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Abstract

The occurrence of invasive meningococcal disease (IMD) is the result of a
complex interaction of host, agent, and environmental risk factors within both individuals
and populations. The goal of this dissertation research was to better understand the
epidemiology of its underlying organism, Neisseria meningitidis, and two potential risk
factors associated with invasive disease.

This dissertation is comprised of three projects. The first project better
characterized invasive isolates of N. meningitidis recovered during peak and later periods
of an epidemic of serogroup B IMD in Oregon using pulsed-field gel electrophoresis. The
epidemic, characterized by increased occurrence of sporadic disease, rather than localized
outbreaks, appears to have been due to the introduction and spread of a new clone within
the population. Through amplification and detection of an integrated bacteriophage by
polymerase chain reaction, the second project investigated whether this recently-proposed
virulence factor was associated with IMD among a diverse collection of isolates from the
United States. As the bacteriophage was associated with serogroup, but not isolate
collection source, the results suggest it represents a genetic element acquired by certain
clonal strains, rather than a virulence factor required for invasive disease. In the third
project, an agent-based, simulation model was developed to represent the extent to which
increasing population use of broad-spectrum antibiotics among children younger than
five years of age may be having an impact on the epidemiology of IMD. By reducing the

prevalence of colonizing organisms, the model demonstrated that increased population



broad-spectrum antibiotic use among children younger than five years led to a lower
proportion of children with acquired immunity and a higher population susceptibility to
invasive disease.

The results of this dissertation research argue for increased molecular
characterization of circulating strains within IMD public health laboratory surveillance
programs; underscore the continued need to identify new meningococcal virulence
factors; and encourage additional research into the role of increasing population broad-

spectrum antibiotic use as an environmental risk factor of IMD.
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Chapter |
Introduction
Impact of Invasive Meningococcal Disease

Invasive meningococcal disease (IMD) is a serious, life-threatening disease
caused by the gram-negative, diplococcal bacteria, Neisseria meningitidis. The most
common manifestations of IMD include bacterial meningitis, meningococcemia, and
bacteremic pneumonia; with septic arthritis and pericarditis occurring rarely [64, 75, 94].

Globally, the most significant burden of IMD occurs in the “Meningitis Belt” of
sub-Saharan Africa, where incidence rates average 10-25/100,000 and periodic epidemics
have had attack rates up to 1,000/100,000 [87, 99]. In comparison, the occurrence of IMD
in the United States is much lower. For the 50 years prior to 2000, the incidence of IMD
in this country had been stable at 0.9 - 1.5 cases per 100,000; since then, it has decreased
to a historic low of 0.3 cases per 100,000 in 2006 [18, 74, 75].

Despite its low incidence in this country, IMD is significant with respect to
fatality, morbidity, disease severity and rapid progression, and population affected. The
case fatality rate for IMD remains between 10-15%, despite appropriate antibiotic
therapy, and death can occur within 12 hours of initial symptom onset [49]. Long-term,
debilitating sequelae, such as limb amputation, hearing loss, and/or mental retardation,
may afflict an additional 10-15% of survivors [27, 49, 74, 75]. The highest rates of
disease occur in children less than 2 years of age, with incidence rates peaking as high as

15.9 per 100,000 in infants aged 4-5 months [74]. A second, lower incidence peak of 1.4



per 100,000 is seen among young adults 18-24 years of age and college students living in
congregate settings (i.e. dormitories) are at higher risk of invasive disease [19]. For these
reasons, the financial burden of IMD is also great, estimated at $1.2-$4.8 million per life

lost and $10,924 to $24,030 per hospitalization [19, 81].

Molecular Epidemiology of N. meningitidis

Several laboratory techniques have been applied to the study of N. meningitidis,
allowing for a better understanding of its molecular epidemiology. Determination of
serogroup — the antigenic expression of polysaccharide capsule — has been the historical
laboratory standard for public health surveillance programs worldwide [55]. There are 13
recognized serogroups of N. meningitidis, although only four — B, C, W-135, and Y —
have been commonly seen among isolates recovered in the United States [19, 43, 95].
Further discrimination of strains within serogroups is achieved by describing the
complete serologic phenotype, which also includes serotype and serosubtype and is
commonly noted as serogroup:serotype:serosubtype. Serotype and subtype refer to the
antigenic character of the class 2 or 3 — PorB — and class 1 — PorA — outer membrane
proteins, respectively [32]. Multilocus enzyme electrophoresis (MLEE) and multilocus
sequence typing (MLST), which classify strains by electrophoretic type (ET) and
sequence type (ST), respectively, distinguish between closely-related strains (clones) and
are useful in describing global and long-term epidemiological patterns, whereas pulsed-
field gel electrophoresis (PFGE) and multiple-locus variable-number tandem repeat

analysis (MLVA) are useful in differentiating sporadic cases from case clusters within a



limited spatiotemporal frame [28, 54, 60, 68, 82, 100, 102]. The use of multiple
molecular methods can often provide complementary information [92].

Whereas invasive meningococcal isolates — those recovered from a normally
sterile site, such as blood or cerebrospinal fluid — are invariably encapsulated, between
one third and one half of colonization isolates — those recovered from the nasopharynx of
asymptomatic carriers — may not express capsule [15, 16, 101]. Beyond these differences,
colonization strains and invasive strains differ in the diversity of the bacterial populations
and their ability to cause disease. Among isolates for which the serogroup can be
determined, colonization strains are more diverse than invasive strains in terms of
number of serogroups, serotypes, ET, and ST identified [5, 10, 16, 101]. In one study,
three phenotypes — B:15:P1.7, C:2a:P1.2,5, and C:2b:P1.2,5 — found among almost 60%
of IMD strains were only found among 3.2% of colonizing strains; in another, two ET
complexes (ET-5 and ET-37) responsible for 91% of IMD cases, were found among only
14% of colonizing strains [5, 16]. Whereas the carrier to case ratio for serogroup B, Y,
and non-ET-37 serogroup C strains is estimated to be 9,100, 12,400 and 2,300:1,

respectively, that for ET-37 serogroup C strains is less than 400:1 [70].

Meningococcal Disease Epidemics

The predominant strains associated with invasive disease do not remain static
over either time or geography. Periodic waves of epidemic or hyperendemic IMD have
been known to occur approximately every 10 years, with associated attack rates several
times higher than during interepidemic periods [33, 74, 75]. IMD epidemiology during

these waves differs from that during interepidemic periods, in that incidence increases



disproportionately among adolescents and young adults and cases are due to more
homogenous, clonal strains [10].

For instance, the ET-5 complex, consisting mainly of B:15 strains, emerged in
Norway in 1974 and spread — causing epidemics — throughout Europe, South Africa,
Cuba, and South America through the late 1970s and 1980s [14, 80]. It was only
associated with sporadic cases in the United States, however, until the mid-1990°s when
an epidemic of IMD due to an ET-5 clone occurred in Oregon [24].

Strains from the ET-37/ST-11 complex were responsible for meningococcal
outbreaks in the 1960s and 1970s and continue to represent almost all serogroup C IMD
isolates, worldwide [8, 74, 89, 97]. A single, “hypervirulent” ET-37 clone, ET-15, was
identified in Canada in 1986 and was responsible for an overall increase in IMD cases, an
increase in serogroup C cases, and localized outbreaks across United States, Canada, and
Europe through the 1990s [8, 51, 70, 97, 98]. While the majority of strains within the ET-
37/ST-11 complex express the serologic phenotype C:2a:P1.2,5, B:2a:P1.2,5 and
W135:2a:P1.2,5 ET-15/ST-11 strains have also been identified, attributed to the ability of
genetically-identical N. meningitidis organisms to switch capsular expression [47, 67, 83,
90].

A dramatic increase in serogroup Y IMD occurred in several areas of the United
States through the 1990s. While serogroup Y was found among less than 2% of invasive
isolates in 1989-1991, this had risen to 50-80% of all isolates by 1998 [20, 46, 60, 74,
93]. As with the other serogroups, these serogroup Y isolates tend to be highly clonal,

predominantly belonging to the ET-508/ST-23 complex.



The occurrence of the periodic epidemic or hyperendemic waves is believed due
to the emergence and spread of a new clone through a population, against which
immunity is low, although the pathogenic and transmission potentials of the emergent
clones may vary on an individual basis [46, 60, 80]. C:ET-37 and Y:ET-508 strains, both
responsible for a significant proportion of IMD cases, were estimated to be carried by
<0.055% and 3% of the population, respectively [46]. Based on this, it was suggested that
occurrence of IMD in a population could occur either through the maintenance of a low
prevalence of a highly virulent organism (C:ET-37) or a high prevalence of a strain with

low pathogenicity (Y:ET-508).

Risk Factors for Invasive Disease

Exposure to N. meningitidis is necessary, but not sufficient, to cause IMD. N.
meningitidis is transmitted from person-to-person through respiratory droplet spread,
after which the organism usually establishes asymptomatic colonization in the
nasopharynx. Humans are the only reservoir for N. meningitidis. The overall colonization
rate of N. meningitidis in the population has been estimated at roughly 10%, although this
is highly dependent on the population structure [12, 15, 52]. For instance, in semi-closed
communities, such as among military recruits, colonization rates can exceed 60% [91].
Meningococcal colonization is transient or infrequent for roughly 40% of individuals,
brief (days/weeks) for about 35%, and of long duration (months) for 25% [93]. Within
the population, a dynamic process of acquisition and clearance maintains constant overall

colonization rates, which do not to fluctuate seasonally [5].



The mechanisms by which N. meningitidis invades the bloodstream and causes
disease have not been well elucidated, although host, agent, and environmental risk
factors have been described. A lack of protective immunity against N. meningitidis, as
measured by serum bactericidal activity (SBA), is the significant host factor related to
IMD [36, 93]. SBA has been associated with resistance to N. meningitidis infection in an
animal model [57]. In humans, over 50% of newborns display protective levels of SBA,
due to the transplacental passage of maternal anti-meningococcal antibodies to the infant
[36, 37]. The level of immunity in the population wanes to a low among infants six to 12
months of age, after which point population SBA increases by roughly 5% per year of life
though childhood, reaching a plateau of 65 to 85% among adults [35, 37]. This pattern is
inversely correlated to IMD incidence in the population [36, 37, 53, 66, 93]. Additionally
related to immune status, an increased risk of IMD has also been associated with late
complement deficiency and congenital and acquired immunodeficiencies [29, 93].

Environmental factors associated with IMD include crowded living conditions,
smoking, and co-circulating infectious agents. New military recruits, college students
living in dormitories, and individuals of low socioeconomic status, all variables
associated with crowded living conditions, demonstrate higher incidence rates of IMD
[19, 36, 74, 75]. More than four people in a home has been associated with a significant
adjusted odds ratio of 1.69 and a 400 to 800 fold increased risk of IMD is seen among
family members to a sporadic case [4, 65]. Active and passive smoke exposures are
independently associated with IMD in a dose-response relationship. For children,
smoking exposure within the home demonstrates an adjusted odds ratio of 3.6-3.8 [31,

65]. Respiratory pathogens, such as influenza, which may disrupt the nasopharyngeal



epithelium, have been associated with IMD [13, 62]. Additionally, certain enteric
organisms, such as Escherichia coli K92, express epitopes analogous to those of N.
meningitidis and can induce circulating IgA antibodies that block anti-meningococcal
bactericidal IgG antibodies [38]. Such an immunoepidemiologic model has been
proposed to explain the seasonality of IMD.

The expression of polysaccharide capsule is the primary and most important
meningococcal agent virulence factor due to its antibactericidal properties [85, 93]. The
roles of bacterial pili, outer membrane proteins, and iron-acquisition systems have also
been investigated in respect to organism virulence, as has a recently described,
chromosomally integrated genetic element, termed Meningococcal Disease Associated
(MDA)-island [7, 45, 78, 93, 96].

Highlighting the interaction of host, agent, and environmental factors, the
incidence of IMD was highest (38.5%) among military recruits who were both deficient

in protective immunity and exposed to potentially pathogenic meningococcal strains [36].

Development of Natural Anti-Meningococcal Immunity

After the waning of passive immunity after birth, natural bactericidal immunity
against IMD is acquired as a natural response to colonization by N. meningitidis or
related species, particularly N. lactamica [37].

N. lactamica is a purely commensal Neisseria species, which lacks a
polysaccharide capsule but which shares other cross-reactive antigenic structures with N.
meningitidis that induce anti-meningococcal immunity [9, 48, 61, 88]. Supporting its role

in the development of broad, anti-meningococcal immunity, 40-66% of children



acquiring N. lactamica developed a four-fold rise in anti-meningococcal antibodies
against serogroups A, B, and C and N. lactamica has been found to be protective against
meningococcal infection in a mouse model [35, 63].

Colonization with N. lactamica occurs within the first few months of life and
peaks between 18 and 24 months of age, when 20-25% of children may be colonized [12,
35, 42]. By age four, 59% of children have acquired N. lactamica at least once [35].
Consequently, as the prevalence of N. meningitidis among those younger than five years
of age is low (0.4-2.1%), acquisition of natural immunity against IMD in this age group
seems to be driven to a greater extent by colonization with N. lactamica than N.
meningitidis [12, 35, 37]. After two years of age, while the prevalence of N. lactamica
colonization decreases, the prevalence of N. meningitidis colonization increases with age
to a peak of 24-37% in those 15-24 years of age [12, 15, 101]. Colonization with N.
meningitidis has been shown to result in a significant increase in serum bactericidal
activity, leading to protective anti-meningococcal immunity within 14 days after
acquisition of the strain. While this response is strongest against the homologous
meningococcal strain, cross-reactivity with heterologous strains has also been reported
(37,44, 71,73, 101].

The main targets of bactericidal activity include polysaccharide capsule (for non-
serogroup B capsular types), outer membrane protein, and lipooligosaccharide epitopes
[66]. Colonization with N. meningitidis has also been shown to lead to mucosal immunity
within the nasopharynx [73]. However, while mucosal immunity may prevent invasion of
the organism into the bloodstream, it has not been shown to prevent further colonization

[2, 39].



Effect of Antibiotic Use on Neisseria spp. Colonization

For over 30 years, a course of rifampin has been the accepted standard for
antibiotic prophylaxis for close contacts to a primary IMD case [3]. Rifampin has been
found to be 72-95% effective at eradicating nasopharyngeal carriage of N. meningitidis
after the standard regimen of four doses, with colonization rates among treated
individuals remaining below 20% for four weeks [3, 6, 22, 23, 34, 40, 77]. Single dose
regimens of ceftriaxone, ciprofloxacin, and azithromycin are also approved for
prophylactic use among close contacts and are comparable to rifampin, with 93-97%
efficacy and at least two to three weeks duration of nasopharyngeal eradication [26, 34,
72, 79]. Cefotaxime and sulfonamides may also provide similar protection [21, 93].

The role of penicillin antibiotics in eradicating meningococcal carriage is less
clear. Parentally-administered penicillin is the recommended treatment for IMD, although
it has not been found to be effective at reducing nasopharyngeal colonization of N.
meningitidis [11]. Ampicillin was found to reduce colonization rates among a military
company to less than ten percent by the third day of treatment, a level not significantly
different from that in a rifampin comparison company [40]. By the third week after
treatment, however, colonization rates in the ampicillin group had rebounded and were
statistically higher than those in the rifampin group. It is thought that penicillins may
transiently suppress, rather than eradicate, meningococcal colonization, making its
presence less likely to be detected initially after treatment [1]. Regardless, penicillin is
not considered adequate for eradication of colonization and individuals receiving

penicillin treatment for IMD are also recommended to receive a prophylactic course of



medication to eradicate carriage [3, 40, 69, 76]. In addition to penicillin and ampicillin,
erythromycin, tetracycline, chloramphenicol, and cephalexin are also considered to be
ineffective at eliminating N. meningitidis colonization [76]. Studies of the effect of
antibiotic use explicitly on colonization with Neisseria species other than N. meningitidis

have not been documented in the literature.

Antibiotic Use and Trends Among Children

Through the 1990’s, the overall rate of antibiotic prescriptions in children younger
than 18 years of age showed a significant decline of 8% in emergency departments, 23%
in ambulatory care settings, 24-33% among children in health plans, and 40-41% in
outpatient physician offices, largely due to concern over increasing antibiotic resistance
in organisms and an effort to promote the judicious use of antibiotics [25, 30, 41, 50, 56,
58, 59, 86]. From 1996-2000, children from three through 35 months of age received an
average of 2.2 antibiotic prescriptions per year and children from three through five years
of age received an average of 1.3 [30]. Among the younger age group, roughly 25%
received zero prescriptions per year, 20% received one, 15% received two, 10% received
three and the remainder, roughly 30%, received four or more. This is similar to another
study, in which 29.3%, 22.3%, 16.7%, and 31.7% received zero, one, two, or three or
more antibiotic prescriptions in the first year of life [17]. Among children three through
five years of age, roughly 35% received zero prescriptions per year, 25% received one,
15% received two, less than 10% received three, and the remainder, four or more [30].

While overall antibiotic prescriptions were decreasing in the late 1990’s, changes

in antibiotic prescription patterns occurred, with implications for meningococcal carriage.

10



Penicillins continued to constitute a majority (53-59%) of antibiotic prescriptions in
2000, although their rate of prescription had decreased by 43% since 1992 [30, 58].
Cephalosporins (i.e. cefazolin and cefapririn) and erythromycin decreased by 28% and
76%, respectively. In contrast, the use of second-generation macrolides, 75% of which is
azithromycin, increased between 241% and 388% from 1992-2000 [58, 84]. Among
children younger than six years of age, the second-generation macrolides comprised 8.0%
of all antibiotics dispensed in 2000, 60% of which were used as an initial treatment
regimen. Otitis media and upper respiratory tract infections were the most common

clinical manifestations for which antibiotics were prescribed in this age group [84].

Purpose of Research

The occurrence of IMD is the result of a complex interaction of host, agent, and
environmental risk factors within both individuals and populations. That over 98% of all
IMD cases in the U.S. are sporadic is a testament to the success of the rapid public health
response to each case — namely, the provision of antibiotic prophylaxis to close contacts
[3, 74]. While this approach has been largely effective at preventing additional cases, it
has done so without consideration of the epidemiology of the underlying pathogen, N.
meningitidis. The licensure of the quadrivalent meningococcal conjugate vaccine against
IMD due to serogroups A, C, Y, and W-135 and the prospect of non-polysaccharide
vaccines against serogroup B disease represent first steps in developing primary public
health prevention to reduce IMD burden [19]. To be most effective, however, the targets
of such measures — and recommendations for their use — require a greater understanding

of the dynamics of N. meningitidis within the population, the ability of the organism to
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cause invasive disease, and factors with the potential to alter the epidemiology of the
meningococcus or influence host susceptibility to invasive disease.

Through an integrated approach, the goal of this dissertation research was to
achieve a greater understanding of meningococcal epidemiology and factors related to
invasive disease. Exemplified by PFGE characterization of isolates from the Oregon
serogroup B meningococcal disease epidemic, Chapter II aims to better describe the
molecular epidemiology of N. meningitidis. An investigation into the association between
the recently-described integrated bacteriophage genetic element and meningococcal
disease isolates collected in the United States, presented in Chapter 111, aims to
characterize a potential, novel meningococcal virulence factor [7]. Through the
development of an agent-based simulation model, Chapter IV considers if, and to what
extent, increases in the population use of broad spectrum antibiotics among children
younger than five years of age would impact the prevalence of colonization, development
of protective immunity, and occurrence of invasive disease in this age group and, as such,
whether it may be considered an increasingly important environmental risk factor for
IMD.

Results of the analyses presented herein shall add to the breadth of knowledge
regarding the epidemiology of invasive meningococcal disease, with relevance to public

health policies and recommendations for its control.
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Chapter 11

Pulsed-Field Gel Electrophoresis Evaluation of the Oregon Serogroup B
Meningococcal Epidemic

Introduction

Invasive meningococcal disease (IMD), the most common clinical manifestations
of which include meningitis, meningococcemia, and bacteremic pneumonia, is a serious,
life-threatening disease caused by the gram-negative, diplococcal bacteria, Neisseria
meningitidis [27, 33, 45]. Despite appropriate antibiotic therapy, 10 to 15% of IMD cases
are fatal and long-term, debilitating sequelae, such as limb amputation, hearing loss,
and/or mental retardation, afflict an additional 10-15% of survivors [10, 21, 32, 33]. Until
2000, the overall U.S. annual incidence rate of sporadic IMD — comprising 98% of all
cases — had remained stable for over 50 years at 0.9-1.5 cases per 100,000 persons, with
periods of hyperendemic or epidemic IMD occurring in roughly 10-year cycles,
characterized by attack rates several times higher [14, 32, 33].

Isolates of N. meningitidis are typically defined by serogroup, the antigenic
expression of polysaccharide capsule by the organism. Although 13 serogroups have been
identified globally, only four have been commonly seen among meningococcal isolates in
the U.S.: B, C, W-135, and Y [8, 19, 46]. Serogroup determination, as the historical
standard for laboratory-based meningococcal surveillance programs, has been useful in
describing broad patterns of disease, supporting the epidemiologic identification of

potential clusters of IMD, and guiding appropriate public health interventions in response
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to IMD outbreaks [8]. However, as serogroup does not fully capture the genotypic and
phenotypic diversity of the organism, other laboratory techniques have been developed to
better elucidate its molecular epidemiology [24].

The full serologic profile (serogroup:serotype:serosubtype), the multilocus
enzyme electrophoresis (MLEE)-derived electrophoretic type (ET), and the multilocus
sequence typing (MLST)-derived sequence type (ST) have been used to describe global
epidemiological patterns of clonal strains over periods of years and decades [11, 15, 23,
36, 48, 50]. For example, serogroup B, ET-5/ST-32 complex strains emerged in Norway
in 1974 and spread — causing epidemics — throughout Europe, South Africa, Cuba, and
South America through the late 1970s and 1980s; the ET-37/ST-11 complex of serogroup
C strains were responsible for meningococcal outbreaks in the 1960s, 1970s, and 1990s,
and still constitute the majority of serogroup C IMD cases; and a dramatic increase in
serogroup Y IMD, due to the highly clonal ET-508/ST-23 complex, occurred in several
areas of the United States through the 1990s [4, 6, 20, 22, 26, 31, 32, 35, 42, 44, 47, 49].

The ability of these techniques to discern between strains on a global, long-term
scale is based on their respective characterization of highly-conserved, and therefore
relatively stable, phenotypic traits (serologic profile and ET) or genotypic regions (ST)
[23, 36, 48]. The three techniques produce highly concordant results, although MLST has
become the preferred typing method due to its low cost and high degree of comparability
between laboratories [23, 37]. Pulsed-field gel electrophoresis (PFGE), on the other hand,
relies on the presence of certain genetic sequences present throughout the bacterial
chromosome, including within regions more susceptible to variation through mutation or

transformation and recombination, common events for the meningococcus [13, 40].
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Consequently, changes in PFGE patterns can occur much more rapidly (i.e. weeks and
months). Although some concordance between PFGE and the other strain typing
techniques has been shown in the context of meningococcal epidemics, this technique is
better adept at — and therefore more commonly use for — discriminating between sporadic
IMD cases and epidemiologically linked cases clustering within defined communities
over shorter time frames [26, 28, 51, 52]. As they reveal different aspects of the
molecular epidemiology of N. meningitidis, the use of both global strain typing
techniques and PFGE can provide complementary information on meningococcal strains
circulating in an area [43].

In addition to overall higher occurrence, the epidemiology of IMD during periodic
waves of epidemic or hyperendemic disease differs from sporadic cases occurring during
interepidemic periods, in that incidence increases disproportionately among adolescents
and young adults and cases are due to more homogenous, clonal strains [5]. Serogroup B
IMD occurrence in Oregon in the mid-1990s fit this epidemic profile: the overall rate of
serogroup B IMD doubled from the 1989-1992 baseline rate; that among individuals 15-
19 years of age was 13 times higher than baseline; and 89% of all isolates tested by
MLEE were ET-5 complex strains [9]. While this high proportion of isolates sharing one
ET designation is consistent with the hypothesis that IMD epidemics are due to the
emergence and spread of a clonal strain through a non-immune population, it is
insufficient evidence to conclude that the Oregon serogroup B epidemic was the direct
result of the same phenomenon, with regard to ET-301 [26, 35].

Through the use of PFGE, the goal of this research was to better characterize the

Oregon serogroup B meningococcal disease epidemic. Our aims were to demonstrate the
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concordance of PFGE with previous strain typing techniques in identifying the
circulating epidemic clonal strain; to assess whether the PFGE profile of isolates
recovered from cases occurring during a later epidemic period was more diverse than that
of isolates recovered from cases occurring during the peak epidemic, thus supporting the
hypothesis that the epidemic was due to the spread of a clonal strain in the population;
and to describe the relatedness of PFGE patterns from cases with known epidemiological

links and those occurring within a narrow spatiotemporal frame.

Materials and Methods
Meningococcal Strains and Study Population

All clinical laboratories in the state are required to submit specimens of Neisseria
meningitidis isolated from a normally sterile site to the Oregon State Public Health
Laboratory (OSPHL) (Oregon Administrative Rules [OARS] 333-018-0018). Upon
receipt of isolates, OSPHL determines serogroup through slide agglutination, using
standard methods [48]. While typing of meningococcal isolates beyond serogroup is not
routinely performed by OSPHL, it had been done on all viable isolates to describe the
nature of the circulating strains within specific time frames, as special project funding
became available. Specifically, during the peak of the epidemic (January 1, 1994 through
December 31, 1996) strain typing was performed using a combination of MLEE and
serologic typing and subtyping; during a later epidemic period (January 1, 2001 through
December 31, 2003), typing was performed by MLST [11, 17, 23, 36]. Demonstrating the
concordance between MLEE and MLST, 100% of a sample of isolates tested from the

peak of the Oregon serogroup B epidemic were ET-301, ST-32, and B:15:P1.7,16 [16].
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Overall, 207 peak period and 111 later epidemic period serogroup B
meningococcal isolates had been previously collected and archived at OSPHL. Of these,
further strain type characterization had been completed on 151 (73%) peak and 96 (86%)
later epidemic period isolates, for a total of 247 isolates eligible for inclusion in this
study.

For these analyses, the “epidemic clone” was defined as serogroup B isolates,
known to be ET-5/ST-32 complex, by MLEE or MLST, or B:15:P1.7,16, by serologic
typing; all other MLEE, MLST, and phenotypic designations were considered as “non-

epidemic clone.”

PFGE

PFGE was conducted on eligible isolates using a standardized protocol. Briefly,
plugs were made by suspending bacterial subculture (incubated overnight at 37°C on a
TSA-5% sheep blood agar plate) into 100 mM Tris: 100mM EDTA buffer and mixing
with 1% SeaKem Gold / 1% sodium dodecyl sulfate agarose solution (10 mM Tris: 1 mM
EDTA) and Proteinase K (2%). Cell lysis was done within the plugs using 50 mM Tris:
50 mM EDTA + 1% sodium lauroyl sarconsine buffer and 2% Proteinase K in a 54°C
water bath for 1.5-2 hours. Plugs were then washed in 10 mM: 1 mM EDTA buffer in a
56°C water bath. Enzyme restriction digestion of bacterial DNA was done by mixing plug
slices with 170 uL sterile water, 20 uL 10x restriction buffer, and 50 U Nhe I (New
England Biolabs, Beverly, MA) and incubating at 37°C for 1.5-2 hours. The resultant
restriction cleavage products were resolved on a 1% gel with switch times of 2.2 — 35

seconds for 18 hours at 14°C, at a 120 degree angle, and at 6.0 volts. Subsequently, the
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gel was stained using ethidium bromide and digitized using a Bio-Rad Gel Doc 2000
system (Bio-Rad, Hercules, CA). Dendograms were created using the unweighted pair
group method using arithmetic averages and a position tolerance of 1.5% by the
BioNumerics software (Bio-Rad, Hercules, CA). The percent similarity was calculated
for each dendogram.

Isolates with PFGE patterns demonstrating no band differences (100% similarity)
were defined as indistinguishable and shared the same, arbitrary PFGE pattern number;
isolates with PFGE patterns with one to three band differences from the predominant
pattern were considered “probably-related strains”; isolates with PFGE patterns with four
to six band differences from the predominant pattern were considered “possibly-related
strains,” and isolates with PFGE patterns with greater than six band differences were
considered unrelated strains [41]. The predominant PFGE group, “Group I,” was defined
by isolates with PFGE patterns demonstrating > 80% similarity, correlating to fewer than

seven band differences (unpublished data).

Demographic and Clinical Information

In addition to the submission of meningococcal isolates from clinical laboratories
to OSPHL, physicians are required to report IMD cases to the local health department
through communicable disease reporting rules (OARS 333-018-0015). Oregon has also
participated in active IMD surveillance through the Active Bacterial Core surveillance
(ABCs) component of the Centers for Disease Control and Prevention Emerging
Infections Program since 1995. For all isolates included in this study, demographic

information (age, sex, street address, and city and county of residence) was obtained from
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either the communicable disease reporting database (1994 isolates) or the ABCs database
(1995-1996; 2001-2003 isolates). An additional data element noting the presence of an
epidemiological link to another confirmed or presumptive case was obtained from the
communicable disease reporting database for all isolates studied, as this information was

not available in the ABCs database.

Epidemiologically-linked Cases and Spatiotemporal Clusters

We identified multiple cases with matching street address and city of residence;
multiple cases with matching last name; and cases for whom the value of the
epidemiological link variable in the communicable disease reporting database was ‘Yes’
from among serogroup B cases reported during the peak and later time periods. We
manually reviewed the individual records of all identified cases to determine whether
they were epidemiologically linked. Cases in this study were defined as having an
epidemiological link if they shared a matching street address and city of residence; or if
they were noted to have had an epidemiological link with another IMD case or had
matching last names AND information in the communicable disease records
unambiguously identified a link with another case included in this study (i.e. case
identification number or linked-case name).

Spatiotemporal clusters were defined as the occurrence of two or more serogroup
B IMD cases in a county, with isolate culture dates between successive cases less than or
equal to 21 days apart. Although this is more sensitive to the detection of clusters than
that described by the Centers for Disease Control and Prevention, we chose this time

interval — twice the length of the maximum and five times the length of the mean
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incubation period — to capture cases that may be associated within several intermediate
contacts [8, 18]. While a formal evaluation of the Oregon IMD surveillance system has
not been done, investigative efforts during the peak of the serogroup B epidemic and
participation in ABCs, which requires active surveillance for disease through clinical
laboratories, has resulted in a high sensitivity for IMD surveillance in Oregon: isolates
were submitted to OSPHL for 207/211 (98%) and 111/111 (100%) of serogroup B IMD
cases reported during the peak and later epidemic periods, respectively.

All epidemiologically-linked case isolates and all isolates occurring within
spatiotemporal clusters were analyzed by PFGE, regardless of whether or not previous

strain typing had been performed.

Data Analysis

The overall similarity of the PFGE dendogram, cophrenetic coefficient, and
pairwise similarities of isolates were calculated by BioNumerics software (Version 3.2;
Bio-Rad, Hercules, CA). Statistical analyses were performed using SAS (Version 9.1;
SAS Institute; Cary, NC).

Differences in the proportions of the predominant indistinguishable PFGE pattern;
probably-, possibly-, and unrelated strains; and PFGE groups, by epidemic period (peak
versus later), and PFGE groups by age group (<15 years, 15-24 years, and >25 years) and
strain type (epidemic versus unrelated) were assessed through the chi-squared test.
Pairwise similarity of isolates was calculated for each comparison group, with the
predominant PEGE pattern, NEME-003, used as the referent strain. The median and 25™

and 75" percentiles for groups were presented; differences in the distributions of these

29



pairwise similarities between groups were assessed through the Kruskal-Wallis rank sum
test. Difference in the distribution of ages and number of band differences from the
predominant PFGE pattern, by epidemic period, were assessed through the Wilcoxon

signed-rank test.

Results

PFGE was completed on 221/247 (89%) eligible isolates for which strain typing
information was available, including 129/151 peak period isolates (85%) and 92/96 later
period isolates (96%) (p=0.0094). The remaining 26 isolates were no longer available or
were non-viable at the time of this study. The age distribution of isolates for which PFGE
was completed did not differ from that of cases not included in this study (p=0.84).

Results and select demographic characteristics of the 221 completed isolates from
the peak and later epidemic periods are shown in Table 2-1 and Figure 2-1. This
population included 61 distinguishable PFGE patterns, with an overall dendogram
similarity of 50.3% and a cophrenetic coefficient of 95% (Figure 2-1). The predominant
pattern, NEME-003, was seen among 82 isolates (37%), followed by NEME-005 (23
isolates, 10%); NEME-006 (18 isolates, 8%); NEME-039 (10 isolates, 5%) and NEME-
025 (7 isolates, 3%). Sixteen patterns were shared by five or fewer isolates each and 40
patterns were unique. One hundred eighty seven isolates (85%) comprised the
predominant PFGE group, Group I. As no more than five of the remaining 34 isolates
grouped together, analysis of other PFGE groups was not performed. PFGE Group I
isolates had a higher pairwise similarity (median: 95.7%, [25"%-ile: 90.9%, 75" %-ile:

100%]) than did non-Group I isolates (61.2% [57.1%, 72.7%]) (p<0.0001). One hundred
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thirty one isolates (59%) were cultured from individuals less than 15 years of age,
compared with 45 (20%) each among those 15-24 and 25 and older. The proportion of
isolates identified as Group I and the pairwise similarity of Group I isolates were not
significantly different between the age groups (p=0.14 and p=0.29).

Of the 221 total isolates analyzed, 185 (83.7%) identified as PFGE Group
I/epidemic clone and 24 (10.9%) identified as non-Group I/non-epidemic clone for an
observed agreement between PFGE and previous strain typing methods of 94.6%
(Kappa=0.77; p<0.0001) (Table 2-2). For the 12 remaining isolates, ten identified as the
epidemic clone but did not segregate into PFGE Group I and two identified as PFGE
Group I, but did not carry the markers used to identify the epidemic clone.

During the peak of the epidemic, 31 distinguishable patterns were identified
among the 129 isolates, compared to 40 distinguishable patterns identified among the 92
later epidemic period isolates. Only the predominant PFGE pattern, NEME-003,
significantly differed between epidemic periods: 48% of isolates during the peak period
and 22% during the late period (p<0.0001) shared this pattern. The proportion of
probably-related strains did not change between the peak (41%) and later (47%) periods
(p=0.4); the proportion of possibly-related strains increased from 2% to 9% (p=0.03); and
the proportion of unrelated strains increased from 9% to 23%, p=0.0029. The proportion
of those isolates classified as Group I decreased from 89% to 78% (p=0.027), the
pairwise similarity of Group I isolates decreased from 100.0% (91.7%, 100.0%) to 91.7%
(87.0%, 95.7%) (p=<0.0001), and the median number of band differences from the
predominant PFGE pattern increased from one to three (p<0.0001) from the peak to the

later epidemic period (Table 2-3). In contrast, the pairwise similarity of non-Group I
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isolates did not significantly change p=0.44. This overall trend was seen within each of
the three age groups, as well, with a decreasing proportion of Group I isolates (albeit non-
significant) and decreasing similarity of Group I isolates between the peak and later
epidemic periods.

We identified three pairs of cases with an epidemiological link (EL) and 25
spatiotemporal clusters (ST) with no epidemiological link (Table 2-4). Two of the three
EL pairs were household contacts and one was identified through matching last names,
with case notes indicating ‘secondary case’ due to a non-household contact. Isolates for
the two household pairs, EL-1 and EL-2, were collected one and two days apart,
respectively, and shared indistinguishable PFGE patterns. Isolates for the third pair, EL-
3, were collected 114 days apart and were distinguishable by PFGE. Of the 25 unlinked
ST clusters, four (16%) consisted of isolates sharing identical ET/ST and PFGE patterns;
four (16%) consisted of isolates sharing an identical PFGE pattern with no ET/ST
information available; and 17 (68%) consisted of isolates distinguishable by ET (1),
PFGE (12), or both (4). Of the eight ST clusters consisting of isolates with
indistinguishable PFGE patterns (17 total isolates), four were comprised of isolates
identified as NEME-003 (nine isolates, 53%), three were comprised of isolates identified
as NEME-005 (six isolates, 33%), and one was comprised of isolates identified as

NEME-016 (two isolates, 11%).

Discussion

These results clearly demonstrate the concordance of PFGE with other strain

typing methods in identifying the circulating serogroup B epidemic strain in Oregon;
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provide further evidence that IMD epidemic in the mid-1990s was the result of the spread
of a clonal strain within the population; and suggest that localized clusters of IMD were
due to hyperendemic, sporadic cases, rather than community outbreaks.

In this study, PFGE and strain typing by MLEE, MLST, or phenotypic profile,
differentiated between the circulating epidemic clonal strain and non-epidemic strains
with an observed agreement of 95%. While a previous study noted a correlation between
PFGE and MLST when analyzing hyperendemic meningococcal disease due to
serogroups C and Y, this is the first such study to find similar results among serogroup B
isolates [26]. Discordant results for the remaining five percent of isolates, including the
greater number of epidemic clone isolates failing to identify as PFGE Group I than vice-
versa, were likely due to the differences in the molecular targets used for classification
among the techniques and their respective sensitivity to genetic variation [13, 23, 36, 48,
40].

McEllistrem et al. also found a significant difference in the proportion of clonal
strains and degree of similarity among isolates by age group [26]. While the same pattern
was seen in our results, that this association was not statistically significant was likely
due to a higher proportion of our isolates identified as the predominant PFGE clonal
group and a greater degree of similarity of our clonal isolates than among the 74
serogroup C strains analyzed in that study.

Meningococcal epidemics due to the introduction of a new clone into the
population manifest as the identification of a large proportion of clonal isolates early in
the epidemic [5, 26]. The exchange of genetic material between the epidemic strain and

other circulating Neisseria species, mainly through transformation and recombination,
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subsequently lead to an increased diversity of the bacterial population over the course of
the epidemic [7, 13, 25]. Our results, demonstrating the high proportion (89%) and
similarity (98%) of Group I isolates during the peak epidemic period, followed by an
increase in the number of distinguishable PFGE patterns, decrease in the proportions of
NEME-003 and PFGE Group I isolates, increase in the proportions of possibly-related
and unrelated strains, and decrease in the similarity of Group I isolates between the peak
and later epidemic periods are consistent with this profile and support the hypothesis that
the serogroup B meningococcal epidemic was due to the emergence of this epidemic
clone in Oregon.

The highly clonal nature of serogroup B strains found in our study is atypical of
N. meningitidis epidemiology. Transformation and recombination affects serogroup B
isolates to a greater extent than isolates from other serogroups [12, 13, 30, 39].
Consequently, serogroup B isolates are generally panmictic and dominant serogroup B
clones seen during hyperendemic periods are more unstable than are those of other
serogroups [3, 7, 25, 52]. This manifests as a greater number of less similar strain types
and/or PFGE patterns among serogroup B isolates than comparable analyses of serogroup
C or Y isolates during both epidemic and interepidemic periods [1, 28, 51, 52]. The
diversity of serogroup B isolates extends to strains sharing the same ET designation and
has been shown specifically for ET-5 complex strains [6, 25, 38]. In this study, the
panmictic nature of the non-Group I isolates is demonstrated by the near parity in the
number of isolates to number of distinguishable PFGE patterns and by the low degree of

similarity between isolates that does not change over time.
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Within its broad context, the profile of IMD epidemics and hyperendemic periods
is affected by its localized transmission dynamics within the context of the immune status
of the population. For instance, epidemics of serogroup C IMD, largely due to the
emergence of a hypervirulent ST-11/ET-37 strain, have been marked by community
clusters of disease with isolates demonstrating indistinguishable PFGE patterns [2, 31,
34, 42, 49]. Conversely, hyperendemic occurrence of serogroup Y disease seems to be
driven to a greater extent by the higher community prevalence of strains, manifesting in
more diverse isolate patterns and without associated clustering [8, 20, 29]. Our results
show that the Oregon serogroup B epidemic is more similar to that due to serogroup Y
than that due to serogroup C. The majority of clustered isolates analyzed were
distinguishable by one or more molecular methods, demonstrating that disease was
largely due to an increased number of sporadic cases rather than an increase in localized
community outbreaks. While previously unascertained community associations cannot be
ruled out, in only one cluster — that in which isolates shared the rare PFGE pattern,
NEME-016 — is such a link highly suggested. The nature of the remaining clusters,
associated with the most common patterns identified, cannot be fully determined. These
results lend further support to our hypothesis of the spread of an epidemic clone through
an immunologically naive population. Localized, community outbreaks of IMD from
which isolates with indistinguishable PFGE patterns were recovered would be expected
with the introduction of a strain into small pockets of susceptible individuals within the
context of an otherwise immune population; hyperendemic, sporadic disease due to
distinguishable isolates, as seen in our results, would be expected with general,

widespread circulation of strains in a largely susceptible population.
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The main limitation of this study was that proportion of eligible isolates analyzed
by PFGE from the later epidemic period (96%) was higher than that from the peak
epidemic period (85%, p=0.0094), potentially introducing bias into our results. For
instance, if all unanalyzed isolates had been identified as PFGE non-Group I, the
decrease in the proportion of Group I isolates from the peak to the later epidemic would
no longer have been significant (p=0.84). Additionally, that no isolates from prior to the
peak of the epidemic were available for analysis prevents us from describing the
distribution of strains during that time or definitively concluding if and when the
epidemic clone was introduced into the population. As our results for the pairwise
similarity of Group I isolates would not have been affected by these limitations, however,
the high degree of similarity of Group I isolates, compared to non-Group I isolates, and
the increasing diversity of Group I isolates over time are most consistent with this theory.
Other hypotheses, such as an increased virulence of strains — even if Group I strains had
been circulating earlier — would likely not have resulted in this same similarity profile
and are, therefore, less probable.

Two additional limitations may have had an impact on our results, particularly
with regard to the description of spatiotemporal clusters. While the use of one rare-
cutting restriction enzyme is common among PFGE analysis of meningococcal isolates,
the use of two enzymes would provide greater resolution in distinguishing isolates.
Second, epidemiological links between cases may not have been fully ascertained during
the original public health investigation into each IMD case — especially those separated
by more than one generation — and as a result would have been missed in our study. The

effect of both limitations, however, would likely be to overestimate the number of
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spatiotemporal clusters due to indistinguishable isolates and potential community
associations in these analyses, further supporting our conclusions.

Through the use of MLST, a previous report concluded that, although serogroup
B IMD rates had decreased in Oregon since the peak of the epidemic, the associated
clonal strain had persisted in the population [16]. The use of PFGE in this study,
however, indicates that this has not been a static process. Rather, the epidemic strain has
evolved over time, becoming increasingly diverse. This process is likely to continue until
the clonal strain is no longer identifiable from among a panmictic bacterial population.

In addition to providing greater insight into the nature of meningococcal
epidemics, the use of molecular techniques beyond serogroup can assist public health
professionals in implementing appropriate meningococcal prevention and control
activities, such as the provision of antibiotics or use of the meningococcal conjugate
vaccine for non-serogroup B meningococcal outbreaks [8]. For example, a potential
organizational serogroup B cluster of two confirmed and one presumptive IMD cases was
identified among children in a preschool setting in 2007. After the second confirmed
case, institution-wide provision of antibiotic prophylaxis was undertaken. While not done
at the time, later analysis of these two isolates revealed distinguishable PFGE patterns,
suggesting that such an aggressive public health intervention may not have been
indicated. Real-time molecular typing methods for N. meningitidis, including PFGE,
should therefore be considered as a component of laboratory-based meningococcal

surveillance activities.
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Table 2-1: PFGE Results and Characteristics of 221 Oregon Serogroup B

Meningococcal Isolates Cultured During the Peak (1994-1996) and Later (2001-

2003) Epidemic Periods.

Lab ID
Number
940033
940040
940045
940066
940113
940117
940118
940119
940127
940128
940138
940160
940167
940168
940174
940185
940191
940192
940198
940219
940220
940233
940241
940242
940245
940247
940248
940260
940276
940286
940287
940303
940312
940334
940378
940380
940408
940419
940425
940430

Age / Sex

13/M
54/F
6/M
1/M
6/M
37/M
22/M
14/M
18/F
7™M
5/F
44/M
19/F
88/F
15/M
69/F
7™
42/F
18/M
16/M
38/M
2IM
77/F
2IM
39/F
8/M
16/M
16/M
20/M
2/F
13/F
16/F
15/M
46/F
2IM
21/F
2IM
2/F
64/F
1/M

County of
Residence
Clackamas
Washington
Lincoln
Marion
Washington
Coos
Washington
Columbia
Yamhill
Linn
Multnomah
Washington
Jackson
Deschutes
Marion
Columbia
Jackson
Clackamas
Linn
Marion
Multnomah
Lane
Marion
Marion
Clackamas
Linn
Multnomah
Clackamas
Lane
Wallowa
Clackamas
Multnomah
Washington
Hood River
Columbia
Multnomah
Coos
Washington
Linn
Marion

Culture
Month/Year
1/1994
1/1994
1/1994
1/1994
2/1994
2/1994
2/1994
2/1994
2/1994
2/1994
3/1994
3/1994
3/1994
3/1994
3/1994
4/1994
4/1994
4/1994
4/1994
4/1994
4/1994
5/1994
5/1994
5/1994
5/1994
5/1994
5/1994
5/1994
6/1994
6/1994
6/1994
6/1994
6/1994
7/1994
8/1994
8/1994
8/1994
9/1994
9/1994
9/1994
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Clonet

Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic

PFGE
Group |
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes



Lab ID
Number
940461
940463
940490
940508
940516
940522
940535
940539
940543
940547
940555
940560
940573
940603
940607
950002
950350
950355
950392
950416
950424
950433
950444
950466
950542
950510
950520
950557
950604
950628
950636
950681
950722
950737
950740
950742
950753
950768
960026
960041
960078
960103
960126
960141

Age / Sex

20/F
13/F
18/F
4/F
21/M
6/F
65/M
6/M
0/M
20/F
9/F
O/F
1/F
59/F
1/M
13/M
12/F
62/M
2/F
28/F
16/F
4/M
1M
16/F
14/F
15/M
3M
1M
10/F
3/F
1/M
16/F
8/F
2IM
6/M
5/M
17/F
4/M
11/F
68/F
3IM
61/F
6/M
O/F

County of
Residence
Marion
Washington
Marion
Marion
Washington
Marion
Multnomah
Marion
Washington
Multnomah
Tillamook
Multnomah
Marion
Jackson
Marion
Polk
Douglas
Lane
Washington
Washington
Multnomah
Multnomah
Linn
Clackamas
Polk
Washington
Douglas
Clackamas
Clackamas
Multnomah
Marion
Clackamas
Multnomah
Marion
Clackamas
Multnomah
Josephine
Josephine
Multnomah
Linn
Marion
Clackamas
Marion
Marion

Culture
Month/Year
10/1994
10/1994
10/1994
10/1994
11/1994
11/1994
11/1994
11/1994
11/1994
11/1994
11/1994
12/1994
12/1994
12/1994
12/1994
12/1994
7/1995
7/1995
8/1995
8/1995
8/1995
8/1995
8/1995
9/1995
9/1995
10/1995
10/1995
10/1995
11/1995
11/1995
11/1995
12/1995
12/1995
12/1995
12/1995
12/1995
12/1995
12/1995
1/1996
1/1996
1/1996
1/1996
1/1996
1/1996
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Clonet

Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic

PFGE
Group |
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes



Lab ID
Number
960117
960156
960164
960196
960205
960207
960242
960270
960272
960285
960287
960292
960308
960314
960336
960348
960363
960365
960409
960417
960432
960447
960452
960453
960478
960489
960512
960650
960676
960691
960693
960757
960770
960772
960835
960850
960904
960905
960990
961006
961012
961020
961067
961094

Age / Sex

2/F
40/F
17/F
18/M
17/M
40/M

1/M
6/M
5/M
75/M

6/F
2IM
0/M
16/M

O/F
17/M
41/M

O/F

O/F
16/M

2/F

9/F
7™M
32/M

O/F

3/F

3/F

2/F
2IM
22/M
6/M
4/M
13/M
6/M
13/F
28/M

2/F
3IM
16/F
5/M
7™
3IM
10/F

1/F

County of
Residence
Clackamas
Clackamas
Multnomah
Clackamas
Deschutes
Washington
Clackamas
Multnomah
Lane
Lane
Clackamas
Linn
Clackamas
Linn
Marion
Marion
Marion
Clackamas
Multnomah
Linn
Clackamas
Washington
Washington
Linn
Multnomah
Multnomah
Multnomah
Multnomah
Lincoln
Marion
Multnomah
Lincoln
Yamhill
Multnomah
Linn
Marion
Yamhill
Multnomah
Marion
Multnomah
Linn
Linn
Deschutes
Linn

Culture
Month/Year
2/1996
2/1996
2/1996
2/1996
2/1996
2/1996
3/1996
3/1996
3/1996
3/1996
3/1996
3/1996
3/1996
4/1996
4/1996
4/1996
4/1996
4/1996
5/1996
5/1996
5/1996
5/1996
5/1996
5/1996
5/1996
6/1996
6/1996
6/1996
6/1996
6/1996
7/1996
7/1996
7/1996
8/1996
8/1996
9/1996
9/1996
9/1996
10/1996
11/1996
11/1996
11/1996
11/1996
12/1996

40

Clonet

Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Non-Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic

PFGE
Group |
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes



Lab ID
Number
961103
010028
010033
010060
010133
010139
010146
010148
010150
010155
010186
010208
010209
010263
010264
010320
010357
010358
010359
010360
010385
010431
010477
010492
010507
010594
010629
010657
010676
010685
010732
010827
010877
010879
010897
010916
011083
011088
020007
020126
020132
020162
020164
020221

Age / Sex

42/M
19/M
2IM
O/F
O/F
19/F
20/M
71/M
1/M
0/M
62/F
8/F
3/F
3/F
8/M
17/F
1/F
O/F
0/M
2/F
1/M
3IM
11/M
0/M
17/M
2IM
85/F
15/F
10/F
36/M
82/M
6/M
19/M
O/F
18/M
44/M
24/F
13/M
3IM
8/M
1/F
12/F
58/F
16/M

County of
Residence
Washington
Douglas
Clackamas
Yamhill
Clatsop
Lane
Benton
Douglas
Clackamas
Gilliam
Jackson
Yamhill
Lincoln
Marion
Marion
Marion
Marion
Marion
Marion
Marion
Yamhill
Lincoln
Clackamas
Multnomah
Washington
Clatsop
Linn
Yamhill
Multnomah
Lane
Jackson
Yamhill
Lane
Lane
Douglas
Lane
Clackamas
Multnomah
Washington
Linn
Crook
Polk
Lane
Josephine

Culture
Month/Year
12/1996
1/2001
1/2001
1/2001
2/2001
2/2001
2/2001
2/2001
2/2001
2/2001
2/2001
3/2001
3/2001
3/2001
3/2001
4/2001
4/2001
4/2001
4/2001
4/2001
4/2001
5/2001
5/2001
5/2001
6/2001
7/2001
7/2001
7/2001
8/2001
8/2001
8/2001
10/2001
10/2001
10/2001
10/2001
10/2001
11/2001
11/2001
12/2001
2/2002
2/2002
2/2002
2/2002
2/2002
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Clonet

Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Non-Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic

PFGE
Group |
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
No
Yes
Yes
Yes
No
Yes
Yes
No
Yes
No
Yes
No
Yes
Yes
Yes
Yes
Yes
No



Lab ID
Number
020296
020425
020459
020509
020525
020578
020595
020618
020667
020711
021116
021262
030099
030102
030137
030145
030384
030502
030511
030512
030518
030529
030530
030546
030561
030816
030841
030868
031061
031325
031329
031478
031791
031808
031976
032061
032117
032130
032131
032171
032197
032221
032309
032451

Age / Sex

72/F
1/F
14/M
17/M
17/M
2/F
0/M
4/M
14/M
1/M
5/F
0/M
36/F
1/M
11/F
42/F
17/M
0/M
0/M
2IM
5/M
73/IM
69/F
49/M
0/M
O/F
83/F
2IM
0/M
51/M
35/F
44/F
1/M
69/F
4/M
15/F
0/M
7™M
1/M
3IM
0/M
13/M
58/F
5/M

County of
Residence
Lane
Lane
Linn
Linn
Clackamas
Linn
Multnomah
Deschutes
Douglas
Multnomah
Jackson
Clackamas
Washington
Washington
Clackamas
Washington
Jackson
Multnomah
Klamath
Marion
Clackamas
Lane
Lane
Lane
Linn
Jackson
Marion
Douglas
Multnomah
Multnomah
Yamhill
Polk
Jackson
Marion
Washington
Lane
Umatilla
Tillamook
Washington
Jackson
Columbia
Lane
Deschutes
Multnomah

Culture
Month/Year
3/2002
4/2002
4/2002
5/2002
5/2002
5/2002
5/2002
5/2002
6/2002
6/2002
9/2002
10/2002
1/2003
1/2003
1/2003
1/2003
2/2003
2/2003
2/2003
2/2003
2/2003
3/2003
3/2003
3/2003
3/2003
4/2003
4/2003
4/2003
5/2003
6/2003
6/2003
7/2003
8/2003
8/2003
9/2003
9/2003
10/2003
10/2003
10/2003
10/2003
10/2003
10/2003
11/2003
11/2003
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Clonet

Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Non-Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Non-Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Epidemic
Non-Epidemic
Epidemic
Epidemic
Epidemic

PFGE
Group |
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
No
Yes
No
No
Yes
Yes
Yes
Yes
Yes
No
No
Yes
No
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes



Lab ID Age / Sex County of Culture Clone' PFGE

Number Residence Month/Year Group |
032572 8/F Washington 12/2003 Epidemic Yes
032573 47/M Jackson 12/2003 Epidemic Yes
032584 23/F Multnomah 12/2003 Epidemic Yes
032621 64/F Umatilla 12/2003 Non-Epidemic No
032685 15/M Josephine 12/2003 Non-Epidemic No

1 “Epidemic clone” was defined as serogroup B isolates known to be ET-5/ST-32 complex, by multi-locus
enzyme electrophoresis (MLEE) or multi-locus sequence typing (MLST), or B:15:P1.7,16, by serologic
typing; all other MLEE, MLST, and serologic designations were considered a “non-epidemic clone.”

43



Figure 2-1: Pulsed-Field Gel Electrophoresis Patterns of 221 Isolates from Peak
(1994-1996) and Later (2001-2003) Periods of the Oregon Serogroup B Epidemic.

Dice (Opt:1.50%) (Tol 1.5%-1.5%) (H>0.0% S>0.0%) [0.0%-100.0%]
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N94-0408
N94-0419
N94-0430
N94-0463
N94-0516
N94-0522
N94-0535
N94-0539
N94-0543
N94-0555
N94-0560
N94-0607
N95-0350
N95-0355
N95-0416
N95-0466
N95-0557
N95-0604
N95-0628
N95-0636
N95-0740
N95-0742
N96-0156
N96-0164
NO03-2171
N96-0196
N96-0417
N96-0432
N96-0452
N96-0478
N96-0512
N96-0650
N96-0676
N96-0691
N96-0757
N96-0770
N96-0772
N96-0904
N96-1006
N96-1067
N96-1094
N96-1103
NO3-0816
N94-0138
N95-0424
N96-0409
NO2-1116
NO03-2573
N95-0002
N96-0348
NO3-0561
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NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-019
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-019
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-003
NEME-036
NEME-036
NEME-036
NEME-014
NEME-014
NEME-014
NEME-014
NEME-032
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NO03-0561
N94-0191
NO1-0033
NO1-1083
NO02-0618
NO03-0137
NO03-2309
N94-0220
N94-0276
N95-0510
N96-0272
NO1-0146
NO1-0209
NO1-0320
NO01-0477
NO1-0507
NO01-0897
NO02-0132
NO03-0518
NO03-1791
NO03-2584
N96-0242
N96-0270
N96-0693
N96-0447
N96-0126
NO1-0139
NO1-0685
NO03-0102
NO03-0384
NO03-2061
N94-0174
N94-0260
N94-0380
N94-0490
N94-0547
N95-0433
N95-0722
N96-0026
N96-0205
N96-0207
N96-0365
N94-0461
NO03-0530
NO03-2131
N94-0603
NO02-0296
NO03-2221
N96-0117
N96-0850
N96-0990
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NEME-032
NEME-032
NEME-022
NEME-025
NEME-025
NEME-025
NEME-025
NEME-025
NEME-025
NEME-025
NEME-040
NEME-039
NEME-039
NEME-039
NEME-039
NEME-050
NEME-064
NEME-039
NEME-039
NEME-064
NEME-039
NEME-039
NEME-039
NEME-039
NEME-039
NEME-018
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-006
NEME-010
NEME-006
NEME-029
NEME-065
NEME-013
NEME-030
NEME-030
NEME-013
NEME-013

PFGE
Group |
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N96-0990
N95-0444
N94-0573
NO1-0594
N94-0168
NO1-0431
NO03-2130
NO1-0358
NO1-0385
NO1-0657
NO02-0007
NO3-1478
NO3-1808
N96-0287
N95-0542
N95-0737
NO1-0827
NO03-1976
NO3-2451
NO1-0155
NO1-0150
NO1-0360
NO1-0877
NO02-0126
NO02-0162
NO02-0164
NO02-0425
NO02-0459
NO02-0509
NO02-0578
N94-0128
N94-0247
N94-0425
N96-0041
N96-0078
N96-0141
N96-0292
N96-0314
N96-0363
N96-0453
N96-0835
N96-1012
N96-1020
NO03-2117
NO1-0359
N94-0286
N95-0753
N95-0768
NO02-1262
NO02-0525
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NEME-013
NEME-033
NEME-013
NEME-002
NEME-002
NEME-028
NEME-028
NEME-045
NEME-021
NEME-021
NEME-021
NEME-021
NEME-021
NEME-043
NEME-015
NEME-038
NEME-051
NEME-044
NEME-051
NEME-044
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-005
NEME-056
NEME-023
NEME-035
NEME-016
NEME-016
NEME-026
NEME-054
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il

LN

NO02-0525
N94-0508
N95-0681
N96-0285
NO01-0492
NO03-0841
NO03-2197
NO02-0221
NO03-2685
NO03-0868
N95-0520
NO1-0732
NO03-0099
NO01-0133
N96-0308
N94-0287
N96-0489
N96-0905
NO03-0511
NO03-2621
N94-0040
N96-0103
NO01-0879
NO02-0711
N95-0392
NO1-1088

10 | N03-0529
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NEME-054
NEME-012
NEME-069
NEME-041
NEME-046
NEME-008
NEME-057
NEME-031
NEME-031
NEME-058
NEME-037
NEME-048
NEME-062
NEME-042
NEME-071
NEME-020
NEME-020
NEME-020
NEME-063
NEME-066
NEME-034
NEME-070
NEME-049
NEME-061
NEME-068
NEME-052
NEME-027



Table 2-2: Distribution of Isolates, by Pulsed-Field Gel Electrophoresis (PFGE) and
Epidemic Clone'.

| Epidemic Clone Non-Epidemic Clone
PFGE Group
Group | 185 (95%) 2 (8%) 187 (85%)
Non-Group | 10 (5%) 24 (92%) 34 (15%)
Total | 195 (88%) 26 (12%) | 221

1 “Epidemic clone” was defined as serogroup B isolates known to be ET-5/ST-32 complex, by multi-locus
enzyme electrophoresis (MLEE) or multi-locus sequence typing (MLST), or B:15:P1.7,16, by serologic
typing; all other MLEE, MLST, and serologic designations were considered a “non-epidemic clone.”
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Table 2-3: Distribution and Pairwise Similarity of Isolates, by Age and Epidemic

Period.
Peak Later p-value
Strain Distribution N (%) N (%)
Overall
Group | 115/129 (89%) 72/92 (78%) 0.027
Non-Group | 14/129 (11%) 20/92 (22%)
Age-Specific'
<15 years 67/76 (88%) 45/55 (82%) 0.31
15-24 years 27/29 (93%) 13/16 (82%) 0.23
>25 years 21/24 (88%) 14/21 (67%) 0.094
Pairwise Similarity Median Median
(25-, 75-ile) (25-, 75-ile)
Overall
Groupl 100.0(91.7, 100.0) 91.7 (87.0, 95.7) <0.0001
Non-Group | 60.9 (57.1, 66.7) 63.8 (59.6, 68.0) 0.44
Age-Specifici
<15years 100.0(91.7,100.0) 90.9 (87.0, 95.7) 0.0002
15-24 years  100.0 (91.7, 100.0) 95.7 (91.7,95.7) 0.047
>25years  100.0(90.9, 100.0)  95.7 (90.9, 100.0) 0.68

tProportion of PFGE Group I isolates out of all isolates in the specified age group.
iPairwise similarity of PFGE Group I isolates only.
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Table 2-4: Demographic and Isolate Characteristics of Epidemiologically Linked
Cases (EL) and Spatiotemporal Clusters (ST) Identified During the Peak and Later
Epidemic Periods, by County.

Cluster County Culture Date Age ET / STt PFGE Pattern
(NEME-#)

EL-1 Linn 11/9/96 7 NA 005
11/11/96 3 NA 005
EL-2 Marion 3/17/01 8 32 003
3/18/01 3 32 003
EL-3 Jackson 8/18/03 1 32 064
10/10/03 3 32 003
ST-1 Washington 2/15/94 22 317 003
2/18/94 6 329 003
ST-2 Jackson 3/26/94 19 301 003
4/10/94 7 316 032
ST-3 Marion 4/25/94 16 301 003
5/9/94 77 301 003
5/9/94 2 301 003
ST-4 Multnomah 4/28/94 38 301 025
5/13/94 16 301 003
ST-5 Clackamas 5/9/94 39 317 003
5/18/94 16 301 006
ST-6 Washington 11/3/94 21 473 003
11/19/94 0 473 003
ST-7 Marion 11/9/94 6 301 003
11/14/94 6 301 003
ST-8 Multnomah 11/17/94 65 475 003
11/17/94 20 301 006
12/6/94 0 301 003
ST-9 Marion 12/7/94 1 301 013
12/24/94 1 301 003
ST-10 Multnomah 8/21/95 16 NA 036
8/28/95 4 NA 006
ST-11 Clackamas 10/14/95 1 NA 003
11/4/95 10 NA 003
ST-12 Multnomah 12/12/95 8 NA 006
12/16/95 5 NA 003
1/2/96 11 NA 006
ST-13 Josephine 12/16/95 17 NA 016
12/22/95 4 NA 016
ST-14 Marion 1/12/96 3 NA 005
1/31/96 0 NA 005
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ST-15 Clackamas 2/8/96 40 1062 003

2/18/96 18 NA 003

2/22/96 2 NA 030

3/9/96 1 NA 039

ST-16 Linn 3/24/96 2 NA 005
4/1/96 16 NA 005

ST-17 Marion 4/5/96 0 NA 038
4/9/96 41 301 005

4/12/96 17 301 014

ST-18 Linn 5/8/96 16 301 003
5/17/96 32 301 005

ST-19 Washington 5/17/96 9 301 039
5/17/96 7 301 003

ST-20 Multnomah 5/31/96 0 301 019
6/3/96 3 301 020

6/7/96 3 301 003

6/23/96 2 475 003

7/2/96 6 301 006

ST-21 Marion 4/7/01 17 32 039
4/16/01 1 32 003

4/18/01 2 32 005

ST-22 Linn 5/2/02 17 32 005
5/16/02 2 32 005

ST-23 Washington 1/13/03 1 32 006
1/27/03 42 32 003

ST-24 Lane 3/2/03 69 32 006
3/5/03 49 32 003

ST-25 Multnomah 11/19/03 5 32 051
12/5/03 23 32 039

TThe value shown represents electrophoretic type (ET) for isolates with a culture date from 1/1/1994-
12/31/1996 and sequence type (ST) for isolates with a culture date from 1/1/2001-12/31/2003. NA=not
available.
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Chapter 111
Association between Hyperinvasive Clones of Neisseria meningitidis, but not
Invasive Meningococcal Disease, and an Integrated Bacteriophage among Isolates
Collected in the United States
Introduction
Invasive meningococcal disease (IMD) is a rare, serious disease caused by the
gram-negative, diplococcal bacteria, Neisseria meningitidis. The most common
manifestations of IMD include bacterial meningitis, meningococcemia, and bacteremic
pneumonia; septic arthritis and pericarditis occur rarely [23, 27, 34]. Despite appropriate
antibiotic therapy, 10 to 15% of IMD cases are fatal and long-term, debilitating sequelae,
such as limb amputation, hearing loss, and/or mental retardation, afflict an additional 10-
15% of survivors [9, 19, 26, 27]. Until 2000, the overall U.S. annual incidence rate of
sporadic IMD — comprising 98% of all cases — had remained stable for over 50 years at
0.9-1.5 cases per 100,000 persons, with periods of hyperendemic or epidemic IMD
occurring in roughly 10-year cycles having attack rates several times higher [13, 26, 27].
As the cornerstone of public health laboratory surveillance programs, isolates of
N. meningitidis are typically defined by serogroup, the antigenic expression of
polysaccharide capsule by the organism. Thirteen serogroups have been identified
globally, although only four have been commonly seen among meningococcal isolates in
the U.S.: B, C, W-135, and Y [7, 16, 35]. However, serogroup does not fully capture the

genotypic and phenotypic diversity of the organism and other laboratory techniques have

been developed to better elucidate its molecular epidemiology [21]. For instance, the full
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serologic profile (serogroup:serotype:serosubtype), the multilocus enzyme
electrophoresis (MLEE)-derived electrophoretic type (ET), and the multilocus sequence
typing (MLST)-derived sequence type (ST) have been used to describe the dynamic
global epidemiology of strains over periods of years and decades [10, 12, 20, 30, 38, 40].

The ST-32/ETS5 clonal complex, mainly comprised of serogroup B isolates,
emerged in Norway in 1974 and spread throughout Europe, South Africa, Cuba, and
South America through the late 1970’s and 1980°s [5, 29]. The ET-37/ST-11 complex of
serogroup C strains was responsible for meningococcal outbreaks in the 1960s, 1970s and
1990s throughout the United States, Canada, and Europe and continues to represent
almost all serogroup C IMD isolates, worldwide [3, 25, 26, 32, 37, 39]. More recently, a
dramatic increase in serogroup Y IMD occurred in the United States in the late 1990s,
with strains tending to belong to the ST-23/ET-508 complex [8, 18, 22, 26, 33].

Exposure to N. meningitidis is necessary, but not sufficient, to cause IMD. N.
meningitidis is transmitted from person-to-person through respiratory droplet spread and
the organism typically establishes an asymptomatic colonization state in the nasopharynx.
The mechanism by which N. meningitidis invades the bloodstream and causes disease has
not been well elucidated, although several epidemiological risk factors for invasive
disease have been described: and a lack of protective immunity against N. meningitidis is
the most significant host factor related to IMD; smoking, crowded living conditions, and
co-circulating pathogens (i.e. influenza) are important environmental risk factors; and
expression of polysaccharide capsule is considered the primary and most important

meningococcal virulence factor due to its antibactericidal properties, although the roles of
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bacterial pili, outer membrane proteins, and iron-acquisition systems have also been
investigated [11, 14, 17, 24, 26, 27, 28, 31, 33, 36].

In 2005, Bille et al. reported a potential new virulence factor by describing a
chromosomally integrated bacteriophage, termed Meningococcal Disease Associated
Island [2]. In their analyses, this element was significantly associated with IMD, even
after controlling for known hyperinvasive meningococcal clones in a multivariate
statistical analysis. However, over one third of the isolates tested in that study were from
the same invasive clonal complexes — the majority of which contained the MDA phage —
potentially biasing the interpretation of the presence of this element found in invasive
disease isolates. Additionally, isolates used in that study were of a limited number of
clonal complexes and did not include any from the ST-23/ET-508 complex commonly
seen in the United States.

Through polymerase chain reaction (PCR) amplification and detection of the
integrated bacteriophage, the goal of this study was to determine if the integrated
bacteriophage was associated with IMD among a diverse collection of invasive and
carriage isolates of N. meningitidis collected in the United States. We hypothesize that
the integrated bacteriophage represents a genetic element acquired by certain
meningococcal clones before global spreading globally, rather than a novel

meningococcal virulence factor.
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Materials and Methods
Meningococcal Strains and Study Population

The Michigan Department of Community Health (MDCH) requests that clinical
laboratories submit isolates of N. meningitidis recovered from normally-sterile sites to the
Bureau of Laboratories for further serogroup characterization by slide agglutination, as
part of laboratory surveillance for IMD [38]. The 69 invasive isolates included in this
analysis were received by MDCH between Jan 1, 2002 and December 31, 2003. An
additional 81 carriage isolates obtained from the 1998 Georgia Carriage Study were
included, for a total isolate study population of 150 isolates [18]. Three genome
sequenced strains, Z2491, MC58, and FAM18, were included as control isolates.

For the purpose of evaluating the association between clonality and the presence
of the MDA phage, serogroup B and serogroup C strains were classified as
“hyperinvasive” clones; serogroup Y, nongroupable, or autoagglutinating strains were

classified as non-hyperinvasive clones.

PCR Amplification and Detection

Chromosomal DNA was purified from meningococcal isolates grown overnight
on GC plates at 37°C under 5% CO; using a modified QlAamp DNA mini kit (QIAGEN)
and stored at 4°C in sterile MQH,O. To initially test for the presence of the
bacteriophage, polymerase chain reaction (PCR) was performed using the Taq Extender
system (Stratagene, California). The reaction mixture (50 pl) contained template
chromosomal DNA (1 pg); AmpliTaq reaction buffer; dATP, dCTP, dGTP and dTTP

(0.2 mM each)(Roche); forward and reverse primers (0.37 uM each); 0.05 units of Taq
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Extender (Stratagene) and 0.05 units of AmpliTaq DNA polymerase (Roche, Indiana).
Three reactions were performed per isolate in triplicate: detection of the full length MDA
phage using MDA-F/MDA-R2 (8 Kb), the 5 region using MDA-F/1-R (1.5 Kb) and the
3’ region using MDA-R2/7-F (3 Kb), as illustrated in Figure 3-1. The primer sequences
used are essentially as described in Bille et al., with the exception of MDA-R2 (5°-
CAGATGATATGTTGCCCGTCAAC -3°) [2]. The PCR conditions used were as
follows: 2 min at 94°C, followed by 14 amplification cycles of 15 s at 98°C, 20 s at 48°C
and 8 min at 68°C, then by 13 amplification cycles of 15 s at 98°C, 20 s at 48°C and n
min at 68°C (n increased linearly from 8 min at cycle 1 to 22 min at cycle 14). Finally,

the reactions were held for 10 min at 72°C.

Southern hybridization

Standard Southern blotting conditions were used to confirm the presence of the
MDA phage in selected isolates. The 390 bp probe was designed to hybridize within the
MIul sites in the 3’ end of the 8 Kb phage, resulting in an ~2.4 Kb fragment. The probe
was amplified using primers RH32 (5’-CAGGTTCAAAAATCCCTG-3") and RH33 (5°-
ATGTTCTGTTGCCGCCG-3’) from the serogroup A N. meningitidis strain Z2491. The
probe was labeled with DIG-dUTP in the amplification PCR using a ratio of 1:6 (DIG-

dUTP:dTTP) (PCR DIG Probe Synthesis kit, Roche, Indiana).

Demographic and Clinical Information

Invasive disease due to N. meningitis is reportable to the local and state public

health departments, per the Michigan Communicable Disease Rules (325.173).
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Demographic (sex and age) and clinical (manifestation and outcome of disease)
information was obtained by reviewing individual case report forms corresponding to the

isolates included in the analysis.

Statistical analysis

Univariate analyses were conducted to investigate the association between the
presence of the MDA phage and invasive collection source, serogroup, hyperinvasive
strain type, and select demographic and clinical disease information. A multivariable
logistic regression model included serogroup and isolate source as independent variables.
All statistical analyses were conducted using SAS statistical software (Version 9.1; SAS

Institute; Cary, NC).

Results

Table 3-1 displays the distribution of isolate serogroup by collection source.
Serogroup Y was most common overall, comprising half of all isolates analyzed, with no
significant difference between invasive and carriage isolates (p=0.416). Serogroup B was
the second most common serogroup identified, also with no significant difference in
proportion between invasive and carriage isolates (p=0.522). In contrast, serogroups C
and W-135 were positively associated with an invasive collection source (p<0.0001 and
p=0.024, respectively), while non-groupable and autoagglutinating isolates were
associated with carriage (p<0.0001).

Of the 150 total isolates analyzed, the MDA phage was detected through PCR

amplification in 54 (36%). Thirty (43%) invasive isolates and 24 (30%) carriage isolates
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contained the MDA phage (Figure 3-2). Although the proportion of invasive isolates
containing the phage was higher than that among carriage isolates, this difference was not
significant (Odds Ratio [OR] = 1.8; 95% Confidence Interval [CI] 0.93-3.6).

The presence of the MDA phage was associated with serogroup. Ninety-one
percent of serogroup B isolates (n=21) and 84% of serogroup C isolates (n=16) contained
the phage. This contrasts with serogroups Y, W-135, and non-groupable isolates, in
which the phage was found in 9% (n=7), 20% (n=1), and 31% (n=8) of isolates,
respectively. Compared to serogroup Y, serogroup B (OR 102; CI 19.7-528.9);
serogroup C isolates (OR 52, CI 12.1-222.6); and non-groupable isolates (OR 6, CI 1.7-
17.8) were positively associated with the bacteriophage (Table 3-2). Hyperinvasive
clones — serogroup B and C isolates, combined — were more likely to contain to contain
the phage that non-hyperinvasive clones (OR 6.2, CI 2.8-13.8). In the multivariable
logistic model, the association between the presence of the bacteriophage and serogroup
remained significantly associated; that between the presence of the phage and collection
source remained non-significant (Table 3-3).

Associations between the presence of the MDA phage and select demographic
and clinical characteristics of disease among the 69 invasive isolates from Michigan are
shown in Table 3—4. The presence of the phage was not statistically associated with sex
or young age (less than five years) of the patient or fatal outcome of disease. Clinical
manifestation of disease was significantly associated with the presence of the phage, with
isolates from pneumonia cases being less likely than bacteremia or meningitis isolates to
contain the phage (p=0.01). In an analysis of clinical manifestation by serogroup, with

serogroup Y as the referent category, serogroup B was associated with meningitis (OR 7,
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CI 1.5-35.2). All pneumonia isolates were serogroup Y. No other significant associations
were detected. Due to small numbers, a multivariate analysis of the association between
presence of the phage and clinical manifestation of disease controlling for serogroup was

not conducted.

Discussion

The 150 isolates on which analyses was presented here must be considered in
context as a subset of 403 isolates (211 invasive and 192 carriage) from a larger study by
Hobb et al., sharing the same research objective in studying the occurrence of the
integrated bacteriophage among a large, diverse collection of meningococcal isolates
(Unpublished data). Both studies failed to demonstrate an association between invasive
meningococcal isolates and the presence of the 8 kb integrated bacteriophage, in contrast
to the previous study by Bille et al. While Hobb et al. found a significant crude
association between the presence of the phage and collection source, likely due to the
larger sample size than analyzed for this report, the phage was also found to be associated
with serogroup in a similar pattern as presented here. In multivariate analysis controlling
for serogroup, the phage was no longer associated with isolate collection source. While
not specifically addressed by Hobb et al., the proportion of isolates containing the
bacteriophage in these analyses did not differ by age (younger than five years of age
versus five years and older), sex clinical manifestation, or outcome of disease. These
findings are in contrast to those reported by Bille [2]. That the presence of the

bacteriophage was associated with clonal types in both studies supports our hypothesis
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that the MDA phage represents a genetic element acquired by certain strains and not a
virulence factor required for invasive disease.

The main limitation of this study was a lack of information on the clonal strain
type (i.e. ET or ST) of Michigan invasive isolates. The use of serogroup in this study as a
proxy for a more discriminating designation raises the question of the extent to which
misclassification of strains may have biased these results. By looking at isolates in the
Hobb et al. collection for which sequence typing information is available, it seems the
conclusion drawn by our results is unlikely to change and may represent an underestimate
of the true association between the presence of the MDA phage and clonal complex.
Among invasive isolates with a known ST, serogroups Y and C tended to be the most
clonal: 16 of 16 (100%) serogroup Y isolates with known ST were ST-23/ET-508 and 48
of 50 (96%) serogroup C isolates with known ST were ST-11/ET-37. Serogroup B
tended to be more diverse, with seven sequence types identified among 14 isolates.
However, 10 isolates (71%) belonged to one of three hyperinvasive lineages (ST-
8/Cluster A4: 3 isolates; ST-11/ET-37: 1 isolate; ST-32/ET-5: 3 isolates; and ST-
44/Lineage 3: 3 isolates). Overall, considering serogroup B and C isolates to be
hyperinvasive and serogroup Y to be non-hyperinvasive would have accurately described
the clonality for 93% of the isolates. Invasive strains tend to be clonal in nature than
carriage strains, in terms of the number of serogroups, serotypes, ETs, and STs identified
[1, 4, 6, 41]. Therefore, it is likely that use of serogroup as a marker of lineage would
have resulted in a greater proportion of carriage isolates being incorrectly identified as
hyperinvasive and our estimate would reflect an underestimate of the true association

between the presence of the phage and clonal designation.
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This is supported by Hobb et al. in an analysis of the presence of the
bacteriophage in relation to sequence type, regardless of isolate serogroup. Isolates
belonging to one of four identified hyperinvasive clone lineages, ST-8, ST-11/ET-37, ST-
32/ET-5, ST-41/ST-44, 82% of which carried the integrated bacteriophage, were 16.9
times (95% CI 7.9-36.3) more likely to have the phage than other clones. In contrast, only
4% of ST-23/Cluster A isolates were positive for the phage by PCR. A large genomic
study in which DNA-DNA hybridization found only certain meningococcal genomic
groups were associated with the phage also supports these conclusion (Unpublished data).

Given the current predominance of ST-23/ET-508 serogroup Y strains in the
United States, one would expect an inherent meningococcal virulence factor to be carried
by this population of organisms. That the integrated genetic element is shared by isolates
belonging to defined clonal groupings and not all invasive disease isolates may signify
only that it was acquired by certain clones before spread throughout the human
population. While our data do not exclude the possibility that the MDA phage contributes
to invasive disease by enhancing the virulence of the hyperinvasive lineages with which
it is associated, further work will be necessary to elucidate the mechanism whereby this
could occur.

As exemplified by the successful development of vaccines targeting the
polysaccharide capsule and outer membrane proteins of N. meningitidis, the identification
of meningococcal virulence factors has driven research into agent-directed interventions
to prevent IMD [7, 15]. The publication of the Bille article, heralding the identification of
a new meningococcal virulence factor, was well-received due to the potential role for this

new target for primary, anti-meningococcal interventions. The findings presented through
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analyses in this study, failing to support the role of the integrated bacteriophage as a
necessary virulence factor, are relevant less for their direct impact on understanding the
epidemiology of N. meningitidis — the development of an assay to study the clonal spread
of this genetic element is unlikely — or the control of IMD than their role in preventing
the unnecessary expenditure of resources to further characterize and develop
interventions against this molecular entity. The identification and research of more
promising targets — such as additional outer membrane proteins, bacterial adhesin
molecules that bind to host receptors, resulting in meningococcal colonization, or
endotoxin that contributes to meningococcal pathophysiology — will be needed to further

reduce the occurrence of IMD through agent-based interventions.
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Figure 3-1: Genetic Organization of the Integrated Bacteriophage from the
Serogroup A N. meningitidis Strain, Z2491.

5" junction 3’ junction
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Solid arrows indicate the primer binding sites for each of the three PCR sets used to determine the presence
or absence of the MDA phage in this collection of isolates. Dotted lines indicate the position of MIul
restriction enzyme sites and the striped box represents the probe-binding site for Southern hybridization.
dRS3 (represented by small arrows at each end of the element) are the 20 bp inverted repeat sequences
constituting the chromosomal point of insertion of the element.
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Table 3-1: Distribution of 69 Invasive and 81 Carriage Isolates, by Serogroup.

Serogroup Invasive Carriage Total
N (%) N (%)
A 1 (100) 0 (0) 1
B 12 (52) 11 (48) 23
C 19 (100) 0(0) 19
W135 5(100) 0(0) 5
Y 32 (43) 43 (57) 75
Z 0(0) 1 (100) 1
Auto / NG 0 (0) 26 (100) 26
Total 69 (46) 81 (54) 150
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Figure 3-2: Distribution of N. meningitidis Isolates, by Collection Source and
Presence of the MDA Phage, as Detected through PCR Amplification.
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Table 3-2: Univariate Logistic Regression Analysis of the Association between
Serogroup and the Presence of the Integrated Bacteriophage.

Serogroup Odds Ratio 95% Confidence Interval
Y 1.0 -
W-135 24 0.24-24.8
NG 5.6 1.7-17.8
C 51.8 12.1 -222.6
B 102.0 19.7-528.9
Other 1.9 0.2-19.1
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Table 3-3: Multivariable Logistic Regression Analysis of the Association between
Collection Source and Serogroup and the Presence of the Integrated Bacteriophage.

Adjusted Odds Ratio 95% Confidence Interval
Serogroup
Y 1.0 -
W-135 3.4 0.3-42.6
NG 4.5 1.3-159
C 73.1 12.7-421.3
B 114.1 20.7 - 630.5
Other 1.7 02-17.2
Collection Source
Carriage 1.0 -
Invasive 0.6 0.1-2.4
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Table 3-4: Univariate Analysis of the Presence of the Integrated Bacteriophage and
Select Demographic and Clinical Variables.

Phage (+) Phage (-) Total ¥’ p-value
N (%) N (%)
Male 11 17 28 0.66
Female 17 21 38
Age <5 yrs 2 6 8 0.32
Age >5 yrs 24 31 55
Expired 3 2 5 0.47
Survived 19 25 44
Bacteremia 15 14 29 0.01
Bacteremia and 0 5 5
Meningitis
Meningitis 11 6 17
Bacteremic 0 5 5
Pneumonia
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Chapter 1V

Effects of Increasing Broad-Spectrum Antibiotic Use on the Epidemiology of
Invasive Meningococcal Disease among Children Younger than Five

Introduction

Invasive meningococcal disease (IMD) is a rare, serious disease caused by the
gram-negative, diplococcal bacteria, Neisseria meningitidis. The most common
manifestations of IMD include bacterial meningitis, meningococcemia, and bacteremic
pneumonia; septic arthritis and pericarditis occur rarely [47, 57, 70]. Despite appropriate
antibiotic therapy, 10 to 15% of IMD cases are fatal and long-term, debilitating sequelae,
such as limb amputation, hearing loss, and/or mental retardation, afflict an additional 10-
15% of survivors [21, 35, 56, 57]. The incidence of IMD in the United States is highest
among infants, peaking as high as 15.9 cases per 100,000 in those aged 4-5 months of age
[56].

Exposure to N. meningitidis is necessary, but not sufficient, to cause IMD. N.
meningitidis is transmitted from person-to-person through respiratory droplet spread. The
highest risk of IMD occurs immediately after the acquisition of a new, pathogenic N.
meningitidis strain, although the organism usually establishes an asymptomatic
colonization state in the nasopharynx [45]. The overall prevalence of meningococcal
colonization in the population has been estimated at roughly 10%, although in semi-
closed communities, such as among military recruits, colonization rates can exceed 60%

[7, 8, 37, 68]. The mechanisms by which N. meningitidis invades the bloodstream and

79



causes disease have not been well elucidated, although several epidemiological risk
factors have been described: expression of polysaccharide capsule is considered the
primary and most important meningococcal virulence factor due to its antibactericidal
properties; smoking, crowded living conditions, and co-circulating pathogens (i.e.
influenza) are important environmental risk factors; and a lack of protective immunity
against N. meningitidis is the most significant host factor related to IMD [25, 29, 48, 56,
57, 64, 69].

Over one half of newborns display protective levels of anti-meningococcal
immunity, due to the transplacental passage of maternal antibodies to the infant [29, 30].
The level of anti-meningococcal immunity quickly wanes after birth, reaching a nadir
among infants six to 12 months of age, after which it increases in an age-dependent
manner through adulthood [29, 30, 69]. The acquisition of natural anti-meningococcal
immunity occurs as a natural response to nasopharyngeal colonization with N.
meningitidis or related, commensal species, such as N. lactamica [28, 30, 46]. Among
children younger than five years of age, the prevalence of N. meningitidis is low (0.4-
2.1%), whereas colonization with N. lactamica occurs within the first few months of life
and peaks between 18 and 24 months of age, when 20-25% of children may be colonized
with this organism [7, 28, 33]. Consequently, the latter may be more important than N.
meningitidis in driving the acquisition of anti-meningococcal immunity among children
in this age group [7, 28, 30].

That over 98% of all IMD cases in the U.S. are sporadic is a testament to the
effectiveness of the public health response to IMD — namely, the provision of antibiotic

prophylaxis to eradicate the carriage of potentially virulent meningococci from the
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nasopharynx of close case contacts [56]. While rifampin has long been the accepted
standard for prophylaxis of contacts, ceftriaxone, ciprofloxacin, and azithromycin are
approved alternatives, with comparable efficacy (97%) and duration (two to three weeks)
of nasopharyngeal eradication [1, 3, 15, 17, 18, 20, 27, 31, 52, 60, 61]. Penicillin, while
the accepted standard for treatment of IMD, is not effective at reducing nasopharyngeal
carriage of N. meningitidis and individuals receiving a treatment course of penicillin must
also receive an antibiotic to eradicate the organism from the nasopharynx [1, 6, 31, 49,
59].

Throughout the 1990’s, largely to promote the judicious use of antibiotics in light
of increasing antibiotic resistance, overall rates of antibiotic prescriptions in children
declined [19, 24, 32, 36, 42, 43, 44, 65]. Indeed, prescriptions for cephalosporins,
penicillin, and erythromycin decreased by 28%, 43%, and 76%, respectively [24, 43].
Yet, despite this overall trend, increases in the prescription of broad spectrum antibiotics
(BSA), which are effective at eradicating nasopharyngeal colonization of N. meningitidis,
were seen [42]. In particular, the use of second-generation macrolides, 75% of which is
azithromycin, increased between 241% and 388% from 1992-2000 [43, 63]. Although
this class of drugs constituted only 8% of antibiotics dispensed among children less than
six years of age in 2000, 60% of these prescriptions were used as an initial treatment
regimen, most commonly for otitis media or upper respiratory tract infections [24, 63].

This increasing population use of BSA for non-prophylactic purposes, through its
effect of reducing the prevalence of colonization of N. meningitidis and N. lactamica,
may have implications for the epidemiology of IMD. For instance, reducing the

prevalence of circulating pathogenic organisms would be expected to result in a lower
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incidence of IMD. However, to the extent that increasing BSA use reduces the prevalence
of colonizing organisms among children in this age group, the normal process of
acquisition of anti-meningococcal immunity may be disrupted, thereby resulting in a
greater proportion of individuals at risk for IMD. While the literature has hinted at
negative consequences of the disrupting N. lactamica colonization, and thereby the
development of anti-meningococcal immunity, within the context of an acute IMD
control strategy, the same process has not been studied on a population level and in the
context of changing antibiotic prescribing patterns [16].

Through the development of an agent-based model (ABM), the goal of this
research was to consider if, and to what extent, increases in the population use of BSA
among children younger than five years of age impacted the epidemiology of IMD [5].
Specifically, we aimed to construct a model that accurately captured the essential
epidemiological components and natural history of IMD, through which we could assess
the association between increasing population BSA use and the prevalence of
colonization, proportion of children acquiring natural immunity, and occurrence of

invasive disease among children younger than five years of age.

Materials and Methods
Classes and Parameters

In addition to the overall model, this ABM consisted of three classes of objects:
children, bacteria strains, and contact groups. An overview of defining class parameters
and values used for these experiments is shown in Tables 4-1 through 4-4. An overview

of the entire model is shown in Figures 4-1 through 4-11.
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Initialization and Input

At model setup, two bacterial strains were created (Table 4-3). The duration of
colonization for the commensal bacteria strain was 114 days (3.8 months) and that of the
pathogenic bacteria strain was 123 days (4.1 months) [28]. The probability of inducing
immunity upon acquisition was 0.4 for the commensal strain and 0.67 for the pathogenic
strain [30]. Parameters for the probabilities of transmission per contact and of developing
invasive disease were obtained from an ordinary differential equation (ODE) model of
transmission and disease (Appendix).

Children were then created and added to the model (Figure 4-3), up to the number
of children indicated by the model parameter value (Table 4-1). First, individuals were
assigned an annual frequency of antibiotic use (regardless of BSA status) based on a
probability (p), such that each child could receive no antibiotic prescriptions per year
(p=0.28), one (p=0.22), two (p=0.15), three (0.10), or four (0.25) [9, 24]. For this model,
antibiotics were assumed to be prescribed at uniform time intervals, calculated as 365 /
(annual frequency of antibiotic use) and each child was assigned the time at which they
would receive the next dose of antibiotics with a uniform probability distribution from
zero to this calculated value. Second, an age was assigned with a uniform probability
distribution from 0 to 1825. Third, each child had an age-dependent probability of having
already acquired immunity against invasive disease, such that, for a child less than a year,
p=0.05; for a one year-old child, p=0.10; for a two year-old child, p=0.15; for a three
year-old child, p=0.20; and for a four year-old child, p=0.25 [29]. Fourth, each child had
a probability of being colonized with either the commensal (p=0.1056) or pathogenic

(0.008595) bacterial strains [67]; for colonized agents, the respective strain type was
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assigned, as was the time at which they acquired a colonization state, which was based on
a uniform probability distribution from the negative of the strain-specific duration of
colonization to 0. Fifth, fifty percent of individuals younger than 183 days of age were
considered to have passive immunity from birth [28, 29].

Children were then added to household and child care arrangement contact groups
(Figures 4-4 and 4-5). The size of each household (i.e. the number of zero to four year-
old children within each household) ranged from one to three, which was assigned with
an equal probability to each value. As multiple children in a single household would be
expected to be enrolled in similar child care arrangements, a household care status was
established, such that each household could be enrolled in a small group (SG; p=0.13),
day care center (DCC; p=0.14) or preschool only (PS; p=0.23) (Enrollment in a child care
group was also age-dependent: children zero to two years of age enrolled in either SG or
DCC would also attend PS at three years of age). Each child was added to a house that
was not yet at capacity; once the capacity of a house was reached, a new house was
created.

Children added to households participating in a formal child care arrangement
were subsequently added to a child care group (Figure 4-5). Children three years of age
would be added to PS; those zero to two years of age would be added to either SG or
DCC, depending on the child care status of the household. Each child would be added to
an open child care group of the correct type; once a group was full, a new group was
created with a size of six (SG), 12 (DCC), or 25 (PS) (Personal Communication, Mark
Sullivan, MS; Executive Director, Michigan Community Coordinated Child Care

Association).
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Process Overview

The model proceeded in time steps, each representative of one ‘real-world” day
(Figure 4-1). At each time step, children entered the model, based on the birth rate
parameter (Table 4-1, Figure 4-2). This process was the same as indicated above, except
the age of the child was set at zero days, there was zero probability of having acquired
immunity at birth, and the child was born susceptible to colonization (Figure 4-3).
Second, children who reached their fifth birthday were removed from all contact groups,
as well as the model, while those who reached their third birthday and were in a
household that participates in a formal child care arrangement were enrolled in PS
(Figure 4-6). Third, each child had the chance to update colonization status, and disease
and immunity states (with the exception of new acquisition of bacterial colonization),
based upon the natural history of colonization and disease (Figure 4-7). Fourth, each
child had a probability of receiving a dose of antibiotics which, if BSA, resulted in the
loss of colonization and temporary resistance to recolonization (Figure 4-8). Fifth, the
transmission of bacterial strains, with subsequent acquisitions of new colonization states,
was captured based on the number of contacts each child had with other children in the
household, child care arrangement group, the entire community of zero to four year-olds,
and other individuals not explicitly represented in the model (Table 4-1; Figure 4-9).
Finally, all individuals who acquired a new colonization synchronously updated their
colonization state (Figure 4-11) and individuals incremented their age. Each model was

run for 3650 time steps, reflective of 10 years of real time. Experimental results were
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measured during the observation period — time steps 1826 to 3650 — to reflect the system

at equilibrium.

Design Concepts
Emergence

The prevalence of commensal and pathogenic strain colonization, the proportion
of children having had a previous episode of commensal colonization, the proportion of
children having acquired natural immunity against invasive disease, and the number of
cases of invasive disease were emergent properties of the model, dependent upon the
characteristics and behaviors of individuals, with regard to bacterial strains and contact

groups.

Adaption

Individuals acquired natural immunity against invasive disease in response to
being colonized by either commensal or pathogenic bacteria. Development of immunity
conferred complete protection against invasive disease upon subsequent acquisitions of
the pathogenic strain. Individuals who did not develop immunity during colonization
were allowed to develop immunity upon repeat colonization events with equal

probabilities.

Stochasticity

The assignment of individual characteristics at initialization (i.e. colonization

state) and behaviors during the model run (i.e. acquisition of colonization) were
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stochastic processes. For each of these processes, a random number was generated and
compared to the respective parameter value to determine the output. For example, when a
colonized individual made contact with a susceptible individual, a random number was
generated from O to 1. If this number was less than the per-contact probability of
transmission of that bacterial strain, the susceptible individual became colonized;
otherwise it remained susceptible. Since each model run was driven by these stochastic
processes, results varied between runs. Final results were based on observations averaged

across 100 model runs.

Observations

At the end of each time step during the observation period, the following
outcomes were measured: the proportion of individuals colonized by commensal and
pathogenic strains, the proportion of individuals having had at least one prior episode of
commensal strain colonization, the proportion of individuals having developed protective
immunity against invasive disease, and the total number of cases of invasive disease.
Each of these outcome measures were provided for the overall population, by year of age,
by type of child care arrangement, and by the number of annual doses of antibiotics

received.

Sub-models
Transmission
The model included multiple levels of contacts to capture transmission of the

strains in the population at each time step (Figure 4-9). First, each individual made
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contact with every other individual aged zero to four in their household. Second, each
child in a child care group made contact with other children in the child care group, as
such: all children in small groups and children in either day care or preschool groups with
less than six other children would make contact with all other children in the group;
children in day care or preschool groups with greater than six other children would make
contact with three. Third, each individual was allowed to initiate contact pairs with all
other children in the model, calculated as one half of the number of contacts, based on the
user-entered parameter. For each of the pairs initiated, a second individual was chosen at
random from the list of all individuals, although one individual could not initiate a pair
with the same second individual more than once per time step.

For each contact pair, the colonization states of both individuals were assessed
and, for pairs in which one was colonized and the other was susceptible to colonization, a
contact event was initiated. In each contact event, the colonizing bacterial strain type was
determined. The commensal bacterial strain was acquired by the susceptible individual
with probability, p=0.001855 and the pathogenic bacterial strain was acquired with
probability, p=0.0002048 (Appendix). Acquisition of colonization was captured in a
temporary variable that allowed for synchronous updating after all individuals had
initiated contact events with their selected pairs.

At the beginning of each time step, colonized individuals were assessed and those
for whom their length of colonization was greater than the type-specific duration of

colonization became uncolonized and susceptible to recolonization.
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Invasive Disease

Colonized individual who had acquired a bacterial strain during the previous time
step were assessed for development of invasive disease, which occurred with probability,
p =0.006096 (Appendix). Individuals developing disease would recover the following
time step and remain unsusceptible to further colonization for 21 time steps, reflective of
the rapid entry into the health care system and receipt of antibiotics to eradicate N.
meningitidis carriage, respectively. Individuals who did not develop invasive disease
during the time step following bacterial acquisition were considered to have no risk of

developing disease throughout the remaining duration of colonization [45].

Immunity

Individuals had a probability of developing immunity against invasive disease on
day 14 after becoming colonized, such that p=0.4 for individuals colonized with the
commensal strain and p=0.67 for those colonized with the pathogenic strain [28, 29, 34,
51, 54, 71]. Upon further episodes of acquisition of the pathogenic strain, immune
individuals had no probability of developing disease, whereas the probability of
developing invasive disease among the non-immune was unaffected. The probability of
the development of immunity was constant and independent of previous episodes of

colonization.

Antibiotic Prescribing and the Colonization State

During each time step, individuals were assessed to determine whether or not they

were to receive a prescription for antibiotics, based upon the time of next scheduled dose.
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If the antibiotic dose received was broad-spectrum (determined stochastically based on
the BSA parameter value), any colonizing strain was lost and the individual could not be
recolonized for 21 days. No changes to the colonization state or susceptibility to
recolonization were made after the administration of non-BSA doses. Once an antibiotic
was prescribed, the timing of the next antibiotic dose was recalculated. Upon
development of invasive disease, individuals who recovered and were also assumed to
have been given appropriate prophylactic antibiotics and could not be recolonized for 21

time steps.

Ordinary Differential Equation (ODE) Models

To inform the ABM transmission model, an ODE model of circulation of two
bacterial strains in a population was constructed and equations were solved at equilibrium
to determine the strain-specific, per-contact probabilities of transmission and probability
of developing invasive disease (Appendix). The ODE model was compared with a sub-
model of the ABM (with no immunity) to verify accuracy of the ABM.

The per-contact probability of transmission of the commensal strain was
determined by solving the ODE model, assuming the commensal prevalence of
colonization among zero to four year-old children was 10.56% and that among those five
years and older was 2.4% [67]. The per-contact probability of transmission of the
pathogenic strain was determined by solving the ODE model, assuming the pathogenic
prevalence of colonization among zero to four year-old children was 0.86% and that
among those five years and older was 12.3% [67]. The probability of developing invasive

disease was first determined in the absence of immunity, to result in 65 cases of invasive
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disease occurring over 1825 ODE days (annual incidence rate of 13 cases per 100,000
among those 0 to 4 years of age) [11]. In later iterations of the ABM, the probability of

invasive disease was adjusted to account for the presence of immunity (Appendix).

Statistical Analysis

The ABM was programmed in Java v 6.0 (Sun Microsystems, Inc., Santa Clara,
CA, USA) using Eclipse SDK v 3.3.2 (Eclipse Foundation, Inc., Portland, OR, USA) and
the Repast Modeling Toolkit v 3 [53]. Statistical analysis was conducted using SAS v.
9.1.3 (SAS Institute, Inc., Cary, NC, USA).

The prevalence of colonization (overall and strain-specific), the proportion of
children having had at least one prior episode of commensal colonization, the proportion
of children having acquired natural anti-meningococcal immunity, and the five-year
incidence of invasive disease per 100,000 were obtained by averaging the results for each
of these variables across 100 model runs for each BSA level. We constructed general
linear regression models to assess the effect of age, child care arrangement, and annual
number of antibiotic doses received (independent variables in each of three respective
models) on the outcome measures (dependent variables) in the absence of BSA.
Multivariate models with BSA level and age, child care arrangement, and annual number
of antibiotic doses received, respectively, as independent variables and the outcome
measures, as dependent variables, were developed to determine if the effect of BSA was
different within different categories (i.e. interaction). Age, child care arrangement, and
annual number of antibiotic doses were modeled as categorical variables; BSA was

modeled as continuous.
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Results

Overall results for the total and strain-specific prevalences of colonization, the
proportions of children having had a previous episode of commensal colonization and
having acquired natural immunity, the five-year incidence of invasive disease, and the
mean age of invasive disease cases, by percent population BSA use, are shown in Table
4-5.

With no BSA use in the population, the overall prevalence of colonization among
children less than five years was 8.66% (95% Confidence Interval [CI] 8.64, 8.68). This
included 7.75% (C1 7.74, 7.77) of the population colonized with the commensal strain
and 0.909% (CI 0.907, 0.910) colonized with the pathogenic strain. Almost two fifths of
the population, 39.58% (CI 39.53, 39.64), had had at least one previous episode of
commensal colonization and 19.37% (CI 19.35, 19.39) had developed immunity against
invasive disease. Over the five-year simulation period, an average total of 65.8 cases (CI
64.0, 67.7) of invasive disease occurred, corresponding to an equivalent 5-year incidence
per 100,000 and an average annual incidence rate of 13.2 cases per 100,000. The mean
age of invasive disease cases was 2.5 years (886 days, CI 875, 897).

The prevalence of colonization increased from 6.4% among those less than one
year of age to 10.9% among those four years of age; the proportion of children having
had at least one prior episode of commensal colonization increased from 10.0% of those
less than one to 65.5% of those four years of age; and the proportion of children with
immunity against invasive disease increased from 4.8% of those less than one to 31.3%
of those four years of age (Figure 4-12). The 5-year incidence of invasive disease was

highest among children one year of age (73.5 per 100,000) and lowest among children
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four years of age (59.4 per 100,000). All four outcome measures were significantly
associated with age, at p<0.0001, in a general linear regression model.

All four population outcome measures were also significantly associated with
type of child care arrangement at p<0.0001 (Figure 4-13). The prevalence of colonization
and the proportions of children having had a previous episode of commensal colonization
and having acquired natural immunity were lowest among those zero to two years of age,
not in child care and those in small group settings; followed by those three to four years
of age, not in child care; those in day care centers; and those in preschool. The five-year
incidence of invasive disease was highest among those in a small group setting; followed
by those zero to two years of age, not in a child care setting; and those in day care,
preschool, or three- and four-year olds not in a formal child care arrangement.

The prevalence of colonization (p=0.95), the proportion of children with at least
one previous episode of commensal colonization (p=0.56), the proportion of children
with immunity against invasive disease (p=0.23), and the five-year incidence of invasive
disease (p=0.25) were not associated with the annual number of antibiotic doses received
when none of these doses were BSA (Figure 4-14).

Increasing BSA use in the population significantly decreased the prevalence of
colonization, the proportion of children with at least one prior episode of commensal
colonization, and the proportion of children with immunity against invasive disease and
significantly increased the five-year incidence of invasive disease and the mean age of
invasive disease cases (Table 4.2). Every percentage increase in population BSA use led
to a decrease of 0.1% in the overall prevalence of colonization. However, the decrease in

colonization per percentage increase in population BSA use, by strain, was
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disproportionate: that of the commensal strain decreased 0.099% and that of the
pathogenic strain decreased 0.0030%. Consequently, as a proportion of all children
colonized, the pathogenic strain increased 0.12% per percentage increase in BSA
prescribed. The proportions of children under five who had been previously colonized
with the commensal strain, at least once, decreased 0.30% and who had acquired natural
immunity against invasive disease decreased 0.11% per unit increase in the percentage of
population BSA prescribed. The parameter estimate for the effect of increasing BSA use
on all of the above outcome measures was significant in the respective regression models
at p<0.0001. Additionally, each percentage increase in population BSA use led to 0.082
additional cases of invasive disease and an increase in the mean age of invasive disease
cases of 0.80 days (p=0.041 and p=0.0097, respectively).

Increasing population BSA use impacted the total prevalence of colonization, the
proportion of children with natural immunity, and the five-year incidence of invasive
disease, by age, child care arrangement, and annual number of antibiotic doses received.
At 20% population BSA use, the associations seen by age and child care arrangement
were the same as those seen when no BSA were prescribed (data not shown). However,
all four outcome measures became significantly associated with the annual number of
antibiotic doses received (p<0.024 for each) (Figure 4-15). The prevalence of
colonization and proportions of children having had a previous episode of colonization
and having acquired immunity against invasive disease decreased among children having
received an increasing number of antibiotic doses, while the highest five-year incidence

of invasive disease was seen among those not receiving any doses of antibiotics.
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The effect of increasing BSA use on four outcome measures was assessed through
a series of multivariate linear regression models. As the effects of the independent
variables on the proportions of children having had a previous episode of commensal
colonization and having acquired natural immunity were similar, only results for the
latter are presented.

Age and increasing population BSA use were independently associated with each
of the three outcome measures (p<0.0001 for the main effects in the three models).
However, greater decreases in the prevalence of colonization with increasing BSA use
were seen among older children than among younger children (p<0.0001 for the
interaction term), while the proportion of children acquiring immunity decreased to a
greater extent among younger than older children (p<0.0001) (Figure 4-16). While the
effect of increasing BSA use on the five-year incidence of invasive disease varied by year
of age, this interaction was non-significant (p=0.066).

A similar pattern was seen in the with child care arrangement, with respect to the
results of the multivariate models. Specifically, type of child care arrangement and
increasing BSA use were independently associated with the prevalence of colonization,
the proportion of children having acquired immunity, and the five-year incidence of
invasive disease (p<0.026 for the main effects in the three models); and child care
arrangement and increasing population BSA use significantly interacted, with respect to
the first two outcome measures (p<0.0001 for each interaction term), but not the latter
(p=0.15). A decrease in the prevalence of colonization was greatest among children in

day care and preschool, while a decrease in the proportion of children having acquired
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immunity was greatest among children in day care or small groups and among zero to
two year olds not in a formal child care arrangement (Figure 4-17).

The annual number of antibiotic doses received was independently associated
with the prevalence of colonization (p<<0.0001) and the five-year incidence of invasive
disease (p=0.022), but not the proportion of children with acquired immunity (p=0.59),
and increasing population BSA use was independently associated with the prevalence of
colonization (p<0.0001) and the proportion of children with acquired immunity
(p<0.0001), but not the five-year incidence of invasive disease (p=0.27). In all three
models, the independent variables significantly interacted (p<0.0001 for each).
Consequently, the decrease in the prevalence of colonization and in the proportion of
children immune with increasing population BSA use was greater with increasing annual
number of antibiotic doses received, while the increase in invasive disease was greatest

among those not receiving any antibiotics (Figure 4-18).

Discussion

These results demonstrate the capturing of the essential epidemiological
components underlying IMD among children younger than five years of age by the model
and, in so doing, represent the mechanism by which increasing non-prophylactic use of
BSA among children in this age group may be altering the epidemiology of IMD in the
United States. Further, through its effect at decreasing the prevalence of circulating
bacterial strains in the population, increasing BSA use may be an emergent
environmental risk factor for IMD in the United States, as it may lead to a decrease in the

proportion of children acquiring natural immunity and, therefore, an increased occurrence
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of invasive disease. These effects, disproportionate by age, child care arrangement, and
annual number of antibiotic doses received, may have implications for public health
interventions against IMD.

The congruence between experimental results with no BSA use and real-world,
empirical observations from prior to their widespread use in the population supports the
accurate capturing of the essential epidemiological dynamics of N. meningitidis and its
related commensal species, N. lactamica, by the model. For instance, the prevalence of
pathogenic strain colonization in this model, 0.91%, is similar to the 0.4-2.1% prevalence
of N. meningitidis isolated from children younger than five years in previous studies; the
proportion of four year-olds in this model having had at least one episode of commensal
strain colonization, 65.5%, is similar to the proportion of children observed to have had at
least one episode of N. lactamica colonization by age four (59%); and the average
increase in immunity against invasive disease for each increasing year of life, 6.6%, and
the proportion of four year-olds with immunity against invasive disease, 31.3%, in the
model are consistent with previous studies observing a 5% increase in population serum
bactericidal activity per year of age and 20-40% of children with serum bactericidal
activity against meningococcal strains at their fifth birthday [7, 28, 29]. That the
prevalence of colonization was higher among those in a larger day care setting is also
consistent with higher meningococcal colonization rates seen in semi-closed communities
[68]. The incidence of invasive disease in this model was similar to that noted prior to
widespread use of BSA and the general trend of increasing occurrence after birth,

followed by a decline, was also seen in our results [10, 56].
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One observation requires further consideration: this model found a higher
occurrence of invasive disease among children not in a formal child care setting, in
contrast to higher incidence rates of IMD noted among those in more crowded settings,
such as in homes with more than four people and among military recruits, college
students living in dorms, black individuals, and those of low socioeconomic status [14,
28, 48, 56, 57]. However, those situations reflect increased number of contacts among
older individuals, among whom the prevalence of potentially pathogenic N. meningitidis
is high, relative to among those younger than five [67]. With fewer same-age contacts in
this model, children not in a formal child care arrangement had increased exposure to the
pathogenic strain and decreased immunity, leading to the higher occurrence of disease.

Increasing population BSA use led to a decrease in both overall and strain-
specific prevalences of colonization. While decreased meningococcal colonization has
been noted after mass prophylaxis with rifampin and ciprofloxacin in the context of IMD
control, this was the first study to demonstrate similar effects due to increasing non-
prophylactic use of BSA in the population [38]. Reducing the prevalence of colonizing
organisms, the driving force in the development of anti-meningococcal immunity within
an individual, led to a lower proportion of the population with immunity and an increased
occurrence of invasive disease. While this study is the first to investigate this
phenomenon, the link between decreased population immunity and changes in the
epidemiology of IMD is not without precedent. Periodic waves of hyperendemic or
epidemic meningococcal disease, occurring outside of the “meningitis belt” of sub-
Saharan Africa in roughly 10-year cycles, are thought to be due to the introduction and

spread of a new clonal strain of N. meningitidis through a non-immune population [26,
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61]. In addition to overall higher incidence, the epidemiology of IMD during these waves
differs from sporadic cases occurring during interepidemic periods, in that incidence
increases disproportionately among adolescents and young adults — older age groups than
are typically affected [4]. Although the underlying processes differ, that these two
observations were also reflected in the results strengthen our conclusions.

The decision to include only children younger than five years in the model was
made for several reasons. The process of acquisition of anti-meningococcal immunity
begins at early ages in children, among whom the frequency of antibiotic use is highest
[9, 13]. Consequently, the impact of increasing BSA use on the acquisition of immunity
is expected to be most pronounced among this group. Further, empirical observations of
antibiotic use, contact patterns, prevalence of N. meningitidis and N. lactamica
colonization, and the proportion of individuals with documented anti-meningococcal
immunity are more plentiful in the literature, relative to the availability of comparable
information among adults. By better informing parameters, results consist with empirical
observations increase the validity of our conclusions.

This decision, however, required the assumption of constant epidemiological
dynamics of the commensal and pathogenic strains among those not represented in the
model (i.e. those five years and older). From 1995-2002, a significant increase in BSA
use among adults was seen [22, 58]. Although they receive fewer antibiotic prescriptions
than children, an association between increasing BSA use and decreasing prevalence
among those five years and older would not have been captured by our assumption. With
regard to the model presented, this would have had two consequences. First, through

decreased transmission of organisms to children younger than five, the prevalence of
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colonization and proportion of children acquiring immunity among our study population
would have decreased to a greater extent than we observed. Second, with the prevalence
of colonization of N. meningitidis higher among adults than among children younger than
five, reducing this potentially-pathogenic organism would be expected to lead to a lower
occurrence of IMD, rather than the increase noted here. Until the late 1990s, the
incidence of sporadic IMD in the United States had remained constant at 0.9-1.5/100,000
for almost 50 years [56, 57]. From 2000 to 2006, the overall incidence of IMD decreased
63%, from 0.8 to 0.3 cases per 100,000, with a 72% decrease among those younger than
five years of age [11, 12]. While this decrease has correlated with increasing population
BSA use, the dearth of epidemiological research into this question makes it impossible to
assess if, and to what extent, the former is attributable to the latter. However, such a herd
immunity effect was documented after routine vaccination with a univalent, serogroup C
meningococcal conjugate vaccine in the United Kingdom, supporting this possibility [2,
39, 41, 50].

Two additional model limitations were unlikely to drastically alter our
conclusions. First, children in the model are independently assigned an annual number of
antibiotic doses received as well as a child care arrangement. In reality children in day
care receive antibiotics more frequently than other children [66]. The likely effect of this
limitation is an underestimate of the interaction between increasing population BSA use
and child care arrangement. Second, while household and child care contact groups add
complexity to model contact patterns, they likely do not sufficiently account for
variations in contact types and networks throughout the five year age spectrum.

Consequently, the steadily increasing commensal colonization rates seen in the model
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with increasing age was not reflective of the typical pattern of N. lactamica colonization,
which peaks between 18 and 24 months of age [7, 28, 33]. However, since having had a
previous a previous episode of colonization and having acquired natural immunity
against invasive disease reflect cumulative exposure to circulating organisms and since
increasing BSA use does not alter contact patterns, the trends also would be expected to
hold.

Beyond adding to the discussion of the importance of the judicious use of
antibiotics, especially among young children, the impact of increasing BSA use on the
epidemiology of IMD has implications regarding public health surveillance and control
interventions. Lower population immunity may lead to increased potential for
meningococcal epidemics, upon introduction of a new meningococcal clone, and
meningococcal clones may persist for longer periods of time in a population with a
reduced overall prevalence of colonization, as genetic recombination between different
meningococcal strains would be less frequent [23, 40, 62]. Characterization of shifts in
the epidemiology of IMD, including molecular characterization of circulating strains, will
be of increasing importance in the era of increasing BSA use. Additionally, a tetravalent
meningococcal conjugate vaccine (MCV4), licensed for use in the United States in 2005,
is currently recommended for routine vaccination of individuals 11-55 years of age and
for vaccination of children aged two to 10 years at increased risk of disease [13, 14]. A
changing epidemiology of IMD, including the identification of individuals
disproportionately affected by the increasing BSA use, may require expanding the
definition of children at increased risk of disease and/or recommending routine MCV4

vaccination for younger children.
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The results of this model suggest that, at the population level, increasing BSA use
represents a novel environmental risk factor for IMD. While this study is an important
first step in demonstrating the mechanism by which BSA use may be altering the

epidemiology of IMD, additional research is necessary to corroborate these findings.
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Appendix

Introduction

Compartmental models, described by ordinary differential equations (ODE), are
used in many disciplines to understand underlying processes or to make predictions. In
epidemiology, one such model — the Susceptible-Infected-Recovered (SIR) model — is
frequently used to represent disease transmission in a population. As ODE models are
solvable mathematically, they provide a method to estimate certain parameters describing
the model system. Further, comparable ODE and ABM results provide a method of
model validation, increasing the confidence in the conclusions drawn by the ABM. In this
project, two modified SIR models were developed to inform ABM parameters
corresponding to the strain-specific, per-contact probabilities of transmission and the
probability of invasive disease and to compare with early ABM iterations to verify,

through multiple sources, the accurate capturing of the processes.

Materials and Methods
Model 1: Bacterial Transmission and Invasive Disease

The purpose of the first model was to inform the per-contact probability of
commensal and pathogenic strain transmission parameters of the ABM, by capturing the
underlying transmission dynamics and invasive disease process in a population without
any immunity. The model is depicted in Figure 4-19 and is described with the following
equations:

1.1 dSO/dt =oN — B()So (Co*Co/N+ Cl*],lo) — Blso(CO*[Cl + Cz]/N + C]*].ll) — SSO
+v0Cot 71C1 + 172G
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1.2 dCo/dt = BocoSoCo/N — Co(yo + €) + Boci1SoLo

1.3 dCy/dt = (1-0)B1coSe(Ci + C2)/N — Ci(y1 + €) + (1- 0)BiciSopu

1.4 dCy/dt = 0B1coSe(Ci+ C2)/N — Cy(y2 + €) + 0B1c1Sopu

The compartments reflect the numbers of susceptibles, Sy, those colonized with
the commensal strain, Coy, and those colonized with the pathogenic strain without, C;, and
with, C,, invasive disease. Each day, new susceptibles are born into the model at a rate
given by the total number of individuals being modeled, N, times the proportion of those
individuals entering the model per day, a. The number of susceptibles becoming
colonized with the commensal strain each day occurs as a density-dependent rate of the
product of the number of susceptibles, Sy, the per-contact probability of transmission of
the commensal strain, By, and the number of contacts each susceptible makes time the
proportion of those contacts that occur with others already colonized with the commensal
strain. The latter term includes the number of contacts and proportion of contacts
colonized among children younger than five years included in the model, co*Cy/N, and
among individuals five and older, not included in the model (c;*). A similar process
occurs with the pathogenic strain, although the per-contact probability of transmission,
B1, and the proportion of contacts colonized with the pathogenic strain among children
under five years and among those five and over, [C; + C,]/N and p;, respectively, are
different and the rate is further governed by the probability of developing invasive
disease upon acquisition of the pathogenic strain, 0. Colonized individuals lose
colonization and revert to susceptible at a density-dependent rate of the number of
colonized individuals in each compartment, multiplied by the respective strain- and

disease-specific proportion of colonized individuals losing colonization per day, yo, Y1,
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and y,. Additionally, individual leave the model at a rate given by the probability of an
individual leaving the model per unit time, €, times the number of individuals in each
compartment.

The equations were solved for By, B, and 6 in a community where N=10,000,
a=1/1825, cy=5, c1=3, S¢=3607/4072, Co/N=430/4072, (C+C,)/N=35/4072,
C,=0.003562, 1y=127/5367, }=662/5367, yo=1/114, y,=1/123, y,=1, and e=1/1825 [11,
28, 67]. These values were subsequently used as initial parameter estimates for the ABM.
The model was run for 3650 time steps; within each model run, observations for the
commensal and pathogenic prevalences of colonization were averaged over time steps
1826-3650, and the total number of invasive disease cases summed over this time period,
to represent the model at equilibrium. Final results were obtained by averaging these

results over ten model runs.

Model 2: Natural Immunity

The second ODE model built upon the first by incorporating the development of
natural immunity against invasive disease into the underlying transmission and disease
dynamics. It is depicted in Figure 4-20 and can be described by the following seven
equations:

2.1 dSo/dt = aN — BoSo(Co[Co + C3]/N + CIHO) — Blso(CO[Cl +Cy+ C4]/N + Cllll)
—&Sg + (1-00)y0Co + (1-91)71C1 + 12 C;

2.2 dCy/dt = BeSo(co[Co+ C3]/N + cipg) — Co(yo + €)
2.3 dCy/dt = (1-0)B1So(co[C1 + Ca + C4}/N + 1) —Ci(y1 + €)

24 dCz/dt = eBlso(Co[C1 + C2 + C4]/N + CIHI) —Cz(’Yz + 8)
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2.5 dS]/dt = (PO'YOCO + (Pl'chl — BoS](Co[C(ﬁ‘ Cg]/N + CIHO) — B]S](C()[C] + Cz +
C4)/N+ciu1) —eS1 +73C3 +v4Cy

2.6 dCs/dt = BoSi(co[Co+ C3]/N + cipo) — Cs(y3 + €)

2.7 dC4/dt = BiSi(co[Ci+ Cy + C4]/N + cip1) —Ca(ys + €)

This model is similar to the first model, with additional compartments added to
reflect the number of immune individuals susceptible to colonization, S, colonized with
the commensal strain, Cs, and colonized with the pathogenic strain, C4. New individuals
born into the model lack immunity against invasive disease and enter Sy. Non-immune
susceptibles become colonized (and develop invasive disease) at respective rates identical
to those described above. However, a proportion of those colonized with the commensal
strain will acquire immunity at the end of their episode of colonization, noted by a
probability, @y, and will revert to S;. The remainder reverts to So. The same holds true
among those colonized with the pathogenic strain and without invasive disease, for which
the probability of acquiring immunity is given by ¢;. Diseased individuals are assumed to
receive antibiotic treatment relatively soon after acquiring colonization, preventing the
development of immunity. Therefore, all diseased individuals revert to Sp. Immune
susceptibles become colonized at the previously-described, respective rates; invasive
disease is not possible after acquiring natural immunity.

The equations were solved for By, B, and 6 in a community where N=10,000,
a=1/1825, cy=5, ¢1=3, (So+ S1)=3607/4072, (Cy+ C3)/N=430/4072,
(C1+Cy+Cy)/N=35/4072, C,=0.003562, ny=127/5367, 1;=662/5367, yo=1/114, y,=1/123,
v2=1, 0o=0.4, ;=0.87, and ¢=1/1825 [11, 28, 30, 67]. These values were subsequently
used as initial parameter estimates for the ABM. The model was run for 3650 time steps;

within each model run, observations for the commensal and pathogenic prevalences of
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colonization were averaged over time steps 1826-3650, and the total number of invasive
disease cases summed over this time period, to represent the model at equilibrium. Final

results were obtained by averaging individual run results over ten model runs.

Results
Results for the determination of model parameters, By, 1, and 0, and a

comparison between ODE and ABM Models 1 and 2 are shown in Table 4-6.

Discussion

The development of two ODE models provided parameter estimates for the
commensal and pathogenic strain per-contact probabilities of transmission and the
probability of developing invasive disease that were subsequently used in the
development of the ABM. As the two models differ, with regard to how they represent
underlying processes, an ODE model is unlikely to predict the exact outcome of an ABM
simulation [55]. That we obtained similar results from both techniques demonstrated that
the ODE and ABM models likely represented the same processes, support the verification
of the ABM, and increase confidence that the conclusions drawn from the ABM are

correct.
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Table 4-1: Parameters and Parameter Values for the Overall Model Class.

Parameter

Description

birthRate Birth Rate of Children into the Model numChildren/1825

bSPercent Probability that an antibiotic prescribed is broad-spectrum 0.0t00.2'

careContacts Number of contacts made with other children in a child care group 3’

commContacts Number of contacts made with other children included in the model 2

numChildren Number of Children in the Model 100,000

othContacts Number of contacts made with individuals not included in the model 3

prevC Prevalence of commensal strain colonization among those included in 430/4072°
the model

prevExC Prevalence of commensal strain colonization among those not included 127/5367°
in the model

prevExP Prevalence of pathogenic strain colonization among those not included 662/5367
in the model

prevP Prevalence of pathogenic strain colonization among those included in 35/4072°
the model

T Time Step 0 to 3650"

'Increases in increments of 0.02; results averaged over 100 model runs at each increment.
*Unpublished Surveillance Data

*Trotter et al. [67]

*Increases incrementally through model run
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Table 4-2: Parameters and Parameter Values for the Child Class.

Parameter

Description

abxLevel Number of antibiotic prescriptions received per year 0-4
abxTime Time step at which antibiotics are prescribed Varies”
age Age of the child, in days 0 to 1825
bImm Passive immunity state at birth True
False
cTime Time step at colonization acquisition Assigned as shown in Fig. 4-10
colState Colonization state Susceptible (S)
Colonized (C)
Resistant (R)
dxState Disease state Susceptible (S)
Diseased (D)
immState Acquired immunity state True
False
loseBI Time step at which child loses birth immunity 91-182°
rTime Time step at which child becomes resistant to colonization Assigned as shown in Fig. 4-8
tempCol Temporary colonization state variable, for use in synchronous updating | Susceptible (S)
of new colonization acquisitions Colonized (C)

'Distributed such that the probability of receiving zero antibiotic prescriptions per year is 0.28; one prescription, 0.22; two prescriptions, 0.15; three prescriptions,

0.10; and four prescriptions, 0.25.
*The frequency of receiving antibiotic prescriptions (abxFreq) is calculated as 365/abxLevel. At initialization, abxTime is assigned based on a uniform
distribution of —abxFreq to 0. During model run, abxTime is updated as shown in Figure 4-8.
’Assigned as shown in Figure 4-3. Age increases incrementally through model run.

*Uniformly-distributed.
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Table 4-3: Parameters and Parameter Values for the Strain Class.

Parameter Description
sType Strain type Commensal (C)
Pathogenic (P)
none (null)
colDur Duration of colonization C: 114
P: 123
dxProb Probability of causing invasive disease C: 0
P: 0.006096
immProb Probability of inducing immunity, upon colonization C:04°
P: 0.67
probTx Probability of transmission C:0.001855"
P: 0.0002048

'Gold et al. [28]

’Determined through ordinary differential equation models — see Appendix.

3Golschneider et al. [30]
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Table 4-4: Parameters and Parameter Values for the Contact Group Class.

Parameter
type

Description

Type of contact group

Household (HH)

Small group (SG)

Day Care Center (DCC)
Preschool (PS)

careStatus

Child care arrangement (HH only)

SG
DCC
pS!

size

Size of contact group

HH: 1-3°
SG: 6
DCC: 12; PS 25

'Households are distributed as such: 0.13 assigned to SG; 0.14 assigned to DCC; and 0.23 assigned to PS. As all children in SG and DCC enter PS at three years
of age, half of three and four year-olds are in PS.

*Uniformly-distributed.



Figure 4-1: Flowchart Depicting the Overview of the Model Process
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Model parameters included in this flowchart: model time step (T). Subprocesses of the model are shown
in the figures indicated. Additional parameters and parameter values are shown in Tables 4-1 to 4-4.
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Figure 4-2: Flowchart Depicting the Process of Calculating the Number of Children
to Add to the Model.

nPersons = (int) birthRate
B extraP = birthRate - nPersons
b )
nToAdd = numChildren
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Y
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Create nToAdd |~~~ »
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Model parameters included in this flowchart: model time step (T); the number of children in the
community (numChildren); and the birth rate (birthRate). Parameter values are shown in Tables 4-1 to
4-4. Temporary method variables included in this flowchart: the number of children to be added in a
given time step (nToAdd); the number of children to add during the given time step, equal to the integer
value of the birth rate (nPersons); the probability of adding an additional child during the time step,
calculated as shown (extraP); and a randomly-generated, decimal number for the decision process, with
a uniform distribution of 0 to 1 (p).
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Model parameters included in this flowchart (Figure 4-3): model time step (T); the prevalence of
commensal strain colonization among those included in the model (prevC); and the prevalence of
pathogenic strain colonization among those included in the model (prevP). Child parameters include:
age of child in days (age), the time step at which antibiotics are prescribed (abxTime); acquired
immunity state (immState), colonization state (colState), time step at colonization (cTime), passive
immunity state at birth (bImm), and date at which child loses birth immunity (loseBI). Strain parameters
include: strain type (sType). Shown values for colState include: susceptible (S) and colonized (C).
Shown values for sType include: commensal (C), pathogenic (P), and none (null). Other parameter
values are shown Tables 4-1 to 4-4. Temporary method variables include: a random integer representing
the date at which the first antibiotic dose will be given (initAbxTime) for those who receive at least one
antibiotic prescription per year, which has a uniform distribution from 0 to 365 divided by the number
of antibiotic prescriptions received per year (abxLevel); a random integer representing the age for
children added at initialization, with a uniform distribution of 0 to 1825 (initAge); a decimal number
representing the probability of being immune upon model initialization, by year of age, with values of
0.05, 0.1, 0.15, 0.2, and 0.25 for years 0-4 (initlmmProb); an integer representing the date at which a
colonized child added at model initialization first became colonized, with a uniform distribution of 0 to
-114 for the commensal strain or 0 to -123 for the pathogenic strain (initCTime); a random.integer
representing the date at which passive birth immunity will be lost, with a uniform distribution of 91 to
182 (bImmDate); and randomly-generated decimal numbers for decision processes, with distributions
of 0 to 1 (p;-p3). The values for abxLevel are found in Table 4-2.
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Figure 4-3: Flowchart Depicting the Process of Adding New Children to the Model.
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Figure 4-4: Flowchart Depicting the Process of Adding Children to a Household.
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Contact Group parameters included in this flowchart: type (type), size (size), and child care
arrangement (child care). Shown values for type include: household (HH); values for size are uniformly
distributed from 1 to 3; values for careStatus are distributed with probability SG (0.13), DCC (0.14),
and PS (0.5). Other parameter values can be found in Tables 4-1 to 4-4.
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Model parameters included in this flowchart (Figure 4-5) include: model time step (T). Child
parameters include: age of child, in days (age). Contact Group parameters include type (type), size
(size), and child care arrangement status of households (careStatus). Shown values for type and
careStatus are equivalent and include: small group (SG), day care center (DCC), and preschool (PS).
Other parameter values are shown in Tables 4-1 to 4-4.
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Figure 4-5: Flowchart Depicting the Process of Adding Children to a Child Care
Arrangement Group.
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Figure 4-6: Flowchart Depicting the Process of Removing Children from the Model
or Changing Child Care Arrangement Status.
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Child parameters included in this flowchart include age of child, in days (age). Contact Group
parameters include child care arrangement status of households (careStatus). Shown values for
careStatus include: small group (SG), day care center (DCC), and preschool (PS). Other parameter

values are shown in Tables 4-1 to 4-4.
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Model parameters included in this flowchart (Figure 4-7): model time step (T). Child parameters
included in this flowchart include: age of child, in days (age); date at which child loses birth immunity
(loseBI); passive immunity state at birth (bImm); time at which child becomes resistant to colonization
(rTime); colonization state (colState); disease state (dxState); time step at which child became colonized
(cTime); and acquired immunity state (immState). Strain parameters included in this flowchart include
probability of developing invasive disease (dxProb); the probability of acquiring immunity against
invasive disease (immProb); and the duration of colonization (colDur). Shown values for colState
include: susceptible (S), colonized (C), and resistant to colonization (R). Shown values for dxState
include: susceptible (S) and diseased (D). Other parameter values are shown in Tables 4.1 to 4.4.
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Figure 4-7: Flowchart Depicting the Process of Updating Colonization, Disease, and
Immunity States During Each Model Time Step.
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Figure 4-8: Flowchart Depicting the Process of Prescribing Antibiotics During Each
Model Step.
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Model parameters included in this flowchart: model time step (T) and the probability that a prescribed
antibiotic is broad-spectrum (bSPercent). Child parameters included in this flowchart: number of
antibiotic prescriptions received per year (abxLevel); time step at which an antibiotic is prescribed
(abxTime); colonization state (colState); and time at which child becomes resistant to colonization
(rTime). Shown values for colState include: resistant to colonization (R). Other parameter values are
shown in Tables 4-1 to 4-4. Temporary method variables included: a randomly-generated decimal
number for a decision process, with a distribution of 0 to 1 (p) and the frequency, in days, of receiving
antibiotics (abxFreq). The value for abxFreq is calculated as the integer value of 365/abxLevel. Values
for abxI.evel are shown in Table 4-2.
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Model parameters included in this flowchart include (Figure 4-9): model time step (T); the number of
contacts made with other children in the child care group (careContacts). Child parameters included in
this flowchart include: age of child, in days (age); date at which child loses birth immunity (loseBI);
passive immunity state at birth (bImm); time at which child becomes resistant to colonization (rTime);
colonization state (colState); disease state (dxState); time at which child became colonized (cTime); and
acquired immunity state (immState). Strain parameters included in this flowchart include probability of
developing invasive disease (dxProb); the probability of inducing acquired immunity, upon colonization
(immProb); and the duration of colonization (colDur). Contact group parameters include: size (size),
with subscripts indicating household (HH) or care group (CG) types. Shown values of colState include:
susceptible (S), colonized (C), and resistant to colonization (R). Shown values of dxState include:
susceptible (S) and diseased (D). Shown values of sType include: commensal (C) and pathogenic (P).
Other parameter values are shown in Tables 4-1 to 4-4. Temporary method variables include: the
number of contact pairs made with other children in the model (commPairs); a process loop variable to
represent the number of child care contacts (nCC); a process loop variable to represent the number of
community pairs (nP); a decimal number representing the probability of acquiring commensal
colonization from contact with individuals not included in the model (pExC); a decimal number
representing the probability of acquiring pathogenic colonization from contact with individuals not
included in the model (pExP); and a randomly-generated decimal number for a decision process, with a
distribution of 0 to 1 (p). commPairs is calculated as one-half the number of contacts made with other
children included in the model (commContacts); pExC is calculated by multiplying the prevalence of
commensal colonization among those not included in the model (prevExC) and the number of contacts
made with individuals not included in the model (othContacts) and pExP is calculated by multiplying
the prevalence of pathogenic colonization among those not included in the model (prevExP) and
othContacts. Values for commContacts, prevExC, prevExP, and othContacts are shown in Table 4-1.
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Figure 4-9: Flowchart Depicting the Process of Making Contact with Other
Children in Households, Child Care Settings, and the Community.
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Figure 4-10: Flowchart Depicting the Transmission of Bacteria and Acquisition of
Colonization During a Contact Event.
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Model parameters included in this flowchart: model time step (T). Child parameters included in this
flowchart: colonization state (colState); temporary colonization state for synchronous updating of new
colonization acquisition (tempCol); and time step at which child is colonized (cTime). Strain
parameters included in this flowchart: strain type (sType) and the probability of transmission (probTx).
Shown values of colState include: susceptible (S) and colonized (C); shown values of tempCol include:
colonized (C). Subscripts 1 and 2 of colState, tempCol, and sType denote child one and two,
respectively. Shown values of sType include: commensal (C) or pathogenic (P). Subscripts C and P of
probTx denote commensal and pathogenic strains, respectively. Other parameter values are shown in
Tables 4-1 to 4-4. Temporary method variables include: a randomly-generated decimal number with a
distribution of 0-1 (p).
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Figure 4-11: Flowchart Depicting the Synchronous Updating of Colonization State
at the End of Each Model Time Step.
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Child parameters included in this flowchart: colonization state (colState) and temporary colonization
state for synchronous updating of new colonization acquisition (tempCol). Shown values of colState

and tempCol are equivalent and include: susceptible (S) and colonized (C). Other parameter values are
shown in Tables 4-1 to 4-4.
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Table 4-5: Prevalence of Colonization, Proportion Having Had a Previous Episode of Commensal Colonization, Proportion
Having Acquired Natural Immunity, Occurrence of Invasive Disease, and Mean Age of Invasive Disease Cases, by BSA.

BSA | Prevalence of Prevalence of Prevalence of Previously Immune, % Mean Mean Age of
(%) | Colonization, % Commensal Pathogenic Colonized, % Occurrence of | Cases, Days
Colonization, % | Colonization, % IMD, N

0 8.7 7.8 0.91 39.6 19.4 65.8 886

2 8.4 7.5 0.90 39.0 19.1 67.6 882

4 8.2 7.3 0.90 38.4 18.9 68.2 893

6 8.0 7.1 0.89 37.7 18.7 66.9 884

8 7.8 6.9 0.89 37.1 18.4 67.6 888

10 7.6 6.7 0.88 36.5 18.2 66.8 889

12 7.4 6.5 0.87 35.9 18.0 66.2 902

14 7.2 6.3 0.87 35.3 17.8 69.0 898

16 7.0 6.1 0.86 34.7 17.5 68.0 898

18 6.8 5.9 0.85 34.2 17.3 68.0 893

20 6.6 5.8 0.85 33.6 17.1 68.6 901




Figure 4-12: Total Prevalence of Colonization, Proportion of Children with At Least
One Previous Episode of Colonization, Proportion of Children with Acquired
Immunity, and the Five-Year Incidence of Invasive Disease, by Age in Years,
BSA=0%.
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Values for the prevalence of colonization, the proportion of children with at
least one previous episode of colonization, and the proportion of children with
acquired immunity are plotted along the left axis; values for the five-year
incidence of invasive disease are plotted along the right access. Within each
outcome measure, letters (i.e. A, B, C...) indicate values which are not
significantly different.
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Figure 4-13: Total Prevalence of Colonization, Proportion of Children with At Least
One Previous Episode of Colonization, Proportion of Children with Acquired
Immunity, and the Five-Year Incidence of Invasive Disease, by Child Care
Arrangement, BSA=0%.
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Values for the prevalence of colonization, the proportion of children with at
least one previous episode of colonization, and the proportion of children with
acquired immunity are plotted along the left axis; values for the five-year
incidence of invasive disease are plotted along the right access. Within each
outcome measure, letters (i.e. A, B, C...) indicate values which are not
significantly different at alpha=0.05.
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Figure 4-14: Total Prevalence of Colonization, Proportion of Children with At Least
One Previous Episode of Colonization, Proportion of Children with Acquired
Immunity, and the Five-Year Incidence of Invasive Disease, by Annual Number of
Antibiotic Doses Received, BSA=0%.
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Values for the prevalence of colonization, the proportion of children with at
least one previous episode of colonization, and the proportion of children with
acquired immunity are plotted along the left axis; values for the five-year
incidence of invasive disease are plotted along the right access. Within each
outcome measure, letters (i.e. A, B, C...) indicate values which are not
significantly different.
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Figure 4-15: Total Prevalence of Colonization, Proportion of Children with At Least
One Previous Episode of Colonization, Proportion of Children with Acquired
Immunity, and the Five-Year Incidence of Invasive Disease, by Annual Number of
Antibiotic Doses Received, BSA=20%.
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Values for the prevalence of colonization, the proportion of children with at
least one previous episode of colonization, and the proportion of children with
acquired immunity are plotted along the left axis; values for the five-year
incidence of invasive disease are plotted along the right access. Within each
outcome measure, letters (i.e. A, B, C...) indicate values which are not
significantly different. *Indicates value not significantly different than either A
or B.
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Figure 4-16: Percent Change in the Total Prevalence of Colonization, Proportion of
Children with Acquired Immunity, and Five-Year Incidence of Invasive Disease, by
Age in Years, BSA=20% versus BSA=0%.
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*Indicates a significant interaction term between increasing population BSA
use and age in years in a multivariate linear regression model, at p<0.05.
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Figure 4-17: Percent Change in the Total Prevalence of Colonization, Proportion of
Children with Acquired Immunity, and Five-Year Incidence of Invasive Disease, by
Child Care Arrangement, BSA=20% versus BSA=0%.
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*Indicates a significant interaction term between increasing population BSA
use and age in years in a multivariate linear regression model, at p<0.05.
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Figure 4-18: Percent Change in the Total Prevalence of Colonization, Proportion of
Children with Acquired Immunity, and Five-Year Incidence of Invasive Disease, by
Annual Number of Antibiotic Doses Received, BSA=20% versus BSA=0%.
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*Indicates a significant interaction term between increasing population BSA
use and age in years in a multivariate linear regression model, at p<0.05.
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Figure 4-19: Ordinary Differential Equation Model Describing the Transmission of
Commensal and Pathogenic Strains and the Occurrence of Invasive Disease in a
Population Without Immunity.
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Compartments represent the numbers of individuals susceptible to colonization (Sy); those
colonized with the commensal strain (C,); those colonized with the pathogenic strain (C,); and
those with invasive disease (C,). Flows between compartments are determined by the total
number of individuals (N); the proportion of individuals entering the model per day (a); the
per-contact probabilities of transmission of the commensal (B,) and pathogenic (B;) strains; the
number of contacts made between other children 0-4 years of age (cy) and those five years and
older (c,); the proportion of individuals five and older colonized with the commensal (L) and
pathogenic (W) strains; the probability of developing invasive disease (0); the proportion of
those losing commensal colonization (y,) and pathogenic colonization among those without
(v1) and with (y,) invasive disease per day; and the proportion of individuals leaving the model

per day (g).
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Figure 4-20: Ordinary Differential Equation Model Describing the Transmission of
Commensal and Pathogenic Strains and the Occurrence of Invasive Disease in a
Population with Immunity.
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Compartments represent the numbers of individuals susceptible to colonization without (S,) or
with (S;) immunity; those colonized with the commensal strain without (C,) or with (C;)
immunity; those colonized with the pathogenic strain without (C;) or with (C4) immunity; and
those with invasive disease (C,). Flows between compartments are determined by the total
number of individuals (N); the proportion of individuals entering the model per day (a); the
per-contact probabilities of transmission of the commensal (B,) and pathogenic () strains; the
number of contacts made between other children 0-4 years of age (c,) and those five years and
older (c;); the proportion of individuals five and older colonized with the commensal (p,) and
pathogenic () strains; the probability of developing invasive disease (0); the proportion of
those losing commensal colonization (y,) and pathogenic colonization among those without
(v1) and with (y,) invasive disease per day; the probability of acquiring immunity if colonized
with the commensal (@) and pathogenic (¢;) strain; and the proportion of individuals leaving
the model per day (¢).

A
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Table 4-6: Parameter Estimates for the Strain-Specific, Per-Contact Probabilities of
Transmission and a Comparison of Ordinary Differential Equation (ODE) and
Agent Based Model (ABM) Results.

Model 1 Model 2
Parameter Estimates™
Bo 0.001855 0.001855
B 0.0002048 0.0002048
0 0.004755 0.006096
ODE ABM ODE ABM
Results**
12.8 12.8
V]
Total Prevalence (%) 11.4 (12.6, 13.1) 11.4 (12.7,12.9)
Commensal Prevalence (%) 10.6 1.9 10.6 1.9
' (11.7,12.2) ' (11.8,12.1)
. 0.89 0.89
0
Pathogenic Prevalence (%) 0.86 (0.86, 0.90) 0.86 (0.87,0.91)
6.3 6.2
Number of Cases (N) 6.5 (4.6,7.9) 5.5 (5.7.6.7)

*Parameter estimates include the per-contact probability of transmission of the commensal
strain, o, or pathogenic strain, 31, and the probability of developing invasive disease, 0.

**Results for the ODE model are mathematically determined; results for ABM are shown
as Mean (95% Confidence Interval) over ten model runs.
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Chapter V
Conclusion

The occurrence of IMD is the result of a complex interaction of host, agent, and
environmental risk factors within both individuals and populations. While the provision
of antibiotic prophylaxis to close case contacts — the historical standard public health
response — has been largely effective at preventing additional cases, its success is without
regard to the epidemiology of the underlying pathogen, N. meningitidis. The development
of primary public health measures against IMD (i.e. the meningococcal conjugate
vaccine), however, requires a greater understanding of the dynamics of N. meningitidis
within the population and agent, host, and environmental factors related to invasive
disease. The goal of this dissertation research was to achieve a greater understanding of
meningococcal epidemiology and factors related to invasive disease.

In the mid-1990s, Oregon experienced an IMD epidemic due to serogroup B
strains. During that period, the overall incidence of serogroup B disease doubled from
baseline, that among individuals 15-19 years of age was 13 times higher, and 70% of all
isolates tested by MLEE were a single ET clone [4]. The goal of the first study was to use
PFGE to better characterize this epidemic. The aims were to demonstrate the
concordance of PFGE with previous strain typing techniques in identifying the
circulating epidemic clonal strain; to assess whether the PFGE profile of isolates
recovered from cases occurring during a later epidemic period were more diverse than

that of isolates recovered from cases occurring during the peak epidemic, thus supporting
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the hypothesis that the epidemic was due to the introduction and spread of a clonal strain
in the population; and to describe the relatedness of PFGE patterns from cases with an
known epidemiological link and those occurring within a narrow spatiotemporal frame.
PFGE was completed on 221 Oregon serogroup B meningococcal isolates, including 129
isolates from peak of the epidemic (January 1, 1994 to December 31, 1996) and 92
isolates from a later epidemic period (January 1, 2001 to December 31, 2003), on which
previous strain typing by serologic assay, MLEE, and/or MLST had been performed.
PFGE and strain typing, by MLEE, MLST, or phenotypic profile, differentiated
between the circulating epidemic clonal strain and non-epidemic strains with an observed
agreement of 95%. That 89% of peak epidemic isolates were identified as one PFGE
group, Group I, including 48% of isolates that shared one PFGE pattern, and that these
isolates were 98% similar provide evidence of that the serogroup B epidemic in Oregon
was due to the introduction and spread of one strain through the Oregon population. The
exchange of genetic material between the epidemic strain and other circulating Neisseria
species would be expected to increase the diversity of bacterial population over the
course of the epidemic, a theory supported by our increase in the number of
distinguishable PFGE patterns, decrease in the proportions of NEME-003 and PFGE
Group I isolates, increase in the proportions of possibly-related and unrelated strains, and
decrease in the similarity of Group I isolates between the peak and later epidemic
periods. Finally, the majority of clustered isolates analyzed were distinguishable by one
or more molecular methods, demonstrating that Oregon serogroup B IMD epidemic was
largely due to an increased number of sporadic cases rather than an increase in localized

community outbreaks.
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In 2005, Bille et al. reported a potentially new virulence factor by describing a
chromosomally integrated bacteriophage, termed Meningococcal Disease Associated
(MDA) Island, which was significantly associated with IMD even after controlling for
known hyperinvasive meningococcal clones [1]. However, over one third of the isolates
tested in that study were from the same invasive clonal complexes and did not include
serogroup Y, ST-23/ET-508 complex strains, common in the United States. The goal of
the second study was to describe the association between the MDA phage and IMD using
a diverse collection of invasive and carriage N. meningitidis isolates collected in the
United States. Amplification and detection of the MDA phage was conducted by PCR
assay of 69 invasive isolates obtained from the Michigan Department of Community
Health laboratory and 81 carriage isolates obtained from a 1998 Georgia Carriage Study;
Southern blot confirmed the presence of the phage in select isolates. This isolate study
population was a subset of 403 isolates (211 invasive and 192 carriage) from a larger,
congruent study by Hobb et al (Unpublished data).

In contrast to Bille et al., these results failed to demonstrate an association
between invasive meningococcal isolates and the presence of the 8 kb integrated, MDA
bacteriophage [1]. While we found a significant crude association between the presence
of the phage and collection source, the phage was found to be associated with serogroup
B and C strains and not serogroup Y strains. Consequently, in multivariate analysis
controlling for serogroup, the phage was no longer associated with isolate collection
source. The association between the presence of the phage and hyperinvasive clones was
consistent with the Bille et al. findings. As ST-23, serogroup Y strains became a major

cause of sporadic IMD in the United States in the 1990s, one would expect a virulence
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factor related to invasiveness to be carried by a high proportion of these organisms. That
our results do not show this is consistent with the hypothesis that the MDA phage
represents a genetic element acquired by certain strains prior to clonal spread, rather than
a virulence factor required for invasive disease.

By reducing the prevalence of colonization of N. menignitidis and N. lactamica,
the increasing population use of BSA for non-prophylactic purposes, especially among
children younger than five years of age, may impact the epidemiology of IMD. For
instance, reducing the prevalence of circulating pathogenic organisms would be expected
to result in a lower incidence of IMD. However, to the extent that increasing BSA use
reduces the prevalence of colonizing organisms among children in this age group, the
normal process of acquisition of anti-meningococcal immunity in the population may be
disrupted, thereby resulting in a greater proportion of individuals at risk for IMD.
Through the development of a stochastic, agent-based, simulation model, the goal of the
third study was to consider if, and to what extent, increases in the population use of BSA
among children younger than five years of age impacted the prevalence of colonization
(overall and pathogenic and commensal strain-specific), the proportion of the population
with protective immunity, and the occurrence of invasive disease among children within
this age group.

The model results demonstrated the accurate capturing of the essential
epidemiological components underlying IMD among children younger than five years of
age and, in so doing, suggest that increasing BSA use be considered an emergent
environmental risk factor for IMD. Specifically, through its effect at decreasing the

prevalence of circulating bacterial strains in the population, increasing BSA use led to a
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decrease in the proportion of children acquiring natural immunity and, therefore, an
increased occurrence of invasive disease. While this study is the first to investigate this
phenomenon in its entirety, a decreased prevalence of meningococcal colonization was
noted after a mass chemoprophylaxis campaign. Additionally, increased IMD occurrence
— in the form of periodic IMD epidemics — has been noted due do to the introduction of a
new meningococcal clone in an immunologically-naive population. These two reports
support the conclusions of the model. While the decision to include only children
younger than five years in the model led to a more accurate model, increasing the validity
of our conclusions, it likely led to an underestimate of the effect of increasing population
BSA on decreases in the prevalence of colonization and proportion of children acquiring
immunity.

The results presented from all three studies have implications for public health
meningococcal surveillance and control activities. First, by characterizing the molecular
epidemiology to a greater extent than serogroup alone, PFGE can better differentiate
between sporadic and epidemiologically linked IMD cases and, as such, can be used by
public health professionals to decide whether or not to undertake a more aggressive
public health intervention, such as mass vaccination or chemoprophylaxis campaigns.
Thus, PFGE should be considered as one component of a laboratory-based
meningococcal surveillance program. Second, as exemplified by the development of
vaccines against the polysaccharide capsule, the identification of meningococcal
virulence factors has driven research into agent-directed interventions to prevent IMD.
The failure of our results to support the role of the integrated bacteriophage as a

necessary virulence factor highlights the need for continued research to identify more
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promising targets for primary public health interventions intended to further reduce the
occurrence of IMD. Third, the tetravalent meningococcal conjugate vaccine (MCV4) is
currently recommended for routine vaccination of individuals 11-55 years of age and for
individuals two to 10 years of age at increased risk of disease [2, 3]. Changes to these
recommendations, such as routine vaccination for younger children or redefining groups
at increased risk of disease, may need to be considered upon additional corroborating
evidence from epidemiological studies in the context of increasing population BSA use.
In addition to this knowledge and implications derived from this research,
however, future directions in the development and implementation of public health IMD
measures will be dictated by their feasibility and cost, as well as the goals of the funding
institution (i.e. government or academia). For instance, PFGE is a low-cost assay ($50-
$100 per isolate) and the technology is available by most, if not all, state public health
laboratories in the United States. However, it is not routinely done by public health
laboratories, as it does not typically influence the decision-making process for the
institution of anti-meningococcal public health interventions. Even in instances where
institutional or organizational IMD outbreaks are suspected, measures such as
administration of MCV4 or mass chemoprophylaxis are undertaken based on serogroup
information. Other molecular techniques (i.e. DNA sequencing or DNA hybridization
experiments) do have more promise with regard to the identification of novel agent
virulence factors that may ultimately serve as a target for anti-meningococcal vaccines.
They are, however, orders of magnitude more expensive; are available in fewer and
mainly academic laboratories, due to the increased technological capacity required; are

not always successful (as illustrated by the research presented in Chapter I1I); and require
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further research and development to translate identified factors into effective vaccines.
Further characterization of epidemiological risk factors for IMD may be more feasible
than some of these laboratory techniques, particularly in the ten states currently
conducting active surveillance for IMD through the Centers for Disease Control and
Prevention Emerging Infections Program (EIP), as medical chart review is already being
conducted on each reported IMD case within each surveillance area and the sites have
already provided an infrastructure for conducting further research studies, such as the
MCV4 vaccine effectiveness study. Two challenges facing such epidemiological research
into the specific effect of increasing BSA use, however, are the low occurrence of disease
— requiring the recruitment, training, and funding of non-EIP surveillance sites and
potentially long enrollment periods to obtain a sufficient sample size — and the difficulty
in obtaining an accurate measurement of antibiotic use history.

In light of these considerations and the current profile of IMD in the United
States, it is my opinion that priority should be given to better characterization of isolates
of N. meningitidis using PFGE and further epidemiological research into the impact of
increasing population BSA use on IMD epidemiology. Increased molecular
characterization of isolates would directly assist public health professionals by
identifying potential clusters of IMD that may help better inform decisions on when to
institute appropriate public health control measures. For instance, over the past two years
in Oregon, three potential institutional clusters of IMD were identified by serogroup
determination (Unpublished data). Mass chemoprophylaxis campaigns were instituted in
all three clusters. Subsequent PFGE characterization of isolates from the clusters revealed

two to consist of isolates with indistinguishable PFGE patterns, with the third consisting
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of dissimilar isolates. More fully characterizing isolates on a real-time basis could have
conserved resources that were spent to control the third cluster. Indirectly, PFGE may
also help public health professionals identify new strains of N. meningitidis and, thus,
new IMD epidemic periods. Considering the low assay cost and low burden of disease,
PFGE characterization of isolates should be feasible.

Additionally, despite the challenges noted, priority should be given to conducting
further epidemiological research into the impact increasing population BSA use may be
having on the epidemiology of IMD. After remaining stable for approximately 50 years,
the annual incidence of IMD has decreased to historic lows over the past eight. The role
of increasing BSA as a causal factor in this decline needs to be determined, especially
with the potential consequences of increasing population susceptibility to IMD — and
therefore meningococcal epidemics — and resulting in certain individuals with a higher
IMD risk. Currently available resources — MCV4 in particular — may help prevent against
an increase in IMD, rendering the ultimate cost lower. Although a national research
initiative may be neither practical nor cost feasible, the network of ten EIP sites may
serve as an effective venue through which to better characterize this effect.

At this point, due to the low occurrence of disease, high cost of technology, and
limited resource capacity, further research into meningococcal virulence factors leading
to sporadic disease is unlikely to be a priority for government funding and may only
remain of importance to pharmaceutical research and development programs. However,
the extra effort to obtain PFGE results and collect additional epidemiological
information, at least in the 10 EIP states, could make a substantial contribution to the

field, with limited funds.
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