY cases was similar to
MenW in that cases increased with age, where its contribution to
IMD by age group was highest in older adults, ranging from
32.6% (59/181) in 65-74, 33.3% (53/159) in 75-84 to 40.4%
(38/94) in 85+ year-olds.

MenC cases were rare, with almost half of all cases diagnosed in
25-64 year-olds (64/129; 49.6%), There were only 37 cases in <15
year olds and 15 in 15-24 year-olds over the five-year surveillance
period.

3.5. Clinical presentation

The clinical characteristics of IMD cases in different age-groups
are summarised in Table 2. In children under 15 years, over a quar-
ter of cases presented with septicaemia alone (987/3411; 28.9%)
and fewer children presented with meningitis only (408/3411;
12.0%) Adolescents and young adults (15-24 years) represented
the highest number of cases with meningitis only (220/889 of
meningitis cases; 24.7%) and this presentation was responsible
for 44.2% of all IMD cases in this age-group (220/498).

In adults, the proportion presenting with meningitis alone and
meningitis with septicaemia declined with increasing age, while

Table 2
Characteristics of IMD by age group in England between 01 January 2011 and 30 June 2015.

<1 1-4 5-14 15-24 25-44 45-64 65-74 75-84 85+ Total
Capsular group 704 870 311 498 244 350 181 159 94 3411
B 622 (88.4) 801 (92.1) 254(81.7) 346(69.5) 141(57.8) 185(529) 67 (37.0) 50(31.4) 23 (245) 2489 (73.0)
C 7(1.0) 8 (0.9) 22(7) 15 (3.0) 36(14.8) 28(8.0) 6(3.3) 2(13) 5(53) 129 (3.8)
w 42 (6.0) 41 (4.7) 10(3.2) 69 (13.9) 23(94) 59 (16.9) 47 (26.0) 52(32.7) 28(29.8) 371(109)
Y 20(28) 10 (1.1) 18 (5.8) 60 (12.1) 41 (16.8) 74(21.1) 59 (326) 53(33.3) 3B(404) 373(109)
Other 13 (1.8) 10 (1.1) 7(2.3) 8 (1.6) 3(12) 4(1.1) 2(1.1) 2(13) 0(0) 49 (1.4)
Known risk factor <1 1-4 5-14 15-24 25-44 45-64 65-74 75-84 85+ Total

0 1(0.1) 2(06) 5 (1.0) 3(12) 4(11) 3(1.7) 0 0 18 (05)
Clinical presentation <1 1-4 5-14 15-24 25-44 45-64 65-74 75-84 85+ Total
Meningitis 198 (28.1) 126 (14.5) 84(27) 220 (44.2) 83(34) 100 (286) 43 (23.8) 23 (14.5) 12 (12.8) 889 (26.1)
Septicaemia 333(47.3) 513 (59) 141(453) 154 (30.9) 89(365) 131(37.4) 76 (42) 72(45.3) 45(479) 1554(45.6)
Meningitis and Septicaemia 156 (22.2) 214 (246) 79(254) 106 (21.3) 58(23.8) 68 (19.4) 3(127) 12 (7.5) 8 (8.5) 724 (21.2)
Other 17 (2.4) 17 (2) 7(2.3) 18 (3.6) 14(5.7) 51(146) 39 (21.5) 52(32.7) 29(309) 244(7.2)
Diagnosis confirmation <1 1-4 5-14 15-24 25-44 45-64 65-74 75-84 85+ Total
PCR only 312(44.3) 522 (60) 187 (60.1) 259 (52) 105 (43) 121(346) 34 (188) 17 (10.7) 3(32) 1560 (45.7)
Culture only 192(27.3) 116 (133) 46(143) 155 (31.1) 97 (39.8) 177 (50.6) 125 (69.1) 137(86.2) 89(94.7) 1134(332)
Culture and PCR 200(284) 232(267) 78(25.1) 84 (16.9) 42(172) 52(149) 2(122) 5(31) 2(21) 717 (21)
1CU admission <1 1-4 5-14 15-24 25-44 45-64 65-74 75-84 85+ Total

181(25.7) 252 (290) 102(328) 187(37.6) 100 (41) 134(383) 75(414) 28(17.6) 10 (10.6) 1069 (31.3)
28-day Case fatality rate (CFR) <1 1-4 5-14 15-24 25-44 45-64 65-74 75-84 85+ Total

28 (4.0) 42 (4.8) 15 (4.8) 31 (62) 19(7.8) 22(63) 23 (127) 27(17) 30(31.9) 237(6.9)
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the proportion presenting with septicaemia alone increased with
age.

Clinical presentations other than meningitis/septicaemia were
rare (244/3411; 7.2%) and their prevalence increased with age,
from <2.5% in children to 27.6% in older adults. MenY (90/244,
36.9%) and MenW (73/244, 29.9%) were responsible for two-
thirds of cases with other clinical presentations. Half the atypical
presentations were pneumonia (130/235; 55.3%), with 64.6%
(84/130) of pneumonia presentations occurring in older adults
(65+ year-olds) and were most common among MenY cases
(51/373; 13.7%). Septic arthritis accounted for 36.2% (85/235) of
the other presentations, mainly in children aged <5 years (22/85;
25.9%) MenB (14/22; 63.6%) and MenY cases (8/22; 36.4%) were
responsible for these presentations in this age group (Table 4).
Six percent (14/235) had either epiglottitis or supraglottitis and
2.6% (6/235) presented with skin and soft tissue infection; all these
cases except one case of cellulitis were due to MenY (55.0%; 11/20)
or MenW (40.0%; 8/20).

3.6. Risk factors

Recorded risk factors for meningococcal disease were rare (0.5%
of all IMD, 18/3411); six had asplenia, 11 had complement defi-
ciency and one had both. The responsible capsular groups included
MenY (7/18, 38.9%), MenB (6/18, 33.3%), MenW (4/18, 22.2%) and
one case of MenC (5.6%). Half the cases presented with meningitis
only (50%; 9/18) and three (16.7%) had septicaemia; five (27.8%)
required ICU admission and none died.

3.7. Rare capsular groups

Rare capsular groups were responsible for only 1.4% (49/3411)
of IMD cases. Nearly half the cases (23/49; 46.9%) were aged <5
years, with cases rarely reported in older adults. Thirty cases
(61.2%) were due to an ungroupable capsular group (invasive clin-
ical isolates that were not groupable) and 17 (34.7%) were non-
groupable, (culture-negative but PCR screen (ctrA) positive clinical
samples which were negative for the four main genogroups [B, C,
W and Y] routinely tested for) and one case each of MenA (2.0%)
and Men29E (2.0%). The most common presentation was meningi-
tis (21/49; 42.9%), mainly due to ungroupable (19/21; 90.5%) or
non-groupable (2/21; 9.5%) isolates. Fifteen cases presented with
septicaemia (30.6%), 53.3% were due to non-groupable (8/15) iso-
lates; followed by non-groupable (5/18; 27.8%), group 29E (1/15;
6.7%) and group A (1/15; 6.7%) meningococci. Ten had both presen-
tations (5 nongroupable, 5 ungroupable). Two cases presented
with pneumonia (1 non-groupable, 1 ungroupable) and one case
of pericarditis was due to a non-groupable strain. The MenA and
Men29E cases occurred in adults aged 45-64 years, who presented
with septicaemia.

3.8. Diagnostics

Overall, 1.560 cases (45.7%) were diagnosed by PCR only, 1134
(33.2%) by culture only and 717 (21.0%) by both methods. MenW
and MenY cases had higher proportions diagnosed by culture only,
while MenB was more commonly diagnosed by PCR only
(1369/2489; 55.0%). Meningitis was confirmed by PCR only in
59.7% (531/889), compared to 47.1% for meningitis and septi-
caemia combined (341/724). Other presentations were confirmed
mainly by culture only (201/244, 82.4%); bacteraemic pneumonia
(115/244; 47.1%) accounted nearly half of these cases.

3.9. Intensive care admissions

Nearly a third of IMD cases required ICU admission (1069/3411;
31.3%). The rate of ICU admissions increased with age to 25-44
years and remained at around 40% up to 65-75 year-olds before
declining among older age groups. ICU admission by capsular
group was highest for MenC (38.0%; 49/129) and MenW (37.2%;
138/371) followed by MenB (31.1%; 775/2489), MenY (26.8%;
100/373) and other capsular groups (14.3%; 7/49). Those who pre-
sented with both meningitis and septicaemia had higher ICU
admission rates (45.7% 331/724) compared to those with meningi-
tis only (27.7%; 246/889) and septicaemia only (28.8%; 448/1554).
Those with IMD risk factors were just as likely to be admitted to
ICU as previously healthy cases [5/18 [27.8%] vs. 1064/3393
[31.4%]; p=0.93].

3.10. Deaths

Overall, there were 237 deaths across all age-groups cate-
gorised as due to IMD, CFR was lower in children ((4.5%;
85/1885) <15 years of age) compared to adults (6.6%; 72/1092 in
15-64 year-olds) and highest in older adults (18.4%; 80/434 in 65
+year-olds). CFR was disproportionately higher in older adults
aged 85+ years (Table 2). Children aged <5 years, however, con-
tributed the highest number of deaths (70/237 deaths, 29.5%). Of
those who died, over half (56.5%; 134/237) had MenB disease,

Table 3
Characteristics of IMD by clinical outcome in England between 01 January 2011 and
30 June 2015.

Alive Dead Total
Age group 3174 (93.1) 237 (69) 3411
0 676 (96) 28 (4) 704
1-4 828 (95.2) 42 (48) 870
5-14 296 (95.2) 15(48) 311
15-24 467 (93.8) 31(6.2) 498
25-44 225(92.2) 19(7.8) 244
45-64 328(93.7) 22(63) 350
65-74 158 (87.3) 23(12.7) 181
75-84 132 (83) 27(17) 159
85+ 64 (68.1) 30(31.9) 94
Risk Factor Alive Dead Total
Yes 129 (93.5) 9(6.5) 138
No 3045 (93) 228 (7) 3273
Comorbidity Alive Dead Total
Yes 377 (91.7) 34(83) 411
No 2797 (93.2) 203 (6.8) 3000
Capsular group Alive Dead Total
B 2355 (94.6) 134 (54) 2489
C 116 (89.9) 13 (10.1) 129
w 327(88.1) 44 (119) 371
Y 328 (87.9) 45(12.1) 373
Other 48 (98) 1(2) 49
Diagnostic sample Alive Dead Total
PCR only 1484 (95.1) 76 (4.9) 1560
Culture only 1013 (89.3) 121 (10.7) 1134
Culture and PCR 677 (94.4) 40 (56) 77
Clinical presentation Alive Dead Total
Meningitis 847 (95.3) 42 (4.7) 889
Septicaemia 1415 (91.1) 139 (8.9) 1554
Meningitis and Septicaemia 693 (95.7) 31(43) 724
Other 219 (89.8) 25(102) 244
ICU admission Alive Dead Total
Yes 955 (89.3) 114 (10.7) 1069
No 2219 (94.7) 123 (5.3) 2342
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while similar numbers of deaths were due to MenW (18.6%;
44/237) and MenY (19.0%; 45/237), with very few deaths due to
MenC (5.5%; 13/237) or other serogroups (0.4%;1/237). MenW
cases had a higher CFR overall (11.9%; 44/371) (Table 3), ranging
from 2.3% (1/42) in infants to 40.0% (8/20) in those aged 85 and
older. CFR was highest in those with other clinical presentations
(10.2%; 25/244) followed by septicaemia (8.9%; 139/1554).

4. Discussion

Our follow-up of all laboratory-confirmed IMD cases across a
relatively short surveillance period of five years provides detailed
insight into the current burden of this rare but aggressive and
life-threatening disease in England. The epidemiology of meningo-
coccal disease varies both regionally and over time, as different
strains are introduced into the population and others abate natu-
rally or through vaccination [6]. Consequently, the clinical spec-
trum of IMD will also vary according to the circulating strains at
the time.

The epidemiology of IMD in England is similar to that reported
in 25 countries across Europe, with an overall annual notification
rate of 0.9/100,000 during 2004-14, ranging from 0.3/100,000 in
Italy to 2.9/100,000 in Ireland, and an annual decline of 6.6% in
all age groups under 50 years [7]. Infants had the highest mean
notification rate (16.0/100,000), followed by 1-4years olds
(4.9/100,000), and 15-24 year-olds (1.4/100,000). During 2004—
2014, serogroup B accounted for 74% (n=31,529) and serogroup
C for 16% (n=6573) of cases with known serogroup. Notably, in
Europe, overall a relatively high CFR was observed (8.6%), with
higher CFR for MenC (14.3%) and MenW (10.2%) compared to MenB
(7.4%).

The proportion of cases diagnosed by PCR and culture methods
has remained stable in the UK since the early 2000s [10,11] and
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MenW and MenY had the highest proportion of cases diagnosed
by culture, which has been documented elsewhere [12], this differ-
ence is most likely due to a greater number of atypical presenta-
tions observed with these serogroups.

Our large cohort allowed us to describe clinical presentations,
risk factors, severity and outcomes of IMD cases by age and ser-
ogroup. It is well documented that individuals with asplenia and
complement deficiencies are at increased risk for IMD [13-15] as
well as a possible sub-optimal response to vaccination [16,17].
We have reported, for the first time, the low prevalence of known
risk factors among IMD cases. This is a reassuring finding and could
suggest that the additional measures, including antibiotic prophy-
laxis, are likely to be protecting these high-risk groups.

The low CFR in all age groups apart from older adults, is notable.
The CFR of <5% in children and just over 5% in adults is far lower
than previous reports, mainly during the national MenC outbreak,
which was associated with more severe disease and higher fatality
rates |8]. The lower CFR is likely to be due a number of factors,
including less virulent clonal complexes circulating currently,
increased awareness of the disease among parents and healthcare
professionals, national guidelines specifically targeting IMD, and
lower thresholds among healthcare professionals for investigating
and treating children with suspected IMD. That a third of children
and adults are admitted to ICU would also suggest a more aggres-
sive approach to provide supportive care for suspected cases,
which is also likely to have contributed to better outcomes. Consis-
tent with these observations are the low rates of long-term compli-
cations among recent survivors of MenB disease, which is also
reassuring [9].

The distribution of serogroups by age is well-described, with
MenB predominating in children, especially infants, who account
for a quarter of all MenB cases annually. Most children were
healthy prior to developing IMD and, while most cases developed

Table 4
Characteristics of IMD by serogroup in England between 01 January 2011 and 30 June 2015.

B C w Y Other Total
Age group 2489 129 371 373 49 3411
<1 622 (25.0) 74 (54) 42 (11.3) 20 (54) 13 (265) 704 (206)
1-4 801 (322) 8 (62) 41 (11.1) 10 27 10 (20.4) 870 (25.5)
5-14 254 (102) 22 (17.1) 10 27 18 (4.8) 7 (143) 311 9.1)
15-24 346 (13.9) 15 (11.6) 69 (18.6) 60 (16.1) 8 (16.3) 498 (14.6)
25-44 141 (5.7) 36 (27.9) 23 (6.2) 41 (11.0) 3 (6.1) 244 (72)
45-64 185 (74) 28 (21.7) 59 (15.9) 74 (19.8) 4 (82) 350 (103)
65-74 67 2.7) 6 (4.7) 47 (12.7) 59 (15.8) 2 (41) 181 (53)
75-84 50 (20) 2 (1.6) 52 (14.0) 53 (142) 2 (41) 159 (4.7)
85+ 23 (0.9) 5 (39) 28 (7.5) 38 (102) 0 0 94 2.8)
Risk Factor B & w Y Other Total
Yes 6 (02) 1 (0.8) 4 (1.1) 7 (19) 0 0 18 (0.5)
No 2483 (99.8) 128 (99.2) 367 (98.9) 366 (98.1) 49 (100) 3393 (99.5)
Clinical presentation B & w Y Other Total
Meningitis 690 (27.7) 36 (27.9) 60 (162) 82 (22.0) 21 (429) 889 (26.1)
Septicaemia 1147 (46.1) 57 (44.2) 180 (485) 155 (41.6) 15 (30.6) 1554 (45.6)
Meningitis and Septicaemia 585 (23.5) 25 (19.4) 58 (15.6) 46 (123) 10 (204) 724 (212)
Other 67 27 1 (85) 73 (19.7) 90 (24.1) 3 (6.1) 244 (72)
Diagnostic method B & w | Other Total
PCR only 1369 (55.0) 42 (32.6) 61 (164) 58 (15.5) 30 (612) 1560 (45.7)
Culture only 556 (223) 51 (395) 255 (68.7) 257 (68.9) 15 (30.6) 1134 (332)
Culture and PCR 564 (22.7) 36 (27.9) 55 (14.8) 58 (15.5) 4 (82) 717 (21.0)
ICU admission B C w Y Other Total
Yes 775 (31.1) 49 (38.0) 138 (372) 100 (26.8) 7 (143) 1069 (313)
No 1714 (68.9) 80 (62.0) 233 (62.8) 273 (732) 42 (85.7) 2342 (68.7)
Outcome B C w Y Other Total
Alive 2355 (94.6) 116 (89.9) 327 (88.1) 328 (87.9) 48 (98.0) 3174 (93.1)
Dead (<28 days) 134 (54) 13 (10.1) a4 (11.9) 45 (12.1) 1 (2.0) 237 (6.9)
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septicaemia which is associated with higher morbidity and mortal-
ity, nearly all survived the infection.

It is because of this high incidence that, in September 2015, the
UK introduced the national infant MenB immunisation programme
with the recently-licensed multi-component vaccine, 4CMenB, and
early data reporting high vaccine effectiveness and significant
reductions in cases of MenB disease among 4CMenB eligible
infants are reassuring [4]. Since this vaccine is not serogroup-
specific, it should also help protect against other serogroups caus-
ing IMD in the vaccine-eligible cohorts [5,10]. MenC disease
remains well-controlled because of the successful national immu-
nisation programme with high vaccine coverage; most cases now
occur in adults, where they are often associated with travel or
immigration [11].

Outside the childhood age group, disease characteristics chan-
ged with increasing age, as other serogroups became more preva-
lent. MenW and MenY are known to cause IMD in older adults, and
atypical clinical presentation is not unusual; such as pneumonia,
septic arthritis, endocarditis and epiglottitis, as well as supraglotti-
tis[12,13]. The high CFR in older adults, where serogroups W and Y
were more prevalent, is likely to be due to underlying comorbidi-
ties unrelated to IMD. In the past decade, IMD due to both these
serogroups have increased in England [12,13]. Whilst MenY cases
increased mainly in older adults and stabilised after a few years,
MenW cases increased year on year, because of the introduction
of a hypervirulent strain belonging to the ST-11 clonal complex
from Latin America; the ST-11 clonal complex was also responsible
for the UK MenC outbreak in the 1990s [ 14]. MenW cases initially
increased in 15-24 year old age group but soon spread across all
age groups, resulting in the introduction of an emergency teenage
MenACWY immunisation programme in August 2015 | 3]. After the
first year this showed 69% fewer group W meningococcal cases
than predicted by trend analysis and no cases in vaccinated teen-
agers [18].

We have, for the first time, also described IMD epidemiology in
England in more detail. Among 65+ year-olds, it is interesting to
note that MenY cases became more prevalent with increasing
age, as did atypical clinical presentations and diagnosis by culture
only. At the same time, while ICU admission rates declined with
age, CFR increased rapidly, reaching 32% in 85+ year-olds.

Analysis of IMD incidence by English regions revealed large
variations, with higher rates reported in the northern regions, a
pattern that was observed more than a decade ago during the peak
of the MenC outbreak [ 15]. Further studies are needed to identify
biological and social factors that might help explain these differing
rates.

4.1. Strengths and limitations

The strengths of this study lie in the high case ascertainment
that we have consistently achieved through provision of a national
reference laboratory. We have now supplemented this laboratory-
based surveillance with active, prospective follow-up of every sin-
gle case of laboratory-confirmed IMD in England. Since England
has one of the highest rates of IMD in Europe, the large numbers
of cases provide a more accurate assessment of disease character-
istics due to the different capsular groups (reflecting clonal com-
plex) across the age groups. A limitation, however, is the limited
information collected for surveillance purposes, in terms of more
detailed clinical (onset, presenting features, progression manage-
ment, supportive care, complications at discharge), laboratory
(white cell count, inflammatory markers, CSF findings) and long-
term outcomes. Such information, however, is not readily available

using our current data sources, which were mainly developed for
public health surveillance purposes. Whilst the CFR associated
with IMD continues to fall, there is also a need to determine
whether this is associated with changes in long-term neurodevel-
opmental outcomes among survivors. We are currently collecting
detailed clinical information on childhood IMD cases since the
introduction of 4CMenB in the national immunisation programme.

5. Conclusions

We have described the current burden of IMD in a high-income
European country with established national surveillance, prior to
the introduction of two new meningococcal immunisation pro-
grammes. The large number of cases allowed us to describe the dis-
ease in detail by serogroup and by age group. Our results highlight
the changing and dynamic epidemiology of IMD, both between
geographical regions and over time. On-going high-quality epi-
demiological and laboratory-based surveillance will play a critical
role in evaluating the impact of the two new meningococcal immu-
nisation programmes in the UK.
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Summary

Background The UK introduced 4CMenB—a multicomponent vaccine against serogroup B meningococcal disease—
into the national infant immunisation programme in September, 2015. The Meningococcal Antigen Typing System
(MATS) was used to estimate coverage by 4CMenB of invasive meningococcal group B isolates obtained during
2007-08 in England and Wales (MATS coverage). We aimed to repeat the MATS survey for invasive meningococcal
group B isolates obtained during 2014-15, before 4CMenB introduction; compare strain coverage between 2007-08
and 2014-15; and investigate associations between MATS coverage, age, region, and disease outcomes.

Methods Invasive serogroup B meningococcal isolates from cases in England, Wales, and Northern Ireland during
2014-15 were assayed using MATS and compared with 2007-08 data. MATS coverage was assessed by geographical
region and age group. Clinical characteristics, risk factors, and outcomes were assessed according to MATS coverage
for 201415 English cases.

Findings In 2014-15, 165 of 251 (66%; 95% CI 52-80) meningococcal group B isolates were estimated by MATS to be
covered by 4CMenB, compared with 391 of 535 (73%; 95% CI 57-87) in 2007-08. The proportion of MATS-positive
isolates with one vaccine antigen increased from 23% (122 of 535) in 2007-08 to 31% (78 of 251) in 2014-15, whereas
the proportion with more than one antigen fell from 50% (269 of 535) to 35% (87 of 251). This effect reflected changes
in circulating strains, particularly ST-269 clonal complex strains. MATS coverage increased with age, varied by

geographical region, and was associated with more severe disease.

Interpretation In 2014-15, two-thirds of meningococcal group B isolates were predicted to be covered by 4CMenB.

Temporal changes in MATS coverage underscore the need for continued monitoring of antigen exp

ion and
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Introduction
In September, 2015, the UK introduced a novel multi-
component vaccine (4CMenB; Bexsero, GlaxoSmithKline
Vacdnes, Siena, [taly) against serogroup B meningococcal
disease into the nationally funded infant immunisation
programme.’ Similar to most European countries, group B
is the main serogroup that causes invasive meningococcal
disease in the UK, with the highest incidence in infants.'
Currently licensed glycoconjugate vaccines that target the
capsular polysaccharides of serogroups A, C, W, and Y
meningococci do not provide any cross-protection against
other meningococcal serogroups.” The development of
polysaccharide-based vaccines against meningococcal
group B disease has been hampered because of structural
similarities to fetal neural tissue, rendering the poly-
saccharide poorly immunogenic.

During development of the 4CMenB vaccine, relatively
conserved and cross-protective meningococcal group B

surface proteins were identified by reverse vaccinology.
Three recombinant proteins—factor H binding protein
(fHbp) variant 1.1, neisserial heparin-binding antigen
(NHBA) peptide 2, and neisserial adhesin A (NadA)
variant 3—were included in 4CMenB, along with outer
membrane vesicles containing the porin PorA (P14)
from the New Zealand outbreak strain. Unlike capsular
polysaccharides, which tend to be expressed abundantly
and are antigenically relatively uniform in invasive
meningococci, surface proteins can be sparse and
antigenically diverse. Poorly expressed surface proteins
and antigenic variability resulting from different
mechanisms (eg, mutation or recombination)’ might
resultin the binding of insufficient antibodies to promote
complement-mediated lysis. Therefore, the ability of
4CMenB to protect against serogroup B meningococcal
strains and the breadth of protection depends on the
degree of surface expression and the extent to which
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Research in context

Evidence before this study

We searched PubMed with the terms “meningococcal B” and any
combination of “vaccine”, “coverage”, “MATS", or
“Meningococcal Antigen Typing System”. Publication dates and
languages were not limited. Initial studies using the
Meningococcal Antigen Typing System (MATS) reported the
assay to be reliable and reproducible, providing a conservative
estimate of 4CMenB coverage. There is an association between
the number of vaccine antigens predicted to be covered by MATS
and the probability of beingkilled by immune serum inthe
serum bactericidal antibody assay. Strains covered by two or
more antigens have a 96% probability of being killed compared
with at least 80% of strains covered by one antigen. In a large
European survey of more than 1000 dinical meningococcal
group B isolates from the 2007-08 epidemiological year, MATS
predicted that 78% (95% Cl 63-90) of all meningococcal group B
strains would be killed by post-vaccination sera, with half of all
strains and 64% of MATS-positive strains covered by more than
one vacdine antigen. Other countries have since reported

(< ge of meningococcal group Bisolates by 4CMenB and, ina
global review, coverage as predicted by MATS ranged from 66%
in Canada to 91% in the USA. We found one study from Canada
reporting regional variation and trends in coverage over time.

Our search identified no studies assessing ¢ ge of isol.

gococcal dit fell between 2007-08 and
2014-15, and coverage by more than one antigen also
decreased. These dedines were mainly attributable to changes
in circulating strains, particularly the ST-269 donal complex.
Regional coverage of isolates as predicted by MATS varied
widely and was lower in most regionsin 2014-15 compared
with 2007-08. By comparison with older children and adults,
coverage of meningococcal group B isolates by 4CMenB was
lower in infants, who are also less likely to benefit from the
cross-protective effects of the vaccine. In England,
MATS-positive meningococcal group B strains were more likely
to cause invasi ingococcal di in healthy individual
and more severe disease, in terms of intensive-care admission
and death, than were MATS-negative strains.

Implications of all the evidence

Our findings emphasise the complexity of estimating 4CMenB
strain coverage and highlight the importance of MATS when
assessing vaccine impact on gococcal group Bdi in
a population with fluctuating strain coverage. The assodation
we identified between MATS-positive strains and increased
severity of disease—although expected—is reassuring because it
suggests that immunised infants might develop milder disease.
The UK will be the first country to assess the usefulness of MATS

by 4CMenB assodated with clinical disease, severity, or outcome.

Added value of this study
In England, Wales, and Northern Ireland, coverage of
meningococcal group Bisolates by 4CMenB from patients with

vaccine-induced antibodies recognise and bind to these
proteins.*

The Meningococcal Antigen Typing System (MATS) is
a qualitative and quantitative ELISA that quantifies fHbp,
NHBA, and NadA expression in combination with the
ability of 4CMenB-induced antibodies to recognise these
proteins on individual meningococcal isolates.® For an
isolate to be deemed vaccine-preventable (MATS-positive),
either the relative potency of one or more antigens must
be greater than the respective positive bactericidal
thresholds, which were assigned on the basis of killing
using post-vaccination pooled sera from toddlers, or the
isolate must possess homologous PorA (P1.4).*

The first application of MATS to a large-scale
epidemiological survey entailed assaying 1052 sero-
group B meningococcal isolates from five European
countries obtained during 2007-08; all meningococcal
group B isolates possessed at least one gene encoding a
major vaccine antigen® MATS predicted that 78% of
meningococcal group B isolates from patients across
Europe (including 73% in England and Wales) would be
killed by post-vaccination serum samples (referred to
herein as MATS coverage). Since this survey is now
almost a decade old, we aimed to perform a second

Publiched
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for ing vaccine impact and to characterise the
di in both vaccinated and

gococci causing il
unvaccinated cohorts.

MATS survey of isolates from patients with invasive
serogroup B meningococcal disease in England, Wales,
and Northern Ireland during 2014-15, the last
epidemiological year before 4CMenB introduction.
We then aimed to compare MATS coverage and regional
distribution with the corresponding 2007-08 data.
We also aimed to assess age distribution, clinical
characteristics, and outcomes of invasive meningococcal
disease in patients with MATS-positive and MATS-
negative meningococcal group B isolates.

Methods

Data collection

Public Health England conducts enhanced national
surveillance of invasive meningococcal disease and
provides a national reference service for confirmation of
this disease and characterisation of invasive meningococci
(both culture and non-culture)’” Confirmed cases in
England are followed up routinely with a short
questionnaire sent to the patient’s family doctor requesting
information on comorbidities, clinical presentation,
intensive-care admission, and outcomes. We obtained data
for all patients in England, Wales, and Northern Ireland
diagnosed with invasive serogroup B meningococcal

line March 30, 2017 http://dx.doi.org/10.1016/51473-3099(17)30170-6
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disease between July 1, 2014, and June 30, 2015. Data for
meningococcal group B isolates obtained in 2007-08 have
been published previously.*

Procedures

We characterised isolates genotypically by multilocus
sequence typing® and each of the four main 4CMenB
antigens. Genotypic characterisation of 2007-08 isolates
was done using Sanger sequence analysis.® We did
genotypic characterisation of 201415 isolates using the
lllumina platform’ and with data extracted from the
Meningitis Research Foundation’s Meningococcus
Genome Library, which contains genome sequences for
all English, Welsh, and Northern Irish invasive isolates
received by the Public Health England Meningococcal
Reference Unit since July, 2010, and is populated on an
ongoing basis.”

We generated MATS data for both epidemiological
years (2007-08 and 2014-15) using the same methods
described previously.*" We determined PorA subtypes
by phenotyping’ Sanger sequencing, and genome
sequencing.” We defined predicted strain coverage as the

because they showed a lower affinity for genetically distant
and middle-to-low fHbp-expressing strains. We set new
specifications using previously described standardisation
methods.® For 2014-15 isolates, the fHbp positive
bactericidal threshold was 0-012 (95% CI 0-008-0-018)
compared with 0-021 (0-014-0-031) in 2007-08,
whereas NHBA and NadA positive bactericidal thresholds
did not change from those set in 2007-08 (0-294
[0-169-0- 511] for NHBA; 0-009 [0-004-0-019] for NadA).”
We stratified the fHbp and NHBA peptides by their relative
potencies and plotted them against the positive bactericidal
thresholds in MATS. We assigned isolates with relative
potency less than the lower limit of quantification (LLOQ)
half of the LLOQ (0-0045 for 2007-08 fHbp isolates; 0-002
for 2007-08 NHBA isolates and for both antigens in
2014-15 isolates), and we did not include isolates with
peptide frequencies less than 5 (either dataset).

Statistical analysis
We analysed data using Stata SE version 13.1; data are
mainly descriptive. We described data that did not follow

proportion of serogroup B meningococcal isolates with 2007-08 2014-15

MATS relative potency greater than the positive MenBisolates MATS MenB  MATS coverage
bactericidal thresholds for one or more antigen or the (n=535) coverage isolates (%)
presence of PorA (P14). (%) (n=251)

For 2007-08 isolates, we calculated log-normal approxi- @269 176 (33%) 73% 60(24%)  53%
mation estimates of 95% Cls for all positive bactericidal cc41/44 169 (32%) 94% 82(3%)  94%
thresholds and based them on overall assay reproducibility, @13 52 (10%) 7% 26(10%)  23%
as described in the MATS laboratory standardisation Unassigned 35 (7%) 54% 22(9%) 64%
study.” We used new rabbit sera to manufacture fhbp 2 31 (6%) 100% 23(9%) 3%
MATS plates for the 2014-15 analysis, but these required cc4b1 12 2%) 42% 10 (4%) 10%
reassignment of a new positive bactericidal threshold 60 1.2%) 46% 3(1%) 67%

€62 10 (2%) 100% 8(3%) 88%
2007-08 (n=535)  2014-15 (n=251) cas :(zx) 8:95 1(<1%) 100%
35 (%) 38% 9(4%) 33%
No anti 2; 86
o mug_em 11::(27*) 88:") cal 6(1%) 100% (]
s 123%) 7861 282 4(1%) 50% 0
fHbp 78 (15%) 63 (25%)
257] 2(<1%) 50% 0 =
i 423 146%) 5] 2 (<1% 100% 0
adh o 0 (e: 2:<1x; 0% 1(<1%) (;
« (< <
PorA 2(<a%) 1(<1%)
R 184 (34%) 64 25%) 8 1(<1%) 100% (1] =
cao3 1(<1%) 0% 1(<1%) 0
fHbp + NHBA 160 (30%) 44 (18%)
caz 1(<1%) 0% 0
fHbp + NadA 0 52%)
fHbp +PorA 5 By 226 1(<1%) 0% 0 =
865 1(<1%)  100% 1(<1%) 0
PorA + NHBA 5(1%) 3(1%) e R S -
<
NHBA +NadA 2 (<1%) (] ?
Three antigens 85 (16%) 23(9%) codsz Y 2 1ax). 0
Total - 73% 66%
fHbp+ NHBA + PorA 84 (16%) 23(9%) ed
fHbp+ NHBA + NadA 1(<1%) 0
Dataare mmben)ﬁsoh!s (%), unless otherwise stated. (ctlaul conplex
Data are number of lsoht!s (%). ﬁbp-faaotﬂbmdmg protein. NadA=neisserial MATS: | Antigen Typing System. MenB:
adhesin A. NHBA=nei: | heparin-bindi PorA=porin A. serogroup B.
Table 1: 4CMenB ffordi amongi Table 2: Clonal complex distributi i | group B
meningococcal Bisolates from Enymd Wales, and Norﬂlem Ireland isolates from England, Wales, and Nanhem Ireland in 2007—08 and
during 2007-08and 2014-15 2014-15 and MATS ge ch clonal
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See Online for appendix

No antigen fHbp NHBA NadA PorA
2007-08 201415 2007-08 201415 2007-08 2014-15 2007-08 2014-15 2007-08 2014-15
103 1(100%) 1(100%) [} [} 0 [} [ [} 0 0
«1l 0 0 0 0 2(33%) 0 0 (1] 0 0
1157 0 2(67%) 1(100%) 1(33%) o 0 0 (] 0 0
«162 0 1(13%) 3(30%) 2(25%) 5 (50%) 3(38%) 0 0 1(10%) ©
«l174 1(100%) 0 (1] 0 0 0 0 0 0 0
«18 1(11%) 0 8(89%) 1(100%) 0 ] 0 0 0 0
«213 43(83%) 18 (75%) 5(10%) 5(21%) 3(6%) o o o 0 1(4%)
«22 1(50%) 0 0 0 0 [ 0 ] 0 0
«226 1(100%) 0 0 0 o 0 (1] 0 0 0
«254 0 0 ] 1] 1(50%) 0 0 0o 0 ]
€269 48 (27%) 26 (45%) 26 (15%) 25(43%) 13(7%) 1(2%) 0 0 0 0
«282 2(50%) 0 0 1] 0 0 0 0 0 1]
«32 0 3(13%) 14(45%) 12(50%) 0 1(4%) 0 0 0 0
«35 4 (50%) 6 (67%) 1(13%) 0 2(25%) 3(33%) 0 0 0 0
«364 2 (100%) 1(100%) 0 0 0 0 0 0 0 0
«41/44 11(7%) 5 (6%) 5(3%) 3(4%) 8(5%) 6(7%) 0 0 1(1%)  1(1%)
461 7 (58%) 9 (90%) 0 1(10%) 3(25%) 0 0 0 0 0
«4821 0 1(100%) 0 [} 0 0 0 o 0 0
60 6 (55%) 1(33%) 2(18%) 2(67%) 2(18%) 0 0 0 0 0
«8 0 0 0 0 0 0 0 0 0 0
865 0 1(100%) 0 0 1(100%) 0 0 0 0 0
Unassigned 16 (46%) 8(38%) 13(37%) 10 (48%) 2(6%) 1(5%) (] 0 0 0
Data are number of isolates (%). for each clonal by year areiin table 2. cc=clonal complex fHbp=factor Hbinding pi NadA ladhesin A.
NHBA=neisserial heparin-binding antigen. PorA=porin A.
Table 3: b finvasi ingt | group B isolates from d, Wales, and Ireland afforded p by no orone antigenvs
clonal complex: 2007-08 and 2014-15

a normal distribution as median (IQR) and compared
them using the Mann-Whitney U test. We compared
proportions using the X2 test or Fisher's exact test, as
appropriate. We based 95% ClIs for MATS coverage on
overall assay reproducibility using a log-normal scale to
estimate 95% Cls around the positive bactericidal
thresholds for the different antigens, then calculating the
proportion of relative potencies falling within the upper
and lower limits. We did the same analysis for both
epidemiological years (2007-08 and 2014-15). We used
logistic regression to assess any association between
adverse outcomes (intensive-care admission or death)
and MATS positivity (yes or no), after adjusting for age
(<1 year, 1-2 years, 3—4 years, or =5 years), underlying
comorbidity (present or absent), and clinical presentation
(meningitis, septicaemia, both, or other).

Role of the funding source

Public Health England, which is an executive agency of
the UK Department of Health, employs SRP, MER, SNL,
IN, SS, JL, SJG, SAC, JF, and RB; GlaxoSmithKline
Vaccines employs MS, RDP, MG, LS, and MP. The
authors had sole responsibility for study design, data
collection, data analysis, data interpretation, and writing
of the report. The corresponding author had full access
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toall the data in the study and had final responsibility for
the decision to submit for publication.

Results

Between July 1, 2014, and June 30, 2015, 764 cases of
invasive meningococcal disease were confirmed in
England, Wales, and Northern Ireland, including
440 (58%) cases of serogroup B meningococcal disease,
of which 251 (57%) were culture-confirmed (appendix
pp7-16). By comparison, in 2007-08, 1289 cases of invasive
meningococcal disease were confirmed in England, Wales,
and Northern Ireland, with 1123 (87%) serogroup B of
which 535 (48%) were confirmed by culture.

In 2014-15, 165 (66%; 95% CI 52-80) of 251 meningo-
coccal group B isolates contained antigens that were
covered by 4CMenB, compared with 391 (73%; 57-87)
of 535 in 2007-08 (table 1; appendix p 4). For both years,
MATS-positivity was most frequently due to coverage by
fHbp alone and in combination with NHBA. None of the
MATS-positive isolates in either year were covered by all
four vaccine antigens. The proportion of isolates covered
by more than one vaccine antigen fell from 50% in
2007-08 to 35% in 2014-15, whereas the proportion
covered by one antigen increased from 23% to 31%. This
difference was mainly attributable to a shift in the
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fHbp+NHBA fHbp +PorA fHbp+NadA NHBA +NadA NHBA +PorA fHbp + NHBA+ NadA  fHbp + NHBA +PorA
2007-08 2014-15 2007-08  2014-15 2007-08 2014-15 2007-08 2014-15 2007-08 2014-15 2007-08 2014-15 2007-08 201415
€103 0 o o o 0 o o 0o 0 0 0 o o o
ccnn 1(17%) 0 0 0 0 233%) 0 0 0 117%) © 0 0
cc1157 0 o o o 0 0 o 1] o 0 0 o o o
cc162 0 0 0 0 0 0 0 0 1(10%) 2(25%) O 0 0 0
cc174 o o o o o 0 0 0 o 0o 0 0 o 0
ca8 1] 0 0 o 0 0 o 0o o 0 0 o 0 0
«213 1(2%) o o o 0 0o 0 0o o 0 o o o o
«Q2 1(50%) (1} 0 0 0 0 0 0 ] 0 0 0 0 (1]
«226 0 o 0 o 0 o 0 0 0 0 0 o o o
«254 1(50%) 0 o o 0o [} o 0o o 0 0o o (1] o
€269 85 (48%) 6 (10%) 0 0 0 0 0 0 1(1%) o0 0 0 3(2%) (]
€282 1] 0 2(50%) 0 0 1] 0 0 o 0 0o 0 0o 0
32 17 (55%) 4(17%) o0 0 0 4(17%) 0 0 0 0 0 0 0 0
35 1(13%) 0 0 0 0 0 0 0 0 0 0 o (] 0
364 0 0 [} 0 0 (1] 0 0 0 0 0 0 o 0
cc41/44 46 (27%) 32(39%) 15(9%) 11(13%) O 0 0 0 3Q%) 1(1%) o0 [ 80(47%)  23(28%)
461 2(17%) o o o 0 0 0 0o 0 0 0 o 1] o
«4821 0 0 0 0 0 ] o 0 0 0 0 o [} 0
60 1(9%) o 0 0 0 0 0 0 0 0 0 0 1] 0
8 1(100%) (] 0 o 0 0o o 0o 0 0 (1] o 0 0
cc865 0 0 ] 0 0 0 0 0 0 0 0 0 0 0
Unassigned 3(9%) 1(5%) 0 0 0 1(5%) 0 0 0 0 0 0 1(3%) 0
Data are number of isolates (%). Denominators for each donal complex by year are in table 2. cc=clonal complex. fHbp=factor H binding protein. NadA=neisserial adhesin A. NHBA=neisserial heparin-binding
antigen. PorA=porin A.
Table 4: bers of invasi ing | group B isolates from England, Wales, and hern Ireland afforded p tion by two or more antigy lonal complex: 2007-08 and
2014-15

proportion of isolates covered by both NHBA and fHbp
in 2007-08 to a higher frequency of isolates covered by
fHbp only in 2014-15.

The clonal complexes cc269, cc41/44, and cc213
accounted for more than two-thirds of meningococcal
group B isolates during 2007-08 and 2014-15 (table 2;
appendix p 1). The proportion of cc269 isolates decreased
by 9%, from 33% in 2007-08 to 24% in 2014-15. MATS
coverage of cc269 also decreased, from 73% to 53%,
mainly through loss of coverage provided by NHBA, both
individually (table 3; appendix p 6) and in combination
with fHbp (table 4; appendix p 6). The clonal complex
cc41/44 accounted for around a third of isolates and
retained very high MATS coverage (94% in both 2007-08
and 2014-15; table 2). MATS coverage for cc213 increased
by 6% (from 17% in 2007-08 to 23% in 2014-15) because
of a proportional increase in isolates possessing
protective fHbp variant 1 (table 3). cc32 representation in
isolates increased by more than 3% between 2007-08 and
201415, but MATS coverage of this clonal complex
declined by 7% (table 2).

The clonal complex cc269 is composed of two major
clusters, centred around sequence types (ST)-269 and
ST-275, respectively. A large proportion of unassigned
isolates share four or more loci with ST-275 on multilocus

sequence typing but fewer than four with the founder
sequence type ST-269 and, thus, are unassigned to cc269.
In 2007-08, this included 15 of 35 unassigned isolates,
seven of which were MATS-positive. If these isolates had
been included in the ST-275 cluster, the overall number
of cc269 isolates would have increased from 176 to 191
(thus, MATS coverage 135 of 191 [71%, rather than 73%;
table 2]). In 2014-15, five unassigned isolates could be
treated as belonging to the ST-275 cluster, none of which
were MATS-positive (thus, MATS coverage 32 of 65 [49%,
rather than 53%; table 2]). ST-269 cluster isolates typically
have NHBA peptide 21, which is more likely to have a
relative potency greater than the positive bactericidal
threshold, whereas ST-275 cluster isolates harbour
NHBA peptide 17, which is less likely to have a relative
potency greater than the positive bactericidal threshold
(appendix p 2). Compared with 2007-08, the proportion
of isolates with NHBA peptide 21 was lower in 2014-15,
whereas those with NHBA peptide 17 remained stable
(figure 1; appendix p 2). NHBA peptide 21 coverage
decreased by 23% between 2007-08 and 201415 (86% [97
of 113] in 200708 to 63% [19 of 30] in 2014-15). Similar
trends were observed with fHbp peptide subvariants 1-15
and 1-13 (figure 1; appendix p 3), which are associated
with the ST-269 and ST-275 clusters, respectively. These
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Figure 1: Distribution of MATS relative potendies of fHbp and NHBA peptid

fHbp=factor H binding protein. LLOQ=lower limit of quantification. MATS=Meningococcal Antigen Typing
System. NHBA=neisserial heparin-binding antigen. PBT=positive bactericidal threshold.

in

group B isolates in England, Wales, and Northern Ireland during 2007-08 and 2014-15
(A) fHbp peptide subvariants in 2007-08 (n=442). (B) fHbp peptide subvariants in 2014-15 (n=226). (C) NHBA
peptide in 2007-08 and 2014-15 (n=785). Groups accounting for fewer than five isolates are not induded in
the plots. Boxes represent the median and IQR for each distribution and whiskers signifythe 75th
percentile + 1.5 xIQR and the 25th percentile -1-5 xIQR. The horizontal dashed line represents the respective
PBT for each antigen and the two horizontal solid lines are the 95% CI. Dots signify individual outliers.
LLOQ=0-009 for fHbp in 2007-08, and 0-004 for NHBA in 2007-08 and for both antigens in 2014-15.1/2
LLOQ=0-0045 for fHbp in 2007-08, and 0-002 for NHBA in 2007-08 and for both antigens in 2014-15.
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changes resulted in a decrease in MATS coverage of
cc269 in 2014-15.

During 201415, 39% of isolates (99 of 251) had one or
more proteins homologous to a vaccine antigen
compared with 35% (189 of 535) during 2007-08.
Coverage by each individual vaccine antigen declined
between 2007-08 and 2014-15 (from 64% to 59% for
fHbp; from 55% to 33% for NHBA; and from 20% to 16%
for PorA), except NadA for which coverage increased
(from 1% to 2%; figure 2).

During 2007-08, the fHbp gene was absent in only
one (0-19%) of 535 isolates, and two other isolates (0-37%)
had frameshift mutations. No deletions or frameshifts
were noted among 2014-15 isolates. The overall distribution
of fHbp varants remained the same between the
two periods, with variant 1 being the most prevalent
(70% in 200708 and 68% in 2014-15; appendix p 3). MATS
coverage of fHbp decreased between 2007-08 and 201415,
from 63% (333 of 532) to 59% (148 of 251). A 2% increase
was recorded in the proportion of isolates with the vaccine-
homologous fHbp subvariant 1.1. None of the isolates
containing variant 2 or 3 was above the fHbp positive
bactericidal threshold for either year (figure 1).

In 2007-08, 18% of meningococcal group B isolates
(97 of 535) possessed NadA alleles, including all ccll
(n=6), cc32 (n=31), and ccl157 (n=1) isolates and a
proportion of cc213 (47 of 52 [90%]), cc269 (four of
176 [2%]), cc364 (one of two [50%)]), cc41/44 (one of
169 [1%]), and unassigned (six of 35 [17%]) isolates.
Of the 97 isolates containing NadA alleles, 31 possessed
alleles encoding intact peptide subvariants that would
potentially be recognised by 4CMenB-induced antibody
(NadA-1 and NadA-2/3). However, only three of
535 isolates (1% overall, all cc11) were above the NadA
positive bactericidal threshold.

In 2014-15, 22% of meningococcal group B isolates
(54 of 251) possessed NadA alleles, including all cc1157
isolates (n=3) and a proportion of cc32 (22 of 23 [96%)),
cc213 (23 of 26 [88%]), cc269 (one of 60 [2%]), and
unassigned (five of 22 [23%)]) isolates. 37% of NadA
alleles (20 of 54) encoded intact peptide subvariants that
would potentially be recognised by 4CMenB-induced
antibody, but only five of 251 isolates (2% overall,
four cc32 and one unassigned) were above the NadA
positive bactericidal threshold.

The PorA (P1.4) subtype wasidentified in 20% (107 of 535)
and 16% (39 of 251) of isolates in 2007-08 and 201415,
respectively. This difference was mainly attributable
to a lower prevalence of P14 among cc41/44 isolates
(appendix p 1). Among the remaining isolates, PorA
variable region 2 was highly diverse in both periods, with
49 distinct variants belonging to 15 families in 200708 and
ten families in 2014-15. PorA variable region 2 was deleted
in one isolate (belonging to cc41/44) in 2007-08.

The vaccine-homologous NHBA peptide 2 was
harboured by a quarter of meningococcal group B
isolates for both periods, but MATS-coverage of NHBA
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peptide 2 isolates was 3% lower (from 97% in 2007-08
to 94% in 2014-15; figure 1). Three other peptides
(21, 17, and 18) accounted for 42% (223 of 535) of
the remaining NHBA peptides in 2007-08 and 37%
(92 of 251) in 2014-15. The lower MATS coverage of
NHBA in 2014-15 was attributable to small reductions
across several peptides, most notably, peptide 21.

In 2007-08, 93 (17%) of 535 isolates had fHbp relative
potency values less than or equal to the LLOQ compared
with 21 (8%) of 251 isolates in 2014-15. Overall, the
distribution of fHbp variant 1 was similar between the
two periods, with most isolates having relative potencies
above the positive bactericidal threshold (figure 1). NHBA
peptides, on the other hand, were more variable between
the two periods, with a high proportion of isolates falling
within or below the 95% CI boundaries (figure 1).

MATS coverage was highest for individuals older than
5 years for both 2007-08 (77%) and 2014-15 (70%). In
2014-15, MATS coverage, and the number of antigens
covered, were mostly lower across the age groups,
compared with 2007-08 (table 5). In particular, in
2014-15, 37% (26 of 70) of meningococcal group B
isolates in infants (age <1 years) were MATS-negative
and a further 30% (21 of 70) were only covered by one
vaccine antigen (table 5).

MATS coverage varied by UK region; during 2007-08
it was 53-79% and in 2014-15 it was 48-80%. MATS
coverage fell in eight of 11 regions, with significant
declines in the West Midlands and Yorkshire and
Humber (appendix p 4). The increase in MATS coverage
in two regions was not significant.

In 2014-15, 231 (92%) of 251 cases were from England.
MAT S-positivity was associated with a lower prevalence
of underlying comorbidities (p=0-002) and, although not
significant, intensive-care admissions (p=0-128) and
deaths (p=0-874) were higher (appendix p 5). In a logistic
regression model, MATS-positivity was associated with a
1-95-fold increased risk (95% CI 1-02-3-76; p=0-017) of
severe invasive meningococcal disease (intensive-care
admission, death, or both), independent of age, sex,
underlying comorbidity, or clinical presentation.

Discussion

This study provides baseline data for MATS coverage of
serogroup B meningococcal disease in England, Wales,
and Northern Ireland before introduction of the
4CMenB (Bexsero) vaccine. Cases of serogroup B
meningococcal disease more than halved between
2007-08 and 201415, from 1123 cases to 440 cases (61%
decrease), MATS coverage declined from 73% to 66%,
and the proportion of isolates covered by more than one
antigen fell from 50% to 35%. In infants younger than
1 year, the age group targeted for vaccination, a third of
isolates were MATS-negative and more than a third
(37%) were only covered by one vaccine antigen. We
found some evidence of more severe disease, in terms
of lower comorbidity prevalence and increased risk of
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Antigen
Figure 2: Prop, of invasive | group B isolates from England, Wales, and Northern Ireland

during 2007-08 and 2014-15 afforded protection by each vaccine antigen
fHbp=factor H-binding protein. MenB=meningococcal serogroup B. NadA=neisserial adhesin A. NHBA=neisserial
heparin-binding antigen. PorA=porin A.

No antig - i =, o o o

2007-08 (n=534")

Age <1years (n=150) 50(33%) 38(25%) 45(30%) 17 (11%)

Age 1-2years (n=69) 20(29%) 23(33%) 14(20%) 12 (17%)

Age 3-4 years (n=105) 26 (25%) 20(19%) 40(38%) 19 (18%)

Age =5 years (n=210) 49 (23%) 46 (22%) 80(38%) 35 (17%)

2014-15 (n=232%)

Age <1years (n=70) 26 (37%) 21(30%) 18(26%) 5(7%)

Age 1-2years (n=55) 21(38%) 13 (24%) 16(29%) 5(9%)

Age 3-4 years (n=15) 7(47%) 1(7%) 5(33%) 2(13%)

Age 25 years (n=92) 28 (30%) 35(38%) 20(22%) 9 (10%)
Dataare number of isolates (% of age group). MATS=Meningococcal Antigen Typing System. *Age was not reported
forone casein 2007-08 and 19 casesin 2014-15.

Table 5: MATS ge of invasi: ing | group Bisolates from England, Wales, and Northern
Ireland in 2007-08 and 2014-15, stratified by age group

intensive-care admissions and death, associated with
MATS-positive isolates.

MATS coverage in 2014-15 was lower than in 2007-08,
mainly because cases attributable to cc269 (the most
prevalent clonal complex in 2007-08) declined, whereas
the proportion of the less well covered cc269 sub-
population (the ST-275 cluster) increased, resulting in
lower coverage attributable to NHBA. This change led to
a higher proportion of isolates covered by one antigen
(fHbp) only, which potentially could affect the protection
offered by 4CMenB. In one study, 80% of strains with
one vaccine antigen were killed by immune serum in the
serum bactericidal antibody assay compared with 96%
for strains with two or more antigens.* At the same time,
the cross-protection offered by vaccine-induced
antibodies is lower in infants compared with children
and adults.**
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MATS, however, provides a conservative estimate of
protection offered by 4CMenB when compared with
serum bactericidal antibody assays.® For example, some
evidence suggests a synergistic effect, whereby antibodies
that are not independently bactericidal can augment the
killing effect in serum bactericidal antibody assays.”
Antibodies against minor components of the outer
membrane vesicle might also contribute to the killing.”
Additionally, NadA coverage could be higher than
predicted by MATS because NadA expression is repressed
under in-vitro growth conditions.*

On the other hand, a third of 4CMenB-vaccinated
adolescents in a recent US university outbreak had no
bactericidal antibodies against the outbreak strain in a
human serum bactericidal antibody assay, despite this
strain being predicted by MATS to be covered by fHbp
and NHBA. However, no additional cases have been
reported since the start of the vaccination campaign.”
In view of the uncertainties surrounding both MATS and
serum bactericidal antibody for predicting clinical
protection, the early UK data reporting high vaccine
effectiveness and significant reductions in cases of
serogroup B meningococcal disease among 4CMenB-
eligible infants are reassuring.®

Previous study findings have shown that the clonal
complex does not reliably predict MATS positivity or
killing in the serum bactericidal antibody assay because
of the dynamic antigenic expression within strains,
within clonal complexes, or both.” The two main
cc269 clusters, for example, show different genotypic and
phenotypic profiles with respect to the genes encoding
4CMenB antigens and MATS coverage.” Furthermore,
the diversification of isolates that cluster around ST-275
away from ST-269 underestimates the scale of both the
ST-275 cluster and the overall clonal complex, making it
difficult to accurately predict coverage of either clonal
complex or cluster. Recent genotype-phenotype model-
ing has shown some promise, with one study estimating
66% coverage for meningococcal group B isolates in the
UK and Ireland during 2010-14 using Bexsero Antigen
Sequence Type (BAST) scheme.”

We assessed MATS coverage by region and found wide
variation, even between neighbouring areas, and over
time, similar to findings of a Canadian study* This
finding is important when interpreting coverage in
countries with few cases of serogroup B meningococcal
disease, particularly if MATS assessment is undertaken
intermittently. MATS-positive strains were also associated
with more severe disease, a finding that is, perhaps, not
surprising since the selected vaccine antigens are
important virulence factors. Immunised infants could,
therefore, potentially develop milder disease; this
possibility is being monitored after 4CMenB introduction.
We did not find any association with clinical presentation,
which suggests a more important role for host factors.

The limitations of MATS for predicting killing of specific
meningococcal group B strains are well described.*
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By using the same laboratory to do MATS testing® we could
compare regional and national variations in strain
coverage over a 7-year interval, although we cannot
comment on any trends between these two periods. Since
MATS can only be done on cultured isolates, we cannot
predict the effect of 4CMenB on culture-negative, PCR-
confirmed cases of invasive meningococcal disease,
although meningococcal group B isolates are likely to
provide good overall genotypic representation of invasive
serogroup B meningococcal strains.”

In England, a detailed multifaceted plan is in place for
enhanced surveillance of invasive meningococcal
disease.* This surveillance will provide invaluable data
for the usefulness of MATS for monitoring vaccine effect
and help to characterise the meningococci that cause
invasive meningococcal disease in both vaccinated and
unvaccinated cohorts.
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A675V) require further targeted approaches to relate them
to previous reports. In a study in which only PCHL were
reported (5), the proportion of slowly clearing infections
were 69%, 0%, 30%, and 61% for the P441L, E252Q,
G538V, and A675V alleles, respectively. Discrepancies can
result from confounding pharmacologic (drug level, part-
ner drug), immunologic, and parasitologic (genetic back-
ground, parasitic stage at treatment initiation) factors.

RSA results and K13 genotypes were associated with
delayed parasite clearance, emphasizing the pertinence
of each method to define ART-R. In this area, N458Y is a
marker of ART-R. To solve conflicts about specific muta-
tions, more detailed characterization in vitro and in vivo
is needed.
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To the Editor: We recently reported that postvaccina-
tion serum samples from infants immunized with a novel,
protein-based multicomponent meningococcal serogroup B
(MenB) vaccine (Bexsero; GlaxoSmithKline Vaccines, Ve-
rona, Italy) have bactericidal activity against the hyperviru-
lent meningococcal group W (MenW) strain belonging to
the sequence type (ST) 11 clonal complex (/). Historically,
MenW has been a rare cause of invasive meningococcal
disease (IMD), accounting for <5% of confirmed cases in
England and Wales (2). Since 2009, MenW cases caused by
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this hypervirulent strain have rapidly increased in England
(2). During the 2014-15 epidemiologic year (July 1-June
30), this capsular group accounted for 176 (24%) of 724
IMD cases in England (3). In response to this outbreak, in
August 2015, the United Kingdom introduced an emer-
gency adolescent conjugate vaccination program against
meningococcal capsular groups ACW and Y. Over 2 years,
the program aims to provide vaccine to all youth 13-18
years of age and to new university entrants <25 years of
age. This program is expected to protect adolescents (25
of 176 [14%] MenW cases during 201415 were in those
15-19 years of age), and, by targeting youth with the high-
est carriage rates, to protect others through indirect (herd)
protection, which has been consistently observed in vac-
cine programs, including that for meningococcal group
C (4,5). Indirect protection associated with the adoles-
cent immunization program will likely take several years
to manifest (6).

Infants <1 year of age have the highest incidence of
IMD and the highest number of IMD cases and deaths (5).
During the 201415, 127 (18%) of the 724 IMD cases in
England occurred in this group: 101 (80%) meningococ-
cal group B (MenB) cases, 21 (16%) MenW cases, 1 (1%)
group C case, and 4 (3%) group Y cases (7). In September
2015, MenB vaccine was introduced into the UK infant

A 30
25
20
15

10

Laboratory-confirmed cases

immunization program under a 2-, 4-, and 12-month sched-
ule. We analyzed the epidemiology and long-term trends for
MenW disease in infants in England to assess the potential
effects of the infant MenB immunization program for pre-
venting MenW cases in this highly vulnerable age group.
During the epidemiologic period 1998-99 through
2014-15, a total of 176 MenW cases were confirmed in
infants. The number of cases peaked during 2000-01 (n
= 28) because of a national outbreak associated with the
Hajj pilgrimage and then declined rapidly after mandatory
vaccination for pilgrims was instigated (Figure, panel A).
During that outbreak, most infants acquired the infection
indirectly from family members who traveled to the Hajj,
highlighting this group’s susceptibility to IMD. The num-
ber of MenW cases in infants began increasing again from
4 cases in 2012-13 to 12 in 2013-14 and 21 in 2014-15.
During 201415, these 21 MenW cases represented 16.5%
of 127 total IMD cases among infants, 12% of 176 total
MenW cases, and 3% of 724 total IMD cases in England.
All infants with MenW IMD resided in England and had
not traveled abroad. The number of MenW cases increased
from birth among infants, peaking at 4 months of age and
remaining high until the first birthday. Most (123 [70%]) of
the 176 MenW cases confirmed during (44/66 [67%]) and
after (79/110 [72%]) the Hajj outbreak were in persons >5

Figure. Incidence of invasive
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O Not grouped meningococcal disease (IMD) in
O Other infants <1 year of age in England
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months of age and were potentially preventable by MenB
vaccine vaccination.

During 201213 through 201415, a total 0of 25 (67.5%)
of 37 MenW cases in infants were confirmed by culture; 18
(49%) of these cases were phenotypically characterized as
MenW:2a, a surrogate phenotypic marker for the hyperviru-
lent ST11 MenW strain. Ten (48%) of the 21 isolates from
infants during 2014-15 were MenW:2a, compared with 1
(25%) of 4 during 2012-13 (Figure, panel B). Final diag-
noses reported for 20 infants included meningitis (n = 10
[50%]), septicemia (n =3 [15%]), both meningitis and septi-
cemia (n =5 [10%]), and septic arthritis (n = 1 [2%)]). From
1998-99 through 201415, six infants died of MenW IMD
(case-fatality rate 3.4%). Four of those deaths occurred dur-
ing the Hajj outbreak; only 1 death attributed to MenW oc-
curred during the 3 most recent epidemiologic years.

The rapid increase in MenW cases among infants,
particularly most recently (2014-15), is cause for concern,
and the contemporaneous introduction of MenB vaccine
into the national immunization schedule is timely. Al-
though this vaccine is licensed for prevention of MenB
disease, the antigens are not specific to this capsular group
and could protect against other meningococcal capsular
groups that share the same antigens as those in the vac-
cine. Infants and toddlers immunized with MenB vaccine
are expected to develop bactericidal antibodies against
ST11 MenW. Data on age distribution suggest that =<70%
of MenW cases in infants could be prevented by MenB
vaccination at 2 and 4 months of age. Beginning in mid-
2016, the MenB vaccine booster for children 1 year of age
is also expected to protect toddlers, for whom MenW cases
have also rapidly increased (3).

Acknowledgments

We appreciate and acknowledge the hard work of the
surveillance team at Public Health England Colindale, the
laboratory staff at Public Health England’s Meningococcal
Reference Unit, and local health protection teams.

References
1. Ladhani SN, Giuliani MM, Biolchi A, Pizza M, Beebeejaun K,
Lucidarme J, et al. Effectiveness of meningococcal B vaccine
against endemic hypervirulent Neisseria meningitidis
W strain, England. Emerg Infect Dis. 2016:22:309-11.
http://dx.doi.org/10.3201/eid2202.150369
Ladhani SN, Beebeejaun K, Lucidarme J, Campbell H, Gray S,
Kaczmarski E, et al. Increase in endemic Neisseria meningitidis
capsular group W seq e type 11 complex associated with
severe invasive disease in England and Wales. Clin Infect Dis.
2015:60:578-85. http://dx.doi.org/10.1093/cid/ciu881
3. Campbell H, Saliba V, Borrow R, Ramsay M, Ladhani SN.
Targeted vaccination of teenagers following continued rapid
demic expansion of a single gococcal group W clone
(sequence type 11 clonal complex), United Kingdom 2015.
Euro Surveill. 2015:20:21188.
http://dx.doi.org/10.2807/1560-7917.ES2015.20.28.21188

5]

Emerging Infectious Diseases » www.cdc.gov/eid « Vol. 22, No. 8, August 2016

LETTERS

4. Ramsay ME, Andrews NJ, Trotter CL, Kaczmarski EB, Miller E.
Herd 1 ity from i occal serogroup C conjugate
vaccination in England: database analysis. BMJ. 2003:326:365-6.
http://dx.doi.org/10.1136/bm;j.326.7385.365

5. Trotter CL, McVemon J, Ramsay ME, Whitney CG, Mulholland EK,
Goldblatt D, et al.; SAGE subgroup. Optimising the use of
conjugate vaccines to prevent disease caused by Haemophilus
|influenzae type b, Neisseria meningitidis and Streptococcus
pneumoniae. Vaccine. 2008:26:4434-45.
http://dx.doi.org/10.1016/j.vaccine.2008.05.073

6. Ladhani SN, Christensen H, Trotter C, Ramsay ME. Indirect
impact of an adolescent ycoccal ACWY ¢ vaccine
programme in England with and without catch-up: a transmission
dynamic model. Presented at: 13th Congress EMGM, European
Meningococcal Disease Society: 2015 September 14-17: A rd;
the Netherlands. Abstract 5.01. http://emgm.ew/meetings/
emgm2015/EMGM2015_programme.pdf

7. Public Health England. Infection report. Invasive meningococcal
disease (laboratory reports in England): 2014/2015 annual data by
epidemiological year. Health Protection Report. 2015;9(38) [cited
2016 Mar 23]. https://www.gov.uk/govenment/uploads/system/
uploads/attachment_data/file/498057/hpr3815_imd-crretd. pdf

Address for correspondence: Shamez Ladhani, Public Health England,
Immunisation, Hepatitis and Blood Safety Department, 61 Colindale
Ave, London NW9 5EQ, UK: email: shamez.ladhani@phe.gov.uk

Novel Reassortant Avian
Influenza A(H5N6) Viruses
in Humans, Guangdong,
China, 2015

Yong-Yi Shen,' Chang-Wen Ke, Qian Li,!
Run-Yu Yuan, Dan Xiang, Wei-Xin Jia, Yun-Di Yu,
Lu Liu, Can Huang, Wen-Bao Qi, Reina Sikkema,
Jie Wu, Marion Koopmans, Ming Liao

Author affiliations: Key Laboratory of Zoonosis Prevention and
Control of Guangdong Province, Guangzhou (Y.-Y. Shen);
College of Veterinary Medicine, South China Agricultural
University, Guangzhou, China (Y.-Y. Shen, Q. Li, W.-X. Jia,
Y.-D. Yu, W.-B. Qi, M. Liao); Guangdong Provincial Center for
Disease Control and Prevention, Guangzhou (C.-W. Ke, R--Y.
Yuan, J. Wu); Shantou University Medical College, Shantou,
China (D. Xiang, L. Liu, C. Huang); Key Laboratory of Veterinary
Vaccine Innovation of the Ministry of Agriculture, Guangzhou
(W.-B. Qi); National Institute of Public Health and the Environ-
ment, Bilthoven, the Netherlands (R. Sikkema, M. Koopmans);
National and Regional Joint Engineering Laboratory for
Medicament of Zoonosis Prevention and Control, Guangzhou
(M. Liao)

DOI: http://dx.doi.org/10.3201/eid2208.160146

"These authors contributed equally to this article.

46



Chapter Three

2. Impact and effectiveness of the 4CMenB vaccine in the national infant
immunisation programme in England

3.1. Study 4

Effectiveness and impact of areduced infant schedule of 4CMenB vaccine
against group B meningococcal disease in England: a national observational
cohort study The Lancet (2016)

Sydel R Parikh, Nick J Andrews, Kazim Beebeejaun, Helen Campbell, Sonia Ribeiro,

Charlotte Ward, Joanne M White, Ray Borrow, Mary E Ramsay, Shamez N Ladhani

3.1.1. Study 4 Aim
This study aimed to generate data on early estimates of the impact of the 4CMenB
vaccine against MenB disease in infants and also the vaccine effectiveness (VE)
against MenB disease in immunized individuals in England after the first 10 months of

investigation of the vaccine into the national programme.

3.1.2. Study 4 Summary
Data from the enhanced national surveillance of IMD was used to ascertain the number
of confirmed MenB cases in vaccine eligible infants. This was followed up with local
PHE health protection teams, general practitioners and hospital clinicians to collect
demographic data, vaccination history, clinical presentation and determine the
outcomes of disease. For cases diagnosed between 01 September, 2015 and 30 June,
2016, vaccine effectiveness was assessed using the screening method (Farrington,
1993). VE was calculated for at least one dose and two doses based on specific ages
including a comparator group (Table 3) and allowing for 2 weeks (14 days) for the
development of an adequate immune response. Population vaccine coverage in

England was obtained from ImmForm, an online system used by PHE to collect vaccine



coverage data for some national immunisation programmes. Since ImmForm does not
collect individual dates of birth or vaccination, vaccine coverage for comparators was
estimated by adjusting the 6-month ImmForm coverage using actual dates of birth and
dates of vaccination for about 36,000 infants receiving their first dose and about 26,000
receiving their second dose as supplied by five Child Health Information Systems

(CHIS). This was performed in order to control for any confounding by age and time, for
each MenB case.

Table 3: Definitions of the ages used by vaccine effectiveness dose

VE assessed Definition of age used
At least one dose 77 days (11 weeks of age)
Two doses 133 days (17 weeks of age)

For each MenB case: all infants in England
who were born in the same month at an

age in days exactly 14 days younger than
the age of the case on the specimen date

Comparator group

Vaccine impact was estimated for vaccine-eligible MenB cases (born on or after 01 May
2015 aged 10 weeks or older and diagnosed between 01 September 2015 and 30 June
2016). Incidence rate ratios (IRRs) were estimated for vaccine eligible cases compared
to cases diagnosed in the equivalent time period during the 4 years before vaccine

introduction.

3.1.3. Study 4 Results
This study provided the first evidence of protection against group B meningococcal
disease conferred by the novel multicomponent 4CMenB vaccine in infants. In England,
vaccine coverage was shown to be high in all eligible cohorts, reaching 95.5% for one

dose and 88.6% for two doses. During the study period, 37 cases of MenB occurred in



vaccine eligible infants (born on or after 01 May 2015 aged = 10 weeks at diagnosis)
and vaccination history was obtained for all cases. Two dose vaccine effectiveness of
82.9% (Cl 24.1-95.2) against all MenB disease was equivalent to 94.2% against the
highest predicted MenB strain coverage estimate of 88% (Frosi et al., 2013). Compared
to the period prior to vaccine introduction, there was a 50% IRR reduction in MenB
cases in the vaccine eligible cohort (37 cases vs 74 cases; IRR 0.50 [CI 0.36-0.71];
p=0.0001) which was irrespective of the infants’ vaccination status or predicted strain
coverage. A non-significant 14% reduction was also observed in the unvaccinated
cohort. However, when adjusting for this 14% disease reduction in the unvaccinated
cohort, it was estimated that there was a 42% reduction (relative IRR 0.58 [CI 0.40-

0.85]; p=0.005) in the vaccine eligible cohort.

3.1.4. Study 4 New knowledge gained

This study provided the first evidence of protection against MenB disease as conferred
by the 4CMenB vaccine in infants. These results showed a significant reduction in
cases of MenB among vaccine-eligible infants within 10 months of the vaccine’s
introduction in England. This study also showed that although the vaccine was licensed
using a three-dose priming schedule in infancy, short-term VE against MenB disease
was high even after two doses.



3.2. Study 5

Vaccination of Infants with Meningococcal Group B Vaccine (4CMenB) in England
The New England Journal of Medicine (2020)
Shamez N Ladhani, Nick Andrews, Sydel R Parikh, Helen Campbell, Joanne White,

Michael Edelstein, Xillian Bai, Jay Lucidarme, Ray Borrow, Mary E Ramsay

3.2.1. Study 5Aim
This study used data from the enhanced national surveillance of IMD to evaluate the
effect and effectiveness of 4CMenB in relation to invasive meningococcal group B
disease in infants and children at 1 year of age and 2 years of age after the first 3 years

of the national immunisation program in England.

3.2.2. Study 5 Summary

The methods in this study were carried out as described in Study 4 using data on
vaccine coverage in England routinely collected through primary care and child health
information systems. The following adaptations were made: In addition to reporting the
percentage of eligible children who received two doses by 12 months and three doses
by 18 months the timing of vaccination in days of age was calculated with the use of
individual level data from local CHIS. The population effectwas estimated with the use
of national surveillance data on cases of laboratory confirmed MenB disease. Change in
disease incidence was calculated from 4 pre-vaccine surveillance years (September
through the following August) to the first 3 complete years after 4ACMenB was
introduced. The age groups used and their dose eligibilities during the study period

were summarised (Table 4).



Table 4: Summary of 4CMenB eligibility by epidemiological year as assessed in VE calculations

Epidemiological year
Age 2015-16 2016-17 2017-18
0-8 weeks Too young to be vaccinated
18-51 weeks
2 years
3-4 years Too old to have been vaccinated during the study period

Part of group eligible for 1 dose

Part of group eligible for 2 doses

. Entire group eligible for 1 dose

Entire group eligible for 2 doses

Part of group eligible for 3 doses . Entire group eligible for 3 doses

Not eligible

Since the 4CMenB vaccine did not protect against all meningococcal group B strains,

the results of the MATS testing of isolates of invasive MenB cases obtained from

vaccinated children were used to estimate the vaccine strain coverage of meningococci

causing invasive disease in the different vaccinated cohorts. To estimate the vaccine

effectiveness against vaccine-preventable meningococcal group B strains only, the

vaccine effectiveness against all MenB (vaccine effectiveness ai) was adjusted by

applying the proportion (p) of culture-confirmed cases in vaccinated children that were

MATS-positive to the total number of confirmed cases of MenB disease with MATS

results in that cohort.

3.2.3. Study 5 Results



This study provided the first estimates of vaccine effect and effectiveness for a complete
2+1 schedule of 4CMenB using data from the first three years of the national
immunisation programme. It also showed the sustained impact of the 4CMenB against
MenB disease in infants. It was demonstrated that vaccine coverage remained high and
data from 3 months of 2018 showed that 92.5% of children had completed the primary
immunisations by their first birthday and 87.9% had received all three doses by 2 years.
From 01 September 2015 to 31 August 2018, the incidence of MenB disease in England
was significantly lower in vaccine-eligible cohorts than the expected incidence (63
observed cases as compared with 253 expected cases; IRR, 0.25; [CI 0.19-0.36]) with a

75% reduction in age groups that were fully eligible for vaccination.

The adjusted VE against MenB disease was 52.7% (95% CI, —33.5 to 83.2) with a two-
dose priming schedule for infants and 59.1% (95% CI, -31.1 to 87.2) with a two-dose
priming schedule plus a booster at 1 year). Although these VE dropped significantly
from the early estimates after the first 10 months of the programme, during this 3-year
study period, there were 169 cases of MenB disease in the vaccine- eligible cohorts,
with an estimated 277 cases (95% CI, 236 to 323) prevented.

3.2.4. Study 5 New knowledge gained

This study provided evidence that the 4CMenB program was associated with a
continued positive effect against MenB disease in children in England. Further, the
vaccine regime showed protection after three doses of the vaccine and this protection
was sustained for at least 2 years. This evidence provided further support in favour of
the effectiveness of a reduced 4CMenB vaccination schedule. This work provides
information that will help other European countries since it provides evidence in favour

of introducing their own MenB vaccination programmes.
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Effectiveness and impact of a reduced infant schedule of
4CMenB vaccine against group B meningococcal disease in
England: a national observational cohort study

Sydel R Parikh, Nick | Andrews, Kazim Beebeegjaun, Helen Campbell, Sonia Ribeiro, Charlotte Ward, Joanne M White, Ray Borrow, Mary E Ramsay,
Shamez N Ladhani

Summary

Background In September, 2015, the UK became the first country to introduce the multicomponent group B
meningococcal (MenB) vaccine (4CMenB, Bexsero) into a publicly funded national immunisation programme.
A reduced two-dose priming schedule was offered to infants at 2 months and 4 months, alongside an opportunistic
catch-up for 3 month and 4 month olds. 4CMenB was predicted to protect against 73-88% of MenB strains. We aimed
to assess the effectiveness and impact of 4CMenB in vaccine-eligible infants in England.

Methods Public Health England (PHE) undertakes enhanced surveillance of meningococcal disease through a
combination of clinical, public health, and laboratory reporting. Laboratory-confirmed cases of meningococcal disease
are followed up with PHE local health protection teams, general practitioners, and hospital clinicians to collect
demographic data, vaccination history, clinical presentation, and outcome. For cases diagnosed between Sept 1, 2015,
and June 30, 2016, vaccine effectiveness was assessed using the screening method. Impact was assessed by comparing
numbers of cases of MenB in vaccine-eligible children to equivalent cohorts in the previous 4 years and to cases in
vaccine-ineligible children.

Findings Coverage of 4CMenB in infants eligible for routine vaccination was high, achieving 95-5% for one dose and
88-6% for two doses by 6 months of age. Two-dose vaccine effectiveness was 82-9% (95% CI 24-1-95-2) against all
MenB cases, equivalent to a vaccine effectiveness of 94-2% against the highest predicted MenB strain coverage
of 88%. Compared with the prevaccine period, there was a 50% incidence rate ratio (IRR) reduction in MenB cases in
the vaccine-eligible cohort (37 cases vs average 74 cases; IRR 0-50 [95% CI 0-36-0-71]; p=0-0001), irrespective of the
infants’ vaccination status or predicted MenB strain coverage. Similar reductions were observed even after adjustment
for disease trends in vaccine-eligible and vaccine-ineligible children.

Interpretation The two-dose 4CMenB priming schedule was highly effective in preventing MenB disease in infants.
Cases in vaccine-eligible infants halved in the first 10 months of the programme. While ongoing national surveillance
will continue to monitor the longer-term impact of the programme, these findings represent a step forward in the
battle against meningococcal disease and will help reassure that the vaccine protects against this deadly infection.

Funding Public Health England.

Introduction

In September, 2015, the UK became the first country
to introduce the multicomponent, protein-based
meningococcal vaccine (4CMenB; Bexsero, GSK, Rixensart,
Belgium) into a national, publidy funded infant
immunisation programme.’ The vaccine was offered to all
infants born since July 1, 2015, at 2 months, 4 months, and
12 months alongside their routine immunisations.
Catch-up vaccination was also opportunistically offered to
3 month and 4 month olds attending their routine immuni-
sation visits, who were eligible for a 3-4-12 month and
4-12 month schedule, respectively.

Before introduction of 4CMenB, the UK immunisation
schedulehad included thegroup Cmeningococcal (MenC)
conjugate vaccine since 1999.” As an emergency response
toa national outbreak of group W meningococcal (MenW)
disease, 13-18 year olds and new university entrants have
been offered the quadrivalent MenACWY conjugate

vaccine since August, 2015.° These conjugate vaccines
target the polysaccharide capsule of meningococci and
do not offer cross-protection against other meningococcal
capsular groups, such as group B (MenB), which remains
responsible for most cases of invasive meningococcal
disease in the UK, especially in young children.!
Development of an effective conjugate vaccine against
MenB has not been possible because its polysaccharide
capsule is structurally homologous to glycoproteins in
fetal neural cell adhesion molecules, making them poorly
immunogenic self-antigens.* 4CMenB is a novel vaccine
composed of three recombinant proteins—factor
H-binding protein (fHbp), Neisserial heparin-binding
antigen (NHBA), and Neisserial adhesin A (NadA)—and
the outer membrane vesicles (OMV) from the New
Zealand outbreak strain (NZ98/254), which incorporates
the immunodominant Porin A (PorA) P14 protein.’ The
vaccine was licensed in Europe in January, 2013, on the
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Research in context

Evidence before this study

We searched PubMed with the terms “4CMenB”, “Bexsero”,
“meningococcal serogroup B vaccine”, and any combination of
“vaccine effectiveness” or “impact”. Publication dates and
languages were not limited. Our search results identified no
data for the vaccine effectiveness orimpact of 4CMenB against
invasive meningococcal group B (MenB) disease.

In January, 2013, 4CMenB was licensed in Europe on
immunogenicity and safety studies only. The vaccne induces
bactericidal antibodies that target the respective antigens,
which could be absent or variably expressed on the surface of
different meningococci. Because 4CMenB contains multiple
recombinant proteins in addition to the outer membrane
vesicle, antibody concentrations or bactericidal activity against
individual vacdne antigens do not reliably predict in-vitro
killing of meningococci. For this reason, the Meningococcal
Antigen Typing System (MATS) was developed to screen large
numbers of meningococcal strains and predict whether they
would be killed by 4CMenB-induced antibodies. MATS is a
qualitative and quantitative ELISA that quantifies expression of
the vaccine-associated antigens (fHbp, NHBA, and NadA) in
combination with the ability of 4CMenB-induced antibodies to
recognise these proteins on the surface of individual
meningococcal isolates. For an isolate to be MATS positive,
antibodies against at least one vaccine antigen must exceed the
positive bactericidal threshold, which is assigned on the basis of
killing using postvaccination sera from infants after their
12-month booster, or the isolate must possess homologous
PorA (P1.4). In England and Wales, MATS predicted that

73% (95% Cl 57-87%) of inv MenB di isol in
2007-08 would be killed by vaccine-induced antibodies in
infants. In a serum bactericidal antibody assay with human
compl (hSBA), h , pooled sera from infants and

basis of immunogenicity and safety studies alone.
4CMenB induces high titres of bactericidal antibodies
against the target vaccine antigens but, as yet, protection
against invasive disease has not been shown.

Other countries have been reluctant to introduce
4CMenB into their national programmes because of the
high price of the vaccine and the low incidence of MenB,
leading to unfavourable health economic assessments, as
well as uncertainties around strain coverage, vaccine
safety, and effectiveness.“” In March, 2014, the UK Joint
Committee on Vaccination and Immunisation (JCVI)
concluded that 4CMenB could be cost-effective,” with a
reduced two-dose infant priming schedule.” After a year
of negotiation with the vaccine manufacturer, an infant
immunisation programme with 4CMenB was announced
in March, 2015, and the first infants were vaccinated on
Sept 1, 2015. Here, we report the first estimates of
effectiveness and the early impact of the programme
in England.

adolescents immunised with 4CMenB killed 88% of a
representative sample of MenB disease isolates from England
and Wales during 2007-08. In the cost-effectiveness analysis,
therefore, 4CMenB was predicted to protect against 73-88% of
circulating MenB strains in the UK.

Compared with adolescents and adults, infants have lower
cross-protection against MenB strains that are predicted by
MATS to be non-vaccine preventable. Data from a recent
university-assodated MenB outbreak in the USA showed that
sera from athird of 499 adolescents who received two doses of
4CMenB 10 weeks apart were unable to kill the outbreak strain
using the hSBA assay, even though the outbreak strain was
predicted by MATS to express two vaccine antigens.

Added value of this study

The UK is the first country to introduce 4CMenB into a

publidy funded, national immunisation programme.

In England, vaccine coverage was high in all eligible cohorts,
reaching 95-5% for one dose and 88.6%% for two doses.
During the first 10 months of the programme, two-dose vaccine
effectiveness of 82-9% against all MenB disease was equivalent
to a vaccine effectiveness of 94-2% against vaccine-preventable
MenB strains. By the end of June, 2016, MenB cases in
vaccine-eligible infants had halved, irrespective of the infants’
vaccination status or expected vaccine strain coverage.

Implication of all the available evidence

We have provided the first evidence of protection against

group B gococcal disease conferred by the novel,
multicomponent 4CMenB vacdne in infants. While ongoing
national surveillance will continue to monitor the longer-term
impactof thep these findings repr astep
forward in the battle against meningococcal disease and will help
reassure that the vaccine protects against this deadly infection.

Methods
Case ascertainment and follow-up
Public Health England (PHE) undertakes enhanced
national surveillance of invasive meningococcal disease
in England through a combination of clinical, public
health, and laboratory reporting. The PHE Meningococcal
Reference Unit (MRU) provides a national service for
confirming, grouping, and characterising invasive
meningococcal isolates.” The MRU also provides free
PCR testing of clinical samples from patients with
suspected invasive meningococcal disease across
England. Consequently, case ascertainment has
remained consistently high.* Laboratory-confirmed cases
are followed up with PHE local Health Protection
Teams (HPTs), general practitioners, and hospital
clinicians to collect demographic data, vaccination
history, clinical presentation, and outcome of infection.
PHE has legal permission, provided by Regulation 3 of
The Health Service (Control of Patient Information)
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Regulations 2002, to process patient confidential
information for national surveillance of communicable
diseases. This includes PHE’s responsibility to monitor
the safety and effectiveness of vaccines, and as such,
individual patient consent is not required.

Vaccine effectiveness

Vaccine effectiveness was estimated for vaccine-eligible
infants (born on or after May 1, 2015) with laboratory-
confirmed invasive MenB disease diagnosed between
Sept 1, 2015, and June 30, 2016. If 4CMenB was protecting
infants from MenB disease, then the proportion of
vaccinated MenB cases would be expected to be lower
than the proportion vaccinated in the comparator groups.
The comparator group included all children in England
who were eligible for the vaccine; this is known as the
screening method.” Vaccine effectiveness is calculated as:

PCV
1-PCV

PPV
1-PPV

where PCV is the proportion of vaccinated MenB cases
and PPV is the vaccine coverage in age-matched infants
across England (the comparator cohort).

As part of the national immunisation programme,
infants were invited by their general practitioners for
routine vaccinations at age 8 weeks, 12 weeks, and
16 weeks. Vaccine coverage increased exponentially
during the week after infants became eligible (figure 1).
To avoid this period with rapidly increasing coverage
and to allow 2 weeks for development of an
adequate immune response after vaccination, vaccine
effectiveness for at least one dose was estimated using
cases aged 77 days (11 weeks of age) or older and for two
doses using cases aged 133 days (17 weeks of age) or
older. Doses were discounted if MenB disease was
diagnosed within 14 days of vaccination; therefore, an
infant who developed MenB disease 5 days after the
second dose of 4CMenB would be considered to have
received a single dose of vaccine in the analysis.

Population vaccine coverage in England was obtained
from ImmForm, an online system used by PHE to collect
vaccine coverage for some national immunisation
programmes. Monthly data are automatically uploaded
by general practice information technology suppliers for
each cohort reaching 26 weeks of age in the survey
month. The denominator is the number of infants who,
in the survey month, reach 26 weeks of age, and
numerators are the number of infants in the denominator
who received the first and the second dose of 4CMenB
between 8-26 weeks of age.* To control for any
confounding by age and time, for each MenB case,
vaccine coverage was estimated for all infants in England
who were born in the same month and at an age in days

exactly 14 days younger than the age of the case on the
specimen date (the comparator group). Because
Immform does not collect individual dates of births or
dates of vaccination, vaccine coverage for comparators
was estimated by adjusting the 6-month ImmForm
coverage using actual dates of birth and dates of
vaccination for about 36000 infants receiving their first
dose and about 26000 receiving their second dose, as
supplied by five Child Health Information
Systems (CHIS) in different geographical areas across
England (appendix p 1).

To estimate two-dose vaccine effectiveness, those who
developed MenB disease after only one dose were
excluded. Two dose vaccine coverage was also adjusted to
exclude those partially vaccinated and was calculated as:

2 dose coverage
1- coverage of exactly 1 dose

Adjusted coverage =

Vaccine impact

Vaccine impact was estimated for vaccine-eligible
MenB cases (born on or after May 1, 2015, aged
10 weeks or older and diagnosed between Sept 1, 2015,
and June 30, 2016) as described below (table). Incidence
rate ratios (IRRs) were estimated for vaccine-eligible
cases compared with cases diagnosed in the equivalent
time period during the 4 years before vaccine
introduction. Within the vaccine-eligible cohort, IRRs
were also specifically calculated for the catch-up cohort
(infants born in May or June, 2015), the routine cohort
eligible for the first dose (born on or after July 1, 2015,
with MenB disease at age 10-17 weeks), and for both
doses (born on or after July 1, 2015, with MenB disease
at age 18 weeks or older). To take into account possible
changes over time in the absence of MenB vaccination,
these IRRs were then adjusted using changes in
incidence in all children aged younger than 5 years
with MenB disease who were not in the vaccine-eligible
or equivalent cohorts for the same time periods as
those above. The ratios of the IRRs between the
vaccine-eligible and ineligible cohorts were calculated
using a Poisson regression model, which allowed
calculation of 95% ClIs for the IRR ratio. An interrupted
time-series model was then fitted to 4 years of

prevaccine data for each of the vaccine-eligible cohorts  For immForm see https:/fwww.
and to 5 years (4 prevaccine years plus the current year) 9ovvk/govemment/colections/

for the vaccine-ineligible cohorts. Poisson regression
was used to estimate an overall trend, with a factor for
each of the individual cohorts. Vaccine impact was
then estimated by comparing the 2015-16 data in
vaccine-eligible cohorts with that predicted by the
overall trend analysis.

For the Poisson regression models, to assess model fit,
the residual deviance and degrees of freedom were
assessed by a ¥2 test. The main difference between the
adjusted IRR estimates and the interrupted time-series
model is that the latter assumes a common underlying
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Figure 1: Population coverage estimates for 4CMenB vaccine in England by age in days and month of birth for (A) dose 1 and (B) dose 2
Coverage estimates are for infants born between May 1, 2015, and Dec 31, 2015, and immunised after vaccine introduction on Sept 1, 2015. Infants born in
i al vaccine.

B It groupB

May, 2015, were only eligible for a single dose of vaccine at 4 months of age. 4CM

trend whereas the former assumes that the year-to-year
changes were similar within age cohorts but not

necessarily as a trend.

Role of funding source

The authors had sole responsibility for the study design,
data collection, data analysis, data interpretation, and
writing of the report. The authors are all employed by
Public Health England, the study funder, which is a
public body and an executive agency of the Department
of Health. The corresponding author had full access to all

the data and final responsibility for the decision to
submit for publication.

Results
In England, introduction of 4CMenB rapidly achieved

high vaccine coverage; in the routine cohort, vaccine
coverage by Dbirth month ranged between
94-8-95-5% for one dose and 84-8-88-6% for two
doses by 6 months of age (figure 1; appendix p 2).
Coverage for the catch-up cohort born in June, 2015,
was 88-8% for one dose and 75-2% for two doses, and,
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Cases Comparison of the September to June period of the 4 p ine years Trend model
(Sept, 2015-June, 2016) (2011-12 t0 2014-15)
Cases in equivalent IRR (95% Q), p value Impact esti as Cases in equival Impact estimate astrend
prevaccine cohorts relative IRR (95% 1), cohortsas predicted  model IRR (95% Cl),
(mean count per year) pvalue bythetrend model  pvalve®
CGatch-up 9 2475 036(0-18-072),0004 0-42(021-0-85),0.016 194 046 (023-0-93), 0-029
(born May 1-june 30, 2015)
Two-dose routine 18 3375 0-53(0-33-0-87),0-012  0-62(0-37-1-04), 0-07 264 0-68(0-41-1-13), 0134
(bom on or after July 1, 2015,
aged =18 weeks)
One-dose routine (born on or 10 1525 0-66(034-128),0216 076(0-38-1-52), 0-439 119 0-84 (0-43-1:65), 0-606
after July 1, 2015, aged
10-17 weeks)
All vaccine-eligible cohorts 37 7375 0-50(0:36-071),0-0001 0-58 (0-40-0-85),0-005 57-8 0-64(0-45-0-92), 0-015
combined
Comparator 173 201 0-86(073-1-01),0-073
(aged <5 years with MenB
disease and exduding
vaccine-eligible and
equivalent prevaccine cohorts)
IRR=incidence rate ratio. MenB=group i | di: 4CMenB=multicomp group B | vaccine *Basedon a d fittedtoall data includi P cohorts.
Table: Numbers of lab y confirmed MenB cases for five le annual time periods in England in cohorts eligible and non-eligible for 4CN d of
vaccine impact from different comparison models

for the May, 2015, cohort, was 76- 6% for the single dose
that they were eligible for.

Between Sept 1, 2015, and June 30, 2016 (10 months),
55 cases of laboratory-confirmed invasive meningococcal
disease were reported in vaccine-eligible infants (born on
or after May 1, 2015, aged =10 weeks at diagnosis),
including 37 (67%) cases with MenB, 11 (20%) with
MenW, five (9%) with MenY, and two (4%) who were
ungrouped due to low colony forming units in the
submitted clinical samples. Most infants with MenB
disease (27 [73%] of 37) were confirmed by PCR only, six
by culture only (16%) and four (11%) by both methods.
15 (41%) of the 37 MenB cases had meningitis, 13 (35%)
had septicaemia, and seven (19%) had both meningitis
and septicaemia, while two (5%) had other clinical
presentations. One child died aged 15 weeks and had
received one 4CMenB dose 7 weeks before disease onset.

Of the 37 cases of MenB, four (11%) were among infants
born in May, 2015 (two unvaccinated, one after a single
dose, and one who inadvertently received two doses) and
five (14%) in June, 2015 (two unvaccinated and three after
one dose). The remaining 28 cases of MenB were eligible
for routine vaccination; two were unvaccinated, 17 had
received one dose, and nine had received two doses of
4CMenB. No evidence of temporal or geographical
clustering of cases was noted in vaccinated infants who
developed disease across the age range (2544 weeks at
diagnosis). None of the unvaccinated children had
contraindications to receiving 4CMenB.

Three vaccinated infants, all in the routine cohort,
developed disease within 14 days of their first (at 2 days
and 4 days) or second (at 10 days) dose of 4CMenB and
were classified as being unvaccinated and having had a
single dose, respectively. Of the eight infants classified as

unvaccinated, four were not eligible for two doses of
4CMenB; two because they were born in May and two
because they were diagnosed before they were due their
second dose.

For the two-dose vaccine effectiveness analysis, eight
of the nine cases of MenB in the routine cohort (the
infant who developed disease within 10 days of the
second dose was excluded), one infant born in late
May, who had inadvertently received two 4CMenB
doses and four unvaccinated infants were included.
The infant born in May was matched with vaccine
coverage for infants born in June. The average matched
vaccine coverage for the two-dose cohort across
England was 92-9% and estimated vaccine effectiveness
was 82-9% (95% CI 24-1-95-2).

The one-dose vaccine effectiveness analysis included
20 infants who had received a single dose (including one
who developed disease 10 days after the second dose) and
eight unvaccinated infants (including the two infants
who developed disease 2 days and 4 days after the first
dose). The average matched coverage for the one-dose
cohort across England was 76- 2% and estimated vaccine
effectiveness was 22-0% (95% CI —105 to 67-1). For at
least one dose of 4CMenB, the average matched coverage
was 91-0% and estimated vaccine effectiveness was
64-0% (95% CI 8-9-84-0).

Cases of MenB in the different vaccine-eligible and
comparator cohorts are shown in the table. Compared
with their peers matched by age and time period
for the 4 prevaccine years, a 50% reduction
(IRR 0-50 [95% CI 0-36-0-71}; p=0-0001) in MenB cases
was noted in the vaccine-eligible cohort compared with a
non-significant 14% reduction in the unvaccinated
cohort (table). Adjustment for this 14% disease reduction
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Figure 2: Numbers of cases of MenB disease in vaccine-eligible and

cohorts in England, 2011-16,

with Poisson 95% Cls and fitted trend

The vaccine-eligible cohort included infants bom on or after May 1, 2015, aged 10 weeks or older and diagnosed
between Sept 1, 2015, and June 30, 2016. The equivalent cohorts fulfilled the same criteria as the vaccine-eligible
cohorts for each of the previous 4 prevaccine years. The comparator cohorts induded all children aged younger
than 5 years with MenB disease excluding the vaccine-eligible and equivalent cohorts. MenB=group B

meningococcal disease.

in the comparator cohort gave an estimated 42% reduction
(relative IRR 0-58 [95% CI 0-40-0-85]; p=0-005) in the
vaccine-eligible cohort. The greatest impact was noted in
the catch-up cohort (58% relative reduction), with a
38% relative reduction in the routine cohort old enough to
have received two 4CMenB doses and 24% in infants in
the routine cohort who developed disease during a period
when they could have been protected by their first dose
(MenB disease at 10-17 weeks). Analysis using the
prevaccine trends model estimated a slightly lower vaccine
impact, with a 36% overall reduction in cases (table;
figure 2). There was no evidence of lack of fit based on
residual deviance and degrees of freedom (p=0-28 for
non-trend model and p=0-18 for trend model), thus
providing assurance that trends in MenB disease were
consistent in the different age cohorts in recent years.

Discussion
A reduced two-dose infant priming schedule of the novel,
multicomponent, protein-based 4CMenB vaccine was
82-9% effective in preventing MenB disease in infants
aged younger than 12 months. During the first 10 months
of the programme, cases of MenB halved in vaccine-
eligible infants, providing further evidence of vaccine
efficacy. This measure of impact does not take into
account the vaccination status of the infants or whether
the infecting MenB strain was vaccine preventable. The
findings are robust, with similar results even after
adjustment for disease trends in the 4 years before
vaccine introduction and in non-vaccine eligible children.
4CMenB was licensed on immunogenicity and safety
data only without an efficacy trial and with the knowledge
that not all strains of MenB would be covered by
the vaccine. 4CMenB targets proteins which, unlike the
polysaccharide capsule, could be present or absent on the

surface of meningococci. Each protein also varies in
the degree of surface expression and the extent to which
vaccine-induced antibodies recognise and bind these
proteins. To predict MenB strain coverage by
4CMenB-induced antibodies, the Meningococcal Antigen
Typing System (MATS)—a qualitative and quantitative
ELISA for expression of fHbp, NHBA, and NadA—was
developed.” A strain is considered to be vaccine
preventable if MATS-positive for any of the three antigens
or if the strain harbours PorA P14.

The MATS assay provides a conservative estimate of
strain coverage and, in 2007-08, predicted that 73% of
MenB isolates from patients with invasive meningococcal
disease in England and Wales would be killed by
pooled post-vaccination sera.* The serum bactericidal
antibody assay with human complement (hSBA) using
pooled postimmunisation infant sera, however,
predicted 88% coverage against a diverse panel of MenB
strains from patients in England and Wales.” With
differing strain coverage estimates, uncertainties
surrounding the vaccine’s effectiveness grew when, in a
recent university outbreak in the USA, sera from a third
of 499 participants who received two doses of 4CMenB
were unable to kill the outbreak strain in hSBA, despite
this strain being predicted by MATS to express two
vaccine antigens (fHbp and NHBA). In infants, the
protection offered by 4CMenB is expected to be lower
because, compared with adolescents, they are less likely
to mount cross-protective antibodies against strains with
unmatched vaccine antigens.”

The health economic model that was costeffective
assumed a two-dose infant priming schedule, 88% MenB
strain coverage and 95% vaccine efficacy against the
vaccine-preventable strains, with a potential to prevent a
quarter (26%) of all meningococcal cases in the first 5 years
of the programme.” Our results are remarkably aligned
with the model. If, as predicted by hSBA, 88% of
MenB strains were covered by 4CMenB,” then the vaccine
effectiveness against vaccine-preventable strains would be
94-2%. Although the ClIs for the vaccine effectiveness of
the two-dose regimen are wide because of small numbers
of cases, the estimates are significant and findings are
supported by the impact analysis showing a significant
reduction in cases of MenB in vaccine-eligible infants. The
lower and non-significant vaccine effectiveness after one
dose was expected because a single dose of vaccine is
poorly immunogenic in infants.** These results, however,
will require confirmation through long-term surveillance.
An important observation, even with the small number of
cases, was the large proportion of cases (50%, 10/20) in the
routine cohort who developed MenB disease after 16 weeks,
the age at which they would have become eligible for their
second 4CMenB, and thus might potentially have been
prevented through timely vaccination.

The analysis that adjusted for historic trends suggested
alower impact in vaccine-eligible cohorts because this was
less affected by the increase in cases of MenB in the
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non-eligible cohorts during 2015-16. In both analyses, a
higher impact was observed in the catch-up cohort, despite
the opportunistic schedule of one or two doses and lower
vaccine coverage than the routine cohort. This cohort
completed their recommended vaccinations before the
meningococcal season when they would have reached the
peak age for disease. By contrast, vaccine impact in
the routine cohort would have been diluted by
accumulation of younger infants who were being
immunised throughout the surveillance period. Follow-up
of cases through to the next meningococcal season should
provide more robust estimates of vaccine effectiveness
and impact for the routinely vaccinated cohorts.

In England, enhanced national surveillance has been in
place for more than two decades; the provision of a
national reference laboratory, use of multiple data
sources, and the support provided by public health and
UK National Health Service staff ensures consistently
high case ascertainment, allowing reliable assessment of
trends over time. We also achieved very high vaccine
coverage in the routine and the catch-up cohorts as soon
as the programme was implemented,** despite initial
concerns about high rates of postvaccination fever
and national recommendations to routinely offer
prophylactic paracetamol with 4CMenB.' Consequently,
we have been able to measure vaccine effectiveness and
impact 1 year after the programme was introduced. In
view of the uncertainties associated with this novel
vaccine and the recent publication reporting
seroprotection in only two-thirds of immunised
adolescents,” we hope our early results will reassure
clinicians, immunisers, and policy makers that the
vaccine is effective in infants, even with a reduced two-
dose priming schedule. A major limitation that is
unlikely to be overcome is that 70% of cases of MenB in
vaccine-eligible infants were confirmed by PCR only and
the MATS assay requires culture isolates to assess strain
coverage. MATS is also only currently validated for MenB
and, therefore, assessment of impact of 4CMenB on the
other meningococcal capsular groups will be challenging.

Our initial results show a significant reduction in cases
of MenB among vaccine-eligible infants within 10
months of introduction of 4CMenB into the UK.
Although the vaccine is licensed using a three-dose
priming schedule in infancy, short-term vaccine
effectiveness against MenB disease was high after two
doses. Ongoing national surveillance will continue to
monitor the long-term impact of the programme on
disease burden alongside vaccine safety and disease
severity in young children.
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ABSTRACT

BACKGROUND
In September 2015, the United Kingdom introduced the multicomponent meningococ-
cal group B vaccine (4CMenB, Bexsero) into its publicly funded national immunization
program at a reduced two-dose priming schedule for infants, with a 12-month booster.

METHODS

Using data from enhanced national surveillance of invasive meningococcal disease in
England, we evaluated the effect of vaccination on the incidence of meningococcal
group B disease during the first 3 years of the program. The effect of vaccination was
assessed by comparing the observed incidence of disease with the expected incidence
based on the incidence during the 4-year prevaccination period in equivalent cohorts
and with the use of disease trends in cohorts of children younger than 5 years of age
who were not eligible to receive the vaccine. Vaccine effectiveness was estimated with
the use of the indirect screening method.

RESULTS

4CMenB uptake in England remained consistently high; data from the first 3 months
of 2018 showed that 92.5% of children had completed the primary immunizations by
their first birthday and 87.9% had received all three doses by 2 years. From September
2015 through August 2018, the incidence of meningococcal group B disease in England
(average annual birth cohort, approximately 650,000 infants) was significantly lower in
vaccine-eligible cohorts than the expected incidence (63 observed cases as compared
with 253 expected cases; incidence rate ratio, 0.25; 95% confidence interval [CI], 0.19
to 0.36), with a 75% reduction in age groups that were fully eligible for vaccination. The
adjusted vaccine effectiveness against meningococcal group B disease was 52.7% (95%
CI, —33.5 to 83.2) with a two-dose priming schedule for infants and 59.1% (95% CI,
—31.1 to 87.2) with a two-dose priming schedule plus a booster at 1 year). Over the
3-year period, there were 169 cases of meningococcal group B disease in the vaccine-
eligible cohorts, and an estimated 277 cases (95% CI, 236 to 323) were prevented.

CONCLUSIONS

The 4CMenB program was associated with continued positive effect against meningo-
coccal group B disease in children in England, and protection after three doses of the
vaccine was sustained for at least 2 years. (Funded by Public Health England.)
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EISSERIA MENINGITIDIS, A MAJOR CAUSE OF
l \ ’ meningitis and septicemia throughout the
world, is associated with considerable
morbidity and mortality. Twelve different menin-
gococcal capsular groups are recognized, of
which six (A, B, C, W, X, and Y) are responsible
for most cases of invasive meningococcal dis-
ease. In Europe, meningococcal group B is re-
sponsible for most cases of childhood meningo-
coccal disease, although the incidence of this
disease has declined over the past decade.!
Polysaccharide—protein conjugate vaccines have
been effective in preventing meningococcal dis-
ease caused by capsular groups A, C, W, and Y
because of the direct protection and indirect
(herd) protection through prevention of carriage
acquisition among vaccinated adolescents.> The
development of such a vaccine against meningo-
coccal group B has been challenging because of
the structural similarity of the meningococcal
group B polysaccharide capsule with polysialic
acid structures on human neuronal cells, which
results in poor immunogenicity.?

In January 2013, a protein-based, multicom-
ponent vaccine against meningococcal group B
(4CMenB, Bexsero, GlaxoSmithKline Biologicals)
was licensed in Europe at a three-dose priming
schedule for infants, followed by a booster in the
second year of life. The vaccine includes three
recombinant proteins (factor H-binding protein
[FHbp] peptide 1 [variant 1], neisserial heparin-
binding antigen [NHBA] peptide 2, and neisseria
adhesin A [NadA] peptide 8 [variant NadA-2/3]),
along with PorA P1.4-containing outer-mem-
brane vesicles from the New Zealand outbreak
strain. This vaccine was licensed on the basis of
safety and immunogenicity studies only, without
real-world evidence of protection against inva-
sive disease.

The Meningococcal Antigen Typing System
(MATS) was developed to predict strain coverage
by 4CMenB. It comprises genotypic characteriza-
tion of PorA in conjunction with a qualitative
and quantitative enzyme-linked immunosorbent
assay to quantify FHbp, NHBA, and NadA ex-
pression in combination with their recognition
by 4CMenB-induced antibodies on individual
meningococcal isolates. This assay can be per-
formed only on culture isolates and not on
specimens obtained from patients with disease
confirmed by nonculture methods such as the
polymerase-chain-reaction (PCR) test only.* The

MATS estimated 73% strain coverage in England
and Wales before the introduction of 4CMenB.?

In September 2015, the United Kingdom be-
came the first country to offer 4CMenB to all
infants free of charge. The vaccine is offered at
8 and 16 weeks of age, with a booster at 12
months. At the start of the program, an oppor-
tunistic catch-up vaccination was also offered to
children at 12 and 16 weeks of age at their rou-
tine immunization visits. Within 10 months af-
ter the program began, cases of meningococcal
group B disease in infants who were eligible to
receive the vaccine had nearly halved, and the
effectiveness of two doses of vaccine was 82.9%
(95% confidence interval [CI], 24.1 to 95.2)
against all cases of laboratory-confirmed inva-
sive meningococcal group B disease in infants.®
In 2016, the first infants who received the pri-
mary immunizations became eligible for the
12-month booster. Here, we report the effect and
effectiveness of 4CMenB with regard to invasive
meningococcal group B disease in infants and
children at 1 year of age and 2 years of age after
the first 3 years of the national immunization
program in England.

METHODS

DISEASE SURVEILLANCE AND VACCINE UPTAKE
Public Health England conducts enhanced na-
tional surveillance for invasive meningococcal
disease in England.® Briefly, hospital laboratories
routinely submit isolates obtained from patients
with invasive meningococcal disease to the
Meningococcal Reference Unit of Public Health
England for confirmation and serogrouping.
Since 2014, all isolates of invasive meningococ-
cal group B have undergone testing with the
MATS.® The Meningococcal Reference Unit also
provides a free meningococcal PCR testing ser-
vice for patients with suspected meningococcal
disease across England, and the Immunisation
and Countermeasures Division at Public Health
England provides public health and vaccination
advice for individual patients and supports the
investigation and management of suspected
clusters and outbreaks. As a result of the multi-
ple data sources used for surveillance, case ascer-
tainment has remained consistently high across
all age groups.” Public Health England routinely
collects data on the vaccination history, risk fac-
tors, clinical presentations, and outcomes of all
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patients with invasive meningococcal disease.
Full details of the meningococcal surveillance
plan in England are available at www.gov.uk/
government/publications/meningococcal-disease
-enhanced-surveillance-plan.

Data on vaccine uptake in England are rou-
tinely collected through primary care and child
health information systems. In addition to report-
ing the percentage of eligible children who re-
ceived two doses by 12 months and three doses
by 18 months, the timing of vaccination in days
of age was calculated with the use of individual-
level data from local child health information
systems (see the Supplementary Appendix, avail-
able with the full text of this article at NEJM.org).

STUDY DESIGN AND SUPPORT
The authors had sole responsibility for the study
design; the data collection, analysis, and inter-
pretation; and the writing of the manuscript. All
the authors are employed by Public Health
England, the study funder, which is a public
body and an executive agency of the U.K. Depart-
ment of Health. The first author had full access
to all the data and final responsibility for the deci-
sion to submit the manuscript for publication.

STATISTICAL ANALYSIS
The population effect was estimated with the
use of national surveillance data on cases of
laboratory-confirmed meningococcal group B dis-
ease. We calculated the change in the incidence
of the disease from 4 prevaccine surveillance
years (September through the following August)
to the first 3 complete years after 4CMenB was
introduced. The age groups for the analysis were
the following: 0 to 8 weeks (infants who were
too young for vaccination), 9 to 17 weeks (part
of this group was eligible for one 4CMenB dose
in the 2015-2016 surveillance year, and the
whole group was eligible for one 4CMenB dose
in 2016-2017 and 2017-2018), 18 to 51 weeks
(part of this group was eligible to receive two
4CMenB doses in 2015-2016, and the whole
group was eligible in 2016-2017 and 2017-2018),
1 year (part of this group was eligible to receive
three doses in 2016-2017, and the whole group
was eligible to receive three doses in 2017-2018),
2 years (part of this group was eligible to receive
three doses in 2017-2018), and 3 to 4 years (chil-
dren who were too old to receive 4CMenB
throughout the study period).

To estimate effect in each vaccine-eligible
group, we initially estimated incidence rate ratios
by comparing the numbers of cases of disease in
each postvaccination surveillance year with those
in the equivalent cohort during the 4 prevaccina-
tion years. To account for any changes over time
that were unrelated to meningococcal group B
vaccination, the incidence rate ratios were then
adjusted for changes in the incidence of menin-
gococcal group B disease in all children younger
than 5 years of age who were not in the vaccine-
eligible cohorts. This was possible because the
meningococcal group B immunization program
for infants does not provide any indirect protec-
tion to unvaccinated children. Full details regard-
ing the Poisson models used for estimation of
the incidence rate ratios and the predicted inci-
dence in the absence of vaccination are provided
in the Supplementary Appendix. Estimates of in-
cidence rate ratios and 95% confidence intervals
have not been adjusted for multiple comparisons,
so inferences based on these intervals may not
all be reproducible.

Vaccine effectiveness was estimated in chil-
dren who were eligible to receive the vaccine
through the routine program (i.e., those born on
or after July 1, 2015) and who had laboratory-
confirmed invasive meningococcal group B dis-
ease with an onset between September 1, 2015,
and August 31, 2018. Children who were eligible
for opportunistic vaccination (i.e., those who
were born in May or June 2015) were excluded
because their priming schedules were different
and their vaccine uptake was not as well docu-
mented. Children were included if they were at
least 77 days of age and younger than 13 months
at the onset of disease (for estimates of the ef-
fectiveness of one dose), at least 133 days of age
and younger than 13 months (for estimates of
the effectiveness of two doses), and at least 365
days of age (for estimates of the effectiveness of
three doses). Vaccine doses received by children
with confirmed disease were counted if the on-
set occurred at least 14 days after the dose was
received. The comparator group included all
children who were eligible to receive 4CMenB in
England.

If 4CMenB was protecting infants from me-
ningococcal group B disease, then the percent-
age of vaccinated children with confirmed dis-
ease would be lower than the percentage of
children who were vaccinated in the whole popu-
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lation. The formula for vaccine effectiveness
(VE) based on this screening method’ is

VE =1 - [PCV/(1 - PCV)]/[PPV/(1 - PPV)],

where PCV is the percentage of vaccinated chil-
dren with meningococcal group B disease and
PPV is the vaccine coverage in infants across
England who were born in the same year and
month and at an age in days exactly 14 days
younger than the age of the child at disease on-
set (the comparator cohort for each individual
child with the disease) (see the Supplementary
Appendix). This 14-day period allows for an im-
mune response to develop after vaccination. In
order to use this age-matched and period-matched
coverage for each child with disease, logistic
regression was used with the vaccination status
of the child as the binary outcome variable, only
a constant fitted, and an offset for the log odds
of the matched coverage. Vaccine effectiveness
was calculated as 1 minus the odds ratio in the
model. Vaccine effectiveness was assessed this
way according to the number of doses: one pri-
mary dose with meningococcal group B disease
diagnosed before 13 months of age; two pri-
mary doses with meningococcal group B disease
diagnosed before 13 months of age; and the
complete three-dose schedule with meningococ-
cal group B disease diagnosed before 36 months
of age. To estimate vaccine effectiveness accord-
ing to the number of doses, the coverage for the
equivalent number of doses in the population
was used. Data were analyzed with the use of
Stata software, version 14 (StataCorp).

Since 4CMenB does not protect against all
meningococcal group B strains, the results of
the MATS testing of isolates of invasive menin-
gococcal group B obtained from vaccinated
children were used to estimate the vaccine strain
coverage of meningococci causing invasive dis-
ease in the different vaccinated cohorts. To esti-
mate vaccine effectiveness against vaccine-pre-
ventable meningococcal group B strains only,
the vaccine effectiveness against all meningococ-
cal group B disease (vaccine effectiveness ) was
adjusted by applying the proportion (p) of cul-
ture-confirmed cases in vaccinated children that
were MATS-positive to the total number of con-
firmed cases of meningococcal group B disease
with MATS results in that cohort. The adjusted
vaccine effectiveness (VEM) assumed no protec-

tion against MATS-negative strains. The follow-
ing formula was used:

VE__ =1-1/{1+ [1/p] x [VE /(1 - VE )]}.

The derivation is provided in the Supplemen-
tary Appendix.

RESULTS

VACCINE UPTAKE
In England, 4CMenB uptake has remained con-
sistently high since the vaccine was introduced
into the national program in September 2015
(Fig. 1A). Data from the first 3 months of 2018
showed that 92.5% of children in England (aver-
age annual birth cohort, approximately 650,000
infants) had completed the primary immuniza-
tions by their first birthday and 87.9% had re-
ceived all three doses by 2 years. In a representa-
tive sample of approximately 60,000 infants
receiving the first dose, approximately 60,000
receiving the second dose, and approximately
30,000 receiving the booster in different geo-
graphic areas across England (see the Supple-
mentary Appendix), the median age at 4CMenB
vaccination was 61 days (interquartile range, 58
to 67) for the first dose, 128 days (interquartile
range, 120 to 144) for the second dose, and 387
days (interquartile range, 377 to 407) for the
booster (Fig. 1B).

EFFECT OF VACCINATION
The fitted model showed a 29% increase in the
number of cases between 2013-2014 and 2017-
2018, based on the observed number of cases of
meningococcal group B disease in unvaccinated
cohorts (P=0.11) (Fig. 2). The model for estimat-
ing effect showed no evidence of lack of fit
(P=0.57), indicating that it was reasonable to
assume that changes in cohorts of children who
were not eligible to receive the vaccine because
of age would have also occurred in the vaccine-
eligible cohorts.

The estimates of adjusted incidence rate ra-
tios show significant decreases in the incidence
of meningococcal group B disease in all vaccine-
eligible cohorts of children who received at least
two doses of 4CMenB, including those in which
only some of the group were eligible for vaccina-
tion (Table 1). In children who were 18 to 51
weeks of age, there were fewer cases of meningo-
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coccal group B disease than expected for 3 con-
secutive years. In the second year of the pro-
gram, fewer than expected cases were also
observed in children who were 1 year of age and
who became eligible for a three-dose schedule
after July 2016. This cohort continued to benefit
from vaccination in the third year of the pro-
gram, with significantly fewer cases observed
among children who were 2 years of age during
2017-2018 (Fig. 2).

When the age groups in which all children
were eligible for vaccination were combined, the
reduction in the incidence of meningococcal
group B disease was 75% (63 observed cases as
compared with 253 expected cases; incidence
rate ratio, 0.25; 95% CI, 0.19 to 0.36), as com-
pared with a reduction of 45% in the cohorts in
which only some children were eligible (106
observed cases as compared with 193 expected
cases; incidence rate ratio, 0.55; 95% CI, 0.43 to
0.70). The difference between the number of
observed cases (169 cases) and expected cases
(446 cases) of meningococcal group B disease in
the vaccine-eligible cohorts was 277 (95% CI,
236 to 323) in the first 3 years of the program
(i.e., 62% fewer cases than expected).

VACCINE EFFECTIVENESS
Of the 187 children with meningococcal group B
disease who were born after July 1, 2015, a total
of 147 who were at least 77 days of age were
eligible for the vaccine effectiveness analysis.
The adjusted vaccine effectiveness for a single
dose of 4CMenB was 24.1% (95% CI, —37.6 to
58.2) according to data on 74 children with dis-
ease (16 children who had not received the vac-
cine and 58 who had received one dose). Of the
children with an onset of meningococcal group
B disease between 133 days and 13 months of
age, 4 were unvaccinated and 37 had received
two doses of 4CMenB. Thus, the adjusted vac-
cine effectiveness was 52.7% (95% CI, —33.5 to
83.2). In this group, 26 children had disease that
was confirmed by culture and, of these, 16 (62%)
had MATS-positive disease. Assuming that only
the MATS-positive strains were preventable by
4CMenB, the estimated vaccine effectiveness
against vaccine-preventable meningococcal group
B strains among children who received two
doses was 64.4%.

Meningococcal group B disease developed in
29 infants who were eligible for the three-dose
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Figure 1. 4CMenB Vaccine Coverage, According to Recipients’ Month

and Year of Birth and Age at Vaccination.

Panel A shows vaccine coverage by 12 months for the first and second doses
of the meningococcal group B vaccine (4CMenB), as well as uptake of the
12-month booster by 18 months of age. Panel B shows vaccination cover-
age according to age in days at the time of the first dose of the vaccine, the
second dose, and the booster dose among infants born in the months with
the lowest (July 2015, lower dashed line), median (January 2017, solid line),
and highest (March 2016, upper dashed line) final vaccine coverage. The first
dose was offered at 8 weeks of age, the second dose was offered at 16 weeks
of age, and the booster dose was offered at 12 months.

schedule, including 25 who had received the three
recommended doses. The adjusted vaccine effec-
tiveness among children who received three doses
was 59.1% (95% CI, —31.1 to 87.2). Of the 12 iso-
lates obtained from children with culture-con-
firmed disease, 7 (58%) were MATS-positive. The
estimated vaccine effectiveness against vaccine-
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Figure 2 (facing page). Number of Children with Meningo-
coccal Group B Disease in Each Surveillance Year.

The orange diamonds indicate children who were fully
eligible to receive the vaccine, the green diamonds those
who were partially eligible to receive the vaccine, and
the blue diamonds those in the comparator cohorts.
The fitted prediction in the absence of vaccination (blue
line) and its 95% prediction interval (gray region) are
also shown. Data shown for each year are from Septem-
ber through August. Infants who were 8 weeks of age
or younger (Panel A) were not eligible to receive the
vaccine. Among infants who were 9 to 17 weeks of age
(Panel B), some infants in 2015-2016 (green diamond)
and all the infants in the 2016-2017 and 2017-2018
periods (orange diamonds) were eligible to receive one
dose. Among infants who were 18 to 51 weeks of age
(Panel C), some infants in 2015-2016 (green diamond)
and all the infants in the 2016-2017 and 2017-2018 peri-
ods (orange diamonds) were eligible to receive two doses.
Among children who were 1 year of age (Panel D), some
children in 2016-2017 (green diamond) and all the chil-
dren in 2017-2018 (orange diamond) were eligible to
receive two priming doses plus a 12-month booster.
Among children who were 2 years of age (Panel E), some
children in 2017-2018 (green diamond) were eligible
to receive two priming doses plus a 12-month booster.
Children who were 3 and 4 years of age (Panels F and G)
were not eligible to receive the vaccine.

preventable meningococcal group B strains among
children who received three doses was 71.2%.

DISCUSSION

This study provides real-world evidence of the
effectiveness of 4CMenB in preventing invasive
meningococcal group B disease 3 years after its
introduction into the U.K. national infant im-
munization program. Our analysis included all
children with meningococcal group B disease in
the vaccine-eligible cohorts, irrespective of vac-
cination status or strain coverage. We found that
the 12-month booster protected against menin-
gococcal group B disease for at least 2 years,
which is reassuring given the initial concerns
about rapidly waning levels of antibodies.’* This
is particularly important because the highest
burden of meningococcal group B disease in
England occurs during the first 3 years of life.”
Our point estimates of vaccine effectiveness are
consistent with the reduction in cases of menin-
gococcal group B disease in each of the vaccine-
eligible cohorts; the estimates of vaccine effec-
tiveness have wide confidence intervals because
of the small numbers of cases.

Table 1. Incidence of Meningococcal Group B Disease before and after the Vaccine Introduction Period.*

2017-2018 vs.
2010-2015

Adjusted Incidence Rate Ratio
(95% Cl);
2016-2017 vs.
2010-2015

2015-2016 vs.
2010-2015

2017-2018 vs.
2010-2015

2016-2017 vs.
2010-2015

Incidence Rate Ratio
(95% Clyf

2015-2016 vs.
2010-2015

2017~
2018

No. of Children with Disease,
Postvaccination Period
2016~
2017

2015~
2016

2014-2015

Children with Disease,
Prevaccination Period
2010-2011 to

Average Annual No. of

Age Group

0.75
(0.38-1.48)

0.60

(0.28-1.25)

0.52
(0.24-1.14)

10

13.75

0-8 wk

0.99
(0.56-1.74)

1.07
(0.63-1.81)

0.62
(0.32-1.20)

1.01
(0.62-1.65)

1.05
(0.65-1.69)

20 0.55
(0.29-1.02)

21

20.50 11

9-17 wk

0.30
(0.19-0.49)

0.23
(0.14-038)

0.72
(0.52-0.99)

0.31

(0.21-0.45)

0.23
(0.15-0.35)

0.63
(0.48-0.83)

21 28

58

94.00

18-51 wk

0.20
(0.11-0.36)

0.43
(0.28-0.66)

0.20
(0.12-0.35)

0.42
(0.28-0.61)

0.83
(0.63-1.11)

14

29

58

71.25

lyr

043
(0.25-0.74)

0.46
(0.29-0.75)

1.18

(0.85-1.62)

1.02
(0.73-1.43)

19

48

42

41.75

2yr

111
(0.72-1.7)

0.83 0.97
(0.62-1.52)

(0.52-133)

27

24

21

2475

3yr

1.02
(0.63-1.64)

0.90

1.04
(0.55-1.48)

(0.65-1.66)

21

19

20.50 22

4yr
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* Data shown for each year are from September through August, and the data are aggregated according to the surveillance year in which the specimen was obtained.

1 These incidence rate ratios were adjusted only to account for changes in the population denominators.

i+ These incidence rate ratios were adjusted according to changes in the incidence of meningococcal B disease in the age cohorts of children who were not eligible to receive the vaccine.
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The strength of this study lies in the consis-
tently high vaccine uptake nationally and the near
real-time enhanced national surveillance for all
laboratory-confirmed cases, which is facilitated
by the provision of a single national meningo-
coccal reference unit. This surveillance allows
for rapid assessment of vaccine effect and effec-
tiveness at a national level. Our previous model,
which used common trend lines for the expected
cases,® did not fit the data after 2013-2014 be-
cause of an increase in cases of meningococcal
group B disease in the cohorts of children who
were not eligible to receive the vaccine (P=0.002
for testing for goodness of fit). Inclusion of the
year as a factor improved the model (P=0.57 for
testing for goodness of fit); this indicates that
it was reasonable to assume that the secular
changes observed in the nonvaccinated cohorts
could be used to predict what would have hap-
pened without vaccination. The use of cases of
disease from cohorts of children who were not
eligible to receive the vaccine in order to predict
disease trends in vaccine-eligible age groups can
be justified because the program for infants is
not expected to have any indirect (herd) effect.

The estimate of vaccine effectiveness is based
on protection against all meningococcal group B
strains. This is likely to be an underestimate of
the true vaccine effectiveness because 4CMenB
should not protect against all meningococcal
group B strains. We attempted to estimate vac-
cine effectiveness against vaccine-preventable me-
ningococcal group B strains by adjusting for the
proportion of MATS-positive strains among the
smaller number of culture-confirmed cases in
the vaccine-eligible cohort. Our estimates also
assumed that the proportion of strains that were
MATS-positive would be similar in culture-con-
firmed and PCR-confirmed cases. In addition, we
assumed no protection against MATS-negative
strains, although there is likely to be some cross-
protection, particularly in toddlers who will have
received all three doses in the complete 4CMenB
immunization schedule in the United Kingdom."
Finally, if 4CMenB protects only against these
vaccine-preventable, MATS-positive meningococ-
cal group B strains (although meningococcal
group B disease would be less likely to develop
in fully-immunized infants overall), then the
smaller number of cases that do occur in immu-
nized children would be more likely to be unpre-
ventable by the vaccine (i.e., MATS-negative), al-

though some cases of genuine vaccine failure will
also occur. More accurate vaccine effectiveness
against the vaccine-preventable strains may be
possible with larger numbers of cases over time
and improved nonculture methods of character-
ization of meningococci causing invasive disease.

In keeping with our previous report,® vaccine
effectiveness among children who received a sin-
gle priming dose in infancy was only 24.1%
against all meningococcal group B strains, which
is consistent with the lack of effect seen in infants
who were 9 to 17 weeks of age. Vaccine effective-
ness among infants who received two priming
doses of 4CMenB was 52.7% — lower than pre-
viously reported.® This may be due to small num-
bers of cases in the earlier analysis and exclu-
sion of the catch-up cohort from the current
analysis. It could also be due to waning of pro-
tection within the first year of life, which may
not have manifested in the previous analysis be-
cause of a shorter follow-up period.

The effectiveness of 4CMenB is also supported
by data from a recent clinical trial,* a recent
systematic review, and other observational
studies.™ Although 4CMenB was licensed with
a schedule of three priming doses in infants plus
one booster dose, on the basis of limited data on
immunogenicity, the United Kingdom imple-
mented a reduced schedule for infants of two
doses plus one booster dose. This schedule has
now been validated in a randomized, controlled
trial that showed seroprotection in nearly all in-
fants who received two priming doses.’* In 2014,
a mass immunization program was initiated in
a region in Quebec, Canada, in response to a
local outbreak of meningococcal group B dis-
ease; in that program, 82% of 59,000 persons
who were 2 months to 20 years of age were im-
munized.”® No cases of meningococcal group B
disease occurred among vaccinees, and a multi-
variate analysis showed an estimated 78% reduc-
tion in meningococcal disease after the cam-
paign. 4CMenB has also been administered to
several thousand students during outbreaks in
universities, and no additional cases have been
identified.’®**2°22 Ag of December 2019, no ma-
jor safety concerns had been identified after
more than 3 million doses had been adminis-
tered to infants,> older children and adoles-
cents,”* and premature infants.”® Unlike the
polysaccharide—protein conjugate vaccines, how-
ever, 4CMenB does not have any effect on menin-
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gococcal group B carriage in immunized adoles-
cents; therefore, immunization strategies with
4CMenB will need to focus on direct (individ-
ual) protection against meningococcal group B
disease.”

In conclusion, 3 years after its implementation,
4CMenB continued to protect infants and tod-
dlers against invasive meningococcal group B
disease. This protection lasted for at least 2 years
after receipt of two doses plus a booster dose.
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Chapter Four

3. Invasive meningococcal disease in vulnerable populations

3.1. Study 6

Meningococcal B Vaccine Failure with a Penicillin-Resistant Strain in a Young
Adult on Long-Term Eculizumab Pediatrics (2017)
Sydel R. Parikh, Jay Lucidarme, Coralie Bingham, Paul Warwicker, Tim Goodship, Ray

Borrow, Shamez N. Ladhani

3.1.1. Study 6 Aim
This study aimed to describe a case of MenB disease due to a vaccine-preventable and
penicillin-resistant strain in a fully immunized young adult on long-term complement
inhibitor therapy and daily penicillin chemoprophylaxis. This paper was published with
the aim of highlighting the difficulties in protecting patients on complement inhibitors

against IMD.

3.1.2. Study 6 Summary
This case occurred in a 22-year old female who presented with very mild clinical
presentations of fever, myalgia, sore throat and headache but no rash. Six months prior
to this she was diagnosed with atypical haemolytic uremic syndrome (aHUS). She was
placed on Eculizumab, which is a humanized monoclonal antibody that is a terminal
complement inhibitor used as treatment for aHUS among other conditions. She had
received group C meningococcal vaccine as part of the national programme in 2000 as
well as the MenACWY vaccine. She received two doses of 4CMenB 1 month apart,
following her aHUS diagnosis. It is difficult to interpret antibody titers for patients on
eculizumab therapy as the drug inactivates the assay which uses exogenous human
complement. The case was also on long-term penicillin prophylaxis for protection

against IMD.



The infecting strain was shown to be fully preventable by the 4CMenB vaccine and was
MATS positive on one antigen (NHBA). The minimum inhibitory concentration for the
infecting strain was 0.5 mg/L for penicillin, which was double the threshold (0.25 mg/L)
for penicillin resistance. Genomic analysis revealed the penA allele contained 3
mutations associated with reduced penicillin sensitivity. Further comparisons within the
PubMLST Neisseria database suggested a recombination event in an ancestral strain
involving a putative gonococcal origin, a species associated with high rates of antibiotic

resistance.

3.1.3. Study 6 New knowledge gained
This was the first case of 4CMenB vaccine failure on a patient receiving long-term
eculizumab for aHUS. Although antibiotic resistance is very rare among meningococci
(<5%) the case was infected with a strain with a high resistance to the antibiotic
chemoprophylaxis she was on. This study served to highlight the importance of raising
awareness of meningococcal disease in patients on eculizumab therapy, even when

they are fully vaccinated and complying with prophylactic prescriptions.

3.2. Study 7

Primary meningococcal conjunctivitis: Summary of evidence for the clinical and
public health management of cases and close contacts Journal of Infection (2019)

Sydel R. Parikh, Helen Campbell, Sema Mandal, Mary E. Ramsay, Shamez N. Ladhani

3.2.1. Study 7 Aim

This study aimed to compile a review of the literature in order to provide robust
evidence base to support recommendations for clinical and public health management

of primary meningococcal conjunctivitis (PMC) cases and their close contacts.



3.2.2. Study 7 Summary
A literature review was performed by searchin PubMed with the terms “Meningococcal”,
“Conjunctivitis”, “primary meningococcal conjunctivitis” and any combination of
“transmission” or “invasive disease”. Publication dates and languages were not limited.
Ovid MEDLINE was searched via PubMed, EMBASE and NHS evidence (up to
December 2018 week 3). The advanced search mode was used including the terms
“Meningococcal”, “Conjunctivitis”, “primary meningococcal conjunctivitis” and any
combination of “transmission” or “invasive disease” or “contacts” or “management” or
“treatment”. Publication dates and languages were not limited. Case series and review
articles that summarised previous publications on PMC were prioritized; the individual

publications cited in such studies were not retrieved for additional review.

Findings were summarised and sorted under three categories (with some articles in
more than one category):

1. Reports of IMD in patients with PMC
2. Reports of IMD in close contacts of patients with PMC

3. Reports of identical strains from PMC cases and screening of their

household or close contacts in the absence of invasive disease

3.2.3. Study 7 Results
This study provided a clear report of the published data on PMC as it pertains to clinical
and public health management of PMC cases and their close contacts. In the UK there
is currently no consensus on this management. This review identified a 10-29% risk of
IMD among PMC cases where systemic symptoms typically occur within two days
(range: 3 hours to 4 days) (Reese, 1936; Odegaard, 1983; Barquet et al., 1990; Ellis et
al., 1992; Stansfield et al., 1994). The review also highlighted that systemic antibiotic
therapy for PMC was more effective than topical antibiotic therapy alone in the
prevention of systemic disease (Newton and Wilson, 1977; Odegaard, 1983; Barquet et
al., 1990). One study showed the risk of developing IMD was 19 times greater when
cases were treated with topical antibiotics alone than if combined with systemic

antibiotic treatment (Barquet et al., 1990).



In light of these findings on the recommendation for antibiotic treatment of PMC cases
this review raised three important questions and used the findings of the review to
answer them as they pertain to the clinical and public health management of these

cases.

1. Unless a Gram stain of the conjunctival swab is performed quickly, the culture
results of the bacterial eye swab may take at least 48 h to be reported. Therefore,
should PMC cases initially treated with topical antibiotics alone be recalled for
systemic antibiotics?

2. Can children with PMC be treated with oral antibiotics when N. meningitidis is
confirmed as the cause of the conjunctivitis?

3. What is the duration of oral antibiotic treatment in an otherwise well child with PMC

and no systemic symptoms?

3.2.4. Study 7 New knowledge gained
This study provided a clear report of the published data on PMC as it pertained to
clinical and public health management of PMC cases and their close contacts. These
findings provided support for current guidelines on the public health management of
PMC cases in England and served to highlight the need for clearer, more up to date
clinical recommendations for the treatment of PMC cases, in so much as to prevent

progression to systemic disease.

3.3. Study 8

Lower risk of invasive meningococcal disease during pregnancy; national
prospective surveillance in England, 2011-2014 British Journal of Obstetrics and
Gynaecology (2019)

SR Parikh, R Borrow, ME Ramsay, SN Ladhani



3.3.1. Study 8 Aim
The objective of this study was to estimate the risk of IMD in pregnant women
compared with non-pregnant women and to describe the epidemiology, clinical
characteristics and outcomes of IMD in pregnant women in England over a 4 year

period.

3.3.2. Study 8 Summary
Enhanced national surveillance data was used in conjunction with short clinical
guestionnaires completed by general practitioners for laboratory confirmed cases of
IMD in England since 01 January 2011. All laboratory confirmed cases of IMD in women
of reproductive age (15-44 years) in England from 01 January 2011 to 31 December
2014 (4 years) were included. Women in this cohort may have been eligible to receive
the MenC conjugate vaccine but neither the 4CMenB nor the MenACWY vaccine were

part of the national immunisation programme during this period.

Information collected included comorbidities, clinical presentation, intensive care
admission, and outcomes. Incomplete or missing information in the questionnaires was
followed up by telephoning the GP, contacting the patient’s hospital clinician, or
requesting additional information from the local PHE health protection team (HPT). If
needed, additional information was sought from HPZone, and from the electronic death

registration records from the Office for National Statistics (ONS).

For fatal cases, the date of death was confirmed using the Personal Demographics
Service (PDS). Online annual reports of the Confidential Enquiry into Maternal Deaths
(CEMD, www.npeu.ox.ac.uk/mbrrace-uk/reports/confidential-enquiry- into-maternal-
deaths) were also accessed to identify any pregnancy-related deaths resulting from IMD
during the surveillance period. The HPZone records for neonatal IMD cases confirmed
during the surveillance period were checked for any mention of maternal illness during

the perinatal period.



General population and maternity data (including total conceptions) for England was
obtained from ONS. These were used for denominator populations (ONS Population
Estimates Tool, accessed 02 May 2019; ONS Conception Statistics; accessed 02 May
20109).

Pregnant years were estimated as the product of the total number of conceptions
between 2011 and 2014 and the maximum possible gestation period (9 months). This
was then used to estimate non-pregnant years as the difference between the total

female population aged 15-44 years and pregnant years.

Demographic, clinical questionnaire and microbiological data were entered into a single
Microsoft Access Database cleaned and de-duplicated before being imported into
STATA 13.0 for analysis. Descriptive statistics were given for demographics and clinical
characteristics of pregnant women with IMD. Core outcomes and estimates of IMD
incidence rates with Poisson 95% confidence intervals for pregnant and non-pregnant
women along with incidence rate ratios pregnant and non-pregnant women were also

performed.

3.3.3. Study 8 Results
Between 2011 and 2014 (317,417,121 woman-years) there were 2980 cases of IMD in
England. Clinical information was available for all 2980 cases. Of these, 1502 occurred
in females across England over the four-year study period, 310 (20.6%) of which
occurred in women of reproductive age (median age 20 years; Q1, 18 year; Q3, 28.5
years). Among those of reproductive age, four women were reported pregnant at the
time of IMD confirmation (1.3%). The four cases in otherwise healthy pregnant women
were confirmed across all trimesters and all survived; one case in the first trimester had
a septic miscarriage. The incidence of IMD was lower in pregnant than in non-pregnant
women (0.16 compared with 0.76 per 100,000 pregnant and non-pregnant years,

respectively), giving a lower risk of IMD in pregnant women (IRR, 0.21; Cl 0.06—0.54).



3.3.4. Study 8 New knowledge gained

This study was the first to assess the risk of IMD in pregnancy and established that in
our study population, pregnant women were nearly five times less likely to develop IMD
compared to non-pregnant women, although the infection could still be severe. This
knowledge could be used to alleviate worries among pregnant women and could also

be used as supporting evidence for vaginal swabbing prior to delivery.
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Meningococcal B Vaccine Failure With
a Penicillin-Resistant Strain in a Young
Adult on Long-Term Eculizumab

Sydel R. Parikh, MSc,? Jay Lucidarme, PhD.® Coralie Bingham, MD,% Paul Warwicker, MD,®

Tim Goodship, MD.® Ray Borrow, PhD.® Shamez N. Ladhani, MDa

We describe a case of invasive meningococcal disease due to a vaccine-
preventable and penicillin-resistant strain in a fully immunized young
adult on long-term complement inhibitor therapy and daily penicillin
chemoprophylaxis. Eculizumab is a humanized monoclonal antibody that
binds human complement C5 protein and inhibits the terminal complement
pathway. It is currently recommended for the treatment of complement-
mediated thrombotic microangiopathies. An unwanted complication

of inhibiting complement, however, is an increased risk of invasive
meningococcal disease. Here, we report the first case of meningococcal
group B vaccine failure in a young adult receiving eculizumab for atypical
hemolytic uremic syndrome. She developed invasive meningococcal disease
due to a vaccine-preventable and penicillin-resistant meningococcal group
B strain 4 months after receiving 2 doses of meningococcal group B vaccine

while on oral penicillin prophylaxis against meningococcal infection.

Monoclonal antibodies are
increasingly used to treat a range

of medical conditions. Eculizumab
(Soliris; Alexion, New Haven, CT) is

a humanized monoclonal antibody
that is a terminal complement
inhibitor used to treat paroxysmal
nocturnal hemoglobinuria,* and
atypical hemolytic uremic syndrome
(aHUS),? although its use is extending
to treat other immune-mediated
conditions.** In aHUS, uncontrolled
complement activation due to defects
of complement regulation leads to
platelet, leukocyte, and endothelial
cell activation and thrombotic
microangiopathy.?

Eculizumab binds with high affinity to
human C5 complement and blocks the
generation of complements C5a and
C5b-9. This prevents the formation

of membrane attack complexes and
proinflammatory pathway activation,
thus preventing end-organ damage.!
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An unwanted complication of
complement inhibition, however, is
an increased risk of infection with
encapsulated bacteria, especially
Neisseria meningitidis.® Consequently,
patients on eculizumab are advised
to receive meningococcal vaccination
at least 14 days before initiating
treatment.”

Until recently, licensed meningococcal
vaccines protected against only 4

of the 12 known meningococcal
serogroups (A, C, W,and Y). In
Europe, serogroup B (MenB) is
responsible for nearly all invasive
meningococcal disease (IMD)

cases.® In 2013, a multicomponent,
protein-based, broad-spectrum
meningococcal vaccine (4CMenB,
Bexsero; GSK Biologicals, Siena, Italy)
was licensed for protection against
MenB, although the vaccine antigens
can be found on the surface of all
meningococci and, therefore, offer
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protection regardless of capsular
group. In the United Kingdom, the
quadrivalent ACWY meningococcal
conjugate vaccine (MenACWY) and
4CMenB are recommended for at-risk
individuals, including those receiving
complement inhibitors.? Here, we
report the first case of 4CMenB
vaccine failure in a fully immunized
young adult on penicillin prophylaxis
who developed IMD caused by a
vaccine-preventable and penicillin-
resistant MenB strain during
treatment with eculizumab for aHUS.

CASE DESCRIPTION

A 22-year-old woman presented
to the emergency department
with fever, myalgia, lethargy, sore
throat, and headache, but no rash,
photophobia, or neck stiffness.
Six months previously, she was
diagnosed with aHUS associated
with the CFH mutation ¢.3643C>G;
p-Arg1215Gly identified through
genetic testing,'° after presenting
with vomiting and diarrhea,
headache, oliguria, hemolytic
anemia, severe thrombocytopenia
with bruising, acute renal injury
requiring dialysis, and raised lactate
dehydrogenase, consistent with a
thrombotic microangiopathy. At
the time, she was started on long-
term eculizumab and penicillin
prophylaxis. She had no other
significant medical history.

Clinical examination was
unremarkable. Her blood counts
revealed elevated white cell (17.0 x
10°/L) and neutrophil (15.8 x 10°/L)
counts, with normal renal and liver
function. The C-reactive protein was
5 mg/Linitially but increased to 150
mg/L within 20 hours before falling
gradually. Lumbar puncture revealed
no evidence of meningitis. She was
treated with intravenous ceftriaxone
(2 g twice daily) for 7 days followed
by 10 days of oral ciprofloxacin

500 mg twice daily. Gram-negative
diplococci were identified in the
blood culture after 24 hours. She

was discharged within 24 hours and
has remained well on oral penicillin
prophylaxis.

VACCINATION HISTORY

She had received the group C
meningococcal conjugate vaccine
as part of the national program in
2000 and the MenACWY vaccine
with 2 doses of 4CMenB given

1 month apart when she was
diagnosed with aHUS. Two months
after MenACWY vaccination, serum
bactericidal antibody titers using
rabbit complement were 1024,
8192, 1024, and 512 for serogroups
A,C, W, andY, respectively. MenB
serum bactericidal antibody titers
for patients on eculizumab therapy
are difficult to interpret because
this assay uses exogenous human
complement, which is inactivated by
eculizumab.

MICROBIOLOGY

The meningococcal blood culture
isolate was sent to the national
reference laboratory and confirmed
as nonserogroupable with a
minimum inhibitory concentration
of 0.5 mg/L for penicillin, which
was double the threshold (0.25
mg/L) for penicillin resistance.
Genomic analysis identified the
isolate as belonging to the ST-162
clonal complex, a strain with
established pathogenic potential.
The capsular gene csb (siaDb),
however, was interrupted by an
1S1301-related sequence, making
the isolate unlikely to cause disease
in immunocompetent individuals.
Its penA allele (neis1753 allele 23)
contained 3 mutations associated
with reduced penicillin sensitivity
(F504L, A510V, 1515V). Within

the PubMLST Neisseria database
(pubmlst.org/neisseria; accessed
August 12, 2015), this allele was
predominantly associated with
Neisseria gonorrhoeae (82/1758
annotated genomes versus 2/5464

annotated meningococcal genomes).
The allele was not observed

among any annotated genomes for
Neisseria lactamica (n = 127),
Neisseria subflava (n = 20),
Neisseria polysaccharea (n = 15),
Neisseria mucosa (n = 14), or other
Neisseria species. Comparison of the
broader genomic region (neis1 740
to neis1773) with other cc162
genomes by using the PubMLST
genome comparator tool revealed
an uncharacteristic region spanning
from neis1750 to neis1756. As with
neis1753, the neis1754, neis1755,
and neis1756 alleles were highly
associated with N gonorrhoeae,
whereas neis1750 and neis1751 were
novel variants. This suggested a
recombination event in an ancestral
strain involving DNA of putative
gonococcal origin.

The isolate also possessed genes

for PorA P1.22,14, factor H binding
protein peptide 3.31, and neisserial
heparin binding antigen peptide 20,
and was Neisserial adhesion A (nadA)
negative. Meningococcal Antigen
Typing System analysis confirmed
the strain as vaccine-preventable
because of neisserial heparin binding
antigen positivity.

DISCUSSION

This case highlights the difficulties
in protecting patients on
complement inhibitors against
meningococcal disease, even

with vaccination and antibiotic
chemoprophylaxis. Individuals on
long-term eculizumab who are not
otherwise immunosuppressed can
produce high serum bactericidal
antibody titers after meningococcal
vaccination. However, the

critical functions of the terminal
complement pathway and,
therefore, the ability to attract
proinflammatory cells and initiate
cell destruction by triggering pore
formation, are impaired (even
though the proximal complement
pathway remains intact). Inherited
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deficiencies of the terminal
complement pathway are rare
(0.03% of the general population),
but associated with a 7000 to

10 000-fold higher risk of IMD,
with 50% to 60% experiencing

>1 IMD episode.!! In those with
C5 deficiency, meningococci are
responsible for >95% of invasive
infections, with meningitis being the
most common presentation (77%),
and 42% suffer from recurrent
disease, both in terms of relapse
and newly acquired infections.!!
Recurrent infections occur despite
an adequate antibody response
against the infecting isolates;

in vitro studies have shown that
these antibodies will kill the
homologous isolate, but only
when complement is added to the
assay.!?

Interestingly, individuals with
complement deficiency often

have mild disease with low case
fatality.!! One possible explanation
is a less intense inflammatory
response to infection because of
lower endotoxin release from the
bacterial surface in the absence
of an intact terminal complement
pathway.!! We have recently

shown that eculizumab inhibited
complement-mediated serum
bactericidal activity but did not
impede opsonophagocytic activity
in patients on long-term eculizumab
therapy.!? Opsonophagocytic
activity is triggered by binding of C3
complement without requirement of
the terminal complement and may,
therefore, help protect against severe
infection.

The increased risk of IMD in
patients receiving eculizumab

is well-recognized,” with clear
recommendations for meningococcal
vaccination of patients at least

2 weeks before commencing
treatment.'* Many clinicians
additionally advocate lifelong
antibiotic chemoprophylaxis

for added protection because of

the continued high risk of IMD
despite adequate postvaccination
antibody responses.’>'7 In a
recent evaluation of 195 patients
on eculizumab, 2 IMD cases

were identified during 467
patient-years of eculizumab
exposure (0.42 infections/100
patient-years).!® Both had
received various meningococcal
vaccines, but developed IMD

due to a nonvaccine serogroup.
In another report, a 19-year-old
with known factor H mutation, 3
renal transplants, and receiving
several immunosuppressives in
addition to eculizumab developed
meningococcal group W (MenW)
septicemia.'® She had been
immunized 18 months previously
with a MenACWY polysaccharide
vaccine, which is likely to be less
protective than the equivalent
conjugate vaccine.

Recently, a toddler with aHUS
diagnosed in infancy and receiving
long-term eculizumab developed
MenW septicemia despite previous
immunization with the MenACWY
conjugate vaccine.!> He was also

on amoxicillin prophylaxis at the
time, and the responsible MenW
strain had intermediate penicillin
sensitivity, with a minimal inhibitory
concentration of 0.13 mg/L (sensitive
0.06 mg/L, resistant >0.25 mg/L).
This child, too, had mild disease
without complications. After her
illness, she had nonprotective
antibody titers against serogroups

C, W, and Y, but responded with

high antibody titers after a further
dose of the MenACWY conjugate
vaccine.

The recent licensure of 4CMenB was
heralded as a major breakthrough
in the global fight against
meningococcal disease because it
aimed to provide broad protection
against all capsular groups. Our
patient had been immunized

with the MenACWY conjugate
vaccine and 4CMenB, and was on

long-term penicillin prophylaxis
when she developed MenB disease
due to a penicillin-resistant and
vaccine-preventable strain. Current
guidelines recommend testing
antibody responses in patients
receiving eculizumab before and

4 to 6 weeks after meningococcal
vaccination, and subsequently
every 1 to 3 years with a view to
reimmunize if antibody titers are
below protective thresholds.!®1°
More data are needed to support
this recommendation, given that
antibodies require a functional
terminal complement pathway to
kill the meningococci efficiently.
The development of IMD due to a
penicillin-resistant strain in our
patient and the published pediatric
case is also concerning, given that
penicillin resistance is rare (<5%)
among invasive meningococci.
These 2 cases highlight the
importance of raising awareness of
meningococcal disease, including
use of information cards to be
carried by patients and their
caregivers, and to seek medical
attention early.?? The development
and maintenance of national
specialized centers will play a

vital role in monitoring the

risks and outcomes of adverse
events, including IMD, in

children and adults on long-term
eculizumab.20.2!

ABBREVIATIONS

aHUS: atypical hemolytic uremic
syndrome
IMD: invasive meningococcal
disease
MenACWY: quadrivalent ACWY
meningococcal
conjugate vaccine
MenB: meningococcal group B
MenW: meningococcal group W
4CMenB: multicomponent,
protein-based,
broad-spectrum
meningococcal vaccine
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ARTICLE INFO SUMMARY

Article history: Background: Neisseria meningitidis is a rare cause of acute bacterial conjunctivitis but can progress to
Accepted 20 October 2019 invasive meningococcal disease (IMD) in the case and their close contacts. There is, however, a lack of

Available online 25 October 2019 consensus on the clinical and public health management of primary meningococcal conjunctivitis (PMC).

Keywords: Methods: We searched Ovid MEDLINE via PubMed, EMBASE and NHS evidence (up to June 2019) for all
Primary meningococcal conjunctivitis publications relating to meningococcal conjunctivitis to provide an evidence-base for developing guide-
Chemoprophylaxis lines for the management of PMC cases and their close contacts.

Invasive meningococcal disease Results: The review identified a 10-29% risk of IMD among PMC cases within two days of onset of eye
infection (range: 3 h to 4 days). In one study, the risk of IMD in PMC cases treated with systemic an-
tibiotics was 19 times lower than topical antibiotics alone (p=0.001). IMD among close contacts of PMC
cases is uncommon but potentially fatal. Whether meningococcal vaccination for PMC cases or close con-
tacts provides any additional benefit is unclear.

Conclusions: Systemic antibiotic treatment significantly reduces the risk of invasive disease in PMC cases,
while antibiotic chemoprophylaxis for close contacts will reduce their risk of secondary IMD. These find-

ings need to be highlighted in relevant clinical and public health guidelines.
Crown Copyright © 2019 Published by Elsevier Ltd on behalf of The British Infection Association. All
rights reserved.

Key points sociated with high morbidity and mortality. Acute conjunctivitis
is the most common disorder of the eye, especially in children.
In neonates, Chlamydia trachomatis and Neisseria gonorrhoeae are

In patients with primary meningococcal conjunctivitis, sys-

temic antibiotic treatment significantly reduces the risk of in- the main causes of ophthalmia neonatorum, while Haemophilus in-
vasive meningococcal disease compared to topical antibiotics fluenzae, Streptococcus pneumoniae and adenoviruses are the most
alone, while antibiotic chemoprophylaxis for close contacts important pathogens in older infants; Staphylococcus aureus is a
reduces their risk of developing secondary invasive disease. common cause at any age. Bacterial conjunctivitis is rarely caused

by N. meningitidis, although the true incidence is most likely under-
estimated because most cases of conjunctivitis are treated empiri-
cally, without adequate microbiological investigations, and recover
without complications.'

Primary meningococcal conjunctivitis (PMC) refers to infection
of the conjunctiva, which may or may not progress to systemic dis-
ease, while secondary meningococcal conjunctivitis is an unusual
complication of systemic meningococcal disease. PMC occurs af-
ter direct inoculation of the meningococcus into the conjunctival
sac through direct contact or the airborne route. In neonates, this
is often acquired vertically from the mother’s genitourinary tract.”
Most cases of PMC recover with appropriate treatment, although
complications such as corneal ulcers, keratitis, sub-conjunctival

Introduction

Neisseria meningitidis is a Gram-negative diplococcus that fre-
quently colonises the upper respiratory tract of adolescents and
young adults. Rarely, the pathogen will cause serious invasive in-
fection, including meningitis and septicaemia, which are both as-

* Corresponding author at: isation and C¢ Division, Public
Health England, 61 Colindale Avenue, London NW9 5EQ, United Kingdom.
E-mail address: shamez ladhani@phe gov.uk (SN. Ladhani).

https://doiorg/10.1016/j.jinf. 2019.10.015
01634453 /Crown Copyright © 2019 Published by Elsevier Ltd on behalf of The British Infection Association. All rights reserved.

81



SR. Parikh, H. Campbell and S. Mandal et al./ Journal of Infection 79 (2019) 490-494 491

hemorrhage and iritis have been reported.” Some studies have
suggested PMC to be responsible for around 2% of all bacterial
conjunctivitis, but larger studies have estimated the incidence to
be well below 1%.%°-°

There is currently no consensus on the management of individ-
uals with PMC or their close contacts. In the United Kingdom and
Australia for example, guidelines for the public health management
of meningococcal disease state that PMC cases are at an increased
risk of developing invasive meningococcal disease (IMD),”-* while
US guidance attributes no additional risk of IMD to PMC cases.” At
the same time, neither the UK National Institute for Health and
Care Excellence (NICE) clinical guidelines for Bacterial Meningi-
tis and Meningococcal Septicaemia, which aims to reduce deaths
and disability by promoting early recognition of symptoms and
timely effective management, nor the UK's College of Optometrists’
clinical guidelines for Bacterial Conjunctivitis'® mentions meningo-
coccal conjunctivitis as a potential precursor of IMD.'' Similarly,
the British National Formulary (BNF), which provides best prac-
tice guidance on the drug treatment of medical conditions does
not provide any specific recommendations for the treatment PMC
in its “Antibacterials for eye infections” section.™”

In addition to the clinical management of PMC cases, there
is also a lack of consensus on the public health management of
close contacts of PMC cases. Again, both the UK'® and Australian®
public health management guidelines state that close contacts of
PMC cases are at an increased risk of IMD and, therefore, rec-
ommend antibiotic chemoprophylaxis for them in order to pre-
vent secondary IMD, whereas the US guidance does not acknowl-
edge any increased risk and, therefore, does not make any rec-
ommendations for antibiotic chemoprophylaxis for close contacts.”
There are also conflicting recommendations for meningococcal vac-
cination; the UK guidelines recommend no vaccination for PMC
cases or their close contacts, while the Australian guidelines rec-
ommend meningococcal vaccination if the responsible strain be-
longs to serogroups A, C, W or Y."*:** Clinical and public health
guidelines for meningococcal disease from most other countries do
not make any specific recommendations for PMC cases or their
close contacts.'® We, therefore, performed a review of the liter-
ature in order to provide a robust evidence base to support rec-
ommendations for clinical and public health management of PMC
cases and their close contacts.

Methods

We searched PubMed with the terms “Meningococcal”, “Con-
junctivitis”, “primary meningococcal conjunctivitis” and any com-
bination of “transmission” or “invasive disease”. Publication dates
and languages were not limited. We searched Ovid MEDLINE
via PubMed, EMBASE and NHS evidence (up to December 2018
week 3). The advanced search mode was used including the
terms “Meningococcal”, “Conjunctivitis”, “primary meningococcal
conjunctivitis” and any combination of “transmission” or “invasive
disease” or “contacts” or “management” or “treatment”. Publication
dates and languages were not limited. Case series and review arti-
cles that summarised previous publications on PMC were priori-
tised; the individual publications cited in such studies were not
retrieved for additional review.

Results
Primary Meningococcal Conjunctivitis

PMC may present as acute or hyperacute purulent conjunctivi-
tis which is clinically indistinguishable from conjunctivitis caused

by N.gonorrhoege.'® Published studies have reported 10-29% of
PMC cases may lead to IMD (Table 1), with systemic symptoms

occurring within two days of onset of eye infection (range: 3 h to
4 days).”-'>'® Systemic antibiotic therapy for PMC is more effec-
tive than topical antibiotic therapy alone in prevention of systemic
disease.”'>~17:20-25 In one study, the risk of developing IMD when
PMC cases were treated with topical antibiotics alone was 19
times greater (p=0.001) than if combined with systemic antibiotic
treatment.’

Antibiotic chemoprophylaxis for close contacts

Patients with PMC may also transmit the meningococcus to
close contacts, who may then go on to develop systemic disease. In
several studies, screening of household and close contacts of PMC
cases found them to be carrying identical strains to the one re-
sponsible for the conjunctivitis.”’? This suggests that meningo-
coccal strains causing PMC can circulate among the household and
close contacts, potentially putting them at risk of invasive disease.
This risk, however, has not been quantified and there are very
few such instances reported in the literature,'®*® although at least
three deaths from IMD following close contact with a case of PMC
have been reported.'®:'7:3%

Discussion and clinical implications

Neisseria meningitidis is a rare cause of acute bacterial conjunc-
tivitis in any age group but it is important to identify this pathogen
as the cause because of an increased risk of invasive meningococ-
cal disease among both the PMC cases themselves and their close
contacts.”’ It is also important to distinguish between meningococ-
cal and gonococcal infection when Gram-negative diplococci are
identified on microscopy or culture of an eye swab. This is be-
cause treatment, contact tracing and outcomes are different for
the two aetiologies. Reassuringly, empiric treatment for gonococcal
conjunctivitis already includes systemic antibiotics,”’ which will
also treat PMC. Based on the current literature, patients with PMC
should be treated as early as possible with systemic antibiotics in
addition to topical antibiotics to reduce the risk of developing IMD.
Antibiotic chemoprophylaxis should also be offered to household
and close contacts of PMC cases because of a small, unquantified
but potentially fatal risk of IMD.

The recommendation to treat PMC cases with systemic antibi-
otics in addition to topical antibiotics raises three important ques-
tions:

(i) Unless a Gram stain of the conjunctival swab is performed
quickly, the culture results of the bacterial eye swab may take
at least 48 h to be reported. Therefore, should PMC cases ini-
tially treated with topical antibiotics alone be recalled for sys-
temic antibiotics?

Among the published cases, Gram-negative diplococci were
usually identified on a Gram stain performed on the initial con-
junctival swab and, therefore, systemic antibiotics were initiated
relatively quickly. However, given the continuing risk of invasive
disease up to 4 days after onset of conjunctivitis, it would be pru-
dent to initiate systemic antibiotics as soon as PMC is diagnosed,
even if the patient is systemically well.

(ii) Can children with PMC be treated with oral antibiotics when
N. meningitidis is confirmed as the cause of the conjunctivitis?

Both intravenous”'>'” and oral’>-*" antibiotics have been used
successfully to treat PMC cases and prevent progression to sys-
temic disease, suggesting that a treatment course of oral antibiotics
should be adequate in otherwise well children with PMC alone and
no systemic symptoms. In neonates with conjunctivitis, it may be
prudent to initiate treatment with an intravenous cephalosporin
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Table 1

Summary of publications relating to primary meningococcal conjunctivitis (PMC).
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Reports of invasive meningococcal disease (IMD) in patients with primary meningococcal conjunctivitis (PMC)

Citation (country) Ref No.  Study type Key results
Barquet et al., 1990 (Spain) 3 Observational cohort and N. meningitidis found in 2.0% (21/1030) of all acute bacterial conjunctivitis seen in
literature review the hospital over 5 years. Six of the 21 (28.6%) PMC cases resulted in systemic
disease

63 PMC cases identified in the literature, including 9 (14.3%) reported with systemic
disease

Among PMC cases with systemic disease (n=15), 2 died (overall CFR, 13.3%)

Risk of IMD among PMC cases was 19 times greater among those who received
topical antibiotics alone (31.7%) compared to those who received systemic
antibiotic therapy (2.38%); p=0.001

Moraga Llop et al., 1996 21 Prospective observational 34 PMC cases identified over a 10-year period in a single hospital (mean age,
(Spain) study 3.5 years) and 10 (29.4%) developed IMD.

PMC was bilateral in 7 patients and unilateral in 27

Topical antibiotics only were given to 24 patients and 10 (41.7%) developed IMD
compared to none of the 10 who received systemic antibiotics (p=0.04)

None of the patients died and none developed ocular sequelae.

Stansfield et al., 1994 17 Case series 8/53 (15.1%) PMC cases had either concurrent or subsequent IMD. Detailed account
(Scotland) of 3/8 PMC cases reported - two were associated with systemic sepsis and one
died
Ellis et al., 1992 (UK) 18 Case series 2 cases of perinatally-acquired PMC in neonates which rapidly progressed to IMD at
60 h and 72 h of age, respectively.
Both neonates were initially treated with neomycin eye ointment only
Mangiaracine and Pollen, 1944 26 Case series 3/10 (30%) PMC cases (age range: 14 weeks to 15 years) went on to develop IMD;
(USA) all 3 were initially only treated with topical solutions/antibiotics.
Odegaard et al.,, 1983 16 Case report Single case in 15-year-old male that progressed to IMD with a fatal outcome;
(Norway) initially treated with only chloramphenicol eye drops; 18 h after the eye swab was
taken, i occal group B was isolated. Topical antibiotic therapy was not
changed to systemic antibiotics
Nussbaum et al., 1978 (USA) 23 Case report Single case of PMC progressing to IMD in an infant, who was initially treated with
ophthalmic solution alone.
Dillman, 1967 (USA) 22 Case report Single case of PMC that progressed to IMD in a 24-year old male who was initially
treated with sulfacetamide ointment only
Reese, 1936 (USA) 19 Case report Single case of unilateral PMC that progressed to IMD in a nurse who had been on

duty with a case from an IMD outbreak

Reports of invasive meningococcal disease (IMD) in close contacts of patients with primary meningococcal conjunctivitis (PMC)

Citation

Ref No.

Study type

Key results

Stansfield et al,, 1994
(Scotland)

Bigham et al,, 2001 (Canada)

17

30

Case series

Case study

3 PMC cases associated with systemic sepsis reported

A 10-year-old boy with bilateral conjunctivitis was prescribed topical
chloramphenicol and discharged home; eye swab culture subsequently grew N.
meningitidis (C:2b:P1.2), while led to immediate systemic antibiotics for the case
and prophylactic rifampicin for close contacts

The patient’s 5 year-old sister, 5-year-old female developed sepsis with a
characteristic petechial and purpuric rash which began on third days after her
brother’s illness). her blood and throat cultures were taken after she had received
rifampicin chemoprophylaxis and no pathogen was identified.

A case of PMC in a child with evidence of transmission to the mother, who
subsequently died of IMD. Cultures from the child and mother were both positive
for N.meningitidis serogroup C:2a:P10.2

Reports of identical strains from PMC cases and screening of their household or close contacts in the absence of invasive disease

Citation Ref No.  Study type Key results
Stuart and McWalter, 1948 27 Case series Six cases of PMC in children aged 9 weeks to 10 years; 2/6 cases had close contacts
(Scotland) with positive postnasal cultures — both were family members of the cases
Mangiaracine and Pollen, 1944 26 Case series Nasopharyngeal swab from the mother of one child with PMC grew an identical
(USA) strain as the one causing conjunctivitis
Brook et al., 1979 (USA) 4 Case report Throat swab were taken from a 19-year-old woman with PMC and 7 close contacts;
an identical strain was identified from 1/7 contacts; neither the case nor the close
contacts were given systemic antibiotics
Lewis and Ferris, 1948 28 Case report An infant with bilateral PMC was treated with oral penicillin and sulphacetamide
(Australia) drops; both parents of the infant and a visiting uncle carried the same
meningococcal strain as the infant
Kahaner and Lanou, 1945 29 Case report An infant with unilateral PMC had the same meningococcal type isolated from nose

(USA)

and throat cultures of the father

such as cefotaxime if Gram-negative diplococci are seen on the eye
swab, until the pathogen is identified; subsequent antibiotic treat-

ment can then be optimised accordingly.’”-**

(iii) What is the duration of oral antibiotic treatment in an other-

wise well child with PMC and no systemic symptoms?

The current UK guidelines recommend seven days of intra-
venous ceftriaxone for the treatment of IMD."" For PMC, the dura-
tion of systemic antibiotic treatment in the literature varied from
5 days of oral penicillin® to 10 days of oral cefprozil.*® Like IMD
cases, patients with PMC who are treated with antibiotics other
than intravenous cephalosporins should also receive ciprofloxacin
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chemoprophylaxis to eradicate carriage and, therefore, interrupt
potential transmission to close contacts in the future. The recent
EU-wide restrictions precautions on the use of systemic fluoro-
quinolone antibiotics (including ciprofloxacin) due to very rare re-
ports of serious side-effects does not apply to the single dose of
ciprofloxacin recommended for chemoprophylaxis of meningococ-
cal disease.**

Chemoprophylaxis and meningococcal vaccination for close contacts

Close contacts of patients with IMD have a 1 in 300 (0.3%)
risk of invasive disease when antibiotic chemoprophylaxis is not
administered; this is more than 300 times the incidence of spo-
radic invasive disease in the general population.”> The rationale
behind giving antibiotic prophylaxis to close contacts of IMD is to
eliminate carriage of meningococci from the close contact group
and thus reduce onward transmission. In doing so, the risk of sec-
ondary cases in close contacts is reduced by up to 89%°°

Although rare, the small but significant risk of severe invasive
disease among close contacts of PMC cases with several reported
fatalities would justify a recommendation for antibiotic chemopro-
phylaxis for this group. The serogroups responsible for PMC will
depend on the circulating strains in that region, and all the major
serogroups have been reported to cause PMC (Table). There have
also been reports of PMC caused by non-groupable meningococci,
which are generally considered to be less virulent, in immunocom-
petent individuals and, therefore, unlikely to become invasive in
the case or their close contacts. Systemic antibiotic treatment of
the PMC case and antibiotic chemoprophylaxis for the close con-
tacts should, however, be initiated as soon as Neisseria meningitidis
is identified to be responsible for the conjunctivitis.

There is currently no evidence for or against offering meningo-
coccal vaccination to PMC cases or their close contacts. Vaccinating
the PMC case and close contacts, however, is unlikely to offer any
additional protection because meningococcal transmission should
have been interrupted by treating the case with appropriate an-
tibiotics and offering chemoprophylaxis to the close contacts.

Conclusions

Primary meningococcal conjunctivitis is rare, with incidence
ranging from <0.08% to 2% of all acute conjunctivitis cases, al-
though the true incidence is likely to be underestimated because
microbiological investigations are not routinely performed for un-
complicated conjunctivitis cases. Unlike other causes of conjunc-
tivitis, around 10-29% of PMC patients go on to develop IMD.
Those who are treated with systemic antibiotics in addition to
topical antibiotics alone, however, are significantly less likely to
develop IMD compared to those treated with topical antibiotics
alone. Clinicians need to be aware of the need to treat PMC cases
with systemic antibiotics. Additionally, close contacts of PMC cases
may rarely go on to develop severe and potentially fatal inva-
sive disease which can be prevented through appropriate antibiotic
chemoprophylaxis, as currently offered to close contacts of IMD
cases. Meningococcal vaccination of the PMC case or close contacts
is unlikely to offer any additional protection after appropriate an-
tibiotic treatment and prophylaxis, respectively. These findings spe-
cific to PMC cases and their close contacts need to be highlighted
in the relevant clinical and public health guidelines for the man-
agement of sporadic cases of meningococcal disease.
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Objective To describe cases of invasive meningococcal disease
(IMD) in women of childbearing age and to estimate the disease
incidence and relative risk of IMD in pregnant compared with
non-pregnant women.

Design Prospective enhanced national surveillance for IMD.
Setting England.

Population Women of reproductive age (15-44 years) with
laboratory-confirmed IMD.

Methods Public Health England conducts enhanced national
surveillance for IMD in England. Laboratory-confirmed cases are
followed up with postal questionnaires to general practitioners. All
cases confirmed in women of reproductive age from 1 January
2011 to 31 December 2014 were included.

Main outcome measures Annual IMD incidence and relative risk
of IMD in pregnant compared with non-pregnant women of
reproductive age.

Results During the 4-year surveillance period, there were 1502
cases of IMD in females across England; of these, 310 (20.6%)

cases were in women of reproductive age, including four women
who were pregnant at the time of IMD confirmation (1.3%).
Serogroup distribution of IMD cases in women of childbearing
age was similar to the overall distribution. The four cases in
otherwise healthy pregnant women were confirmed across all
trimesters and all survived; one case in the first trimester had a
septic miscarriage. The incidence of IMD was lower in pregnant
than in non-pregnant women (0.16 compared with 0.76 per

100 000 pregnant and non-pregnant years, respectively), giving a
lower risk of IMD in pregnant women (incidence rate ratio, IRR,
0.21; 95% confidence interval, 0.06-0.54).

Conclusions Pregnant women are nearly five times less likely to
develop IMD compared with non-pregnant women, but the
infection can be severe.

Keywords Invasive meningococcal disease, meningococcal disease,
pregnancy.

Tweetable abstract The risk of meningococcal disease is lower in
pregnant women compared with non-pregnant women; the
infection can occur across all trimesters and can be severe.

Please cite this paper as: Parikh SR, Borrow R, Ramsay ME, Ladhani SN. Lower risk of invasive meningococcal disease during pregnancy: national

prospective surveillance in England, 2011-2014. BJOG 2019;126:1052-1057.

Introduction

Neisseria meningitidis is a Gram-negative coccobacterium
that has the propensity to cause invasive meningococcal
disease (IMD). The disease is one of the leading causes of
bacterial meningitis and septicaemia worldwide, and is
associated with high morbidity and mortality. The patho-
gen’s polysaccharide capsule is its most important virulence
factor. It is also used to characterise the bacteria into 12
serogroups, including five that are responsible for nearly all
invasive infections globally: A, B, C, W, and Y."? Neisseria

meningitidis is an accidental pathogen: it is usually carried
in the nasopharynx of healthy individuals, particularly ado-
lescents and young adults, and only causes invasive disease
when transmitted to susceptible individuals. An increased
risk of IMD in individuals with complement deficiencies,
asplenia, and HIV is well documented.”®

Pregnancy is associated with an immunocompromised
state and pregnant women have a significantly higher risk
of some severe bacterial and viral infections compared with
non-pregnant women.” IMD in pregnancy is extremely
rare, and publications are mainly restricted to individual
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case reports, ranging from mild infection in the mother to
fatal meningococcaemia for both the mother and unborn
child. **

Whether pregnant women themselves are at increased risk
of IMD compared with non-pregnant women is not known.
A previous Dutch study reported an increased risk of
meningococcal disease in children whose mothers were preg-
nant,'’ but a US study reported no significant difference in
meningococcal carriage in relation to pregnancy status.'' In
England, Public Health England (PHE) conducts enhanced
national surveillance of IMD. The objective of this study was
to estimate the risk of IMD in pregnant women compared
with non-pregnant women, and to describe the epidemiol-
ogy, clinical characteristics, and outcomes of IMD in
pregnant women in England over a 4-year period.

Methods

Surveillance of IMD

Public Health England (PHE) conducts enhanced national
IMD surveillance and provides a national reference service
for IMD confirmation and characterisation of invasive
meningococci (both culture and non-culture).'” The PHE
Meningococcal Reference Unit (MRU) also provides a free
national polymerase chain reaction (PCR) testing service
for clinical samples from patients with suspected IMD
across England. More than 10 000 samples are PCR-tested
every year, with a 6% positivity rate. This redundancy
ensures high case ascertainment for national surveillance
of such a rare disease. In 2012, PHE enhanced the labora-
tory surveillance by requesting general practitioners (GPs)
to complete a short clinical questionnaire for all labora-
tory-confirmed IMD cases diagnosed in England since 1
January 2011. National surveillance data were used for
this study and, therefore, patients were not involved in
the development of the analysis plan. All laboratory-con-
firmed IMD cases in women of reproductive age (15—
44 years) in England from 1 January 2011 to 31 Decem-
ber 2014 (4 years) were included. Women in this cohort
would have been eligible for the national MenC immuni-
sation programme that has been in place since 1999; there
was no MenB or MenACWY immunisation programme
during this period."”

Information collected included comorbidities, clinical pre-
sentation, intensive care admission, and outcomes. Incom-
plete or missing information in the questionnaires was
followed up by telephoning the GP, contacting the patient’s
hospital clinician, or requesting additional information from
the local PHE health protection team (HPT), which main-
tains records of all suspected and confirmed IMD cases for
the public health management of cases and close contacts,
and for monitoring outbreaks. If needed, additional informa-
tion was sought from HPZone, a national web-based case

Risk of meningococcal disease in pregnancy

management system used by PHE HPTs to record public
health events and actions, and from electronic death registra-
tion records provided to PHE by the Office for National
Statistics (ONS) for public health surveillance purposes. For
fatal cases, the date of death was confirmed using the Per-
sonal Demographics Service (PDS). Online annual reports of
the Confidential Enquiry into Maternal Deaths (CEMD,
www.npeu.ox.ac.uk/mbrrace-uk/reports/confidential-enquiry-
into-maternal-deaths) were also accessed to identify any
pregnancy-related deaths resulting from IMD during the
surveillance period. The HPZone records for neonatal IMD
cases confirmed during the surveillance period were checked
for any mention of maternal illness during the perinatal per-
iod. Data from ONS on population and maternity (including
total conceptions) were used for denominator popula-
tions."*"® Pregnant years were estimated as the product of
the total number of conceptions between 2011 and 2014 and
the maximum possible gestation period (9 months). This
was then used to estimate non-pregnant years as the differ-
ence between the total female population aged 15-44 years
and pregnant years.

Data

Demographic, clinical questionnaire, and microbiological
data were entered into a single Microsoft Access Database
(Microsoft Corporation, Redmond, WA, USA), cleaned,
and de-duplicated before importing into stata 13.0 (Stata-
Corp LP, College Station, TX, USA) for analysis. In addi-
tion to describing the demographics and clinical
characteristics of pregnant women with laboratory-con-
firmed IMD, the core outcomes included estimating IMD
incidence rates with Poisson 95% confidence intervals for
pregnant and non-pregnant women along with incidence
rate ratios for pregnant versus non-pregnant women.

Results

Between 2011 and 2014 (317 417 121 woman-years), there
were 2980 laboratory-confirmed IMD cases in England. Clin-
ical information was available for all 2980 cases. There were
2245 (75.3%) MenB, 309 MenY (10.4%), 265 MenW (8.9%),
and 117 MenC (3.9%) cases, with an additional 44 (1.5%)
cases resulting from rarer serogroups. There were 1502 IMD
cases in females across England during the 4-year surveil-
lance period; of these, 310 (20.6%) cases were in women of
reproductive age (median age, 20 years; Q1, 18 years; Q3,
28.5 years).

The serogroup distribution of IMD cases in women of
reproductive age was similar to the overall distribution,
with most cases caused by MenB (n = 218, 70.3%), fol-
lowed by MenW (n = 33, 10.6%), MenY (n = 33, 10.6%),
MenC (n = 21, 6.8%), and rare serogroups (n =5, 1.6%).

© 2019 Royal College of Obstetricians and Gynaecologists
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None of the cases in this cohort had received the MenB
vaccine 4CMenB (Bexsero™; GSK, Rixensart, Belgium), and
there were no cases of vaccine failure among those with
MenW, MenY, or MenC disease. Clinical presentation var-
ied: meningitis (126/310 cases; 40.6%) was the most preva-
lent clinical presentation, followed by septicaemia (103/310;
33.2%), both meningitis and septicaemia (70/310; 22.6%),
pneumonia (8/301; 2.6%), septic arthritis (2/310; 0.7%),
and soft tissue infection (1/301; 0.3%). Nearly half of the
women (128/310; 41.3%) required intensive care admission
and 19 (6.1%) women died. Five women (1.6%) had
reported complement deficiency and seven (2.3%) had
reported immunosuppression or malignancy. None of the
women who died of IMD had an underlying comorbidity.

Pregnant women

Among the cohort of 310 women of reproductive age, four
(1.3%) were reported to be pregnant at the time of infection,
including two cases of MenY and one case each of MenB and
MenC disease. We did not identify any additional pregnancy-
related cases or deaths as a result of IMD during the surveil-
lance period from any of the additional data sources. Five
cases of early-onset neonatal IMD (within 7 days of birth)
were reported over the surveillance period; the HPZone
records for these cases did not report any maternal illness dur-
ing the perinatal period. All four IMD cases diagnosed during
pregnancy were confirmed by culture only. The four women
had different clinical presentations, and none had underlying
risk factors for meningococcal disease (Table 1). Cases
occurred across all trimesters: there was a single case in the
first trimester in which the mother survived but had a septic
miscarriage at the time of infection; the other three women
recovered uneventfully from their infection and carried their
pregnancies to term.

The estimated incidence of IMD in pregnant women was
0.16/100 000 pregnant woman-years compared with 0.76/
100 000 non-pregnant woman years in non-pregnant women
in the same age group (incidence rate ratio, IRR, 0.21; 95%
confidence interval, 95% CI, 0.06-0.54; P < 0.0001). There-
fore, pregnant women were nearly five times less likely to
develop IMD than non-pregnant women.

Discussion

Main findings

Invasive meningococcal disease (IMD) is rare in pregnancy,
and pregnant women are five times less likely to develop
IMD compared to non-pregnant women. Only four preg-
nant women developed IMD across England over the
4 years of surveillance. IMD occurred across all three tri-
mesters; one case in the first trimester was associated with
septic miscarriage at the time of infection. All four preg-
nant women survived their infection.

Table 1. Incidence of laboratory-confirmed invasive meningococcal
disease (IMD) and disease characteristics among all females

(n = 1502), and among pregnant (n = 4) and non-pregnant

(n = 306) women, across England during 2011-2014

All females IMD in women aged
15-44 years
n=1502 Non-pregnant Pregnant
n =306 n=4
Incidence 1.38 per 0.76 per 0.16 per
100 000 100 000 100 000
female non-pregnant  pregnant
years woman years ~ woman years
Capsular group
B 1090 (72.6) 217 (70.9) 1(25)
C 62 (4.1) 20 (6.5) 1(25)
w 147 (9.8) 33(10.8) 0(0)
5 183 (12.2) 31(10.1) 2 (50)
Other 20(1.3) 5(1.6) 0 (0)
Clinical presentation
Meningitis 380(25.3) 125 (40.8) 1(25)
Septicaemia 695 (46.3) 102 (33.3) 1(25)
Meningitis and 306 (20.4) 69 (22.5) 1(25)
septicaemia
Pneumonia 79 (5.3) 7(23) 1(25)
Septic arthritis 24 (1.6) 2(0.7) 0(0)
Other 18(1.2) 1(0.3) 0(0
Underlying comorbidity
Malignancy/ 54 (3.6) 7(23) 0(0)
immunosuppression
Complement 8(0.5) 5(1.6) 0(0)
deficiency
Asplenia 2(0.1) 0(0) 0(0)
Diseases severity
Intensive care 464 (30.9) 125 (40.8) 3(75)
admission
Outcome
Died within 28 days 107 (7.1) 19(6.2) 0(0)

Strengths and limitations

The strength of this study lies in the high case ascertain-
ment of IMD through the national enhanced surveillance
in England, with clinical follow-up of all confirmed cases
since 2011. National surveillance does not include probable
IMD cases that are not culture- or PCR-confirmed. Such
cases, however, are likely to be rare given the large volume
of PCR-testing conducted by PHE MRU, the high sensitiv-
ity of PCR testing, and the redundancy of the testing ser-
vice (only 6% positivity). Major life events such as
pregnancy and IMD are likely to be documented in the GP
records and, therefore, under-reporting of pregnancy status
among IMD cases (which could potentially explain the
lower IMD risk in pregnancy estimated in this study) is
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unlikely. Additionally, the denominator for the IRR analysis
(pregnancy-years) included the total number of concep-
tions but not miscarriages; including miscarriages in the
denominator would have lowered the estimated IMD inci-
dence among pregnant women and, therefore, lowered the
IRR between pregnant and non-pregnant women. One lim-
itation of our study, however, was the limited collection of
detailed clinical information, which may have been useful
for clinicians managing such rare cases during pregnancy.

Interpretation of findings

Pregnancy is often considered a general condition of
immunosuppression, where the placental immune response
and its tropism for specific pathogens affect the pregnant
woman’s susceptibility to and severity of certain infectious
diseases.'® For example, we have recently shown that preg-
nancy is associated with a higher risk of non-typeable Hae-
mophilus influenzae (ntHi) disease, and that this infection
is associated with poor pregnancy outcomes,'” whereas
others have found a 13- to 100-fold higher risk of listerio-
sis,'®* and a two-fold increased incidence of invasive
group B streptococcus (GBS) disease, compared with non-
pregnant women of similar age.”’ The latter study also
found that postpartum women had a 20-fold higher inci-
dence of GBS and group A streptococcus (GAS) disease
compared with non-pregnant women. IMD is an extremely
rare cause of postpartum sepsis,”> ** and we did not iden-
tify any IMD case during the postpartum period in our
surveillance. Given the severe nature of IMD, this informa-
tion would be expected to have been documented in the
GP records and therefore reported through the surveillance
questionnaires.

Invasive bacterial infection is associated with high morbid-
ity and mortality for the pregnant woman and the fetus. In
our recent study of invasive ntHi disease, infection during the
first 24 weeks of pregnancy was invariably associated with
fetal loss or extremely premature birth, whereas infection
during the second half of pregnancy was associated with
premature birth or stillbirth in up to a third of cases.'”

We identified only a few published case reports of IMD
in pregnant women, with varying clinical manifestations
and outcomes. Reports of acute infection include, but are
not limited to, primary meningococcal pericarditis,” endo-
cervicitis," sepsis during labour,”® and fulminating
meningococcal septicaemia.”” Chronic meningococcaemia
has also been reported in pregnancy;® this is an uncom-
mon manifestation of IMD that is associated with
meningococcal IpxL] gene mutations,” resulting in inacti-
vated endotoxin.** In all reported cases, both the mother
and infant recovered uneventfully, which is consistent with
older reports of cases from the 1930s and 1940s.>”

We have, for the first time, shown that pregnant women
have a lower risk of IMD compared with non-pregnant

Risk of meningococcal disease in pregnancy

women in the same age group. Interestingly, a previous
retrospective matched case—control study during 1990-2002
found that the mothers of children with IMD were 11.7
(95% CI, 2.6-53.9) times more likely to be pregnant com-
pared with control children who did not have IMD.'" The
authors postulated that pregnant women might undergo
immunological changes leading to higher meningococcal
carriage, as reported in one carriage study of household
contacts of children with IMD.”' A more recent study,
however, found that only one of 100 pregnant women, and
none of 99 non-pregnant women were meningococcal
carriers."!

We hypothesise that pregnant women may be at lower
risk of IMD because of changes in their social interaction
with others, resulting in a lower exposure to meningococ-
cal carriers. Transmission between sexual partners during
pregnancy has been reported, however: in a published case
report, the partner of a woman with meningococcal endo-
cervicitis during pregnancy had an identical strain isolated
from a throat swab." Having other children in the house-
hold — especially older teenagers, who have the highest
meningococcal carriage rates — could potentially be another
transmission source.”> Unfortunately, we do not have any
information on the carriage status of any of the close con-
tacts for the four cases in our cohort, who were all rela-
tively young (age range, 21-32 years). The current UK
national guidelines recommend that all close contacts of
probable or confirmed IMD cases should receive antibiotic
chemoprophylaxis as soon as possible to prevent additional
secondary cases.”> Meningococcal carriage studies among
household contacts of confirmed cases in pregnant women
and newborn infants could provide useful insights into
modes of transmission and potential strategies for preven-
tion.

Neisseria meningitidis is usually carried in the nasophar-
ynx, especially among adolescents; what is less well-
reported, however, is the meningococcal colonisation of the
genitourinary tract, which has been associated with
intrauterine and perinatal infection, and can cause severe
illness in newborn infants. Meningococcal infections of the
genitourinary tract and anal canal have been reported, with
recovery of the meningococcus from the urethra, the anal
canal of men, and the cervix of women.** There have been
46 reports of neonatal IMD, some with presumed maternal
infection,” and others with vaginal colonisation without
systemic disease in the mother.” In a recent case of neona-
tal MenY sepsis, the same serogroup was isolated from the
mother’s vagina and the nasopharynx of both parents.”
Others have provided molecular evidence confirming
identical strains carried by the mother and causing invasive
disease in her infant, with multiple reports of fatal
intrauterine and perinatal infection with the same
strain.”***% 1% Less severe manifestations of meningococcal
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disease, such as conjunctivitis and osteomyelitis, have also
been reported in neonates.*' **

There is a growing interest in meningococcal strains
acquiring adaptive genes to permit survival in anaerobic
conditions, making sexual transmission possible.** In a
recent outbreak of invasive MenC disease among men who
have sex with men (MSM), the responsible MenC strains
were found to harbour an intact aniA gene coding for a
nitrite reductase that permits survival in micro-anaerobic
environments, potentially allowing sexual transmission
among MSM through urogenital colonisation.”

Conclusion

The risk of IMD is significantly lower in pregnant women
compared with non-pregnant women in the same age
group, with around one case diagnosed per year in Eng-
land. The lower risk may be the result of changes in social
interaction leading to a lower risk of exposure to meningo-
coccal carriers. Clinicians need to be aware of the ability of
meningococci to colonise and infect the urogenital and anal
tracts, which could be a potential source of transmission
through sexual contact and/or childbirth.
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Chapter Five

4. Discussion

These studies focus on the lead up to the introduction of 4CMenB into the national
infant immunisation programme in September 2015 and the subsequent effect of the
vaccine on the epidemiology of MenB disease. The epidemiology of IMD varies both
regionally and over time, as different strains are introduced into the population and
others abate naturally or through vaccination (Harrison et al., 2009). The epidemiology
of IMD in England has been well documented and trends in disease have fluctuated due
to both cyclical peaks and the implementation of successful vaccination programmes,
namely the MCC programme that was implemented to combat an outbreak of MenC
disease in the early 2000s (Miller et al., 2001). However, even during this MenC peak,

MenB has been responsible for the majority of disease.

3.1. Epidemiology and predicting 4CMenB strain coverage prior to
vaccine introduction in England

The studies in this chapter presented the epidemiology of overall IMD but focused on
MenB cases in England along with the predicted strain coverage of the 4CMenB
vaccine against circulating strains in England before it was included in the national
infant immunisation programme. Study 1 established baseline trends in epidemiology,
age distribution, clinical presentations and disease outcomes of IMD in England
between 2011 and 2015. These findings showed that English epidemiology was similar
to the rest of Europe, where the majority of IMD is caused by group B meningococci
(ECDC, 2017b). The age distribution of IMD was also similar to that of other European
(ECDC, 2017b) and North American countries (MacNeil et al., 2018). Study 1 was the

first to report a low prevalence of known risk factors among IMD cases in England.

Study 2 presented MATS coverage estimates for 2014-15 MenB isolates in the UK and

compared them with MATS coverage and regional distribution with corresponding 2007-



08 data. The study estimated the coverage of the vaccine as well as stratifying these
estimates by age group, geographical region, disease severity and outcome. While the
number of MenB cases in 2014-15 was nearly half of that in 2007-08, this study showed
MATS coverage declined by 7% and the number of isolates covered by more than one
antigen dropped by 15% (Parikh et al., 2017). These findings seem to be at odds with
evidence using human SBA (hSBA) data of 4CMenB-vaccinated adolescents which
reported that a third had no bactericidal antibodies against the outbreak strain, even
though this strain was predicted by MATS to be covered on fHbp and NHBA
components (Basta et al., 2016). It is widely acknowledged that MATS results should be
treated with caution as is thought to be a conservative estimate when compared to
serum bactericidal antibodies (SBA) (Frosi et al., 2013).This is because small amounts
of antibody against a few antigens can act synergistically (Giuliani et al., 2010).
Furthermore, estimates of vaccine antigen coverage, as based on the measurement of
antigen in antibody binding assays are designed to quantify the antigen expressed by
the meningococcal isolate rather than directly measuring the antibody response of the

vaccinated individual (Feavers and Maiden, 2017).

The findings in Study 2 showed that the year before the introduction of 4CMenB, a third
of circulating MenB strains in the UK would not be covered by the vaccine. This aligned
with results from another study using the Bexsero Antigen Sequence Type (BAST)
scheme, a genotype-phenotype modelling system, which also predicted 66% coverage
for MenB isolates in the UK and Ireland between 2010-14 (Brehony et al., 2016).
However, using clonal complex as a proxy for predicting MATS positivity, as BAST
does, has been shown to be unreliable, due to the dynamic antigen expression within
strains, within clonal complexes or both (Vogel et al., 2013; Abad et al., 2016). A
downfall of MATS and BAST methods are that they are limited by their requirement for
isolates from culture-confirmed cases of IMD. This could be an ongoing problem as
work has shown that only about half of all confirmed cases, across all age groups, in
England are confirmed by culture (Parikh et al., 2018). As a potential way to increase
the amount of samples to estimate 4CMenB strain coverage, Muzzi and colleagues

(2019) recently used antigen genotyping to complement MATS (gMATS) which is a



purely genetic approach and thus can be performed on non-culture specimens as well.
The gMATS method found a predicted coverage of 72-73% in England and Wales,
which underestimated hSBA estimates (Frosi et al., 2013) and the first VE estimates for
England (Parikh et al., 2016) but is higher than later VE estimates in England (Ladhani
et al., 2020).

The potential of 4CMenB to protect against MenW disease has been shown (Ladhani

et al., 2016). Study 3 explored the potential number of infant MenW cases that could be
averted through the national 4CMenB vaccination campaign. The second highest
burden of IMD cases in infants in England is caused by MenW (Ladhani et al., 2015;
Parikh et al., 2018). Study 3 suggested that a large number of cases may be averted in
infants as the vaccine has been shown to elicit antibodies against the MenW: cc11
causing most disease in this age group. The real-world estimates on VE and impact on

MenW disease in England are currently being undertaken.

3.2. Estimates on the effectiveness and impact of the 4CMenB vaccine
in England

Impact and effectiveness of 4ACMenB has been shown elsewhere. During a local
outbreak of MenB disease in Quebec, Canada in 2014, 82% of 59,000 eligible
individuals aged two months to 20 years of age were immunized, no cases of IMD arose
in vaccinated persons and their analysis showed a 78% reduction in IMD after this
vaccination campaign (Flacco et al., 2018). 4CMenB has been used in multiple
university outbreaks, in thousands of adolescents, yet none have reported additional
cases (McNamara et al., 2015; Basta et al., 2016; Biswas, 2016; Duffy et al., 2017;
Thabuis et al., 2018).

The studies in this chapter were the first to show a reduced two-dose infant priming
schedule of the 4CMenB vaccine was effective in preventing MenB disease in infants
aged younger than 12 months and showed that cases of MenB halved in vaccine
eligible infants during the first 10 months of the programme in England. These findings

were used to support the introduction of 4CMenB in other countries (ECDC, 2017a) and



will provide evidence for updating the vaccine’s licensure from a three dose to a two-
dose priming schedule. These studies also provided the first real-world evidence of the
effectiveness of 4ACMenB in preventing MenB disease 3 years after its introduction into
the U.K national infant immunisation programme and showed that the 12-month booster
protected against MenB disease for at least 2 years, which was reassuring given the
initial concerns about rapidly waning levels of antibodies (Martin and Snape, 2013).
These findings are particularly important as the highest burden of MenB disease in

England is before three years of age (Ladhani et al., 2016).

3.3. Epidemiology of IMD in vulnerable populations

Study 5 demonstrated the first 4CMenB vaccine failure in a young adult on long-term
terminal complement inhibitor therapy, Eculizumab. An unwanted complication of this
therapy is an increased risk of infection with encapsulated bacteria, particularly
Neisseria meningitidis (Nester and Thomas, 2012). Although individuals with
complement deficiency are at an increased risk, it seems they generally experience less
severe disease with low case fatality (Figueroa and Densen, 1991). One explanation
suggests there may be a lower release of endotoxin from the bacterial surface when a
terminal complement pathway is not intact (Figueroa and Densen, 1991). However,
more recent research showed that while Eculizumab inhibits bactericidal activity via
complement-mediated serum, it does not block opsonophagocytic activity, which does
not require the terminal complement pathway to function and thus this may help prevent
severe disease (Findlow et al., 2015). There is also potential hope in a new drug (ACH-
4471) that may be able to be used in place of Eculizumab that carries less of a risk of
developing IMD in patients on this treatment (Ellis-Pegler et al., 2016). Other work has
since been published that aligns with the findings in Study 5 and describes patients with
inherited and acquired complement deficiency who developed IMD in England over a
decade. It showed that in England, complement deficiency is rare among IMD cases,
these findings included inherited disorders of the late complement pathway, immune-
mediated disorders associated with low complement levels and patients on Eculizumab
therapy (Ladhani et al., 2019).



Study 7 looked at another group at an increased risk for invasive disease, those who
initially present with primary meningococcal conjunctivitis (PMC). It was well
documented that those initially presenting with PMC are at an increased risk of
developing systemic disease. This study showed a clear gap in consistent clinical
recommendations for the treatment of these cases while confirming that current UK
public health guidelines on the management of these cases is rooted in firm evidence. A
recent study also identified resistant meningococcal conjunctivitis in people returning
from Mecca (Zumla and Memish, 2019), which provides additional evidence for
highlighting the urgent need to review currently recommended prophylactic measures,

maybe particularly for Hajj pilgrims, in an effort to best prevent cases of systemic IMD.

Study 8 showed, for the first time, the unusual finding of a decreased risk of IMD
amongst pregnant women when compared to non-pregnant women of a comparable
age. Pregnancy is often considered a general condition of immunosuppression and
other studies have shown pregnant women to be at an increased risk for a number of
other bacterial infections including non-typeable Haemophilus influenzae (ntHi) disease
(Collins et al., 2014) listeriosis (Mylonakis et al., 2002; Goulet et al., 2012; Pouillot et al.,
2012) and invasive group B streptococcus (GBS) disease (Deutscher et al., 2011). This
increased risk has been thought to be related to the placental immune response and its
tropism for specific pathogens that are suspected to affectthe pregnant woman’s
susceptibility to and severity of certain infectious diseases (Mor and Cardenas, 2010). A
possible reason of why pregnant women may be at a lower risk for IMD may be due to
changes in their social interaction with others, resulting in lower exposure to
meningococcal carriers (Parikh et al., 2019). Study 8 and the included reviewed
literature still showed that if contracted during pregnancy, IMD can still be a severe
infection and additionally clinicians should still be aware of the ability of meningococci to
colonize the urogenital and anal tracts (Sunderland et al., 1972; Givan et al., 1977)
(Givan et al, 1977; Sunderland et al, 1972) which is then still poses a risk of
transmission during sexual contact and childbirth. A very recent study showed

commensal Neisseria can be shared between intimate partners, this could have



implications for both antimicrobial resistance and an increase in sexual transmission of

meningococci over time but will require more insight.

5. Conclusions

This collection of studies has shown the importance and impact of the 4CMenB vaccine
on the epidemiology of MenB disease in England. The multidisciplinary surveillance
system in England allowed for the collection of high-quality national data which was
used to generate information on IMD case numbers, disease characteristics, estimate
the impact and effectiveness of 4CMenB in vaccinated populations in England and
identify vaccine failures. These studies established both epidemiological and molecular
baselines of MenB disease prior to the introduction of 4CMenB in late 2015. The two
studies on the impact and effectiveness at 10 months and three years post introduction
were the first to show sustained impact on MenB disease and real-world vaccine
effectiveness. Furthermore, this work highlighted the need for increased awareness in
health professionals responsible for the care of complement deficient patients and
potential failure to illicit immune responses to 4CMenB vaccine. These studies also
identified gaps in clear clinical recommendations in the treatment of individuals with
primary meningococcal conjunctivitis, who are at an increased risk for systemic disease.
Finally, this work was the first to attribute a decreased risk of IMD in pregnant women in

England.

6. Future work
As genomic analyses of meningococci are a routine component of enhanced national

surveillance data in England, there is a breadth of information available on isolates of
IMD. However, it is still not fully understood why disease presentation and severity
varies so widely from person to person, thus there is a need for genome comparison
studies between human and bacterial genomes, in an effort to elucidate potential
explanations for these variations and use these potential findings to better tailor
recommendations and prophylactic efforts to protect those at an increased risk for

severe disease. In 2019, an amendment was made to the enhanced national



surveillance protocol to encompass the retrospective collection of information on IMD
outcomes and sequelae in children aged less than five years (from 01 September 2015
to present). This information provides the possibility to compare disease outcomes and
recorded sequelae in vaccinated and unvaccinated children to understand if the vaccine
is providing protection against severe disease. Currently, there are no
recommendations for individuals with malignancies to receive vaccination as part of a
risk group. Data from epidemiological questionnaires completed by local health
protection teams also provides a potential to explore risk amongst individuals with
reported malignancies and/or on immunosuppressive treatments. There are also early
data to suggest 4CMenB may cross-react and offer protection against infection with
Neisseria gonorrhoeae (Régnier and Huels, 2014), a bacteria famously associated with
antibiotic resistance, further studies into the vaccine’s effectiveness and impact against
this disease could provide huge benefits to nearly 98 million new cases of

gonorrhea occurring annually .

In 2017, the European Medicines Agency (EMA) licensed rLP2086 (Trumenba), a fHbp
vaccine for active immunisation to prevent MenB disease in individuals at least ten
years of age. This vaccine is different to 4CMenB in that Trumenba contains a variant
from each of the two identified subfamilies of the meningococcal surface protein fHbp .
The protein, fHbp is expressed by the majority of invasive meningococci and in an
extensive program of clinical trials in adolescents and young adults, it was
demonstrated that a two-dose or three-dose series of Trumenba elicits a strong
immune response against a range of MenB test strains selected to be representative of
strains prevalent in Europe and the USA . Population based data is required to estimate
the true effectiveness of the vaccine and as it is not licensed for use in children less
than 10 years of age, the protection of infants will rely on the ability of Trumenba to
interrupt transmission in adolescents and thus provide herd protection (Feavers and
Maiden, 2017).
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