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ABSTRACT

Moraxella catarrhalis is an important and emerging cause of infectious disease,
including 15-20% of otitis media cases in children and ~10% of respiratory infections in
adults with chronic obstructive pulmonary disease. Children have been reported to have
a high carriage rate, there is not an efficacious vaccine, and there has been a rapid
emergence of antibiotic resistance in clinical isolates. Additionally M. catarrhalis
infections may become even more prevalent due to the effectiveness of conjugate
vaccines at reducing the incidence of otitis media caused by Strepfococcus pneumoniae
and nontypeable Haemophilus influenzae. Hence, M. catarrhalis causes significant
health problems and the development of a vaccine is highly desirable. Identifying
potential vaccine candidates, testing their role in pathogenesis, and testing their ability to
provide protection in an animal model are the first steps to developing a vaccine. To
address this, we selected MhaB1 and MhaB2, which are part of a potential contact
dependent inhibition system (CDI), as our candidates. To our knowledge, this is the first
time a CDI system has been used in a vaccine study. The data demonstrate that MhaB1
and MhaB2 are CDI proteins and their cognitive immunity genes provide protection.
Also, MhaB1 and MhaB2 play an important role in the ability of M. catarrhalis to colonize

the chinchilla nasopharynx. Moreover, when vaccinated with portions of these proteins,



the chinchillas produce MhaB specific antibodies, which decrease the ability of wild-type
M. catarrhalis to colonize the chinchilla nasopharynx. In summary, this study describes
the establishment of the chinchilla model to perform vaccine efficacy studies for M.
catarrhalis, demonstrates that M. catarrhalis has a CDI system, and shows that this CDI
system plays an important role in pathogenesis. To our knowledge, our data are the first

report of testing a CDI system using an animal model.

INDEX WORDS: Moraxella catarrhalis, Contact Dependent Inhibition System, Vaccine
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CHAPTER 1
INTRODUCTION

The most common infections caused by Moraxella catarrhalis are otitis media
and lower respiratory tract infections resulting in exacerbation of chronic obstructive
pulmonary disease (COPD). Moraxella catarrhalis is the third leading cause of otitis
media worldwide behind Streptococcus pneumoniae and nontypeable Haemophilus
influenzae (1-8). Otitis media is the number one reason for children being prescribed
antibiotics and more than 80% of infants experience at least one episode of this disease
by the age of three, and M. catarrhalis is the causative agent in ~20% of these cases (9,
10). The annual costs associated with management of otitis media are upwards of $5
billion, and direct medical care expenditures alone account for $2-3 billion (1, 4, 7, 11-
15). Recurring ear infections are prevalent and occur during the crucial period when a
child is developing speech and language skills, which can delay the development of
communication and learning (16, 17). Clearly, otitis media is a significant health and
economic problem, and M. catarrhalis contributes substantially to this burden.

Moraxella catarrhalis is also the second most common cause of respiratory
infections in adults with chronic obstructive pulmonary disease (COPD) (14, 18-20).
Direct medical care costs are greater than $14 billion each year and there are ~10
million visits to physicians are related to COPD (21-24). Half of the exacerbations are
caused by bacterial infections and M. catarrhalis is responsible for ~10% of cases.
These infections contribute prominently to the progression of COPD by augmenting
inflammation, oxidative stress, and tissue damage in the airways. Additionally, M.
catarrhalis has been associated with diseases such as bronchitis, conjunctivitis, and
sinusitis in recent years (5, 8, 14, 25-39). This increase, coupled with the emergence of
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antibiotic resistance, suggests that M. catarrhalis infections may become more prevalent
and difficult to treat. This emphasizes the need to improve our understanding of
pathogenesis by this understudied bacterium in order to identify targets for intervention
and prevention.

The purpose of this study is to validate the potential vaccine targets MhaB1 and
MhaB2, and explore their role in pathogenesis. MhaB1 and MhaB2 are hypothesized to
be contact dependent inhibition (CDI) proteins and previous studies indicated they are
also involved in adherence (40-42). Contact dependent inhibition is a method for
bacteria to target neighboring bacteria using a toxin/anti-toxin system. These systems
have been proposed to be involved in virulence, but their role is unknown (43). The first
hypothesis is to determine if MhaB1 and MhaB2 are part of a CDI system. The second
hypothesis is to determine if MhaB1 and MhaB2 are involved in the colonization process.

The majority of knowledge about CDI systems has been generated studying
Escherichia coli and Burkholderia species. This project is the first time that the potential
CDI system in M. catarrhalis has been studied. Additionally, MhaB1 and MhaB2 are
both potential inhibitor proteins that share a common transporter protein. This is the first
system that has been identified to have two inhibitor proteins for one transporter for
display on the bacterial surface. Other species specifying multiple inhibitor proteins
typically encode one transporter protein for each inhibitor. Our study represents the first
instance that the role of a CDI system is explored using an animal model, and also the
first report that CDI inhibitor proteins are tested as vaccine antigens. Moreover, the work
described in this dissertation is the first report of the use of the chinchilla model to
perform vaccine efficacy studies for M. catarrhalis.

We anticipate that MhaB1 and MhaB2 are functional CDI inhibitor proteins.
Additionally, we expect to identify the potential immunity proteins, which will protect
against the inhibition activity. This system is expected to play a role in the virulence of
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M. catarrhalis. 1t is predicted that these genes will play a major role in the colonization
process and that vaccination with a portion of these proteins will reduce the ability of

wild-type M. catarrhalis to colonize the chinchilla nasopharynx.



CHAPTER 2

LITERATURE REVIEW

Moraxella catarrhalis

Moraxella catarrhalis is a gram-negative staining diplococcus bacterium (44). It
is considered to be strictly a human organism and was thought to be a commensal
organism, but in the late 1980s it became apparent that M. catarrhalis was a primary
cause of acute otitis media (2, 32, 44, 45). Additionally, M. catarrhalis is able to cause
respiratory infections in patients with chronic obstructive pulmonary disease (COPD),
bronchitis, conjunctivitis, and sinusitis (5, 8, 14, 25-39). These diseases and the impact
they have on public health will be discussed in detail.

Moraxella catarrhalis has had a variety of names starting with Micrococcus
catarrhalis. It was then moved into the Neisseria genus due to the similarity in
phenotype and ecology. When DNA analysis was done, it became apparent that M.
catarrhalis was not similar to Neisseria species and was then moved into Branhamella.
Finally, it was moved into the genus Moraxella due to genetic and biochemical similarity
even though the majority of Moraxella species are rod-shaped (46). Within the species
there is a high degree of similarity between isolates when comparing their virulence
factors, metabolic pathways, and gene content (47).

Studying M. catarrhalis has been limited due to lack of commonly used genetic
tools such as genomes sequenced, cloning vectors, and reporter plasmids. In 2006,
Wang and colleagues developed the first cloning vector for use with M. catarrhalis (48,
49). More recently the first annotated sequences of M. catarrhalis were published
(BBH18 by de Vries et al.) (50). In total there are 12 published and annotated
sequences now available (47, 50). Of interest, all of the strains that have been
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sequenced were isolated from patients with otitis media, COPD exacerbation,
bronchiolitis, or bronchitis. Finally, in 2013 Evans et al. developed a LacZ-based
transcriptional reporter system for M. catarrhalis (51). The development of these tools
will help to drive the research exploring M. catarrhalis virulence mechanisms.

Disease and Public Health Interest

What was once thought to be a commensal organism has now been identified as
an organism that causes a variety of diseases including otitis media, exacerbations of
patients with COPD, bronchitis, conjunctivitis, and sinusitis (5, 8, 14, 25-39). While
many of these diseases are not life threating, they are very costly. Moraxella catarrhalis
is the third leading cause of otitis media behind Streptococcus pneumoniae and non-
typeable Haemophilus influenzae. It is estimated that 80% of children have a case of
acute otitis media by age 3 and M. catarrhalis causes ~20% of these cases (1-10, 15,
52-55). The shear number of cases causes otitis media to be a very expensive disease.
In the U.S. alone, there are approximately 25 million visits made to pediatricians each
year. Moraxella catarrhalis causes 3-5 million of these cases (1-8, 15, 52-55). Every
year the costs associated with the management of otitis media are approximately $5
billion, with $2-3 billion being due to direct medical care expenditures (1, 4, 7, 11-15). In
addition to causing otitis media, M. catarrhalis is the second most common cause of
respiratory infections with COPD (14, 18-20). COPD has staggering direct medical care
costs (more than $14 billion per year) and is the fourth leading cause of death in the U.S.
(21-24, 56). Due to these staggering medical costs, M. catarrhalis has a significant
impact on public health.

As mentioned above, M. catarrhalis is the third leading cause of otitis media, but
what is otitis media? Otitis media occurs when the middle ear becomes infected and
there is a build up of fluid. Depending on how severe this fluid build up is determines if it
is considered to be acute or not. When the fluid builds up there is an increase in
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pressure, which is very painful. The symptoms are very general and varied, but typically
include ear tugging, irritability, and/or fever. In order to have an accurate diagnosis the
tympanic membrane must be examined. During acute otitis media, the tympanic
membrane is cloudy and has moderate to severe bulging. These acute infections
typically occur when the child is between 6 and 12 months old. Otitis media with
effusion occurs when there is chronic inflammation and typically affects children between
the ages of 3 and 7. In this case, the child lacks the typical signs associated with acute
otitis media, but there is a glue-like fluid behind the tympanic membrane. There can be
transient hearing loss associated with this type of otitis media. This is a disease that
affects children during their developmental years. During each episode, the child has
reduced hearing and repeated incidences can lead to loss of hearing and development
as well as impairment in speech. While this is not life threatening, otitis media is the
leading reason for doctor’s visits, antibiotic prescriptions, and surgical procedures. All of
this makes otitis media a very expensive disease. Additionally, there is an increase in
antibiotic resistance among strains, which will be discussed later (57, 58).

Chronic obstructive pulmonary disease (COPD) is a progressive disease that
typically has two forms. The first form is defined by the overproduction of mucus. This
overproduction causes the airways to clog and breathing becomes difficult. The second
form is damage to the lungs such as prolonged exposure to cigarette smoke or other
lung irritants. While, neither of these are caused by bacteria, both create an
environment in the lungs that is ideal for infection. These infections or exacerbations
cause a worsening of the lung damage, which then can lead to death. Since this
disease is progressive the medical costs are substantial. Direct medical care costs are
estimated to be over $14 billion per year. Moraxella catarrhalis is estimated to cause

10% of exacerbation cases (21-24).



Although M. catarrhalis is best known for causing otitis media and exacerbations
of COPD patients, it can also cause numerous other diseases and these diseases have
been increasing in recent years. Bronchitis occurs when the bronchi become inflamed.
Conjunctivitis is inflammation of the outermost layer of the eye and the inner surface of
the eyelid. Finally sinusitis is inflammation of the sinuses. In recent years, there has
been an increase in M. catarrhalis causing these diseases (2, 8, 27-32, 59-62).

The diseases associated with M. catarrhalis are treatable, except for the fact that
M. catarrhalis has rapidly gained resistance to -lactams. It is important to note that S.
pneumoniae and nontypeable H. influenzae are susceptible to B-lactams and since they
are the number one and two causes of otitis media B-lactams are the first antibiotic used
to treat otitis media. Starting in the late 1980s and into the 1990s, M. catarrhalis went
from very few isolates to over 90% of the isolates being resistant to $-lactams (29, 31,
32, 59-61, 63-69). Also, when M. catarrhalis and nontypeable H. influenzae cause a
coinfection, there is an increase in the antibiotic resistance in the biofilm (70). It has
been demonstrated that M. catarrhalis releases outer membrane vesicles that contain a
various outer membrane proteins. These vesicles have the ability to promote the
survival of S. pneumoniae and H. influenzae (71). Moraxella catarrhalis has
demonstrated that it can rapidly acquire antibiotic resistance and this resistance can also
protect other susceptible bacteria.

A vaccine is desirable for M. catarrhalis because of the increase in antibiotic
resistance, the high rate of infection, and the high cost of treatment. While focus for
developing a vaccine would be on otitis media, it is possible that this vaccine would also
be beneficial to COPD patients. In order to develop a vaccine for M. catarrhalis, there
are several steps necessary. First, potential targets need to be identified. Once these
targets have been identified, they need to be tested. In order to test them, there needs

to be an animal model.



Animal Models

Moraxella catarrhalis is an exclusively human organism and studying
pathogenesis, as well as the stringent testing of vaccine candidates, has been hindered
by the lack of an animal model that mimics human infection. To date, the most
commonly used model has been a pulmonary clearance test in which bacteria are
deposited in the lungs of mice (72-78). Lungs are aseptically removed, tissues are
homogenized, and dilutions of the homogenates are spread onto agar plates in order to
enumerate viable organisms. While this model has provided important data, it is limited
to measuring the rate at which bacteria are cleared over a very short period of time
because M. catarrhalis persists for <24hours in the murine lungs. Another drawback is
that mice do not develop pneumonia. Hence, the rapid clearance and failure to cause
disease limit the usefulness of this model.

Attempts to use various other models of infection in mice have been
unsuccessful. In one of these attempts, Melhaus and Ryan directly inoculated M.
catarrhalis into the middle ear of three strains of mice, but there was no evidence of M.
catarrhalis causing a middle ear infection in any of the animals (79). This was done in
parallel with S. pneumoniae and nontypeable H. influenzae and the model was
successful with these organisms although it was dose and strain of mouse dependent
(79). They concluded that this model of infection was not useful for studying M.
catarrhalis.

The pulmonary clearance test does not provide a biologically relevant window in
which to study the interactions between M. catarrhalis and the tissues. Because of the
rapid clearance and the lack of disease it is not a good model for vaccine studies.
Additionally, it is uncommon to do co-infection studies using the pulmonary clearance

test because there are better models of infection for mice using S. pneumoniae and



nontypeable H. influenzae. This led to exploring other animal models for studying M.
catarrhalis.

Recent studies have demonstrated the value of the chinchilla to examine M.
catarrhalis host-pathogen interactions in vivo (70, 80-83). Following intranasal
inoculation, M. catarrhalis causes symptoms of disease (inflammation of the tympanic
membrane, middle ear effusions) and colonizes the nasopharynx for ~2 weeks (80-82).
Therefore, chinchillas provide an advantage over the mouse pulmonary clearance test in
that M. catarrhalis persists in their nasopharynx for several days. This imparts greater
confidence in the data obtained by comparing the difference in colonization between two
experimental conditions (vaccinated vs. sham-vaccinated animals, WT vs. mutant
strains) as it provides a more physiologically relevant time frame to monitor bacterial
clearance.

The chinchilla model has been an invaluable tool to study the pathogenesis of
nontypeable H. influenzae and S. pneumoniae and to develop vaccines for these
organisms (84-87). The course of disease (nasopharyngeal colonization, ascension of
the Eustachian tubes, development of middle ear effusions, clearance of fluids, return to
homeostasis) is similar to that in children with otitis media (88-93). Immunological
parallels between chinchillas and humans have been demonstrated. For example,
middle ear fluids collected from chinchillas and children infected with nontypeable H.
influenzae contain Abs that bind to the same antigenic determinants of the adhesion
OMP P5 (94). Chinchillas also produce homologs of human antimicrobial peptides, and
at least two of them (cBD-1 and cCRAMP) have been shown to have bactericidal activity
against M. catarrhalis (95-98). Kerschner and colleagues analyzed host cDNA libraries
generated from the middle ear mucosa of chinchillas infected with nontypeable H.
influenzae, and discovered that the cDNA sequences displayed greater phylogenetic
similarities to human genes than to other rodent species (99-101). These investigators
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also noted similarities with human infection in the pattern of host defense genes
expressed in chinchilla tissues.

Another benefit of using the chinchilla model is this model is also used for other
organisms that cause otitis media (e.g. S. pneumoniae and nontypeable H. influenzae).
This allows for co-infection studies. These studies are useful, because multiple
organisms often cause otitis media and by utilizing the same animal model for all the
organisms can lead to new discoveries. One such discovery by Armbruster and
colleagues demonstrated that co-infection by H. influenzae and M. catarrhalis increased
the antibiotic resistance within the biofilm and reduced clearance by the host due to
quorum signaling by H. influenzae (70). Having a biologically relevant animal model is
necessary to promote the necessary vaccination studies.

While, M. catarrhalis is a human specific organism and it has been problematic
developing an animal model of infection, the chinchilla model is the best that is available.
It provides a biologically relevant window in which to observe interactions between the
bacteria and the host tissues. Additionally, while M. catarrhalis is unable to cause otitis
media when it is used alone, but with the help of a quorum sensing molecule from H.
influenzae, M. catarrhalis is capable of migrating to the middle ear and cause disease
(70). For these reasons, we believe the chinchilla animal model is currently the best
animal model to use.

Virulence Factors

There have been a number of virulence factors that have been identified and
characterized in M. catarrhalis. These factors are involved in adherence, iron and
nutrient acquisition, serum resistance, and biofilm formation. In the Lafontaine
laboratory the focus is on adherence proteins. The reasoning behind targeting
adherence proteins is that adherence is the first step to infection and if this step can be
blocked, then the bacteria will not get a foothold to cause disease. For this reason, | am
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going to focus on the virulence factors that contribute to adherence. Many of these
adherence factors have additional functions. Some of these adhesins that will be
highlighted are the UspA family, Hag, McaP, and OMP CD. There is also the two-
partner secretion and putative contact dependent inhibition proteins (MhaB1, MhaB2,
and MhaC), which will be discussed in a later section because they are the focus of this
project.

The UspA family consists of the proteins UspA1, UspA2, and UspA2H. These
proteins are the most extensively characterized proteins in M. catarrhalis. This family of
proteins was first studied due to the fact that antibodies are produced against it during
infection. Monoclonal antibodies were produced and utilize to identify UspA (102). Later
it was discovered that UspA was actually encoded by two different genes, i.e. UspA is
two separate proteins, UspA1 and UspA2 (103). In 2000 Lafontaine et al. discovered
the hybrid UspA2H (104). UspA2H is a hybrid of UspA1 and UspA2 where the C-
terminus is virtually identical to the C-terminus of UspA2 and the N-terminus shares
motifs, which are considered to be unique to UspA1 (104). While UspA1 and UspA2 are
found in most clinical isolates, UspA2H is present in only 21% of isolates (105). UspA2H
is the least well studied of these proteins, but it has been determined to be involved in
adherence (104, 106). While these proteins share a common epitope for the monoclonal
antibody that was first used to identify them, they have divergent functions.

UspA1 is a phase variable trimeric autotransporter that mediates adherence to
human epithelial cells (104, 107). The phase variation is regulated at the transcriptional
level due to the presence of a poly(G) tract located upstream of the uspA7 gene.
Changes in the length of the poly(G) tract changes the expression. Additionally these
changes can directly correlate to adherence of M. catarrhalis to human epithelial cells
(107). Additional studies have demonstrated that UspA1 has an affinity to members of
the carcinoembryonic antigen related cell adhesion molecule (CEACAM) subfamily. In
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particular, human CEACAM1, which is commonly found on epithelial cells that compose
the respiratory tract (108-110). Overall, UspA1 is considered to be a major adhesin for
M. catarrhalis.

UspAZ2 in addition to mediating adherence to human epithelial cells is involved in
serum resistance (111, 112). The subpopulation of M. catarrhalis that does not
demonstrate serum resistance lacks UspA2 or has very low transcription of it (113, 114).
UspA2 is able to bind the complement factors C3, C4b-binding protein, and vitronectin to
resist killing by normal human serum (112, 115-117). UspA1 can also bind C3 and C4b,
but UspA2 is considered to be more important to serum resistance than UspA1.

The UspA proteins are potential vaccine candidates due to their involvement in
adherence and evading the immune system. Also, antibodies are produced against
these proteins during the course of infection, which demonstrates that these proteins are
targets for the immune system. Interestingly when gene expression was analyzed using
the chinchilla model, UspA2 was slightly down regulated after 48 hours (82). This does
not mean UspA2 is not involved in the initial colonization process, as this down
regulation was observed for many of the virulence factors involved in adherence.
Overall, UspA1, UspA2, and UspAH are good vaccine targets and play a major role in
the virulence of M. catarrhalis.

Another autotransporter that in involved in adherence is Hag (MID). Hag is a 200
kDa protein that is responsible for hemagglutination, autoagglutinations, and has an IgD
binding domain (118). Additionally, children have a mucosal immune response to Hag
when they have been exposed to M. catarrhalis (119). Hag does not bind to all cell
types, but it has been demonstrated to adhere to A549 (human type Il alveolar lung
epithelium), primary cultures of human middle ear epithelial cells, and normal human
bronchial epithelium (41, 120, 121). Interestingly, Hag has a preference for the cilia on
the normal human bronchial epithelium. Not only do M. catarrhalis Hag mutants not
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adhere to ciliated cells, but when Hag is expressed in a nonadherent H. influenzae there
is a 27% increase in adherence to the ciliated cells (122). Hag is another phase variable
protein regulated by a poly(G) tract like UspA1 (123). Biofilm formation by M. catarrhalis
is repressed when Hag is expressed (124). This is an interesting phenotype that needs
to be explored further. Due to the fact that Hag is involved in adherence to a variety of
human epithelial cells and antibodies against it are produced in humans make it a good
target for vaccine development.

The third autotransporter that is involved in adherence is McaP. Like the UspA
proteins and Hag, McaP has multiple functions. In addition to adhering to conjunctival,
type Il alveolar lung epithelium, and polarized human bronchial cells, McaP has
phospholipase B activity (125). Further studies demonstrated that the N-terminal
passenger domain mediates adherence to human epithelial cells (126). McaP was the
first lipolytic enzyme that was characterized in M. catarrhalis. Further studies need to be
conducted to determine the potential of McaP as a vaccine antigen.

Using transposon mutagenesis and selecting mutants with a reduction in
adherence to human epithelial cells resulted in the detection of OMPCD. This is a 55
kDa protein with structural similarity to bacterial porins (127). Not only is this protein an
adhesin but also following infection and colonization by M. catarrhalis patients were
found to have anti-OMPCD antibodies in both otitis media and COPD patients. Also, in
children the level of anti-OMPCD antibodies in the serum inversely correlated with the
severity of infection (128). This demonstrates that OMPCD is a good vaccine target and
antibodies against it can help to provide protection against infection.

Other surface exposed proteins that are potential vaccine candidates are
proteins, which are involved in iron and nutrient acquisition. These proteins include
transferrin-binding protein, (TbpA and TbpB), lactoferrin-binding proteins (LbpA and
LbpB) and CopB. Anti-TbpA, -TbpB, -LbpA, and -LbpB antibodies have been found in
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the serum of patients, which make them a potential vaccine candidate, but there is not a
lot of other knowledge about these proteins (119, 129). CopB has been characterized
the most. There is an increase in expression of CopB under iron limiting conditions and
it mediates the binding of iron from transferrin and lactoferrin sources (130-132). These
proteins have potential to be vaccine candidates, and they play a role in virulence, but
they are not as well studied as the adhesins.

Moraxella catarrhalis has a plethora of virulence factors, which can be targeted
as vaccine antigens. The focus of this report has been on the virulence factors involved
in adherence. The majority of these proteins also have other functions such as serum
resistance in the case of UspA2. Most likely a single protein will not be enough, but it is
possible that a combination of these proteins would provide protection. There are also
other factors that have not been fully explored. These include MhaB1 and MhaB2, the
target of this project.

Contact Dependent Inhibition

Bacterial contact dependent inhibition (CDI) was first reported by Aoki and
colleagues in 2005 (133). CDI systems are a way for bacteria to compete with closely
related bacteria using a large surface expressed protein that has inhibitory activity at the
C-terminus. Aoki et al. discovered that CDI systems are composed of three parts. The
large CdiA, which has the inhibitor activity at the c-terminus (CT), the CdiB, which is the
transporter for CdiA, and Cdil, which is the immunity protein that blocks the inhibitory
activity (Figure 2.1). What occurs in this process is, CdiA and CdiB are a two-partner
secretion (TPS) system, which allows for the surface expression of CdiA. Once CdiA is
expressed on the surface of the inhibitor cell, it is able to come into contact with another
bacterial cell (target) and the CdiA-CT (C-terminus of the CdiA protein) can be cleaved
and imported into the target cell. Once the CdiA-CT is inside the target cell there are
two options. The first option is if the target cell has the Cdil, then Cdil will bind the CdiA-
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CT and prevent inhibition activity and the target cell will continue to grow and divide.
The second option is if the target cell lacks the Cdil, in this case the CdiA-CT is able to
have activity due to the lack of the Cdil. The CdiA-CTs have a wide range of activities
including nucleases, adenosine deaminases, ADP-ribosyl cyclases, metallopeptidases,
and there are other that have been yet to determined (40, 43, 133-139). Additionally,
each CdiA-CT and Cdil forms a unique pair, which causes this family to be very diverse.

This system has been studied extensively in E. coli and this system has been
found in other bacteria including Burkholderia species, Yersinia pestis, Dickeya dadantii,
Neisseria meningitidis, and others (40). While, the CDI system is involved in virulence, it
is not known what role the system plays during infection (43, 139-143). It has been
hypothesized that this system is used as a communication method to shape bacterial
communities (135). Most of the work in this area has focused on determining how these
systems work.

CdiA and CdiB form a two-partner secretion system. These systems are found in
a variety of gram-negative bacteria. In these systems, the protein is transported though
the outer membrane using a specific transporter protein. It is common for adhesins to
be secreted in this manner including FHA from Bordetella pertussis and HMW1/2 from
H. influenzae. It has been demonstrated that FhaC (transporter for FHA) forms a beta
barrel in the outer membrane, while FHA forms a beta helix (144-148). Many of the
CdiA proteins have similarities to FHA (43, 149), including the proteins of interest for this
study, MhaB1 and MhaB2 (41). The CdiB proteins have been demonstrated to transport
the CdiA to the cell surface and without the CdiB there can not be inhibition due to the
lack of CdiA on the cell surface (133). The Cdil is a very small protein (8.9 kDa in E.
coli) and is necessary to be able to express the CdiA (43).

This system was first discovered in uropathogenic strains of Escherichia coli due
to the observation that these strains were able to inhibit growth of other E. coli strains.
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In E. coli EC93, the system is clustered into cdiBAI. In this system, the CdiA is very
large (~319 kDa) and has hemagglutinin-repeats similar that of FHA from B. pertussis in
the large conserved portion of CdiA. The CdiA C-terminus (CdiA-CT) is very divergent
(when compared to other CdiAs from E. colil) and it is this C-terminus portion that
confers the inhibition activity. Additionally, it is this portion that the Cdil must bind in
order to inhibit the activity (40, 133, 135, 150, 151).

Using E. coli, it has also been shown that there are other ways to block inhibitory
activity besides the presence of the immunity protein (Cdil). It is necessary for the
inhibitory cells to be in logarithmic growth, and expression of pili on the target cells can
prevent growth inhibition (133). Additionally, the mechanism of importing the CdiA-CT
into the target cell is not conserved. Initially it was thought that BamA (YaeT) was the
receptor on the outer membrane and AcrB transferred the CdiA-CT through the inner
membrane for all CDI systems, but this was found to be dependent on the highly
variable BamA loops (150, 152, 153). The identification of the contact with the loops of
BamA demonstrated that CDI is restricted to targeting the same species (153).

These systems are polymorphic and the CdiA-CT and cognate Cdil lack similarity
to other pairs. There is a relatively well-conserved VENN motif before the start of the
CdiA-CT (active portion). In some proteins, this motif has been degraded or is not
present in certain species. In Burkholderia species there is a (Q/E)LYN motif instead of
the VENN motif (134, 140). These motifs also represent the sharp change in the well-
conserved portion of CdiA to the very polymorphic CT (40, 142). Another interesting
aspect of these systems is downstream of the cdiA/cdil are orphan pairs. These orphan
pairs are composed of a small CT-like ORFs followed by a cdil. These orphan pairs,
while the CT-like ORF has similarity to the cdiA, the immunity genes may not share any
similarity (142). Even more interesting is the fact that these orphan pairs appear to be
mobile and can be exchanged between bacteria. Also, while there is not evidence that
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the orphan CdiA-CTs are expressed there is evidence that the Cdils can be expressed
(142). Essentially, each system contains an arsenal of CdiA-CT/Cdil pairs that can be
traded around and protect against other bacteria targeting the cell (142). It has been
demonstrated that when these orphan pairs are fused with the conserved region of the
cdiA, they can form a functional CDI system. This demonstrates the diversity of these
systems and the extent at which these systems are used if the bacteria are collecting the
CdiA-CT/Cdil of other bacteria in order to protect themselves from this killing.

It has been demonstrated that the CdiA-CT from unrelated bacteria can be
placed on the conserved region of the CdiA from E. coli and form functional CDI
systems. These chimeric CDI systems demonstrate that the conserved region is the
portion that binds to the target cell and initiates the intake process of the CdiA-CT into
the target cell. Additional studies to explore how this import process occurs showed that
both the CdiA-NT (conserved) and CdiA-CT (active) regions are deposited on the target
cell, but only the CdiA-CT is translocated into the target cells (136). In addition to these
studies, Ruhe et al. did a detailed study on how the CDI system from E. coli EC93 is
imported into the target cell. While other enteric gammaproteobacterial species (e.g.
Salmonella enterica Typhimurium, Enterobacter aerogenes, and Citrobacter freundii) are
naturally resistant to the CDI system from E. coli EC93, they can be made susceptible
when BamA from E. coli is expressed in these cells. This is independent of what CdiA-
CT is being expressed (153). Even more powerful is the fact that the BamA loops 6 and
7 from E. coli can be grafted onto the BamA from another species and this will cause
that species to become susceptible to E. coli EC93. This demonstrates that the CDI
system is limited by its ability to initiate the import process not the activity of the CdiA-CT
(153).

These CDI systems are a rapidly changing family. While each system has it own
unique group of CdiA/Cdil pairs, there are some similarities between systems. For
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example an orphan pair from E. coli EC93 is similar to that of E. coli UPEC 536. The
CdiA-CTs have 75% identity while the Cdils have 35% identity. When these pairs are
mix-matched the Cdils have a lower affinity for the CdiA-CT, but the Cdil""5“**® is able to
block the activity of CdiA-CTE®?, but the Cdil=“®® is unable to block the activity of CdiA-
CTUPECS3 (142). This helps to support the theory that these pairs are constantly
mutating and changing in order to diversify.

There are many questions that have yet to be answered about CDI systems.
Very little is known about how they are regulated. It has been shown that some are
under very tight regulation. For example, the CDI system in Dickeya dadantii 3937 is
expressed when on plants, but is not expressed when grown on laboratory media (rich
or minimal media) (40). Also, it was demonstrated that the CDI system played a role in
pathogenesis in D. dadantii. Unfortunately, this role is not known and more studies are
needed to determine how the CDI system affects the ability of D. dadantii to cause
disease in plants. Additionally, while many of these systems have been identified in
various species of bacteria, in depth studies have not been done with the various
systems. The CDI system for E. coli EC93 is the only system that has been studied in
depth, which leaves many questions about the other systems that have been identified.
One potential system that has been identified and has yet to be explored is the CDI

system in M. catarrhalis.

MhaB1 and MhaB2

The potential vaccine targets this study focuses on are MhaB1 and MhaB2.
These are part of a two-partner secretion system in M. catarrhalis, in which MhaC
transports MhaB1 and MhaB2 through the outer membrane (41). These targets first
came to our attention due to their similarity to FHA from B. pertussis. FHA is a
component of all licensed whooping cough vaccines in the U.S. Initially, MhaB1
(MchA2) and MhaB2 (MchA1) were thought to be adherence proteins since lack of
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expression in wild type M. catarrhalis resulted in a decrease in adherence to a wide
variety of human cell lines (41, 42). Based on bioinformatics analysis MhaB1 was
suggested to be a CdiA protein (40). This changed the direction of the research from
adherence to studying the CDI system in M. catarrhalis. Later, MhaB2 was also
identified as a CdiA protein.

MhaB1 and MhaB2 fit into the CDI family of proteins. Along with MhaC, they
form a two-partner secretion system. Also, MhaB1 and MhaB2 are large proteins (184
kDa and 201 kDa respectively). The first 1,200 amino acids of MhaB1 and MhaB2 are
identical within strains and overall they are 99% identical across strains. The C-termini
are very divergent having only 16% identity (41). This also fits with them being part of a
CDI system, because CdiA proteins typically have a well-conserved portion followed by
a very divergent CT. Additionally, sequencing the Mha locus from wild type M.
catarrhalis O35E demonstrated the presence of orphan pairs downstream of both
mhaB1 and mhaB2 (data not shown).

The identification of MhaB1 and MhaB2 as potential CdiA proteins opened up
many more questions. First and for most, do MhaB1 and MhaB2 function as a CDI
system with MhaC? What are the immunity genes? What role could this system play in
pathogenesis? There has not been a CDI system identified where there are two CdiA
(MhaB1 and MhaB2) proteins for one CdiB (MhaC). Also, the role of a CDI system has
never been studied in an animal model. These are some of the points | will address in

the following chapters.
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CDI" Target Cell

CDI” Target Cell
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CdiA-CT/Cdil
Complex

CdiA-CT Toxin

- Cell to cell Adhesion
- No Growth Inhibition

- Cell to cell Adhesion
- Growth Inhibition

cdiA

Inhibitor Cell

Figure 2.1: Contact-dependent growth inhibition (CDI) systems are composed of three
genes, cdiB, cdiA, and cdil. The cell that contains these genes is called the inhibitor cell,
when these genes are expressed, CdiB transports CdiA through the outer membrane
and CdiA comes in contact with a target cell. The CdiA C-terminus is then imported into
the target cell. This is the portion of CdiA that has the inhibition activity. At this point
there are two options for the cell. If the cell is lacks a CDI system the CdiA-CT toxin is
able to inhibit growth through its activity. These activities are typically DNases or
RNases. The second option is if the target cell has the same CDI system, then the Cdil
will bind the CdiA-CT and prevent growth inhibition.

Adapted from Ruhe et al. (135).
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CHAPTER 3
CHARACTERIZATION OF THE CONTACT DEPENDENT INHIBITION SYSTEM,

MhaB1 AND MhaB2, IN MORAXELLA CATARRHALIS

Shaffer TL and Lafontaine ER. Characterization of the contact dependent inhibition
system, MhaB1 and MhaB2, in Moraxella catarrhalis.
To be submitted to Journal of Bacteriology or PLOS One
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Abstract

Moraxella catarrhalis is the third leading cause of otitis media causing ~20% of
cases in children and causes ~10% of respiratory infections in adults with chronic
obstructive pulmonary disease. The maijority of the pathogenesis research on M.
catarrhalis has been focused on adherence proteins. Two of these proteins, MhaB1 and
MhaB2, have been suggested to be part of a contact dependent inhibition system. Initial
studies on these proteins have demonstrated they are involved in the colonization
process of the chinchilla nasopharynx and are potential vaccine targets. Contact
dependent inhibition systems have been demonstrated to be involved in virulence in
other bacteria. To determine if these proteins are part of a contact dependent inhibition
system, we adapted the published contact dependent inhibition assays for M. catarrhalis.
These data demonstrated that MhaB1 and MhaB2 are contact dependent inhibition
molecules. In addition, the immunity protein has been identified for MhaB1 and there is
a potential MhaB2 immunity identified. Finally, using the contact dependent inhibition
system from wild type M. catarrhalis O35E, we demonstrated that there are susceptible
strains among wild type clinical isolates. These data indicate that M. catarrhalis O35E
has two functional contact dependent inhibition inhibitor proteins, which can be used to
target other strains of M. catarrhalis.
Introduction

Bacterial contact dependent inhibition (CDI) is a method to target closely related
bacteria using a toxin/anti-toxin system. In these systems, inhibitor proteins (CdiA) are
expressed on the bacterial surface by an OMP like porin transporter protein (CdiB) in a
two-partner secretion manner. When CdiA comes in contact with a target cell, a portion
of its C-terminus (CdiA-CT) is imported into the target cell. If the target cell lacks a CDI
system, it undergoes growth inhibition. If the target cell possesses a CDI system and
expresses a cognate immunity protein (Cdil), the latter will bind the CdiA-CT and prevent
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growth inhibition (40, 133, 135, 153-155). The C-termini of the CdiA proteins are
polymorphic and vary drastically in their sequence and inhibitory function they specify;
therefore each CdiA has its own unique Cdil, which confers protection. There can be
limited cross protection between Cdil depending on how similar the cognitive CdiA-CTs
are (153).

The CDI systems from Escherichia coli strains are the most well studied systems.
In these systems, the CDI genes are clustered in the same genomic locus (cdiBA/), with
CdiA being a large (~319 kDa) hemagglutinin-repeat protein (133). It also shares
similarity to FHA from Bordetella pertussis. In contrast, the Cdil is a very small 8.9 kDa
protein (133). In addition to having the main CdiA/Cdil pair, there are “orphan cdiA-
CT/cdil” genes downstream of the main CDI locus (142). These cdiA-CT/cdil orphans
are similar but not identical to the full-length cdiA-CT. It appears that these pairs each
have a unique activity and a unique immunity gene, which suggests these pairs develop
and change together. While there are data demonstrating the orphan immunity genes
are expressed, there is no indication that the orphan cdiA-CT can be utilized unless
attached to the main cdiA (142). These immunity genes can help protect a cell against
other CDI systems, so it follows that cells would collect a variety of cdil genes. However,
it is not readily apparent why the cdiA-CTs are also being collected. One theory is that
these regions can be duplicated, and the cdiA-CT can be “loaded” onto the full-length
cdiA gene. Duplication would allow the extra cdiA-CT/cdil pairs to diverge and overtime
these small changes further diversify the region (135, 142, 153).

The mechanism of how these CDI systems operate has been determined, but the
way they function remains unknown. Burkholderia species possess a variety of CDI
systems, with many strains having multiple systems. It is common for one single strain
to dominate an ecological niche, and it is speculated that CDI systems may be
responsible for the domination of a species in an ecological niche (134, 140, 152).
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Interestingly the CDI systems from Erwinia chrysanthemi and Dickeya dadantii appear to
be necessary for virulence, but the roles these systems play in virulence are not
understood (40, 135).

Moraxella catarrhalis is a human specific organism that causes otitis media in
children and respiratory exacerbations in adults with chronic obstructive pulmonary
disease (COPD) (2, 3, 9, 11, 12, 16, 17, 21-24, 27, 46, 52, 55, 57, 58, 86). There is an
interest in developing a vaccine against M. catarrhalis, as it has rapidly developed
resistance to B-lactams and it is the third leading cause of otitis media behind
Streptococcus pneumoniae and nontypeable Haemophilus influenzae. The first
antibiotics prescribed to children are typically B-lactams, because S. pneumoniae and
nontypeable H. influenzae are susceptible to B-lactams (2, 3, 8, 9, 11, 12, 16, 17, 27, 32,
46, 52, 55, 57, 58, 86). To date, the majority of potential vaccine candidates from M.
catarrhalis have been adherence proteins (1, 6, 44, 46). Included in this group are
MhaB1 and MhaB2.

Initial studies on MhaB1 (MchA2) and MhaB2 (MchA1) characterized them as
adherence proteins (41, 42). MhaB1 and MhaB2 share similarity to FHA, an adhesin,
from B. pertussis, and M. catarrhalis mutants lacking expression of MhaB1 and/or
MhaB2 have a decrease in adherence to human epithelial cells (41, 42). Due to their
similarities to FHA, it is common for CDI proteins to be characterized as adhesins.
However, MhaB1 possesses a VENN motif characteristic of CDI inhibitor proteins,
suggesting it may be part of a CDI system (40).

MhaB1 and MhaB2 are part of a two-partner secretion system, in which MhaC is
responsible for transporting MhaB1 and MhaB2 to the bacterial cell surface (41). While
MhaB1 and MhaB2 are considered small for CdiA proteins, they are actually large
proteins, 184 kDa and 201 kDa, respectively. MhaB1 and MhaB2 from M. catarrhalis
O35E have 100% identity in the first 1,200 amino acids, while the remaining C-termini
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share only a 16% identity. When MhaB1 and MhaB2 from M. catarrhalis O35E are
compared to MhaB1 and MhaB2 proteins from other M. catarrhalis isolates, the first
1,200 amino acids share 99% identity while the C-termini are very divergent (41).
Additionally, the region surrounding the mha locus has highly repetitive sequences
reminiscent of “orphan cdiA-CT/cdil” genes. The arrangement of the CDI gene locus,
mhaB1CB2 of M. catarrhalis is unique as MhaB1 and MhaB2 share a common
transporter. Typically there is only one inhibitor gene per transporter gene in CDI
systems. MhaB1 and MhaB2 are potential CDI inhibitor proteins from M. catarrhalis have
that been shown to be necessary for colonization of the chinchilla nasopharynx, but this
system has yet to be fully characterized (40, 156).

In this study, MhaB1 and MhaB2 were tested for their ability to inhibit the growth
of target cells and potential immunity genes were identified and tested for their ability to
protect target cells from growth inhibition. Additionally, wild type M. catarrhalis O35E
was examined for its ability to target other wild type strains of M. catarrhalis. The goal of
these experiments was to determine if MhaB1 and MhaB2 are a part of a CDI system,
and if so to determine whether this CDI system could be used to target other M.
catarrhalis strains.

Materials and Methods

Plasmids, Bacterial Strains, and Growth Conditions

The bacterial strains and plasmids used are listed in Table 3.1. Moraxella
catarrhalis was cultured in Todd-Hewitt (TH) broth (BD Diagnostic Systems) or on TH
agar plates at 37° C in the presence of 7.5% CO,. When appropriate, M. catarrhalis
mutants were supplemented with chloramphenicol (1 pg/mL), kanamycin (20 pg/mL),
Zeocin™ (5 ug/mL), spectinomycin (15 pg/mL), and streptomycin (75 ug/mL). Cells
were grown in broth for performing CDI assays and for making electrocompetent cells.
In all other experiments, the M. catarrhalis cells were grown on TH agar plates.
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Escherichia coli was cultured in Luria-Bertani (LB) broth (Fisher Bioreagents) or
on LB agar plates at 37° C in the presence of 7.5% CO,. Recombinant E. coli bacteria
were supplemented with chloramphenicol (15 pg/mL), kanamycin (50 pg/mL),
spectinomycin (200 yg/mL), and Zeocin™ (50 pg/mL) when appropriate. Cells were
grown in LB broth for use with HiSpeed® Plasmid Midi Kit (QIAGEN) and on LB agar
plates for all other conditions.

Recombinant Haemophilus influenzae DB117 was cultured in Brain Heart
Infusion (BHI) broth (BD Diagnostic Systems) or on BHI agar supplemented with
nicotinamide adenine dinucleotide (NAD) (10 pg/mL) and Heme (500 ug/mL). When
necessary spectinomycin (50 pyg/mL) or streptomycin (75 ug/mL) was added to the
media. All strains were grown overnight at 37° C in the presence of 7.5% CO..

Plasmid DNA was isolated from E. coli using HiSpeed® Plasmid Midi Kit
(QIAGEN) according to the manufacturer’s specifications. Plasmids from M. catarrhalis
or H. influenzae DB117 were isolated using the QIAprep Spin Miniprep Kit (QIAGEN)
following the manufacturer’s specifications.

Recombinant DNA Methods, PCR and Cloning

Standard molecular biology techniques were performed as described elsewhere
(157). Moraxella catarrhalis DNA was isolated using the Easy-DNA™ Kit (Invitrogen™
Life Technologies™) according to the manufacturer’s protocol. This DNA was then
sheared and through various subcloning steps used to create plasmids pCC1.CB1i and
pCC1.B2i. These subcloning steps were done using the CopyControl PCR cloning kit
(Epicentre). These plasmids were then used to create a panel of mutants in M.
catarrhalis O35E.

Restriction enzymes, Sph/ and Pacl were used to digest pCC1.CB1i, removing a
1.4 kb fragment midway through mhaB1. A 1.2 kb spectinomycin resistance (Spec?)
cassette from pSPECR was ligated into pCC1.CB1i using End-It™ (Epicentre) to blunt
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the ends, effectively generating in the plasmid pCC1.CB1KQi (158). Random
transposon mutagenesis performed to insert a kanamycin (kan) resistance cassette into
the potential mhaB1i of pCC1.CB1KOi. This insertion was achieved using the EZ-
Tn5™<KAN-2> Insertion Kit (Epicentre) per manufacturer’s instructions. Sanger
sequencing confirmed the location of the insertion and the resulting plasmid with a
deletion mutant in mhaB1 and insertion in mhaB1i was named pCC1.CB1.iKO.
Similar methods were used to create pCC1.B2KOi, a plasmid in which a deletion mutant
was made in the mhaB2 open reading frame (ORF). Using restriction enzymes Rsrl/
and Nhel, a 2.8 kb fragment was deleted from pCC1.B2KOi and replaced with the 0.4 kb
Zeocin™ (Zeo) resistance cassette from pEM7Zeo (Invitrogen). Once Sanger
sequencing confirmed this mutant the entire insert was digested out from pCC1, using
the flanking BamH/ sites. The insert was ligated into linearized pUC19 resulting in
pUC19.B2KOi. The potential mhaB2i has a unique EcoRI site which was used to
linearize pUC19.B2KOi. A chloramphenicol (cat) resistance cassette from pACYC184
was ligated to the linear pUC19.B2KOi, but no attempts resulted in a plasmid with
mhaB2ij interrupted with cat resistance (159).

Natural transformation was used to generate mutants in M. catarrhalis O35E.
Briefly, plate grown overnight cultures of M. catarrhalis O35E were resuspended in TH
broth and spotted onto TH agar plates, plasmids (20 pL) were added to the spotted
bacteria, and plates were incubated at 37° C in the presence of 7.5% CO, for 4 hours.
The bacteria were then resuspended in TH broth serially diluted and plated on TH agar
plates supplemented with the appropriate antibiotics. Mutants were confirmed by PCR.
Using this method O35E.B2KO (mhaB2 deletion mutant), O35E.B1B2KO (mhaB1 and
mhaB2 deletion mutants), and O35E.B1B2.B1iKO (mhaB1, mhaB1i, and mhaB2
mutants) were made (Figure 3.1). Itis important to note that each mutant was made
separately and at different times.
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The standard pWW115 plasmid could not be used to complement the mutant M.
catarrhalis strains with the immunity genes, because it only carries a Spec® marker,
which was used to create a mutation in the mhaB1 gene. To address this, a Spec” from
pLS88 was inserted in pWW115, and the resulting plasmid was designated pStrep (158).
The potential mhaB1i and mhaB2i genes were PCR amplified using Platinum Pfx DNA
polymerase (Invitrogen). The primers used are described in Table 3.2, and these PCR
products were ligated into pStrep using T4 Ligase (New England Biolabs® Inc.).

Nucleotide Sequence Analysis

All plasmids were sequenced at the University of Michigan sequencing core

(http://seqcore.brcf.med.umich.edu/ Accessed 2014 Jun 8). The resulting
chromatograms were analyzed and assembled using the Sequencher software (Gene
Codes Corporation). Sequence analysis was performed using Vector NTI (Invitrogen™
Life Technologies™).
CDI Assays

The published CDI assays were adapted to fit M. catarrhalis (40, 133, 134, 153).
Moraxella catarrhalis strains were grown on TH agar plates overnight. The bacteria was
resuspended and diluted to an optical density at 600 nm (ODggo) of 0.2. The target and
inhibitor strains were then combined at the specified ratios. Time points were taken at 0
and 4 hours. During each of these time points, the ODg of cultures was recorded and
samples were serially diluted and plated. The inhibitor and target cells were
distinguished using antibiotic resistance markers unique to each strain.
Results

Testing MhaB1 and MhaB1i as a CDI System

To determine if mhaB1 and mhaB1i form a cdiA/cdil pair, we developed a CDI
assay from the literature to test inhibition based on the presence of MhaB1. All of the
MhaB1 assays were done in an MhaB2 negative background to ensure that any
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inhibition activity could be directly linked to MhaB1. In Figure 3.2, the ability of M.
catarrhalis O35E.B2KO (inhibitor) to inhibit O35E.B1B2.B1iKO (target) is tested. In this
experiment there were 1,000 inhibitor cells to 1 target cell. Additionally a control target
strain was included, O35E.B1B2KO to insure that the inhibition is due to the lack of
MhaB1i. When mhaB1iis knocked out the MhaB1" inhibitor strain is able to inhibit the
growth of the target strain (MhaB1™ MhaB1i’). This indicates that MhaB1 is a CdiA
inhibitor protein.

Next, we wanted to test if complementing the target strain (MhaB1™ MhaB1i’) with
pStrep.B1i (MhaB1i") could restore target strain growth. Figure 3.3 indicates that having
mhaB1i present on the plasmid is sufficient for preventing the growth inhibition
phenotype of MhaB1. The empty vector control had no effect on the growth inhibition.
Together, these experiments show that MhaB1 and MhaB1i form a functional CDI
system.

Testing MhaB2 and MhaB2i as a CDI System

The limitations of this experimental model system prevented testing MhaB2 and
MhaB2i in the same manner. This complication is addressed in the discussion of this
paper, but briefly an mhaB2i mutant could not be made and without this mutant the
previous experiments could not be repeated using MhaB2. Since the mhaB2i mutant
could not be constructed, a new target strain was needed. In an alternate strategy, wild
type strains that were previously identified to lack expression of MhaC, MhaB1, and
MhaB2 (41) were utilized as target strains. The plan was to identify wild type M.
catarrhalis strains were used as target strains in order to identify a strain sensitive to
both MhaB1 and MhaB2 and then complement sensitive isolates with pStrep.B2i
(MhaB2i"). It was determined that MhaB1 and MhaB2 both inhibit the growth of M.
catarrhalis TTA24 and this strain was used to test the ability of MhaB2 as a CDI protein.
The inhibitor strains were M. catarrhalis O35E lacking expression of MhaB1 or MhaB1
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and MhaB2 (Figure 3.4). The MhaB1 and MhaB2 double knockout was utilized as a
control to ensure any inhibition activity was due to the presence of MhaB2. After
confirming the inhibitory properties of MhaB2 using M. catarrhalis TTA24 as the target
strain, attempts were made to complement TTA24 with pStrep. Unfortunately, this strain
was not amenable to uptaking and/or replicating pStrep via both electroporation and
natural transformation.

Targeting Wild Type Strains of M. catarrhalis with MhaB1 or MhaB2

Since it is hypothesized that CDI systems are a mechanism for bacterial
competition, we investigated whether MhaB1 and MhaB2 could inhibit other wild type
strains, and if so, to determine if there were varying levels of susceptibility among M.
catarrhalis isolates. To do this, CDI assays were performed using O35E.B1KO,
O35E.B2KO0O, and O35E.B1B2KO as the inhibitor strains and various wild type clinical
isolates of M. catarrhalis as the target strains. These strains were combined at a ratio of
1 inhibitor cell to 1,000 target cells. The wild type strains were selected because they
lacked expression of MhaC and MhaB1 or MhaB2 had been previously tested (41).

MhaB1 and MhaB2 have the ability to target McGHS2, 11P29B1 and TTA24
strains, while 7P94B1, P44, and TTA37 are resistant to both MhaB1 and MhaB2 (Figure
3.5 and Figure 3.6). It was surprising that target strains 7P94B1, P44, and TTA37 were
not inhibited despite lacking reactivity to MhaC or MhaB antibodies (41). All of these
strains were tested with O35E.B1B2KO as the inhibitor to ensure that the observed
inhibition was due to the presence of MhaB1 or MhaB2 (data not shown).

Discussion

Contact dependent inhibition (CDI) is used for shaping a bacterial community by
providing a simultaneous mechanism for both competition (lack CDI) and cooperation
(posses CDI) amongst related bacteria. Moraxella catarrhalis is known to interact with
other bacteria, particularly H. influenzae and together these bacteria cooperate to resist
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clearance by the immune system (70). However it is not known if and how different M.
catarrhalis strains interact with one another. In this study we identified and
characterized the CDI system from M. catarrhalis O35E and determined that this CDI
system can indeed target other strains of M. catarrhalis.

The M. catarrhalis O35E CDI system is unique in that there are two inhibitor
proteins (MhaB1 and MhaB2) for one transporter (MhaC). Previous work determined
that MhaB2 is expressed under normal growth conditions, but MhaB1 cannot be
detected by western blot unless MhaB2 is knocked out (41). Interestingly enough,
MhaB2 is downregulated and MhaB1 is upregulated after 24 hours in the chinchilla
nasopharynx (82). This could indicate that MhaB2 is used to compete/cooperate with
bacteria under normal laboratory conditions, and MhaB1 is used to compete/cooperate
with bacteria under pathogenic conditions within a host.

MhaB1 has the VENN motif that is present in many of the CDI inhibitor proteins,
which led to the initial hypothesis that MhaB1 is part of a CDI system (40). Using M.
catarrhalis O35E, mutants were created to test MhaB1 as a CDI inhibitor protein. Our
data indicate that MhaB1 is an inhibitor protein, as it can cause growth inhibition of O35E
lacking expression of MhaB1 and MhaB1i (MhaB1 immunity protein) but cannot inhibit
growth when MhaB1i is intact. Additionally, the immunity gene (mhaB1i) was identified
and plasmid complementation of MhaB1i into the MhaB1/MhaB1i deficient O35E
rescues the strain from growth inhibition. From these data we conclude that MhaB1 and
MhaB1i form a functional CDI system. MhaB1 was expected to be more efficient at
inhibiting growth, but a downstream orphan immunity gene is able to provide partial
protection against the MhaB1-CT, a phenomenon has been demonstrated with other
CDI systems (142). When MhaB1i (186 amino acids) is aligned with the translated

orphan immunity gene (179 amino acids), they are over 70% identical with the last 110
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amino acids having 100% identity. Further studies are required to determine if this
orphan immunity gene truly provides partial protection against MhaB1 growth inhibition.

Attempts were made to characterize MhaB2 and its potential immunity protein in
the same manner as MhaB1. Multiple attempts were made to interrupt mhaBZ2i, but
none of these were successful. It appears that the mhaB2-CT is able to form a small
open reading frame on its own. In order to remove this portion of mhaB2 it would be
necessary to PCR amplify the immunity region and downstream sequence.
Unfortunately, this region is highly repetitive and we were unable to design primers that
would bind in one location and provide enough flanking region for recombining a mutant
construct into the M. catarrhalis genome. In order to create this mutation, more
sequence downstream of mhaB2i would be needed.

Previous work had tested a variety of M. catarrhalis clinical isolates for the
presence of MhaC and MhaB1/MhaB2 (41). Strains that did not react with MhaC or
MhaB antibodies were selected and used to determine if any of these strains were
susceptible to inhibition by MhaB1 and MhaB2. Both MhaB1 and MhaB2 consistently
inhibited McGHS2, 11P29B1, and TTA24. In order to determine if mhaB2i is the
immunity gene for MhaB2, attempts were made to add pStrep and pStrep.B2i to these
strains. However, these strains had not been previously tested to see if pWW115 could
replicate in them (48). The attempts to complement with pStrep and pStrep.B2i were
unsuccessful. While this was not the desired result, some interesting findings were
gleamed from these data.

First, while all of these strains (McGHS2, 7P94B1, 11P29B1, P44, TTA24, and
TTA37) appear to lack a CDI system, they display varying levels of susceptibility to
MhaB1 and MhaB2. It was expected that all of these strains would be susceptible to
contact dependent inhibition, but these data indicate that even though these bacteria
lack expression of the transporter and the large portion of the inhibitor protein they have

32



immunity proteins. We hypothesize that these strains actually possess immunity genes
in their genomes, but further studies with additional sequencing are required to
determine if these clinical isolates truly possess immunity genes or if this resistance
mechanism occurs through other methods.

This is the first study to demonstrate that Moraxella catarrhalis has a fully
functional CDI system with MhaB1 and MhaB2 acting as CDI inhibitor proteins. Our data
also indicate that MhaB1i is indeed the immunity protein for MhaB1, but further
experiments are required to conclusively demonstrate the potential MhaB2i is the
immunity protein for MhaB2. Interestingly, these two inhibitor proteins (MhaB1 and
MhaB2) share a common transporter protein (MhaC), indicating a unique relationship
that has not been demonstrated in other CDI systems. Finally, we demonstrate the
susceptibility of various M. catarrhalis clinical isolates to growth inhibition by MhaB1 and
MhaB2 in wild type M. catarrhalis O35E. Additional studies are needed to fully
understand how the CDI system in M. catarrhalis operates and to determine the exact
impact of this system on bacterial-bacterial interactions both under normal laboratory

conditions and within a host.
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Strain

Description

Source

M. catarrhalis

O35E
O35E.B1KO
O35E.B2KO

O35E.B1B2KO

O35E.B1B2.B1iKO

Wild type isolate from middle ear effusion
(Dallas, TX)

mhaB1 isogenic mutant of strain O35E, spec
mhaBZ2 isogenic mutant of strain O35E, zeo
mhaB1mhaB2 double isogenic mutant of
strain O35E, spec and zeo
mhaB1mhaB2mhaB1i triple isogenic mutant
of strain O35E, spec, zeo, and kan

E. Hansen (78)
This Study
This Study
This Study

This Study

McGHS2 Wild type disease isolate (Toledo, OH) G. Hageage (41)
Wild type isolate from the sputum of an adult

7P94B1 with COPD (Buffalo, NY) T. Murphy (160)

P44LN2 Wild type disease isolate (Johnson City, TN) S. Berk (102)

P44-80 Wild type disease isolate (Johnson City, TN) S. Berk (102)
Wild type isolate from tracheal aspirates of
patients with confirmed M. catarrhalis

TTA24 pneumonia (Johnson City, TN) S. Berk (78)
Wild type isolate from transtracheal aspirate  S. Berk (102,

TTA37 (Johnson City, TN) 103)

E. coli

Epi300 Cloning strain Epicentre

H. influenzae

DB117 Cloning strain (161)

Plasmid

pCC1 Cloning vector, cat Epicentre
pCC1 containing and expressing mhaC

pCC1.CB1i mhaB1 and mhaB1i, cat This Study
pCC1.CB1i with a deletion mutation in

pCC1.CB1KOi mhaB1, cat and spec This Study
pCC1.CB1KOi with an insertion mutation in

pCC1.CB1iKO mhaB1i, cat, spec, and kan This Study
pCC1 containing 2 kb upstream mhaB2 and

pCC1.B2i mhaB2i, cat This Study
pCC1.B2i with a deletion mutation in mhaB2,

pCC1.B2KOi cat and zeo This Study

pUC19 Cloning vector, ampicillin (amp) (162)
pUC19 with 2 kb upstream mhaB2 and

pUC19.B2KOi mhB2i sequence, amp and zeo This Study

pWW115 Cloning vector, spec (48)
pWW115 with a streptomycin resistance

pStrep cassette, spec and strep This Study

pStrep.B1i pStrep containing mhaB1i, spec and strep This Study

pStrep.B2i pStrep containing mhaB2i, spec and strep This Study

pSPECR Source of spectinomycin cassette (158)

pLS88 Source of streptomycin cassette (163)

pEM7Zeo Source of Zeocin™ cassette Invitrogen

pACYC184 Source of chloramphenicol cassette (159)

Table 3.1: Strains and Plasmids Used in this Study.
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Primer

Sequence

mhaB1i F
mhaB1i R
mhaB2i F
mhaB2i R

5-TGG GTG AAATCA TTA GAC ATATGA A-3'
5-TGA TGT CTT GTA AAT CAC CAT TGC-3'
5'-GCC ATG AAT GAT AAA AAC AAA CAC-3'
5-GGG TCT TTT GGT TCC TAA AAA TAA A-3'

Table 3.2: Primers Used in this Study.
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O35E.B2KO
(Inhibitor) 62 mhaC H mhaB1
Potential Potential
mhaB2i mhaB1i
0O35E.B1B2.B1iKO
(Target A) mhaC H
O35E.B1B2KO
(Target B) mhaC H

Figure 3.1: Moraxella catarrhalis O35E mutants used to test MhaB1 and MhaB1i
as a CDI system. Isogenic M. catarrhalis O35E mutants used to test if MhaB1 is a CDI
inhibitor protein. The inhibitor strain (O35E.B2KO0) is expressing MhaB1, MhaB1i, and
MhaB2i. The lack of MhaB2 expression ensures that any inhibition activity that occurs is
due to MhaB1 being expressing. Target A (O35E.B1B2.B1iKO) lacks expression of
MhaB1, MhaB2, and MhaB1i but expresses MhaB2i. It is expected that Target A will be
inhibited, because the MhaB1 immunity protein (MhaB1i) is not expressed. Target B
(O35E.B1B2) lacks expression of MhaB1 and MhaB2, but has both immunity genes

(mhaB1iand mhaB2i) intact. It is expected that growth will not be inhibited in this strain.
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Figure 3.2: MhaB1 as a CDI inhibitor protein. The inhibitor strain O35E.B2KO

Potential mhaB1i

expresses MhaB1 and MhaB1i. The inhibitor was combined with the target strains at a
ratio of 1,000:1 (inhibitor:target). As expected, O35E.B1B2.B1iKO (Target A) underwent
growth inhibition due to the MhaB1 immunity protein (MhaB1i) not being expressed
(Figure 3.1). The control, O35E.B1B2KO (Target B) (Figure 3.1) continued to grow due

to the presence of the intact mhaB1i gene.
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Figure 3.3: MhaB1i as a CDl immunity protein. The inhibitor strain, O35E.B2KO,
expresses MhaB1 and MhaB1i. This strain was combined with the various target strains
at a ratio of 1,000 inhibitor cells to 1 target cell. The first column represents the target
strain O35E.B1B2.B1iKO (Target A from Figure 3.1), which lacks expression of MhaB1
and MhaB1i and as expected growth is inhibited. The second column is also Target A
(Figure 3.1) except it also contains the empty vector pStrep and its growth is inhibited
also. The third column is the same strain, but instead of the pStrep it contains
pStrep.B1i and in this growth is not inhibited due to the presence of mhaB1i on the
plasmid. In the final column, the target strain is O35E.B1B2KO (Target B Figure 3.1),

which has mhaB1i intact and as expected growth is not inhibited.
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Figure 3.4: MhaB2 targets M. catarrhalis strain TTA24. MhaB2 is able to inhibit the

growth of M. catarrhalis strain TTA24. The first column is a combination of the inhibitor
strain O35E.B1KO (MhaB2") and the target TTA24 at a ratio of 1 inhibitor cell to 1,000
target cells. The second column is a combination of the inhibitor strain O35E.B1B2KO
and the target strain TTA24 at a ratio of 1 inhibitor cell to 1,000 target cells. O35E.B1KO
is able to inhibit the growth of the target TTA24, while the mutant lacking MhaB2
expression is unable to inhibit TTA24. TTA24 lacked expression of MhaC and

MhaB1/B2 by western blot, so presumably they lack the CDI system in M. catarrhalis.
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Figure 3.5: MhaB1 from O35E is able to target various wild type M. catarrhalis
strains. Various wild type isolates were selected from the isolates that had been
previously tested by western blot to determine if they had MhaC and/or MhaB1/MhaB2.
All of these target strains were presumed to lack the CDI system from M. catarrhalis.
The inhibitor strain for this assay is O35E.B2KO, which is expressing MhaB1 as the
inhibitor protein. The various M. catarrhalis strains are the target cells in this assay. The

inhibitor to target ratio was 1:1,000.
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Figure 3.6: MhaB2 from O35E is able to target various wild type M. catarrhalis
strains. Various wild type isolates were selected from the isolates that had been
previously tested by western blot to determine if they had MhaC and/or MhaB1/MhaB2.
Therefore, they presumably lacked the CDI system from M. catarrhalis. The inhibitor
strain for this assay is O35E.B1KO, which is expressing MhaB2 as the inhibitor protein
and the various M. catarrhalis strains are the target cells in this assay. The inhibitor to

target ratio was 1:1,000.
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CHAPTER 4
USE OF THE CHINCHILLA MODEL TO EVALUATE THE VACCINOGENIC
POTENTIAL OF THE MORAXELLA CATARRHALIS FILAMENTOUS

HEMAGGLUTININ-LIKE PROTEINS MhaB1 AND MhaB2

Shaffer TL, Balder R, Buskirk SW, Hogan RL, Lafontaine ER (2013) Use of the
Chinchilla Model to Evaluate the Vaccinogenic Potential of the Moraxella catarrhalis
Filamentous Hemagglutinin-like Proteins MhaB1 and MhaB2. PLoS ONE 8(7): e67881.
doi:10.1371/journal.pone.0067881

Reprinted here with permission of the publisher
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Abstract
Moraxella catarrhalis causes significant health problems, including 15-20% of otitis
media cases in children and ~10% of respiratory infections in adults with chronic
obstructive pulmonary disease. The lack of an efficacious vaccine, the rapid emergence
of antibiotic resistance in clinical isolates, and high carriage rates reported in children are
cause for concern. In addition, the effectiveness of conjugate vaccines at reducing the
incidence of otitis media caused by Streptococcus pneumoniae and nontypeable
Haemophilus influenzae suggests that M. catarrhalis infections may become even more
prevalent. Hence, M. catarrhalis is an important and emerging cause of infectious
disease for which the development of a vaccine is highly desirable. Studying the
pathogenesis of M. catarrhalis and the testing of vaccine candidates have both been
hindered by the lack of an animal model that mimics human colonization and infection.
To address this, we intranasally infected chinchillas with M. catarrhalis to investigate
colonization and examine the efficacy of a protein-based vaccine. The data reveal that
infected chinchillas produce antibodies against antigens known to be major targets of the
immune response in humans, thus establishing immune parallels between chinchillas
and humans during M. catarrhalis infection. Our data also demonstrate that a mutant
lacking expression of the adherence proteins MhaB1 and MhaB2 is impaired in its ability
to colonize the chinchilla nasopharynx, and that immunization with a polypeptide shared
by MhaB1 and MhaB2 elicits antibodies interfering with colonization. These findings
underscore the importance of adherence proteins in colonization and emphasize the
relevance of the chinchilla model to study M. catarrhalis-host interactions.
Introduction

Moraxella catarrhalis is a leading cause of otitis media worldwide along with
Streptococcus pneumoniae and non-typeable Haemophilus influenzae (NTHi) (1-8).
More than 80% of infants experience at least one episode of this disease by the age of
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three, and M. catarrhalis is the causative agent in ~20% of these cases. Likewise, otitis
media is the number one reason for which children are prescribed antibiotics (9, 10). In
the U.S., ~25 million visits are made annually to pediatrician offices for treatment of this
painful infection and of these, 3-5 million are precipitated by M. catarrhalis (1-8, 15, 52-
55). The annual costs associated with management of otitis media are upwards of $5
billion, and direct medical care expenditures alone account for $2-3 billion (1, 4, 7, 11-
15). The disease is a significant source of distress, as it produces a rapidly expanding
middle ear abscess that exerts pressure on the tympanic membrane and causes acute
stabbing pain. After the onset of otitis media, fluid persists in the middle ear for weeks to
months and interferes with hearing. Recurring ear infections are prevalent and occur
during the crucial period when a child is developing speech and language skills. Hence,
many children spend most of the first 2-3 years of life with some hearing impairment
because of multiple episodes of otitis media, which can delay the development of
communication and learning. The WHO has estimated that chronic/recurrent otitis
media occurs in 65-330 million people and is the major cause of hearing loss in
developing countries (16, 17). Clearly, otitis media is a significant health and economic
problem, and M. catarrhalis contributes substantially to this burden.

Moraxella catarrhalis is also the second most common cause of respiratory
infections in adults with chronic obstructive pulmonary disease (COPD) (14, 18-20).
This disease is the fourth leading cause of death in the U.S., surpassed only by heart
attack, cancer, and stroke (56). Each year ~10 million visits to physicians are related to
COPD, and the costs associated with treatment are enormous—direct medical care
costs alone are greater than $14 billion (21-24). Worldwide, COPD ranks as the fourth
leading cause of death, killing more people than TB or HIV/AIDS, and is predicted to be
third by 2030 (164, 165). The course of this debilitating disease is characterized by
intermittent exacerbations, half of which are caused by bacterial infections. These
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infections, of which M. catarrhalis causes ~10% of cases, contribute prominently to the
progression of COPD by augmenting inflammation, oxidative stress, and tissue damage
in the airways. In recent years, M. catarrhalis has also been increasingly associated
with diseases such as bronchitis, conjunctivitis, and sinusitis (5, 8, 14, 25-39). Long
considered to be a harmless commensal of the respiratory tract, M. catarrhalis is now
recognized as an important cause of infectious disease and a significant source of
morbidity.

Moraxella catarrhalis infections are a matter of concern due to the rapid
emergence of antibiotic resistance in clinical isolates, high carriage rates in children, and
the current lack of a vaccine. More than 90% of M. catarrhalis strains are now resistant
to B-lactams (61, 65-69, 166, 167), which are generally the first antibiotics prescribed to
treat otitis media. The genes specifying this resistance appear to be of Gram-positive
origin (63, 64) suggesting that M. catarrhalis can readily acquire genes conferring
resistance to additional antibiotics via horizontal gene transfer. Carriage rates as high
as 81% have been reported in children (8, 168). In one study, Faden and colleagues
analyzed the nasopharynx of 120 children over a two-year period and showed that 77%
of patients became colonized with M. catarrhalis (45). These investigators also
observed a direct relationship between colonization with M. catarrhalis and development
of otitis media. This high carriage rate, coupled with the emergence of antibiotic
resistance, suggests that M. catarrhalis infections may become more prevalent and
difficult to treat, emphasizing the need to improve our understanding of pathogenesis by
this understudied bacterium in order to identify targets for intervention and prevention.

To cause disease, M. catarrhalis must first colonize the nasopharynx and then
spread to distal sites such as the middle ear and the lower respiratory tract. Hence, one
key event that occurs early in pathogenesis by the organism is adherence to the
mucosal surface of the nasopharynx because it leads to colonization. Crucial to this

45



process are afimbrial adherence proteins (adhesins), which mediate binding of bacteria
to host cells (169-175). Moraxella catarrhalis expresses many afimbrial adhesins
including UspA1 (104), UspA2H (104), MhaB1 and MhaB2 (41), MchA1 and MchA2 (42),
Hag/MID (120, 122), OMPCD (127, 176) and McaP (125, 126). These molecules were
characterized by demonstrating a decrease in the adherence of mutant strains to human
airway cells in vitro, but their contribution to nasopharyngeal colonization, or utility as
vaccine antigens has not been evaluated in vivo. In the present study, we utilized a
chinchilla model to demonstrate that wild-type M. catarrhalis colonizes the nasopharynx
for seven days, a mutant lacking expression of the adherence proteins MhaB1 and
MhaB2 is impaired in its ability to colonize the nasopharynx, and immunization with a
polypeptide shared by MhaB1 and MhaB2 elicits antibodies impeding nasopharyngeal
colonization and promoting clearance.

Materials and Methods

Plasmids, Bacterial Strains, Growth Conditions, and Culture of Human Epithelial Cells in

vitro

Strains and Plasmids are described in Table 4.1. Wild-type (WT) M. catarrhalis
isolates were routinely cultured using Todd-Hewitt agar plates (THA, BD Diagnostic
Systems). The M. catarrhalis isogenic mutant strain O35E.B1B2 was propagated on
THA supplemented with 15 pg/mL spectinomycin and 5 yg/mL zeocin. The hag
transposon mutant O35E.TN2, the ompCD mutant strain O35E.CD1, and the uspA2
serum-sensitive mutant O35E.2 were cultured using THA containing 20 pg/mL
kanamycin. For colonization experiments, tissues and nasopharyngeal lavages
collected from infected animals were plated onto THA supplemented with 5 ug/mL
vancomycin and 2.5 pg/mL trimethoprim to suppress the growth of the chinchilla flora.
Escherichia coli was grown using Luria-Bertani (LB) medium (Fisher BioReagents)
containing 15 pyg/mL chloramphenicol or 100 ug/mL ampicillin. All stains were cultured
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at 37°C in the presence of 7.5% CO,. The human cell line HEp-2 (laryngeal epithelium;
ATCC CCL-23) was cultured as previously reported (125).

Recombinant DNA Methods, PCR and Cloning

Standard molecular biology techniques were performed as described elsewhere
(120, 125, 127, 157). Genomic DNA was obtained using the Easy-DNA™ kit
(Invitrogen™Life Technologies™). A 1-kb amplicon encompassing amino acids (aa) 72-
399 of the M. catarrhalis O35E MhaB1 protein was generated with primers P1 (5’-CGG
GAT CCG TTATTT CTG ACA GTC AAG CA-3’; BamHI site underlined) and P2 (5’-CGC
TCG AGT ATT ACC TTG CAA GTT GGC AGT-3’; Xhol site underlined). This DNA
fragment was excised from an agarose gel, purified with the High Pure PCR Product
Purification Kit (Roche Applied Science), restricted with the endonucleases BamH/I and
Xhol (New England Biolabs® Inc.), and ligated into the BamHI and Xhol sites of the
vector pGEX4T-2 (GE Healthcare Life Sciences) yielding plasmid pGEX-MhaB. This
plasmid was sequenced to verify that no mutations were introduced during PCR and to
confirm that the protein expressed from pGEX-MhaB corresponds to residue 72-399 of
M. catarrhalis O35E MhaB1 fused to an N-terminal Glutathione-S-transferase (GST) tag.
Plasmid DNA used as template in sequencing reactions was obtained with the QiAprep
Spin Miniprep Kit (Qiagen). A similar approach was used to obtain the plasmid pGEX-
McaP, which expresses residues 51-333 of M. catarrhalis O35E McaP joined to GST.
The PCR product cloned into pGEX-McaP was amplified with primers P3 (5'-CGG GAT
CCC AAG AAT TTA GCC AAA CCG TA-3’; BamHI site underlined) and P4 (5’-CGG
TCG AGT CCC TGA AGG GTG AAT TTT ATC AGC-3’; Xhol site underlined). Moraxella
catarrhalis O35E genomic DNA was used as the template in all PCR-based cloning
experiments.

Nucleotide Sequence Analysis
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Plasmids were sequenced at the University of Michigan sequencing core

(http://seqcore.brcf.med.umich.edu/ Accessed 2013 Jun 4). Chromatograms were

analyzed and assembled with the Sequencher software (Gene Codes Corporation).
Sequence analysis was performed using Vector NTI (Invitrogen™ Life Technologies™).

Protein Preparation

Outer membrane proteins were obtained from M. catarrhalis strains using the
EDTA procedure of Murphy and Loeb (177). The method used to prepare whole-cell
lysates is described elsewhere (178, 179). The His-tagged recombinant protein His-
MhaB was obtained as previously outlined by Balder et al. (41). The plasmids pGEX-
MhaB and pGEX-McaP were introduced in the E. coli strain TUNER™ (EMD Millipore)
for the purpose of overexpressing and purifying the recombinant proteins GST-MhaB
and GST-McaP, respectively. Expression was induced by adding isopropyl-B-p-
thiogalactopyranoside (IPTG, final concentration of 1mM) to broth cultures and
incubating for 5 hours at 37°C with agitation (200-rpm). Bacteria were pelleted, followed
by treatment with the BugBuster® HT protein extraction reagent (EMD Millipore)
supplemented with rLysozyme™ (EMD Millipore) under the recommended conditions.
Recombinant proteins were then purified using a GST Spin Purification Kit (Thermo
Scientific Pierce) per the manufacturer’s instructions. Protein concentrations were
determined with a bicichoninic acid (BCA) Protein assay kit (Thermo Scientific Pierce).

Analysis of Selected Antigens

Equivalent protein amounts were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were visualized by
staining gels with the ProtoBlue™ Safe reagent (National Diagnostics). Alternatively, the
resolved proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(EMD Millipore) for western blot analysis. After transfer, the PVDF membranes were
submersed in StartingBlock™ T20. After this incubation, the membranes were washed
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with Phosphate-Buffered Saline (PBS) supplemented with 0.05% (vol/vol) Tween 20,
followed by 1 hour incubation at room temperature with secondary Abs conjugated to
Horse Radish Peroxidase (HRP) diluted in StartingBlock™ T20. After washing off the
excess secondary Abs with PBS+0.05% Tween 20, protein bands were visualized by
chemiluminescence using the Luminata™ Crescendo Western HRP substrate (EMD
Millipore) and Foto/Analyst Luminary/FX imaging system (Fotodyne Inc.).

For ELISA, duplicate wells of Immulon™ 2HB plates (Thermo Scientific Nunc)
were coated overnight at 4°C with ~1 ug of purified GST-MhaB protein. Excess
unbound protein was removed by washing the wells with PBS+0.05% Tween 20, and the
wells were then filled with PBS+0.05% Tween 20 containing 3% (wt/vol) dry milk and
incubated for 1 hour at room temperature. After washing with PBS+0.05% Tween 20,
the wells were probed overnight at 4°C with primary Abs diluted in PBS+0.05% Tween
20+3% dry milk. After this incubation, the wells were washed with PBS+0.05% Tween
20, followed by overnight incubation at 4°C with secondary Abs conjugated to HRP and
diluted in PBS+0.05% Tween 20+3% dry milk. After washing off the excess secondary
Abs with PBS+0.05% Tween 20, 100 L of SureBlue™ TMB Microwell Peroxidase
Substrate (KPL) was added to wells. Color development indicative of antibody binding
was measured by determining the absorbance of well contents at a wavelength of 650
nm using a yQuant™ Microplate Spectrophotometer (BioTek®). End-point titers were
determined as described by Song et al. (180) and correspond to the highest fold dilution
giving an optical density at 650 nm greater than the mean value plus 3 standard
deviations of pre-immune samples.

Antibodies

The murine monoclonal Abs 10F3 [specific for the M. catarrhalis iron transport
protein CopB (132)], 5D2 [specific for the M. catarrhalis adhesin Hag (118)], 17H4
[specific for the M. catarrhalis serum resistance protein UspA2 (111)], and 1D3 [specific
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for the M. catarrhalis adhesin OMPCD (62)], His-tag® (EMD Millipore) and GST-Tag™
were used as primary Abs in western blot experiments in combination with goat anti-
mouse HRP (IgG+IgA+IgM) secondary Abs (SouthernBiotech). For experiments using
chinchilla samples as primary Abs (ELISA, Western Blot), goat anti-rat abs conjugated to
HRP were utilized for detection. Goat anti-rat HRP (IgG) and HRP (IgG+IgA+IgM) were
purchased from SouthernBiotech. Goat anti-rat HRP (IgA) Abs were obtained from
Bethyl Laboratories, Inc.

Adherence Assays

The WT M. catarrhalis strains O35E, O12E, and McGHS1 were preincubated for
30 min at 37°C with samples (serum, nasopharyngeal lavage fluids) collected from naive
and vaccinated chinchillas. These bacteria were then used to perform adherence
assays as previously described by Lipski and colleagues (126). Briefly, bacteria were
incubated for 30 min with HEp-2 human laryngeal cells seeded in 24-well tissue culture
plates at a multiplicity of infection of 100 bacteria to 1 epithelial cell. The infected cells
were then washed to remove unbound bacteria and treated with a solution containing
saponin. Well contents were mixed, serially diluted, and spread onto agar plates to
count colony-forming units (CFU). This value was used to calculate the number of
inoculated bacteria that bound to HEp-2 cells. The adherence of M. catarrhalis
preincubated with samples from control chinchillas (i.e. immunized with PBS) was set at
100%. The adherence of M. catarrhalis preincubated with samples from chinchillas
vaccinated with the His-MhaB protein is presented as the percentage (+ standard error)
of that of M. catarrhalis preincubated with samples from control chinchillas. These
assays were performed in triplicate in three or more separate experiments.

Intranasal Inoculation of Chinchillas with M. catarrhalis

The method used to inoculate the nasopharynx of chinchillas was adapted from
that described by Luke et al. (83), Bakaletz and colleagues (80), and more recently by
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Hoopman et al. (82). Healthy adult chinchillas (Chinchilla lanigera) were purchased from
Rauscher’s Chinchilla Ranch (LaRue, Ohio). Prior to inoculation the animals were
anesthetized by injecting ketamine (10 mg/kg, Fort Dodge®) and xylazine (2 mg/kg,
Lloyd Laboratories) intramuscularly (i.m.). Once anesthetized, the animals were placed
on their stomach. Using a 26 %2 gauge needle attached to 1 cc syringe, 0.2 mL of a M.
catarrhalis suspension containing ~1x10° CFU was delivered intranasally (i.n.) by
administering 5-10 pL droplets to alternating nasal openings and allowing droplets to be
brought into the nasopharynx by the animal’s breathing. A total volume of 0.1 mL was
administered per naris. Moraxella catarrhalis strains used to inoculate chinchillas were
cultured on THA for 16-20 hr at 37°C. These plate-grown bacteria were suspended to a
concentration of ~5x10° CFU/mL in PBS supplemented with 0.15% gelatin (PBSG) to
maintain the viability of the organism. The M. catarrhalis suspension was also diluted
and 100 pL aliquots were immediately spread onto THA supplemented with vancomycin
and trimethoprim to determine the number of CFU inoculated into the nasal passages of
the chinchillas. Back titration of inoculum was performed for all challenge experiments.

Viable M. catarrhalis was recovered from the nasopharynx of infected animals by
performing nasopharyngeal lavages or by collecting and homogenizing nasopharyngeal
tissues. Lavages were performed under anesthesia. Using a 1 cc syringe and a 26 %
gage needle, 0.5 mL of PBSG was delivered at the entrance of one naris (in form of 5-10
pL droplets) by passive inhalation and collected from the other naris (as it is exhaled)
utilizing a needle-free 1 cc syringe. Portions of these lavages were serially diluted and
plated onto THA supplemented with vancomycin and trimethoprim. After 24 hr
incubation at 37°C, CFU were counted to determine the number of viable M. catarrhalis
bacteria present in the fluids.

To harvest nasopharyngeal tissues, chinchillas were first anesthetized as
described above. While under anesthesia, the animals were euthanized by delivering 1
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mL Beuthanasia®-D solution (Schering-Ploug Animal Health) via cardiac injection. This
was accomplished by inserting 21 gauge, 1 ¥z inch needle into the chest cavity beneath
the xyphoid process and injecting the euthanasia solution into the heart. After
assurance of death, decapitation was performed. Standard dissection techniques were
used to remove the eyes, mandibles and soft tissues covering the skulls. Following this,
the heads were bisected along the nasal septum to expose the interior structure of the
nasopharynx. The mucosa of the nasopharynx and of the ethmoid and nasal turbinates
were collected, weighed, and placed in 2 mL of PBSG. The nasopharyngeal tissues
were then shredded, homogenized using a sterile glass dounce and pestle (Kimble
Chase Life Science and Research Products), serially diluted and plated onto selective
media to determine the number of viable M. catarrhalis organisms.

Immunization of Chinchillas

Serum and nasopharyngeal lavage fluids were collected from anesthetized
chinchillas prior to immunization. Nasal fluids were collected as described above and
stored at -80°C for later use. Blood was drawn by cardiac puncture. This was
accomplished by inserting 21 gauge, 1 7z inch needle into the chest cavity beneath the
xyphoid process and removing blood directly from the heart. The samples were allowed
to clot, centrifuged to remove red blood cells, and the sera were stored at -80°C. Blood
samples and nasopharyngeal lavage fluids were also collected on days 19 and 44 post-
immunization.

Vaccination was performed under anesthesia. Groups of chinchillas were
immunized with PBS (control animals) or 80 ug of the His-MhaB protein. PBS and
protein preparation were mixed with Complete Freund’s Adjuvant (CFA) in a 1:1 ratio
(vol/vol) and administered subcutaneously (s.c.). Booster vaccinations were performed
on days 23 and 72. Animals were boosted with PBS or 80 pg of His-tagged protein
mixed with Incomplete Freund’s Adjuvant (IFA).

52



Animal Research Ethic Statement

This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Institutional Animal Care and Use Committee of the
University of Georgia. All efforts were made to minimize suffering.

Statistical Analysis

The paired t test was used to analyze data from adherence assays. P values
<0.05 were found to be statistically significant. The results of nasopharyngeal
colonization experiments were examined with the Wilcoxon signed rank test. All
statistical analyses were performed using the Graph Pad Prism software.

Results

Use of the Chinchilla Model to Examine Colonization of the Nasopharynx by M.

catarrhalis

To study M. catarrhalis colonization and persistence in vivo, we developed the
ability to utilize the chinchilla model of nasopharyngeal colonization. Figure 4.1 shows
the results of calibration experiments in which chinchillas were inoculated intranasally
(i.n.) with 10° colony-forming units (CFU) of the wild-type (WT) isolate O35E. At the
indicated times post-infection, animals were anesthetized and nasopharyngeal lavage
fluids were collected, diluted and spread onto selective agar plates to suppress the
growth of the chinchilla flora and accurately count viable M. catarrhalis CFU. Following
this, chinchillas were euthanized and nasopharyngeal tissues were harvested, weighed,
homogenized, diluted, and plated. After overnight incubation at 37°C, CFU were
counted to determine the number of viable M. catarrhalis bacteria present in lavage
fluids and tissues. The results shown in Figure 4.1 demonstrate that we obtain
reproducible and consistent numbers, comparable to those reported by Luke et al. for
the WT isolate 7169 (83) and Hoopman and colleagues for strain O35E (82).

53



After establishing the model, we tested the hypothesis that mutants lacking
expression of adherence proteins will not colonize as effectively as WT M. catarrhalis.
To accomplish this, cohorts of chinchillas were challenged with WT M. catarrhalis O35E
and the mutant strain O35E.B1B2, which is unable to express the filamentous
hemagglutinin-like proteins MhaB1 and MhaB2 (41). These molecules are associated
with the outer membrane of M. catarrhalis and are secreted in a Two-Partner Secretion
manner via the outer membrane protein MhaC. MhaB1 and MhaB2 are involved in
adherence to several human epithelial cell types that are relevant to the pathogenesis of
M. catarrhalis (lung, laryngeal, conjunctival). The adhesins also resemble the
filamentous hemagglutinin FHA, which is the major colonization factor of Bordetella
pertussis and a component of all vaccines that are currently licensed for use in children
to protect against whooping cough (CDC website. Available:
http://www.cdc.gov/vaccines/pubs/pinkbook/downloads/pert.pdf. Accessed 2013 Jun 4).
Figure 4.2 shows that lack of expression of MhaB1 and MhaB2 causes an 18.5-fold
reduction in the number of viable M. catarrhalis bacteria recovered from nasopharyngeal
tissues 72 hr post-infection. These results indicate that the filamentous hemagglutinin-
like proteins are involved in M. catarrhalis ability to colonize and persist in the chinchilla
nasopharynx. Lavages (prior to collecting tissues) were not performed in these
experiments in order to generate a single value representing the total number of bacteria
present in the nasal passageways at the experimental end-point.

Use of the Chinchilla Model to Perform Vaccine Studies

To test the hypothesis that a vaccine containing M. catarrhalis adherence
proteins protects against colonization in vivo, chinchillas were immunized
subcutaneously (s.c.) with a recombinant form of MhaB1 and MhaB2. Three
independent vaccination trials were performed and the experimental timeline is depicted
in Figure 4.3. The recombinant protein used to immunize chinchillas corresponds to aa
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72-399 of MhaB1 fused to six N-terminal histidine residues. This portion of MhaB1 is
99% identical to aa 72-99 of MhaB2 in all M. catarrhalis isolates characterized to date,
and murine Abs against this polypeptide were previously shown to react with both
MhaB1 and MhaB2 (41). This shared region of MhaB1 and MhaB2 also displays
sequence similarity to the portion of B. pertussis FHA that is a component of all licensed
vaccines for whooping cough (data not shown).

Serum and nasopharyngeal lavage fluids were collected from chinchillas and
analyzed by western blot and ELISA. The results are shown in Figure 4.4 and
demonstrate that the animals produced serum Abs reacting with the adhesins in the
outer membrane of M. catarrhalis (Figure 4.4A) and with a GST-tagged version of
MhaB1/MhaB2 (Figure 4.4B and 4.4D). The data also indicate that chinchillas
developed mucosal Abs binding to the shared region of MhaB1 and MhaB2 (Figure
4.4C). Serum and lavage fluids from the control animals vaccinated with PBS did not
contain Abs against the adhesins (data not shown). Following this, we performed in vitro
adherence assays in which M. catarrhalis was incubated with serum or lavage fluids
from immunized chinchillas prior to infecting HEp-2 laryngeal cells. These experiments
revealed that chinchilla Abs against MhaB1 and MhaB2 significantly decrease the
adherence of multiple WT M. catarrhalis isolates to epithelial cells (Figure 4.5A and
4.5B). The data also indicate that this inhibitory effect is dependent on the concentration
of Abs.

After confirming that chinchillas produced Abs against MhaB1 and MhaB2, and
demonstrating that these Abs interfere with adherence to airway cells, we challenged the
animals with ~10° CFU of the WT O35E and determined bacterial loads in
nasopharyngeal tissues three days post-infection. Figure 4.6 shows that vaccination
with the His-tagged MhaB protein causes a 9.3-fold reduction in the number of viable M.
catarrhalis bacteria recovered from the nasopharynx of chinchillas compared to sham-
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immunized animals. These results substantiate the data obtained when comparing the
ability of the mutant O35E.B1B2 to colonize the nasopharynx to that of it progenitor
strain O35E (Figure 4.2). The results also support the hypothesis that a vaccine
containing M. catarrhalis adherence proteins will elicit the production of Abs blocking
colonization and promoting clearance.

Moraxella catarrhalis Proteins Targeted by the Chinchilla Immune Response During

Colonization

To gain more insight into the immune response of the chinchilla to M. catarrhalis,
we inoculated four animals i.n. with 10° CFU of the WT strain O35E on three consecutive
occasions (21 days apart). Seven days after the last challenge, serum samples were
collected and analyzed by western blot. Figure 4.7 shows that chinchillas produced Abs
against several M. catarrhalis antigens during colonization including the iron acquisition
protein CopB, the serum-resistance factor UspA2, and the adhesins OMPCD and Hag.
Of significance, these four molecules have been shown to be major targets of systemic
and mucosal antibody responses in humans (62, 119, 160, 181-186). Infected
chinchillas did not produce detectable levels of Abs against the shared region of MhaB1
and MhaB2 (data not shown).
Discussion

The success of the immunization program against S. pneumoniae and has
placed more emphasis on M. catarrhalis as a frequent cause of ear infections.
Vaccination of children with Prevnar®, which contains capsular polysaccharides from
seven different S. pneumoniae serotype strains, affords protection against otitis media
caused by the organism (57% efficacy) (187). Likewise, an investigational vaccine
containing the capsule of 11 distinct S. pneumoniae serotype strains conjugated to
protein D of H. influenzae was shown to reduce the incidence of ear infection caused by
S. pneumoniae (57% efficacy) and NTHi (35% efficacy) (188). Significantly, Synflorix™,
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a capsule-protein D conjugate vaccine comprising capsular polysaccharides from 10
different S. pneumoniae serotype strains, was licensed in Europe in 2009. While these
studies demonstrate that prevention of otitis media can be achieved, the widespread
administration of capsule-protein D conjugate vaccines protecting against both S.
pneumoniae and NTHi, along with the continued expansion of the S. pneumoniae
vaccination program (a version of Prevnar® covering 13 capsule serotypes was licensed
in 2010), will result in M. catarrhalis becoming an even more prevalent cause of
infectious disease. Evidence of such a shift has been observed in children with otitis
media as well as in children and adults with sinusitis (59, 60, 189). Therefore, the
prevention of M. catarrhalis infections would make a significant contribution to improving
children’s health. Though otitis media would be the primary target, a vaccine against the
organism would also be of value to adults at high risk of infection, especially those with
COPD.

Moraxella catarrhalis is an exclusively human associated organism and studying
pathogenesis, as well as the stringent testing of vaccine candidates, has been hindered
by the lack of an animal model that mimics human infection. To date, the most
commonly used model has been a pulmonary clearance test in which bacteria are
deposited in the lungs of mice (72-78). Viable organisms are enumerated by aseptically
removing the lungs, homogenizing the tissues, and spreading dilutions of the
homogenates onto agar plates. While this model has provided important data, it is
limited to measuring the rate at which bacteria are cleared over a very short period of
time because M. catarrhalis persists for <24-hr in the murine lungs. Another drawback is
that mice do not develop pneumonia. Hence, the rapid clearance and failure to cause
disease limit the usefulness of this model.

Recent studies have demonstrated the value of the chinchilla to examine M.
catarrhalis host-pathogen interactions in vivo (70, 80-83). Following intranasal
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inoculation, M. catarrhalis causes symptoms of disease (inflammation of the tympanic
membrane, middle ear effusions) and colonizes the nasopharynx for ~2 weeks (80-82).
Therefore, chinchillas provide an advantage over the mouse pulmonary clearance test in
that M. catarrhalis persists in their nasopharynx for several days. This imparts greater
confidence in the data obtained by comparing the difference in colonization between two
experimental conditions (vaccinated vs. sham-vaccinated animals, WT vs. mutant
strains) as it provides a more physiologically relevant time frame to monitor bacterial
clearance. The chinchilla model has been an invaluable tool to study the pathogenesis
of NTHi and S. pneumoniae and to develop vaccines for these organisms (84-87). The
course of disease (nasopharyngeal colonization, ascension of the Eustachian tubes,
development of middle ear effusions, clearance of fluids, return to homeostasis) is
similar to that in children with otitis media (88-93). Immunological parallels between
chinchillas and humans have been demonstrated. For example, middle ear fluids
collected from chinchillas and children infected with NTHi contain Abs that bind to the
same antigenic determinants of the adhesion OMP P5 (94). Chinchillas also produce
homologs of human antimicrobial peptides, and at least two of them (cBD-1 and
cCRAMP) have been shown to have bactericidal activity against M. catarrhalis (95-98).
Kerschner and colleagues analyzed host cDNA libraries generated from the middle ear
mucosa of chinchillas infected with NTHi, and discovered that the cDNA sequences
displayed greater phylogenetic similarities to human genes than to other rodent species
(99-101). These investigators also noted similarities with human infection in the pattern
of host defense genes expressed in chinchilla tissues. Our data showing that chinchillas
infected with M. catarrhalis produce Abs against antigens known to be major targets of
the immune response in humans further underscore the usefulness of the model (Figure
4.7). To our knowledge, this is the first demonstration of immunological parallels
between chinchillas and humans during M. catarrhalis infection.
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We discovered that lack of expression of the flamentous hemagglutinin-like
proteins MhaB1 and MhaB2 decreases recovery of viable M. catarrhalis cells from the
chinchilla nasopharynx approximately 20-fold (Figure 4.2). This reduction is most likely
caused by a defect in adherence to the airway mucosa. MhaB1 and MhaB2 mediate
adherence to respiratory cells in vifro and resemble FHA, the major adhesin and
colonization factor of B. pertussis (41). Moreover, Abs against MhaB1 and MhaB2
reduce in vitro adherence of M. catarrhalis (Figure 4.5) and decrease the number of
viable organisms recovered from the nasopharynx of chinchillas infected with the WT
strain O35E (Figure 4.6). Taken together our data suggest that MhaB1 and MhaB2 are
critical factors for colonization. Hoopman and colleagues recently used the chinchilla
and DNA microarray technology to determine global transcriptome expression by M.
catarrhalis in vivo (82). More than 100 ORFs of strain O35E, including mhaB1, were
found to be upregulated 24-hr after introducing the organism in the nasopharynx.
Another 200 genes were shown to be downregulated, and the ORF specifying MhaB2
(MchA1) exhibited some of the highest levels of repression. Therefore, it is tempting to
speculate that lack of MhaB1 is responsible for the reduced number of viable
O35E.B1B2 cells recovered from the chinchilla nasopharynx during our colonization
experiments (Figure 4.2). However, the contribution of MhaB2 cannot be ruled out. The
transcriptome analysis showing decreased mhaB2 expression levels were performed
with samples collected 24-hr post-inoculation, whereas we calculated bacterial loads in
the nasopharynx 3 days after infection. It is possible that expression of mhaB2 (and
mhaB1) changes during this 48-hr period. Interestingly, microarray data also indicate
that expression of the uspA2 and hag genes is downregulated (82). The western blot
results of Figure 4.7 show that infected chinchillas produce Abs against UspA2 and Hag,
demonstrating their expression in vivo. Clearly, understanding the individual contribution
of MhaB1 and MhaB2 to colonization and persistence is a key area for future study.
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Although lack of MhaB1 and MhaB2 reduces the recovery of viable O35E.B1B2
cells from the chinchilla nasopharynx, the mutant retained colonization capabilities
(Figure 4.2), which implies that additional factors contribute to this process. Luke et al.
used the chinchilla model to show that a type IV pilus mutant of M. catarrhalis strain
7169 does not colonize as effectively as the WT parent isolate (83). The pilus-negative
mutant exhibited 7.67-, 2.56-, and 9.6-fold reductions in recovery of viable organisms
from nasopharyngeal, nasoturbinate, and ethmoid turbinate tissues, respectively. The
mutant also showed lower adherence to epithelial cells in vitro (83). Strain O35E
expresses a type IV pilus (190), which presumably contributed to colonization in our
experiments. Our laboratory demonstrated that M. catarrhalis has strict tropism for
ciliated cells of the human respiratory tract and that the autotransporter adhesin Hag is
responsible for this phenotypic trait (122). Brockson and colleagues recently reported
that M. catarrhalis exhibits similar ciliotropism in the chinchilla nasal passageways (81).
Hag may therefore play a role in colonization and persistence. Other potential
colonization factors include UspA1 (binds to human CEACAM-1 receptor (106, 110,
191), chinchillas express a homologue of human CEACAM-1 shown to be necessary for
colonization by NTHi (192)) and genes that are a part of the truncated denitrification
regulon, specifically MC ORF1550 (encodes a protein of unknown function, highly
upregulated in the chinchilla nasopharynx 24-hr post inoculation, mutation in the gene
causes a decrease in the ability of strain O35E to survive in the chinchilla nasopharynx
over a 3-day period (82).

The results of vaccination experiments validate the role of MhaB1 and MhaB2 as
critical factors for colonization. Subcutaneous immunization with a polypeptide common
to both molecules elicits the production of serum Abs reacting with the proteins in the
outer membrane of M. catarrhalis (Figure 4.5A). Vaccinated animals also develop
mucosal Abs binding to the shared region of MhaB1 and MhaB2 (Figure 4.5C). These
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Abs not only block M. catarrhalis adherence in vitro, but also reduce nasopharyngeal
colonization of the WT strain O35E by one order of magnitude (Figure 4.6). The MhaB
proteins function as adhesins and mediate a key step in pathogenesis by M. catarrhalis.
To cause disease, the organism must first colonize the nasopharynx and then spread to
distal sites such as the middle ear and the lower respiratory tract. Hence, adherence to
the mucosal surface of the nasopharynx is critical. MhaB1 and MhaB2 are surface-
located and thus are readily accessible to Abs and the host immune response. In
addition, the proteins are well conserved among clinical isolates of diverse clinical and
geographical origins (41, 42). Therefore, MhaB1 and MhaB2 possess many attributes of
excellent vaccine candidates. Our results showing that Abs against the shared region of
MhaB1 and MhaB2 blocks adherence of multiple WT M. catarrhalis isolates suggests
that immunization with the proteins will have broad-spectrum activity. Of note, this
shared region of MhaB1 and MhaB2 displays sequence similarity to the portion of B.
pertussis FHA that is a component of all vaccines that are currently licensed for use in
children to protect against whooping cough. Future studies will be aimed at exploring
the vaccinogenic potential of MhaB1 and MhaB2 with adjuvants that readily translate to
human studies, immunization routes that promote robust mucosal immunity, measuring
colonization at multiple intervals post-inoculation, and testing additional M. catarrhalis
isolates.
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Table 4.1: Strains and Plasmids Used in this Study.

Strain Description Source

M. catarrhalis

O35E WT isolate from middle ear effusion (Dallas, TX)  (111)

O35E.B1B2 mhaB1mhab2 double isogenic mutant of strain (41)
O35E, spectinomycin and zeocin resistant

O35E.TN2 hag transposon mutant of strain O35E, (121)
kanamycin resistant

O35E.2 uspA2 isogenic mutant of strain O35E, (111)
kanamycin resistant

O35E.CD1 ompCD isogenic mutant of strain O35E, (127)
kanamycin resistant

O12E WT isolate from middle ear effusion (Dallas, TX) (104)

McGHS1 WT isolate from patient with respiratory infection (120)
(Toledo, OH)

E. coli

EPI300™ Cloning strain for recombinant DNA methods Epicentre®

(Numina®)

TUNER™ Expression strain for protein purification EMD Millipore
purposes

Plasmids

pGEX4T-2 Protein expression vector, ampicillin resistant GE Healthcare

Life Sciences

pGEX-MhaB pGEX4T-2 expressing O35E MhaB1 aa 72-399 This Study
joined to a GST N-terminal tag (GST-MhaB),
ampicillin resistant

pGEX-McaP pGEX4T-2 expressing O35E McaP aa 51-333 This Study
joined to a GST N-terminal tag (GST-McaP),
ampicillin resistant

PRBHis.Mha pETcoco-1 expressing O12E MhaB1 aa 72-399 (41)

B.72.399 joined to 6 N-terminal histidine residues (His-

MhaB), chloramphenicol resistant
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Figure 4.1: Recovery of WT M. catarrhalis O35E from the nasopharynx of
chinchillas. Animals were inoculated with ~1x10° CFU. Results are expressed as the
mean (x standard error) CFU/mL (lavage fluids, black bars) or CFU/g (nasopharyngeal
tissues, open bars). Each column represents at least 4 animals, and each experimental

condition was tested on at least two separate occasions.
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Figure 4.2: Recovery of M. catarrhalis from the nasopharynx of chinchillas three
days post-infection. Animals were inoculated with ~1x10° CFU. Results are
expressed as the mean (+ standard error) CFU/g of nasopharyngeal tissues. Strains
were tested in parallel on two separate occasions. Each column represents 12 animals.
The asterisk indicates that the reduction in the number of bacteria is statistically

significant (Wilcoxon signed rank test).
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Figure 4.3: Timeline of vaccination experiments.
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Figure 4.4: Western blot and ELISA analysis of samples from chinchillas

immunized with the His-tagged MhaB protein. Western blot (panels A, B, C):

Equivalent protein amounts were resolved by SDS-PAGE, transferred to PVDF and
probed with the indicated primary and secondary Abs. Post-boost serum and lavage
samples taken on Day 44 of the vaccination experiments (see Figure 4.3) were pooled
and used as primary Abs at the dilution shown in parentheses. Goat a-rat Abs
conjugated to HRP were used as secondary Abs. Panel A: western blot of outer
membrane protein preparations from the WT M. catarrhalis strain O35E and the
mhaB1mhaB2 mutant O35E.B1B2. Panels B and C: western blot of the purified
recombinant proteins GST-tagged MhaB and GST-tagged McaP (used as a negative
control). Arrows indicate proteins specifically reacting with chinchilla Abs a-

MhaB1/MhaB2. MW markers are shown to the left in kDa. ELISA (panel D): Individual

serum samples were serially diluted and place in duplicate wells of plates coated with
GST-tagged MhaB. Goat a-rat Abs conjugated to HRP were used as secondary Abs.
The results are expressed as the mean (£ standard deviation) end-point titer of samples
from n=12 animals. Individual titers were determined using pre-immune samples as
background. Open bars correspond to pre-boost samples taken on Day 19 of the
vaccination experiments while black bars represent post-boost samples collected of Day

44 (see figure 4.3).
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Figure 4.5: Inhibition of adherence with samples from chinchillas immunized with
His-tagged MhaB protein. The WT M. catarrhalis strains O35E, O12E, and McGHS1
were preincubated for 30 min at 37°C with pooled samples from chinchillas sham-
vaccinated with PBS (black bars) or with pooled samples from chinchillas immunized
with His-tagged MhaB at dilutions of 1:50, 1:100, 1:200, and/or 1:2000. These bacteria
were then used to perform adherence assays. The adherence of M. catarrhalis
preincubated with samples from chinchillas vaccinated with PBS was set at 100%. The
adherence of M. catarrhalis preincubated with samples from chinchillas immunized with
His-tagged MhaB is expressed as the percentage (x standard error) of that of M.
catarrhalis preincubated with samples from chinchillas vaccinated with PBS. Assays
were performed in triplicate on three separate occasions. The asterisks indicate that the
reduction in adherence is statistically significant (P values <0.05, paired t test). Post-
boost samples taken on Day 44 of vaccination experiments (see Figure 4.3) were pooled

and used in these assays.
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Figure 4.6: Recovery of WT M. catarrhalis O35E from the nasopharynx of
immunized chinchillas three days post infection. Results are expressed as the
mean (x standard error) CFU/g of nasopharyngeal tissues (note the log scale). The
asterisk indicates that the reduction in the number of bacteria is statistically significant
(Wilcoxon signed rank test, P value is shown in parentheses). Control and His-tagged
MhaB groups were tested in parallel on three separate occasions. Each column

represents 12 animals (groups of n=4 animals/experiment).
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Figure 4.7: Western blot analysis of serum from chinchillas inoculated with the
WT M. catarrhalis strain O35E. Equivalent amounts of whole cell lysates (WT M.

catarrhalis O35E, uspA2 KO strain O35E.2, hag transposon mutant strain O35E.TN2,
and ompCD KO strain O35E.CD1) were resolved by SDS-PAGE, transferred to PVDF

and probed ith the indicated primary Abs. Panels A and B: Pre- and post-infection

serum samples were pooled and used as primary Abs at a dilution of 1:250. Goat a-rat
IgG conjugated to HRP were used as secondary Abs. Controls: The murine monoclonal
Abs 10F3 (Panel C, a-CopB), 5D2 (Panel D, a-Hag), 17H4 (Panel E, a-UspA2), and 1D3
(Panel F, a-OMPCD) were used as primary Abs in combination with goat a-mouse HRP-
(lgG+IgA+IgM) secondary Abs. These controls were included to verify the identity of
proteins recognized by post-infection chinchilla serum in panel B. MW markers are

shown to the left in kDa.
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CHAPTER 5
CONCLUSION
There is a need for a vaccine against M. catarrhalis due to the antibiotic
resistance of most strains and the increase in infections caused by M. catarrhalis. While
the immunization program against S. pneumoniae has been successful, it has also
resulted in an increase in otitis media cases caused by M. catarrhalis. When children
are vaccinated with Prevnar®, which contains capsular polysaccharides from seven
different S. pneumoniae serotype strains, they gain protection against otitis media
caused by the organism (57% efficacy) (187). Similarly, an investigational vaccine
against S. pneumoniae and nontypeable H. influenzae was shown to reduce the
incidence of ear infections caused by S. pneumoniae (57% efficacy) and nontypeable H.
influenzae (35% efficacy). This vaccine contains the capsule of 11 distinct S.
pneumoniae serotype strains conjugated to protein D of H. influenzae (188). Finally,
Synflorix™ was licensed in Europe in 2009. This is a capsule-protein D conjugate
vaccine comprising capsular polysaccharides from 10 different S. pneumoniae serotype
strains. These studies demonstrate that prevention of otitis media can be achieved.
Studies indicate the widespread administration of protecting against both S. pneumoniae
and nontypeable H. influenzae and the continued expansion of the S. pneumoniae
vaccination program (a version of Prevnar® covering 13 capsule serotypes was licensed
in 2010) will result in M. catarrhalis infections being even more prevalent. In addition to
this shift being observed in otitis media cases the shift has also been observed in both
children and adults with sinusitis (59, 60, 189). Therefore, the prevention of M.

catarrhalis infections would make a significant contribution to improving children’s health.
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Though otitis media would be the primary target, a vaccine against the organism would
also be of value to adults at high risk of infection, especially those with COPD.

To our knowledge contact dependent inhibition (CDI) systems have not been
used as targets for vaccine development, but in this study we test the potential of MhaB1
and MhaB2, CDI inhibitor proteins, as vaccine candidates. Initially, MhaB1 and MhaB2
were identified as adhesins for M. catarrhalis due to the decrease in adherence of
mutants lacking MhaB1 and/or MhaB2 expression (41, 42). Upon further study, MhaB1
and MhaB2 were identified as potential inhibitor proteins for a CDI system. It was
common for CDI inhibitor proteins to be characterized as adhesins before CDI systems
were identified (40, 133). In the CDl field, it is common belief that any adherence
properties CDI proteins have are a due to them being “sticky.” Since these proteins
adhere to other bacterial cells during CDI, it is necessary for them to have adherence
properties. Regardless of whether MhaB1 and MhaB2 are truly involved in adherence,
they are CDI proteins and play an important role in colonization and are good vaccine
targets as demonstrated in Chapter 4 (156).

While CDI systems have not been used as vaccine targets, the inhibitor proteins
have many of the desired characteristics of a successful vaccine candidate. The
inhibitor proteins are surface-exposed, have been demonstrated to be involved in
pathogenesis, and the majority of the protein is well conserved within species (40, 43,
133, 134, 142). For these reasons, we characterized and tested the vaccine potential of
the dual CDI system in M. catarrhalis.

One interesting aspect of the CDI system from M. catarrhalis is there are two
inhibitor proteins, MhaB1 and MhaB2, and while each has their own immunity protein,
but they share the same transporter, MhaC. Thus, M. catarrhalis is capable of deploying
two distinct inhibitors proteins using the same CDI system machinery. Using wild type
M. catarrhalis O35E, MhaB1 was determined to be an inhibitor protein and its cognitive
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immunity protein (MhaB1i) was identified (Figure 3.2). Expression of MhaB1i from a
plasmid rescued the mutant lacking expression of MhaB1i from growth inhibition (Figure
3.3). We anticipated that there would be more inhibition by MhaB1; however, there is an
orphan immunity gene downstream of mhaB1/mhaB1i, which has a high degree of
similarity to mhaB1i. MhaB1iis 186 amino acids, and the orphan immunity protein is
179 amino acids. When these sequences are aligned the last 110 amino acids have
100% identity and overall the two proteins have over 70% identity. Previous work by
Poole et al. demonstrated that these orphans could provide partial protection in other
systems (142). We hypothesize that this partial protection is also occurring in the
system we used to test MhaB1. To further evaluate whether this orphan immunity gene
provides protection; two potential experiments could be performed. One method would
be to generate a new mutant using our current mutant (lacks expression of MhaB2,
MhaB1, and MhaB1i) by interrupting the ORF of the Orphan immunity gene with another
unique antibiotic cassette. The other option would be to remove the entire mha locus
and the downstream orphan pairs, then use pWW115 to express the desired immunity
genes and use these as the target strain.

Unfortunately, determining if MhaB2 is an inhibitor protein was more difficult. A
mutant lacking expression of its cognitive immunity protein (MhaB2i) could not be
generated. We were successful in using wild type isolates of M. catarrhalis as target
strains for growth inhibition by MhaB2. These strains were selected because they had
previously been shown to lack expression of MhaC and MhaB1/B2 (41). Since these
strains lacked expression of the conserved parts of the CDI system, we hypothesized
that they would be sensitive to inhibition by MhaB2. Interestingly enough, not all strains
were sensitive (Figure 3.2) to inhibition by MhaB2. The strains that were sensitive to
inhibition by both MhaB1 and MhaB2 (Figure 3.4) were selected for further study. These
two strains, McGHS2 and TTA24, have not been well studied and it was not known if the
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plasmid pStrep could replicate in these strains. Attempts to transform pStrep into these
strains using both electroporation and natural transformation were unsuccessful. While
MhaB2 was shown to be a CDI protein, MhaB2i was not conclusively demonstrated to
be its cognate immunity protein. Based on the fact that mhaB2 could be cloned in E. coli
with the potential mhaB2i (Table 3.1, plasmid pCC1.B2i), we are confident that mhaB2i
has been identified and future work will conclusively demonstrate this. Currently | am
collaborating with Dr. Hayes’ (leader in the CDI field) laboratory to identify the activities
of MhaB1 and MhaB2. Though the process of determining the activity of MhaB2, the
identification MhaB2i will be confirmed.

While testing wild type M. catarrhalis strains, we discovered that the strains had
different levels of susceptibility. All of the strains tested were used as target strains
because it was believed that they lacked the CDI system. We anticipated that all strains
would be sensitive to inhibition by MhaB1 and MhaB2. This was not the case, because
P44LN2 and TTA37 were resistant to inhibition by MhaB1 (Figure 3.5) and 7P94B1 was
resistant to inhibition by MhaB2 (Figure 3.6). In the future, we would like to expand the
strains tested to include strains that have expression of MhaC and MhaB1/B2 in order to
see if these also have varying levels of susceptibility. Also, using primers that
correspond to mhaC and the identical portion of mhaB1 and mhaB2, we would like to
see if there are any remnants of the conserved portions of the CDI system in the strains
that lack expression of MhaC and MhaB1/B2. In addition to characterizing the CDI
system in M. catarrhalis, we also wanted to test the vaccine potential of these proteins.

Next, the vaccine potential of MhaB1 and MhaB2 were examined, but this
required an animal model. Due to M. catarrhalis being an exclusively human associated
organism studying pathogenesis and the stringent testing of vaccine candidates has
been hindered by the lack of an animal model that mimics human infection. To date, the
most commonly used model has been a pulmonary clearance test in which bacteria are
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deposited in the lungs of mice (72-78). Following inoculation of the lungs, they are
removed aseptically, the tissues are homogenized, and dilutions of the homogenates are
spread onto agar plates to enumerate viable organisms. While this model has provided
important data, it is limited to measuring the rate at which bacteria are cleared over a
very short period of time because M. catarrhalis persists for <24-hr in the murine lungs.
Another drawback is that mice do not develop pneumonia. Hence, the rapid clearance
and failure to cause disease limit the usefulness of this model.

Following models developed for S. pneumoniae and nontypeable H. influenzae,
recent studies examining M. catarrhalis host-pathogen interaction in vivo have
demonstrated the value of the chinchilla model (70, 80-83). Moraxella catarrhalis is able
to cause symptoms of disease following intranasal inoculation and colonize the
nasopharynx for ~2 weeks (80-82). Therefore, chinchillas provide an advantage over
the mouse pulmonary clearance test in that M. catarrhalis persists in their nasopharynx
for several days providing a biologically relevant window to study infection. In addition,
this imparts greater confidence in the data obtained by comparing the difference in
colonization between two experimental conditions (vaccinated vs. mock-vaccinated
animals, WT vs. mutant strains). The chinchilla model has been an invaluable tool to
study the pathogenesis of nontypeable H. influenzae and S. pneumoniae and to develop
vaccines for these organisms (84-87). The course of disease is similar to children
suffering from otitis media. Nasopharyngeal colonization is established, followed by
ascension into the Eustachian tubes, development of middle ear effusions, clearance of
fluids, and finally the return to homeostasis when the bacteria are cleared (88-93).
Immunological parallels between chinchillas and humans have been demonstrated. For
example, middle ear fluids collected from chinchillas and children infected with
nontypeable H. influenzae contain antibodies that bind to the same antigenic
determinants of the adhesion OMP P5 (94). Kerschner and colleagues analyzed host
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cDNA libraries generated from the middle ear mucosa of chinchillas infected with
nontypeable H. influenzae, and discovered that the cDNA sequences displayed greater
phylogenetic similarities to human genes than to other rodent species (99-101). These
investigators also noted similarities with human infection in the pattern of host defense
genes expressed in chinchilla tissues. Our data showing that chinchillas infected with M.
catarrhalis produce antibodies against antigens known to be major targets of the
immune response in humans further underscore the usefulness of the model (Figure
4.7). To our knowledge, this is the first demonstration of immunological parallels
between chinchillas and humans during M. catarrhalis infection.

We discovered that lack of expression of the filamentous hemagglutinin-like
proteins MhaB1 and MhaB2 decreases recovery of viable M. catarrhalis cells from the
chinchilla nasopharynx approximately 20-fold (Figure 4.2). This reduction is most likely
caused by a defect in adherence to the airway mucosa or the loss of the CDI system,
which may play a role in bacterial cell-to-cell communication. Our data supports MhaB1
and MhaB2 being involved in adherence. MhaB1 and MhaB2 mediate adherence to
respiratory cells in vitro and resemble FHA, the major adhesin and colonization factor of
B. pertussis (41, 42). Moreover, antibodies against MhaB1 and MhaB2 reduce in vitro
adherence of M. catarrhalis (Figure 4.5) and decrease the number of viable organisms
recovered from the nasopharynx of chinchillas infected with the WT strain O35E (Figure
4.6). Taken together our data suggest that MhaB1 and MhaB2 are critical factors for
colonization.

Recently the chinchilla model and DNA microarray technology was used to
determine global transcriptome expression by M. catarrhalis in vivo by Hoopman and
colleagues (82). Among the upregulated genes was mhaB1. There were more than 100
ORFs of strain O35E upregulated 24-hr after introducing the organism in the
nasopharynx. In addition, another 200 genes were shown to be downregulated. In this
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group mhaB2 (mchA1) exhibited some of the highest levels of repression. Due to these
findings, it is tempting to speculate that lack of MhaB1 is responsible for the reduction of
viable M. catarrhalis O35E.B1B2 cells recovered from the chinchilla nasopharynx during
our colonization experiments (Figure 4.2). However, the contribution of MhaB2 cannot
be ruled out, because the transcriptome analysis showing decreased mhaB2 expression
levels were performed with samples collected 24-hr post-inoculation, whereas we
calculated bacterial loads in the nasopharynx 3 days after infection. It is possible that
expression of mhaB2 (and mhaB1) changes during this 48-hr period. Interestingly,
microarray data also indicate that expression of the uspA2 and hag genes is
downregulated (82). The western blot results of Figure 4.7 show that infected chinchillas
produce antibodies against UspA2 and Hag, demonstrating their expression in vivo.
Clearly, understanding how MhaB1 and MhaB2 contribute to colonization and
persistence is a key area for future study and this knowledge will help improve the
understanding of M. catarrhalis and CDI systems.

The results of vaccination experiments validate the role of MhaB1 and MhaB2 as
critical factors for colonization. Subcutaneous immunization with a polypeptide common
to both molecules elicits the production of serum antibodies reacting with the proteins in
the outer membrane of M. catarrhalis (Figure 4.5A). Vaccinated animals also develop
mucosal antibodies binding to the shared region of MhaB1 and MhaB2 (Figure 4.5C).
These antibodies not only block M. catarrhalis adherence in vitro, but also reduce
nasopharyngeal colonization of the WT strain O35E by one order of magnitude (Figure
4.6). The MhaB1 and MhaB2 proteins are involved in colonization and mediate a key
step in pathogenesis by M. catarrhalis. To cause disease, the organism must first
colonize the nasopharynx and then spread to distal sites such as the middle ear and the
lower respiratory tract. Hence, the ability to colonize the mucosal surface of the
nasopharynx is critical. MhaB1 and MhaB2 are surface-located and thus are readily
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accessible to antibodies and the host immune response. In addition, the proteins are
well conserved among clinical isolates of diverse clinical and geographical origins (41,
42). Therefore, MhaB1 and MhaB2 possess many attributes of excellent vaccine
candidates. Our results showing that antibodies against the shared region of MhaB1
and MhaB2 blocks adherence of multiple WT M. catarrhalis isolates suggests that
immunization with the proteins will have broad-spectrum activity. Of note, this shared
region of MhaB1 and MhaB2 displays sequence similarity to the portion of B. pertussis
FHA that is a component of all vaccines that are currently licensed for use in children to
protect against whooping cough.

Future studies will be aimed at exploring the vaccinogenic potential of MhaB1
and MhaB2 with adjuvants that readily translate to human studies, immunization routes
that promote robust mucosal immunity, measuring colonization at multiple intervals post-
inoculation, and testing additional M. catarrhalis isolates. In addition to these studies,
we would like to test the colonization ability of mutants that express full length MhaB1
and MhaB2, but have point mutations so these proteins lack CDI activity. This would
help to answer the question of their role in the colonization process. If they are involved
in adherence, the colonization process should not be affected. If it is the CDI activity
that is promoting the colonization there should be a decrease in colonization.

This project was the first time to our knowledge that a CDI system was tested for
its vaccinogenic potential, the first time a CDI system was tested in an animal model,
and the first time chinchillas were used in a vaccine study for M. catarrhalis. In addition,
we were able to demonstrate that M. catarrhalis has a CDI system with two inhibitor
proteins, MhaB1 and MhaB2. This is the first time a CDI system has been characterized
where there are two inhibitor proteins that share the same transporter. MhaB1 and
MhaB2 from M. catarrhalis O35E are able to inhibit the growth of other strains of M.
catarrhalis to varying degrees. Moreover, MhaB1 and MhaB2 play an important role in
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the colonization process of the chinchilla nasopharynx. When the chinchillas were
vaccinated with MhaB, they produced antibodies against MhaB. These antibodies not
only caused a decrease in colonization in vivo, but also could block adherence by M.
catarrhalis to human epithelial cells in vitro. Together all these data demonstrates

MhaB1 and MhaB2 are very promising vaccine candidates.
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