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ABSTRACT

Moraxella bovis, Moraxella catarrhalis and Nontypeable Haemophilus influenzae (NTHI) are

Gram-negative, oxidase positive, pathogenic microorganisms.

M. bovis causes Infectious Bovine Keratoconjunctivitis, known (IBK) as ‘pink-eye’ in cattle
worldwide. The disease is of economic importance as it leads to substantial economic loss in
the cattle and dairy industries. There are antibiotic treatments available to treat M. bovis
associated infections, but they tend to be ineffective at controlling disease outbreaks.
Importantly, the current series of antibiotics used to treat IBK have shown occurrence of
resistance due to beta-lactamase enzyme produced by the bacteria. There does exist a pilin-
based vaccine for IBK which has been approved for use in Australia, although it is problematic

because it is not protective against all strains of M. bovis.

M. catarrhalis and NTHi are human respiratory tract opportunistic pathogens responsible for
otitis media in children and exacerbate chronic obstructive pulmonary disease in adults. Similar
to M. bovis, both bacteria have been shown to produce B-lactamase, which has led to the
emergence of antibiotic resistance. There is no licenced vaccine for M. catarrhalis or NTHi

infections.

In the past two-decades studies on M. catarrhalis lipooligosaccharide (LOS) have suggested
that this cell surface glycolipid could potentially be incorporated into vaccines. This is based
on immunogenicity in a mouse model and role in adherence and invasion of host epithelia and

serum resistance. It is also conserved among strains.

M. bovis lipooligosaccharide (LOS) is not well studied. Structural analysis of wild-type M.
bovis strain Epp63 oligosaccharide (OS from LOS) have identified the core OS as containing
eleven sugar residues, including Kdo (the number of Kdo residues is still unknown) with a
branched structure. Interestingly, this core OS has an unusual terminal open chain (1S)-
GalaNAc residue and lacks heptose residues in its inner core. Recent studies have also
elucidated the structure of the cell surface glycans in other strains (M. bovis Mb25 capsule and

M. bovis Epp63 LOS), but whether the unusual structural features are present in other strains
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of M. bovis, was not known. This study elucidated the OS structure and identified the presence
of capsular polysaccharide in M. bovis strains Mb25 and L183/2. NMR spectroscopy of the OS
from M. bovis Mb25 and L183/2 showed that the structural characteristics of Epp63 and Mb25
strains are shared and that L183/2 OS lacks the terminal (1S)-GalaNAc residue. Strain L183/2
has the same capsular polysaccharide as strain Mb25, namely unsulfated chondroitin, whereas

strain Epp63 does not express a capsule.

. Kdo

. Glep

O Galp
© (S)-GalaNAc

M. bovis strain L183/2 OS

The biological activity of M. bovis Epp63 LOS and the role LOS play in causing disease is not
known, therefore a series of biological assays were investigated using OS mutants with varying
glycan length. It was identified that LOS truncation affected M. bovis Epp63 susceptibility
towards the antibiotics novobiocin and chloramphenicol, but not to nalidixic acid, polymyxin
B, rifampin, Tween 20, Triton X-100 or vancomycin. Highly truncated Epp63 OS mutant was
found to be susceptible to the bactericidal activity of bovine serum. The growth rate of wildtype
L183/2 was significantly slower than that of wild-type Mb25 or Epp63, however, the Epp63
OS mutants showed reduced growth rates compared to the wild-type. Limulus amebocyte lysate
(LAL) assay revealed that L183/2 (1.3 x10* EU/mL) and Mb25 (8.9 x 10° EU/mL) had
significantly higher toxicity than Epp63 (3.8 x 10° EU/mL; p<0.0001 when compared to
L183/2 and Mb25) or Epp63 mutant OS strains (p<0.0001 when compared to L183/2 and
Mb25). LOS truncation (from mutant Epp63 strains) affected bacterial interaction with
mammalian cells, with increasing truncation inversely correlating with bacterial adherence to
Chang conjunctival and HeLa cells. Adherence assays revealed that the Epp63 strain had lower
adherence levels than Mb25 or L183/2 strains to Chang or HelLa cells, which decreased with
OS truncation. L183/2 was found to exhibit higher levels of adherence than Mb25 or Epp63 to
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the cell lines. These observations collectively indicate that the OS moiety of the LOS is a
significant component in facilitating membrane integrity to preserve normal cell growth and
colonisation, maintaining complement resistance of the bacteria to bovine serum and
susceptibility towards hydrophobic agents/antibiotics. Interestingly, it also suggests that the
OS may possibly play a role in toxicity, at least as measured by LAL assay (lipid A structure

of the mutants needs to be elucidated in-order to conclusively indicate OS role).

Unlike M. bovis, there is already substantial information known about M. catarrhalis LOS.
This information has been exploited here towards vaccine studies utilising M. catarrhalis LOS.
Firstly, we investigated the biological role of M. catarrhalis LOS to confirm its suitability as a
vaccine antigen. The outer membrane glycan from M. catarrhalis 2951 and 3292 wild-type and
29511gt1/4A mutant strains was isolated, O-deacylated and conjugated to an outer membrane
protein (rOMP26VTAL) from NTHi via an adipic dihydrazide linker; to produce the vaccine
candidates referred to as 2951dLOS-rOMP26VTAL, 3292dLOS-rOMP26VTAL and
29511gt1/4AAdLOS-rOMP26VTAL, respectively. This allowed us to design a single vaccine that
would be effective against both M. catarrhalis and H. influenzae.
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Three subcutaneous immunizations using 2951dLOS-rOMP26vVTAL and 3292dLOS-
rOMP26VTAL induced an antibody response to their respective serotype antigens and to
rOMP26VTAL and NTHi. Confirming the efficacy of the conjugate vaccine, three subcutaneous
immunizations using 29511gt1/4AdLOS-rOMP26VTAL elicited an antigen-specific 19G
response to all antigens tested (antigens from serotypes A, B, rOMP26VTAL and NTHi).
Antisera from serotype A and B conjugates induced bactericidal activity against their
respective serotype-specific strains, with no cross-reactivity observed. Antisera from
29511gt1/4AdLOS-rOMP26VTAL immunisation showed protective efficacy against serotype A
and B strains. These results indicate that 2951lgt1/4AdLOS-rOMP26VTAL is a promising

vaccine candidate, but requires further investigation in a challenge model.

Overall, the studies within this thesis show that M. bovis OS has a role in bacterial attachment,
sensitivity towards bactericidal activity of bovine serum and endotoxin activity of tested
strains. This thesis also shows that M. catarrhalis LOS is an important bacterial antigen that
can be utilised for vaccine development. Additionally, OMP26, being highly-conserved across
NTHi strains and immunogenic makes it the ideal carrier protein for respiratory related vaccine
development. Combining the LOS from M. catarrhalis and the rOMP26VTAL from NTHi
paves the path for the development of a single vaccine that may prevent respiratory infections

caused by these two predominant pathogens.
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Introduction and Literature Review
1.1 Gram-Negative Bacteria

1.1.1 Gram-Negative Bacterial Mechanisms of Pathogenesis

Bacteria are classified as Gram-positive or Gram-negative, depending on the cell walls physical
and chemical properties. Gram-positive bacteria have a simpler cell wall structure comprised
of a thick peptidoglycan layer. However, Gram-negative bacteria have an extra outer
membrane that is distinctive due to the cell surface of this membrane consisting of complex
mixtures of carbohydrates, lipids (lipopolysaccharides (LPS)/lipooligosaccharides (LOS); see
Section 1.1.2) and proteins (1-3). The pathogenicity of many Gram-negative bacteria amongst
other factors, has been associated with this outer layer of the bacteria (2). Immunogenicity
studies have identified outer membrane proteins (OMP) and LPS/LOS as important surface
components that are virulence factors (4,5). OMPs have been implicated in diverse functions
in Gram-negative bacteria, the most important being the role played towards bacterial
adaptation to the external environment (6). LPS/LOS are known to be major components
responsible for most of the toxicity with this group of bacteria (1). It has also been observed
that LPS/LOS are unique to specific bacterial strains, and contribute to their antigenic

properties (1-3).

1.1.2 Lipopolysaccharide/Lipooligosaccharide

The major components of the external leaflet of the outer membrane of Gram-negative bacteria
are extensively decorated with endotoxins or LPS/LOS (2,3). These lipoglycans are the first
line of defence for bacteria against a series of antimicrobial agents and environmental factors
(3). LPS is known to be sensed by the innate immune system in humans, triggering a cellular
response (7). The general architecture of LPS structure is classified into three regions
consisting of a lipid A, a core polysaccharide and an outer O-polysaccharide (O-specific chain
or O-antigen, see Figure 1.1A). Whereas, LOS structure lacks an outer O-polysaccharide,

consisting only of a lipid A attached to a core oligosaccharide (OS) (Figure 1.1A).

The lipid A portion of LPS/ LOS has several important roles. The most significant role being
the toxicity of Gram-negative bacteria (8). It is the innermost of the three regions of LOS that
anchors the molecule to the outer membrane due to its hydrophobic nature (8). Typically, the
lipid A (Figure 1.1B) is composed of a disaccharide backbone (B-D-GIcN-(1-6)-a-D-GIcN)
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carrying two phosphate groups (to create a negatively charged outer membrane) at positions 1
and 4 of the saccharides and acyl chains (fatty acids) at positions 2 and 3 of each
monosaccharide (2,9). Patterns of acylation and phosphorylation differ between species (2,9).
LPS/LOS can also produce bisphosphate and phosphoethanolamine groups appended at the 1
and 4 position of the lipid A (10). Phosphoethanolamine plays a role in antimicrobial resistance
(e.g. Polymyxin B and cationic antimicrobial peptides) (11). Generally, there are up to four
acyl chains attached to each sugar by ester or amide linkages, but again the acyl chains vary in
number and position between species (see Figure 1.1B) (2). The number and length of the acyl
chains present and the phosphorylation state of the disaccharide backbone is the major
determinant of endotoxicity (2,3). Studies with synthetic lipid A structures with variant acyl
chains and phosphorylation patterns have identified that lipid A structures with one phosphate
at either the 1 or 4 position show ~1000-fold less activity compared to natural lipid A of E. coli
containing two phosphate groups (2). Additionally, the number of phosphate groups have a role
in the inflexibility and tightness of the outer membrane leading to bacterial resistance to
external stressors (such as temperature, pH value, antibiotics and antimicrobial peptides) (12).
Commonly acyl chains in lipid A have 10-16 carbon atoms, but longer chains do exist and may
have a hydroxyl group at the C-3 position (2). The lipid A in Gram-negative bacteria is linked
(at position 6 of non-reducing GlcN of lipid A) to a core OS (inner core) via 3-deoxy-D-manno-
octulosonic acid (Kdo) (Figure 1.1) (2). Kdo is found exclusively in Gram-negative bacteria
and some plant species (8). There can be one to three Kdo residues found in the LPS/LOS (8).
It has been proposed that a derivative of Kdo D-glycero-D-talo-oct-2-ulopyranosonic acid (Ko)
replaces one of the Kdo residues in some bacteria such as Burkholderia cepacia and Yersinia
pestis (8).
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Figure 1.1. Schematic diagram of general structure of LPS/LOS and detailed lipid A
structure of E. coli. (A) LPS structure of Gram-negative bacteria containing lipid A, inner
core, outer core (core OS), and O-antigen regions forming smooth type LPS. Gram-negative
bacteria expressing rough type structure for LOS containing comparatively few sugar residues
(lipid A-core OS), as O-antigen is absent. (B) The lipid A of E. coli consisting of a -D-GIcN-
(1-6)-a-D-GIcN disaccharide backbone, two phosphate groups (red) and acyl chains (numbers
indicating length). The hydroxyl group on the distal glucosamine links the lipid A to the core
OS via Kdo residues (green). Diagram adapted from Cullen et al. (2011) (9).
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The outer core is linked to the O-antigen; this region contains repeats of OS subunits made up
of 1-8 sugar units, with individual chains varying by up to 50 repeat subunits in length (3). The
O-antigen is responsible for maintaining the hydrophilic domain of LPS and is much longer
than the core-polysaccharide (3). The O-antigen in LPS of the Gram-negative cell wall is the
major antigenic determinant site that is recognised by the innate arm of the immune system (2).
There are variations between strains and species of Gram-negative bacteria in the composition
of sugars in O-antigen, as it has been noted that 20 different sugars are known to occur
(2,3,8,13). Most of the sugars are unique dideoxyhexoses, for example 3,6-dideoxyhexoses,
4,6-dideoxy-hexose and 2,3,6-trideoxyhexose which are found at the non-reducing end of LPS
(3,8). Antigenic strains of Gram-negative bacteria exist due to the variations in sugar content
of the O-antigen, particularly the sugars in the terminal region, as they encode the
immunological specificity of O-antigen (3). Certain strains carry a mutation in the well
conserved ‘rbf” locus, which is responsible for the synthesis of the O-antigen region in smooth-
type bacteria (2). Enteric Gram-negative bacteria inhabiting the gastrointestinal tract tend to
express repetitive O-side chains to form a hydrophilic surface to prevent solubilisation by
intestinal enzymes, lipids in the sulcus entericus, and bile. While bacteria inhabiting the
respiratory and genital mucosa have hydrophobic membrane surface and are susceptible to
solubilisation by intestinal enzymes, lipids in the sulcus entericus, and bile (14). The presence
of O-antigen or smooth-type strain is termed LPS, while lipoglycans lacking O-antigen region
due to a rbf locus mutation display a rough phenotype, termed LOS (8). There are functional
differences in bacterial organisms that express LOS, compared to LPS. Enterobacterial LPS
show sensitivity towards normal human serum, whereas pathogenic species such as Neisseria,

expressing LOS, enhance resistance to killing mediated by the normal human serum (14).

1.1.3 Outer Membrane Proteins

The double membrane surrounding Gram-negative bacteria is comprised of the cytoplasmic
membrane (phospholipid bilayer) and outer membrane (proteins, phospholipids and LPS) (6).
The OMPs are found in the outermost layer that usually is in the form of lipoproteins, anchored
to the membrane via N-terminally attached lipids or integral membrane proteins (15).
Additionally, OMPs play diverse roles, either as a channel for nutrient transfer, receptors and
enzymes and most significantly as virulence adhesion sites (6,15,16). Like any other proteins
OMPs are synthesised in the cytoplasm by ribosomes (16). Many integral proteins are

transmembrane [3-barrel in structure and function as receptors (e.g., TonB-dependent receptors
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FhuA, FepA in E. coli), channels, porins (e.g., LamB, PhoE in E. coli) and communicators to
the extracellular environment as transport machines. These are vital for maintaining the
integrity and selective permeability of the outer membrane (6,15,16). Most importantly the
production of OMPs is often regulated via environmental factors that promote adaptability of
the pathogen to a specific environment and consequently play a role in bacterial pathogenesis
(16).

1.1.4 The Innate Immune System
The innate immune response is the first line of defence against pathogens; aimed at preventing

the colonisation of pathogens and thereby preventing infections. LPS is a key constituent
component inducing response of the innate immune system, even at picomolar concentrations
(17). Toll-like receptor four (TLR4) with MD2 on the surface of macrophages and dendritic
cells are the main pattern recognition receptors (PRRs) for pathogen-associated molecular
pattern molecules (PAMPs) like LPS, with the initial recognition of LPS by LPS-binding
protein (LBP) and CD14 complex (7,18,19). PAMPs are a various set of conserved microbial
components that share a number of different general patterns/structures that alert the innate
immune receptors to destroy intruding pathogens (20). Serum proteins are involved in the
recognition and binding to LPS to induce a cellular response (18,19). A ~60 kDa serum protein
LBP (a glycoprotein that is a member of lipid binding proteins and structurally consists of N-
terminal and C-terminal barrel domains with a central domain) forms a complex with LPS upon
detection of LPS during infection and the complex is subsequently transferred to another LPS
binding protein, CD14 (cell surface protein which functions as a ligand binding protein)
(7,18,19). CD14 are present in serum as a soluble form or as a GPI-anchored membrane protein
on myeloid cells, functioning as either a delivery system of LPS to TLR4-MD2 or LPS-
mediated endocytosis of TLR4-inducing TRIF dependant signalling cascade resulting in the
production of interferon (19). Structural characterisation of CD14 has identified the presence
of N-terminal hydrophobic pockets and secondary clusters on the entrance of the pocket;
representing the LPS-binding site (19). The transfer of LPS to TLR4-MD2 complex triggers
the innate immune response, which consequently results in cytokine production, inflammation,
complement system and effector cells clearing the pathogen (Figure 1.2) (18,19). When there
is a severe bacterial infection, where the concentration of LPS is high, or during rapid increase
of LPS, there is an increased uncontrolled innate immune response, resulting in an

inappropriate release of pro-inflammatory cytokines (TNF-a, IL1-B) which causes tissue
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damage and in severe cases sepsis or septic shock (organ failure; which can result to death)
(8,19).

Some OMPs are known to be highly conserved across strains. OMP A from
Enterobacteriaceae (21), OMP CD from Moraxella catarrhalis (22) and OMP26 from
Nontypeable Haemophilus influenzae (NTHi) (23) are some of the many OMPs that have been
identified to be crucial, in terms of vaccine development for these respective bacteria.
Similarly, OMPs being usually a highly-conserved structure and playing a role in virulence are
classified as PAMPS and activate dendritic cells and macrophages by binding to the PRR-
TLR2 and inducing TLR2-dependent cellular activation (21). The innate response interacts and
contributes to an adaptive immune response that then works together to eliminate the invading

pathogenic organisms (24).
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Figure 1.2. LPS/OMP-mediated activation of host innate immune response: LBP-CD14-
mediated LPS transfer to TLR4-MD2 triggers an innate immune response, resulting in
inflammation, cytokine production and clearing of bacterial pathogens by the complement
system and effector cells. Diagram adapted from Mortellaro et al. (2015) (25).

1.1.4.1 Specific Molecular Interactions Between Lipid A/TLR4/MD2/CD14 Complex
elucidated by X-Ray Crystal Structure Analysis
The Lipid A region of the glycolipids LPS/LOS is hydrophobic in nature and is attached to

long branched hydrophilic carbohydrate chains. Due to their amphipathic nature, LPS/LOS
aggregate or form micelles in an aqueous environment (26). LPS/LOS extraction and

monomerization by accessory proteins LBP and CD14 enhance detection of the glycolipid by
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the TLR4-MD2 complex (Figure 1.3B) (26). LBP which binds and delivers LPS to CD14 is a
soluble class | acute-phase protein (18). Structural studies recently determined the crystal
structure of LBP (Figure 1.3A) (18,19). Total internal reflection fluorescence analysis (TIRF)
reveals that LBP has an elongated structure (consisting of N- and C-terminal domains) with
very high affinity for longitudinal binding (N-terminal domain) to the surface of LPS/LOS (18).
The C-terminal domain of LBP transfers LPS/LOS to CD14 (19). This C-terminal domain is
also involved in mediating the interaction between LBP and CD14 (19). This interaction
between LBP and CD14 has been identified to be very brief, in-fact only lasting hundreds of
milliseconds (19). TIRF analysis of CD14 has shown it to be horseshoe-shaped (Figure 1.3A)
with an N-terminal hydrophobic pocket and secondary hydrophobic cluster outside this pocket,
which serves as a putative binding site for LPS/LOS (18,19,27,28). After the transfer of
LPS/LOS molecule to CD14, the LBP D patch which is near the C-terminal groove mediates
the dissociation of CD14-LPS/LOS, which then is subsequently transferred to TLR4-MD2
complex in a TLR-dependent manner (19,29). The LBP retains its binding to LPS/LOS and
recruits another CD14 (18,19). Soluble MD2 receives a single LPS/LOS from CD14-LPS/LOS
complex and activates a stable 1:1 complex with TLR4 (crystal structure identified it to be in
a horseshoe-shaped manner) (19,30). The dissociated CD14-LPS/LOS interacts with the C-
terminal domain of TLR4 (19). MD2 presents in a B-cup fold structure consisting of large
hydrophobic pockets (18,19). The LRR13-LRR15 domains which are located close to the
entrance of the MD2 hydrophobic pocket form a complex with either LPS, CD14 or both that
then initiates LPS/LOS transfer to MD2 (18,19). The LRR13-LRR15 domains (point of direct
contact between two TLR molecules forming an M-shaped dimer of the TLR-MD2-LPS
complexes; see Figure 1.3) in TLR4 are essential in the transfer of LPS/LOS from CD14 to
MD2, however CD14 has the capability to transfer limited LPS to MD2 without the
involvement of TLR4 (19). The LRR13-LRR15 domains also play an important role in
interaction with the phosphate groups of lipid A and dimerization of the TLR4-MD2 complex
upon LPS/LOS binding (19). The dimerization of the TLR4-MD2 complex results in the
cytosolic TIR domains (of TLR4) coming into close proximity in order to recruit downstream
adapter molecules such as MyD88, TIRAP, TRIF and TRAM (19,31). Ultimately this
signalling cascade triggers transcriptional regulators such as IFN regulatory factors, AP-1 and

NF-kB to express genes involved in host immune response (19,31).
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Figure 1.3. Innate immune response - transfer cascade of LPS/LOS by LBP and CD14 to
TLR4/MD2 complex. (A) Crystal structure, in order of appearance from left to right, of LBP,
CD14, TLR4/MD2 complex and TLR4/MD2/LPS or LOS complex. (B) 2D class
representation of LBP binding to LPS/LQOS, electrostatic interaction of LPS/LOS bound LBP
to CD14. Disassociation of CD14-LPS/LOS from LPB by electrostatic repulsion, following
interaction of CD14-LPS/LOS with LRR13-15 domain of TLR4 to transfer LPS/LOS to
TLR4/MD2. Two TLR4/MD2 complexes form into a M-shaped dimer upon binding of
LPS/LOS resulting in expression of genes responsible for the signalling cascade of the host
innate immune response. Diagram adapted from Kim et al. (2017) (18).

1.1.5 The Adaptive Immune System

The adaptive immune system is sophisticated and provides a specific response towards a
pathogen (24,32). The main role of the adaptive immune response is to eliminate the invading
pathogen and any harmful by-products they produce (32). The adaptive immune response is
activated by the innate immune response when PAMPs (e.g., OMP, LPS or LOS) of the
invading pathogens are recognised by PRRs (24,32,33). The adaptive immune response is
mounted by lymphocytes, B-cells and T-cells (24,32,33). Antibody responses are governed by
B-cells and cellular responses by T-cells (24,32,33). In an antibody response, B cells are

activated to secrete antibodies (immunoglobulins) that circulate in the bloodstream and other
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bodily fluids targeting the specific foreign molecule that induced their production
(18,24,32,33). In a cell-mediated immune response, T cells either directly respond to presented
foreign molecules that are on the surface of infected cells or induce activation of macrophages
to phagocytose the infecting pathogens (32,33).

Before B-cells become antibody secreting cells a CD4+ T-cell specific for the target antigen
must first be activated (Figure 1.4) (24,33). Antigen presenting cells (APCs) such as
macrophages and dendritic cells capture foreign antigens and present it to T-lymphocytes
(24,32). T-cells recognise antigens that are bound to certain receptors called MHC class | or
MHC class Il (24,32-34). These MHC molecules are present on the surface of APCs. CD4+
T-cells (helper T-cells) recognise antigens that are bound to MHCII molecules on the surface
of APCs and CD8+ T-cells (cytotoxic T-cells) recognise antigens that are bound to MHCI
molecules on the APC surface (24,32-34). Helper T-cells activate B cells when they recognize
the appropriate peptide:MHC class Il complex on the B-cell surface (24,32-34). This
interaction stimulates T-cells to synthesize CD40 ligand and IL-4 that work synergistically to
drive B-cell proliferation and differentiation to antibody secreting effector cells or memory
cells (24,32-34). Antibody secreting cells make and secrete large amounts of antibody that
possess a unigque antigen binding site (24,32-34). The antigen binding site is specific to the
foreign antigen presented earlier to the immune system. Memory B cells are able to persist in
the human body for decades, as the primary response terminates they take up residence in
lymphoid organs and may leave the lymphoid organ and circulate the body in surveillance for
the specific antigen (24,32-34).

1.1.6 Antibody Isotypes and Subclasses

Antibodies are composed of two functional domains. Each antibody has two antigen binding
fragment (Fab) domains that confer specificity and one crystallisable fragment (Fc) domain
that is responsible for antibody function (32,33,35). There are five antibody isotypes that are
characterised by variation in the Fc domain; these include IgA, IgD, IgE, 1gG and IgM.

IgA exists as a monomer in the blood and is secreted as secretory IgA in mucosal tissue. The
polymeric immunoglobulin receptor (plgR) secretes IgA from the basal lamina propria to the
mucosal surface. Secretory IgA consists of dimeric IgA bound by secretory component derived
from the pIgR (32). IgA is the first line of defence against invading pathogens of the
gastrointestinal, respiratory and genitourinary tracts (36). IgD is localised within mucosal
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tissues and is responsible for initiating an inflammatory response in early infection (32). In
contrast, IgE has low abundance in serum and a short half-life and is involved in response to
parasites and allergens (32). IgG can be further divided into four subclasses (1gG1, 1gG2, 1gG3
and 1gG4; in order of serum abundance) (32,33,37). IgG is present in high abundance in the
serum (10-20%) (32). lgG-mediated opsonophacoytosis is an example of a mechanism by
which 1gG protects against invading pathogens (32,37). IgM can exist in monomeric or
pentameric forms (32). In the early stages of infection pentameric IgM is secreted and is
responsible for the complement-mediated destruction and phagocytic clearance of organisms
(32,37).

1.1.7 Antibody-Mediated Effector Functions

There exists a myriad of mechanisms by which antibodies can prevent disease. Examples
include: Antibody-mediated neutralisation involving the binding of antibodies to pathogens or
toxins, thus inhibiting microbial interaction with host-cells and preventing disease (32,33,37).
The binding of antibodies to pathogen also inhibits entry of the pathogen into host-cells leading
to the restriction of replication, dissemination and disease progression (32). Antibody-mediated
complement activation is mediated by 1gG and IgM antibodies that recruit complement leading
to inflammation, complement-mediated opsonisation and assembly of the membrane attack
complex to directly destroy the invading pathogen (32,33,37). Antibody-dependent cellular
phagocytosis is achieved through the clearance of pathogens by mononuclear phagocytes and
granulocytes (32,33,37).
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Figure 1.4. Adaptive immune response induction of T helper 1 and T helper 2 responses
introduced by immunisation or virulence antigens. APC - Antigen presenting cells.
Diagram adapted from McGrath (2007) (38).

1.1.8 Recent concerns with antimicrobial resistance and current glycocongujate vaccine
approach to address this concern

Antimicrobial resistance (AMR) is a major health challenge worldwide. AMR is not a new
problem; the emergence of bacterial resistance has been long observed with introduction of
new classes of antibiotics (39,40). The classical example of this being the introduction of
penicillin in 1943 to treat bacterial infections. After five years following the introduction of
penicillin, there was an emergence of Staphylococcus aureus resistance towards the antibiotic.
This was due to an alteration of the penicillin binding proteins and production of beta-lactamase
(41). Other bacteria have also shown similar trends of developing AMR after introduction of
new antibiotics (42). Currently, antibiotic resistance is estimated to cause >700,000 deaths
annually worldwide (43). It has been predicted that by 2050 there will be 10 million deaths
globally per annum as a result of AMR (44). Even though AMR is increasing at an alarming

rate and poses a daunting threat, there are options available to counteract and/or reduce AMR.

13



Chapter 1

These include, (i) development of new vaccines, (ii) increasing coverage of current vaccines
which would target antibiotic-resistant microorganisms, (iii) the development of new
antibiotics, and (iv) early diagnosis and appropriate improved sanitation and hygiene (39,40).
Vaccines have been identified as the most logical solution to successfully counteract AMR
(45,46). Vaccines act as a training course for the immune system - to recognise and respond
against the infecting pathogen by evoking a rapid and effective immune response, preventing

the establishment of an infection/disease or by decreasing disease severity (47).

Over the past decade research has been extensively focused on glycoconjugate vaccines (48—
50). Conjugation of carbohydrates to a protein carrier can induce long lasting protection against
encapsulated bacteria. This is referred to as glycoconjugation and has enormously contributed
to the decrease in burden of Haemophilus influenzae type b, pneumococcal, and meningococcal
diseases (51). Carbohydrate (OS) immunogens lead to T-cell independent responses. They can
induce protective antibodies without involving MHCII and T-cell interactions (51). Bacterial
polysaccharides lead to activation of complement factor C3d which then leads to antibody
formation. Antibodies are formed due to the migration of marginal zone B-cells to germinal
centres. However, as children (between the ages of 0 — 2 years) do not have fully developed
marginal zones immunisation, with bacterial polysaccharides are often unsuccessful (51). To
address this problem, conjugate vaccines have been developed, where B and T-helper cells
generate an immune response (51). Vaccines against Haemophilus influenzae, S. pneumoniae,
and N. meningitidis elicit T-helper cell responses and promote ion of polysaccharide-specific
antibody responses (51). Glycoconjugate vaccines are taken up by B-cells and digested by
endosomes (51). Here, the protein portion is released by peptide epitopes and are exposed onto
the surface in association with MHCII and presented to CD4+ T-helper cells via the o receptor
(51). Peptide/MHClI-activated T cells release cytokines to stimulate B cell maturation to
memory cells and induce immunoglobulin class switching from IgM to carbohydrate highly
specific 1gG, which increase in concentration upon exposure to the same polysaccharide

antigen (Figure 1.4).

Significant success has been achieved in formulating polysaccharide-OMP based vaccines
against most of the serotypes of certain pathogens. However, some infections still require
urgent attention (48-50). Any glycan can be considered as a potential vaccine epitope if it can

raise an immune response and highly conserved across strain (52). However, glycans alone
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have shown to be poor at generating long lasting memory and require use of a carrier protein
to recruit T-cells (52). Traditionally, vaccine studies identify respective carbohydrate
components that can be utilised as a vaccine antigen and ways they can be obtained and
optimised (53). A recent study by L. Kong et al. (2016) proposed an antibacterial vaccination
strategy utilising a glycoconjugate composed of a Hep>Kdo> core tetrasaccharide (from LPS)
linked to DT (53). This Hep2Kdo> core tetrasaccharide found in LPS has been identified across
various pathogenic bacterial strains, such as N. meningitidis, P. aeruginosa and E. coli (53).
The authors highlighted that the tetrasaccharide isn’t easily accessible and proposed a method
to synthesise the core tetrasaccharide, following attachment of a hydrophobic linker, which
was then coupled to DT carrier protein (53). They then proposed a vaccination strategy based
on immunisation utilising the glycoconjugate, along with the addition of a capsular
polysaccharide inhibitor (53). The glycoconjugate itself was able to generate antibody titres
against the core tetrasaccharide (from LPS) of strains N. meningitidis, P. aeruginosa and E.
coli (53). In vitro experiments using the CPS inhibitor showed potent bacterial killing with
antiserum, when exposed to bacterial LPS (53). A similar strategy could be adopted for
eradication of other pathogenic bacteria, such as M. catarrhalis and NTHi (refer to Chapter 5).

1.2 Moraxella bovis

1.2.1 Infectious Bovine Keratoconjunctivitis (IBK) ‘Pinkeye’

Moraxella bovis is a Gram-negative oxidase positive microorganism which causes Infectious
bovine keratoconjunctivities (IBK), universally known as ‘pink-eye’ (54). M. bovis is an
opportunistic pathogen and is a member of the Moraxellaceae family; other members include
M. catarrhalis, M. cuniculi, M. lacunata, M. ovis, M. equi, and M.nonliquefaciens
(55). Numerous organisms are implicated as causative agents of the disease, but M. bovis is
considered to be the primary etiological agent (54,56,57). The disease was first recorded in
1889 by Billings (58), when he identified the presence of thin, short bacilli with round ends in
segments of cornea of infected cattle. Billings attempted to reproduce the disease in healthy
cattle but was unsuccessful. In 1915, Keratitis outbreaks in India occurred and Mitter (59)
isolated two organisms (micrococcus lanceolatus and a Gram-negative, short, thick,
diplobacillus). Just like Billings, Mitter was also unable to reproduce the disease in healthy
cattle, but theorised that an abraded surface in contact with the organism was required to
reproduce disease. Poels (60) in 1911 isolated Bacillus pyogenes, Gram-negative and Gram-

positive cocci from the cornea of infected cattle and successfully reproduced the bacterial
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culture into healthy cattle. Poels (1911) suggested that these organisms are the secondary
invaders. In 1917, Kappeyrey and Wald (61) reported the same results on the isolations as
Poels. It wasn’t until 1919 when Allen (62) isolated short, thick, Gram-negative diplobacillus
the theory was raised that there was a worldwide distribution of bovine keratoconjunctivitis
and that it might be caused by the same organism. In 1937 Hauduroy et al. (63) classified the
organism as Haemophilus bovis. Two years later Lwoff (64) placed the organism into the
Moraxella genus, and from there on was known as either H. bovis or M. bovis. In 1945, Baldwin
(65) compared the normal flora of cattle with that found in animals displaying bovine
keratoconjunctivitis and found that M. bovis was present in 84% of animals with infected eyes.
Noting this study, Reid et al. (66) in the same year theorised that M. bovis specifically causes
IBK in cattle. It wasn’t until 1960, that Henson and Grumbles (67) demonstrated that M. bovis
is the etiological agent of IBK by isolating M. bovis from the lachrymal fluid and nasal cavity,

but not from aqueous humour in acute IBK cases.

1.2.2 Clinical Presentation and Progression of Infectious Bovine Keratoconjunctivitis

IBK is an ocular disease of cattle that causes keratitis, conjunctivitis, excessive lacrimation,
corneal ulceration and in severe cases, permanent blindness (54). IBK can establish in cattle of
all ages, however those under two years of age are most susceptible (54,68). The disease is
prevalent worldwide and causes substantial economic loss to the beef and dairy industry (54).
A U.S.A. beef industry report (2014) estimated the cost of IBK at USD 200 million annually
(69) and the Australian Meat and Livestock report (2006) ~ USD 21 million annually to the
Australian beef and dairy farmers due to IBK (68). The disease is costly and is detrimental to
the animals health as infected animals have reduced milk production, exhibit rapid weight loss
and treatments are expensive (1,68). Affected animals have decreased appetite because of pain

or reduced vision, which results in the inability of the animals to locate food and water (1,68).

The progression of the disease is separated into several stages. Stage 1 involves early clinical
signs of blepharospasm, photophobia, conjunctivitis and watery discharge (70). Stage 2 occurs
within 24-48 hours of stage 1 and has clinical signs of corneal opacity. Corneal ulceration
occurs in stage 3, promoted by pore-forming cytotoxin produced by haemolytic M. bovis (70).
In stage 4 spontaneous recovery occurs in three to five weeks, where the ulcer heals and

reduces, leaving a scar. In chronic cases the recovery may take up to 2 months (70). After
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healing occurs, the blood vessels recede, but the eye tends to remain cloudy and blue coloured

and in about 2% of cases permanent blindness occurs due to corneal rupture (70).

Host (cattle) and environmental factors influence the ability of M. bovis to cause disease (70).
Predisposing factors include breeds lacking eye pigments, poor host immune system, UV
radiation, nutrient deficiencies and the presence of other disease agents such as Mycoplasma,
M. ovis, Chlamydia and Acholeplasma (70). Mechanical injuries to the eye by wind, dust, tall
grasses or weeds causing eye irritation also to play a factor (1,70). As cattle are the reservoir
for M. bovis, the bacteria can be spread by animal handlers or direct contact with infected
animals, contact with objects that may be infected, and most commonly vectors (70). Musca
autumnalis (face fly), Musca domestica (house fly) and Stomoxys calcitrans (stable fly) are the
mechanical vectors responsible for spreading the highly infectious IBK as they feed on the

ocular and nasal discharges of infected animals (70).

1.2.3 Pathogenicity — Cell Surface Associated Virulence Profile

Virulence factors are traits that render bacteria pathogenic and for M. bovis pili, cytotoxin,
OMPs and LOS are identified as important virulence factors (71-73). Most research has
focused on pili and cytotoxin as the major contributing factor of clinical disease (71-73) and

their use in vaccine development (74).

1.2.3.1 Pili
Pili are extended fibres (fimbriae) made up of pilin subunits (75,76), that allow the bacteria to

interact with other bacteria, the environment or attach to the epithelium of the host (75). Strains
of M. bovis have been classified into seven serogroups, A-G, based on fimbrial pilus (type IV)
antigens (77). In addition to serogroup differences, the M. bovis strain Epp63 can express two
different phases of pilin known as Q and | (71,75,78). Pili are known to be critical for virulence
(71,79). The switch in expression of the pilus types Q and I results from an inversion of a 2 kb
region of DNA leading to differences in infectivity (79). Q pili strains were found to be more
infectious than 1 pili strains (76). The ability of Epp63 to switch from one type of pilin

expression to another may result from selective antibody pressure (71).

1.2.3.2 Hemolysin
Hemolysins are exotoxins produced by bacteria that cause lysis of red blood cells in vitro (80).

There is limited characterisation on hemolysin of M. bovis, but past studies indicate that

hemolysin is an important virulence factor (54). Hemolysin is known to play a role in injury of
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corneal epithelial cells and ulcer formation (54,80) and is recognised as part of the family of

pore-forming toxins (80).

1.2.3.3 Lipooligosaccharide

In M. bovis, the endotoxin is referred to as LOS as it lacks the O-specific chain (81-83). Until
recently there was limited information known about the LOS of M. bovis. A recent study (81)
shed light on M. bovis (Epp63) surface glycan’s, identifying that M. bovis LOS lack expression
of O-antigen and its core OS contains a unusual terminal open chain acetal-linked N-
acetylgalactosamine, (1S)-GalaNAc residue —4,-6-linked to a sub-terminal Galp residue. M.
bovis Epp63 inner core contains Glcp sugars rather than the more usual heptose sugars linked
directly to Kdo. Moreover, the core OS is comprised of eleven sugar residues including Kdo

(exact number unknown) and is found in a branched form (81) (Figure 1.5).

The presence of the terminal open chain GalaNAc residue in the core is particularly unusual as
these core monosaccharides in natural compounds are generally found in the cyclic form. M.
bovis lacks heptose residues and the central branched a—D-(-4,-6)-Glcp residue (D) is (1-5)-
glycosidically linked to the Kdo residue (81). Similarly, this core structure is present in another
member of the Moraxellaceae family, M. catarrhalis (serotypes A, B and C), with a-D-(-3,4,6)-
Glcp as the linking sugar (84).

The putative glycosyltransferase LOS genes responsible of synthesis for each respective sugar
residue have been identified in the genome of M. bovis (82). Inactivation of the genes that
encode for the glycosyltransferase enzymes responsible for the biosynthesis of the core OS
results in mutant bacteria with variable length OS. Several LOS glycosyltransferase mutants
have been produced and the structure of their OS reported (82). The OS of these mutants (Igt1A,
1gt2A and 1gt6A) are shown in Figure 1.5 respectively. The biosynthesis of LOS is strictly
consecutive, and the core sugars are added sequentially to lipid A by successive additions (82).
The OS structure of M. bovis Epp63Igt1A glucosyltransferase mutant LOS contains residues
D, G, H and Kdo (Figure 1.5). Mutation of Igtl in Epp63IgtlA OS encode an a-(1-2)-
glucosyltransferase. Epp63Igt2A OS, structurally larger compared to mutants Epp63Igt1A and
Epp63IgtoA, containing residues A, B, C, D, G, H and Kdo (Figure 1.5). Whereas Epp63lgtoA
only contains the Kdo and lipid A (Figure 1.5) (82).
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Moraxella bovis wild-type strain Epp63 OS
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Figure 1.5. M. bovis Epp63 OS structures of wild-type and OS-truncated mutant strains.
Inactivation of the glycosyltransferase genes results in truncation of the OS, therefore mutant
strains with truncated LOS. Mutant strains of Epp63 were previously made by inactivation of
respective glycosyltransferase genes: Epp63Igt2A OS contains 6 residues (D, G, B, H, C, A)
and Epp63IgtlA OS contains 3 residues (D, G, H) and Epp63Igt6A OS having only 1 Kdo
residue (81,82).

1.2.3.4 Capsule
Some bacteria express capsular polysaccharide (83). It is the outer most bacterial structure

composed of polysaccharides. M. bovis strain Mb25 and L183/2 reportedly contain a
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polysaccharide capsule comprised of unsulfated chondroitin disaccharide repeat units as shown

in Figure 1.6, whereas M. bovis Epp63 does not have a capsule (81,82).

—4)-B-D-GlcpA-(1—3)-p-D-GalpNAc-(1—

Figure 1.6. Unsulfated chondroitin disaccharide repeat unit from M. bovis (Mb25 and
L183/2) capsule (83).

Capsule acts as an anti-phagocytic barrier limiting access by macrophages and neutrophils (85).
It also prevents complement mediated cell lysis of the bacterial cell and shields anaerobic
bacteria from oxygen toxicity, during exposure of bacteria to oxygen rich environments (85).
Additionally, capsules play a role in adherence of bacteria to epithelial cells (85). Capsular-
based vaccines exist, some examples being against Neisseria meningitidis (86), Haemophilus
influenzae (87) and Streptococcus pneumoniae (88), but these are only reported to elicit
serotype immunity due to heterogeneity in the capsular serotype composition. The role of

capsule in M. bovis biology and pathogenesis has not been investigated.

1.2.4 Vaccine Candidates

A successful vaccine candidate requires (i) high conservation of antigens between strains, (ii)
the ability to induce cellular and humoral response and (iii) ability to limit the progression of
the disease (89-92). A major consideration in developing a vaccine is the heterogeneity of
strains (89-92). Over the past decade research groups have identified outer membrane proteins
and LOS (and dLOS of M. catarrhalis and NTHi) as vaccine candidates (93-99).

A series of live attenuated, killed microorganism and subunit vaccine candidates have been
created against M. bovis with variable success (100-102). Since 1980 there has been
international use of vaccines based on pilin (78), which have only shown effectiveness against
homologous serogroups (73). Monovalent vaccines have shown less efficiency against the
seven serogroup antigens (73,78,100-102) due to the ability to switch pilus serogroups, perhaps
as a consequence of selective pressure by antibodies from the vaccine (78). Due to this
variation, the pilin vaccine used during the 1980’s is regarded as ineffective at controlling
disease outbreaks (73,78,100-102).
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Studies utilising M. catarrhalis (LOS) (103) and H. influenzae (OMPs) (5) have identified this
core-epitopes as components of vaccine candidates. This strategy has shown effectiveness
(103,104) and could also serve as a strategy for developing a vaccine against M. bovis. One
complication in the development of an effective vaccine derived from LOS or LPS is the
toxicity of the lipid-A moiety and epitopes such as p* (104). However, procedures have been
developed to detoxify the LOS/LPS, and then couple it with a protein carrier (5,103,105).
Carrier proteins are required to enhance the immunogenicity of polysaccharide-based vaccines
(106). Conjugate vaccines induce antibodies with high avidity and establish immunologic
memory through the activation of T-helper cells leading to the generation of memory B and T-
cells (106). For example O-deacylated LOS (dLOS) from NTHi coupled to an OMP carrier
protein OMP (dLOS-OMP) was found to be immunogenic in rabbits and antisera from dLOS-
OMP demonstrated bactericidal activity against 40% of the NTHi strains tested (107), thus,

indicating the utility of OMPs as possible carrier proteins for LOS-based vaccines.

1.2.5 Antibiotics and Developing Resistance

Recent advances in antibiotic development have provided a variety of antibiotic treatments for
M. bovis (100), but the emergence of antibiotic resistance remains a potential problem (101).
Four Australian states have conducted in vitro testing of M. bovis from dairy and beef herds
and have reported full susceptibility of M. bovis to all antimicrobial tests conducted (102). M.
bovis is susceptible to gentamicin, sulfonamides, cephalosporin, trimethoprim-sulfhonamides,
tetracyclines and nitrofurans. Resistance against tylosin, streptomycin, lincomycin, cloxacillin
and erythromycin is increasing (78,100-102,108-111). This sign of resistance poses a potential

threat of emergence of resistant strains in Australia in the future (100-102).

Even though there are antibiotics available, in clinical trials, most antibiotic treatments are
ineffective at controlling IBK outbreaks (100-102). Ineffective treatment may be due to
delayed interventions, frequency of treatment, or the wrong route of administration (100-102).
Preventive measures such as controlling fly numbers, isolating infected stock, reducing dust
problems and circumventing unnecessary yarding are factors that would reduce the spread of
infection (70,100).
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1.3 Moraxella catarrhalis

1.3.1 M. catarrhalis: An Important Pathogen

Moraxella (Branhamella) catarrhalis is a Gram-negative aerobic diplococcus, belonging to the
Moraxellaceae family (105,112). In the past century M. catarrhalis has gone through several
name changes. It was first described in 1896 as Mikrokokkus catarrhalis, and later its name
changed to Micrococcus catarrhalis and Neisseria catarrhalis (55,113). In 1970, Catlin (113)
transferred the formerly known Neisseria catarrhalis to the Branhamella genus. It was not until
1984 that M. catarrhalis was reclassified into the Moraxella genus (114). The Moraxellaceae
family continuously evolves with classification of new and reclassification of already known
bacteria. The Moraxella genus currently consists of 16 species; M. atlantae, M. boevrei, M.
bovis, M. canis, M. caprae, M. catarrhalis, M. caviae, M. cuniculi, M. equi, M. lacunata, M.
lincolnil, M. macaco, M. nonliquefaciens, M. osloensis, M. ovis, M. pluranimalium, M. porci
and M. saccharolytica (55). In the Moraxella genus, M. catarrhalis is a major human pathogen
(115). M. catarrhalis is responsible for otitis media (OM) in children and contributes to chronic
obstructive pulmonary disease (COPD) in the elderly. M. catarrhalis was considered to be a
commensal of the respiratory tract, however over the past 20-30 years it has been increasingly
recognised as a respiratory pathogen (115,116).

1.3.2 Colonisation

Young children are high carriers and show a high rate colonisation (66%) of M. catarrhalis,
but in adults the colonisation rate is low (1-5%) (117,118). However, studies in 29 remote
indigenous communities across Northern Australia found 100% colonisation of M. catarrhalis
among infants by the time they reach 3 months of age (119,120). Young children are more
susceptible to M. catarrhalis colonisation and infection as their actively acquired humoral
responses are being established (117). Young infants have high antibody levels passively
acquired from maternal IgG antibodies, which lasts only six months after birth (117,120).
During this period the active humoral immune response develops (117). At this stage there is
a low 1gG antibody concentration, and it remains this way until 1 year of age (117). Until the
age of 10, the immune response of children increases slowly to reach those observed in
maternal levels (117,118).
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1.3.3 Acute Otitis Media

Acute otitis media (AOM) is inflammation of the middle ear, Eustachian tube, eardrum and
inner ear (Figure 1.7); and 80% of cases are caused by bacterial infection (121,122). M.
catarrhalis is the third leading (2014) cause of otitis media among children after S. pneumoniae
and NTHi (121,122). M. catarrhalis causes disease by upregulating inflammation and mucin
production. This results in damage to the eustachian tube causing swelling and constriction,
which traps the mucin produced in the middle ear (123,124). The increased pressure pushes
against the eardrum leading to hearing impairment of the infant, which has a huge impact on a
child’s learning capability and development (123,124).

Ruuskanen et al. (1994) identified that approximately 80% of children under the age of 3 at
one point will be diagnosed with an episode of acute otitis media, and that M. catarrhalis would
be the cause in 15%-20% of these episodes (125). Corbeel (2007) suggested a 50% recurrence
of acute otitis media caused by M. catarrhalis in children below 2 years of age (122). Otitis
media caused by M. catarrhalis has been predicted to increase in the near future (126). This
may be due to an increased use of pneumococcal conjugate vaccine against S. pneumoniae,
allowing M. catarrhalis and other organisms to dominate colonisation of the nasopharyngeal
cavity (127,128).
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Figure 1.7. Otitis media (middle ear infection). An infection of the air-filled space behind
the eardrum as a result of swelling and fluid build-up. Diagram adapted from Harvard Health
Publishing (2015) (129).
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The primary goal of vaccines is to eliminate and potentially eradicate disease. However, in
some instances, human pathogens are also present in the normal microbiota of an individual.
In the instance of S. pneumoniae carriage has been associated with serotype/strain-specific
protection (130,131). Therefore, assessing the role of vaccination in pneumococcal disease is

necessary for future vaccine development (132).

Pneumococcal carriage in the human nasopharynx typically does not lead to disease. Disease
usually occurs when the balance between pneumococcus (a pathobiont) and microbiota are
disrupted or when pneumococcus enters a sterile body site (132). Currently, there are two
licensed pneumococcal vaccines available in the Unites States, the 23-valent pneumococcal
polysaccharide vaccine (PPV23) and the 13 valent conjugate vaccine (PCV13), both vaccines
targeting specific serotypes of the pneumococcal polysaccharide capsule (132). PCV7, the
predecessor vaccine of PVC13, was developed to further eliminate invasive and antimicrobial-
resistant paediatric infections (133). Deployment of the PPV23 and PVC vaccines have
significantly reduced invasive pneumococcal disease. However, introduction of the PVC13
vaccine has contributed to an increase in disease from non-vaccine serotypes and non-
encapsulated S. pneumoniae and after the introduction of PVC7, antibiotic resistant 19A strains
have appeared (134,135). Eliminating carriage and invasive disease has led to the increasing
prevalence of S. pneumoniae serotypes that were not previously common (132). Thus,
suggesting that eliminating S. pneumoniae carriage from the human host may introduce new

strains that are unaffected by the host adaptive immune system (132).

Next generation pneumococcal vaccines must nurture the complex nature of S. pneumoniae as
a pathobiont (132). A gold standard vaccine that allows pneumococcus to remain in the
nasopharynx while also preventing invasion and dissemination is required (132). Overall,
studies into the effects of vaccination on colonisation with S. pneumoniae, provide an ideal
understanding of future roadblocks that may arise as a result of M. catarrhalis vaccination.
Further extensive research assessing the relationship between asymptomatic colonisation and
vaccination are required for the development of efficacious broad-spectrum conjugate

vaccines.
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1.3.4 Chronic Obstructive Pulmonary Disease

COPD is a condition associated with poor respiratory airflow (Figure 1.8); that gradually
worsens over time (115,136). In the United States, presently it is the fourth leading cause of
death, and it is predicted that by 2020 it would be the fifth leading cause of death worldwide
(115,116,136). One in four Australians (2018) over the age of 40 are affected with COPD
(119,120). M. catarrhalis has been associated with the pathogenesis of this disease, but its
precise role is not understood. The presence of M. catarrhalis has long been observed in the
sputum of adults with COPD and for decades has been largely ignored as it was considered a
non-pathogenic commensal organism (116). It is now known that M. catarrhalis causes
exacerbations of COPD (116). Clinical features of exacerbations due to M. catarrhalis include
increased sputum production, purulence, dyspnea, fatigue and fever (115,137). It is estimated
that 2.4 million exacerbation cases are caused by M. catarrhalis in the United Sates annually
(2009) (136). The presence of M. catarrhalis in the airways contributes to sloughing of highly

inflammatory cell wall antigens into airways, resulting in airway inflammation (136,137).
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Figure 1.8. Chronic obstructive pulmonary disease (COPD). A long-term lung disease that
constricts airflow and causes difficulties in breathing. COPD is an umbrella term for
irreversible degenerative conditions such as emphysema, chronic bronchitis and chronic
asthma. Diagram adapted from Barnes et al. (2015) (138).

1.3.5 Pathogenicity — Cell Surface Associated Virulence Profile

M. catarrhalis was considered a harmless commensal and the rise of beta-lactamase producing
strains has aroused extensive curiosity about this bacterial species (116,136,139).
Immunogenicity studies have identified OMP (140,141) and LOS (104,105,142,143) as

important virulence factors that can be incorporated into vaccine candidates for this bacteria.
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1.3.5.1 Lipooligosaccharide

LOS the major outer membrane component of M. catarrhalis is an important virulence factor
implicated in the pathogenesis of this bacteria and a potential vaccine candidate (144,145). The
LOS contains an OS core linked to lipid A. Structural studies conducted on LOS of M.
catarrhalis indicate that all serotypes are in a branched form, while the lipid A is reportedly
similar to other Gram-negative bacteria and has a common inner core as shown in Figure 1.9A
(103-105,146,147). The lipid A and OS core are connected to each other via two Kdo residues.
The gene kdtA is responsible for joining the Kdo residue to lipid A. The OS core is comprised
of Glcp residues and is in a branched form, assembled by glycosyltransferases. The LOS lacks
O-antigen polysaccharide, which is present in typical Gram-negative bacteria, implying that
LOS of M. catarrhalis is more antigenically conserved and is of rough type. There are three
main M. catarrhalis LOS serotypes namely A, B and C, which differ in the sugar component
of the core OS of LOS (148). Serotype A accounts for 61% of strains and shares an N-acetyl-
D-glucosamine residue with serotype C (5%), while serotype B accounts for 29% of the strains
in one study (146). All three serotypes share the same inner core, but are distinct in the terminal
sugars (Figure 1.9A). All three serotypes terminate the OS chain with Galp-a-(1-4)-Galp-B-(1-
4)-Glcp, otherwise known as the PK epitope (149). The P epitope is the major antigen that is
targeted by the host antibody responses and is known to play a role in activation and inhibition
of complement activation (149). Anthony et al. (2000) using serotype A M. catarrhalis strain
2951 identified that the P¥ epitope of the LOS plays an important role in resistance of M.
catarrhalis to complement mediated killing (149). This is possibly due to prevention of
penetration of the complement membrane attack complex (149). The same study also showed

evidence that P¥is involved in LOS-mediated adhesion (149).
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A. Moraxella catarrhalis OS structure
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Figure 1.9. M. catarrhalis OS structure of serotypes A, B, C and a glycosyltransferase
mutant. (A) OS structure of serotypes A, B, C share same inner core but vary at the R residue.
(B) OS structure of 29511gt1/4A mutant constructed from the LOS of strain 3292 and 2951
(147).

Glycosyltransferases are a large group of enzymes that catalyse glycosidic bond formation
using sugar donor (transfer of saccharide moiety from an activated sugar donor) onto enzyme
specific sugar acceptor molecules (150,151). Specific glycosyltransferase enzymes add sugars
onto the core OS of growing LOS chain (8). There are six genes involved that encode

glycosyltransferase enzymes responsible for the addition of glucose (Lgtl, Lgt3 and Lgt6),
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galactose (Lgt2 and Lgt5) or N-acetylglucosamine (Lgt4) to LOS chain (see Figure 1.10)
(147,152-155). Peak et al. (2007) identified the function of Lgtl, Lgt2, Lgt4 and Lgt5
glycosyltransferase enzymes (147). It was described that Lgt4 (present in serotype A and C)
functions as an N-acetylglucosamine transferase adding a-D-GIcpNAc-(1-2) linkage to the -
D-Galp-(1-4) of the branch (147). They also reported that Lgt4 competes with Lgtl
glycosyltransferase and upon presence of Lgt4 an a-D-GIlcpNAc-(1-2) linkage is added instead
of instead of an a-D-Glcp-(1-2) (Lgtl glycosyltransferase is responsible for adding to the
growing OS chain) (147). Serotype B M. catarrhalis strains lack the expression of Lgt4, thus,
Lgtl preferentially adds a-D-Glcp-(1-2) to this position (147). They also showed that mutation
of the Lgt2 allele results in loss of terminal galactose residues (147). Lgt5 adds a-D-Galp-(1-
4) to terminal Gal residues in all serotypes (see Figure 1.10) (147).

Serotype A
a-D-Galp(1==»4)-B-D-Galp(1==»4)-a-D-Glcp-(1==»2)-B-D-Glcp

1
~ Lgtz/ Lgtl/ l) /Lgta
Lgtd

« 6) W

a-D-GlcpNAc-(1=2)-B-D-Glcp-( 1==s4)-a-D-Glcp-(1=»5)-Kdo-OH
L7
Lgt3 I
1)

B-D-Glcp

Lgts
Lgte

Serotype B
a-D-Galp(1==»4)-B-D-Galp(1==»4)-a-D-Glcp-(1==»2)-B-D-Glcp

/ / / [ / &
Lgts Lgt2e.c Lgtl l’ Lgtb
6)

a-D-Galp-(1=»4)-B-D-Galp-(1=+4)-0-D-Glcp-(1=+2)-B-D-Glcp-(1=+4)-a-D-Glcp-(1=»5)-Kdo-OH
3)
Lgt?J—b I
1)
B-D-Glcp

Figure 1.10. Structure of serotype specific expression of the LOS-derived OS in M.
catarrhalis(147,151).
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M. catarrhalis wild-type serotype A OS (strain 2951) consists of 9 sugar residues including
Kdo as shown in Figure 1.9A (Appendix 1IB) (147). Using the OS from 2951 strain a
glycosyltransferase double mutant 29511gt1/4A (Figure 1.9B) was constructed by transforming
the Igtlsz02::KAN (from serotype B strain 3292 - Appendix I1C) with the 2951 strain. From the
mutation introduced into the genes encoding for Lgtl and Lgt4, a highly truncated OS mutant
was developed when compared to wild-type OS (Figure 1.11). The mutation is due to alleles
from serotype B strain preventing 1gt4A from being expressed when introduced in the 2951
serotype A strain (147). As seen in Figure 1.9B 29511gt1/4A double mutant OS is composed of
a central a-D-Glcp residue which is linked to three B-D-Glcp residues (Appendix 11A).

Igts Igt1 1gt2s Igt3
Nsil Styl Pstl
/]
— < (T — a2

Kan
4093 2768
> ?‘i <
—\/ P~
"
// X

™~ 1
- — 2051

igts igtd Igt1 Igt2a Igt3

Figure 1.11. Schematic representation of LOS biosynthetic locus of strains 3292 (serotype
B) and 2951 (serotype A), including constructs for mutagenesis. Large open arrows
represent ORFs that are highly similar between strains. Dark regions of arrows represent
sequence diversity between strains. Small open arrows represent oligonucleotide primers used
for amplification. Construction of plasmid for mutation of Igtl and deletion of Igt4: Igtl and
flanking sequence were amplified from strain 3292 using primers UORF3:4093 and
DORF3:2768, and disrupted by insertion of kan' into the Styl site. Transformation of strain
2951 resulted in recombination within Igt5 and Igt1, resulting in deletion of Igt4 and disruption
of Igtl. Diagram adapted from Peak et al. (2007) (147).

Other studies have also developed truncated OS mutants in the search for common-core OS for
vaccine development (105,143,149,156-158). Peng et al. (2007) have developed a series of OS
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truncated mutants based on serotype A O35E strain LOS (Figure S4.1). A heavily OS truncated
mutant O35EIpxA (UDP-GIcpNAc acyltransferase-deficient strain) was shown to possess less
toxicity by LAL assay, reduced resistance to normal human serum and reduced attachment to
epithelial cells (156). In an immunogenicity and challenge study, the truncated mutant
O35ElpxA showed enhanced clearance in lungs and nasopharynx of mice and elicited high
levels of antibodies with bactericidal activity as compared to the wild-type strain (156).
Similarly, Ren et al. (2007) constructed two OS mutants O35EIgt5 and O35EgalE, lacking one
and two terminal galactose residues, respectively (see Figure S4.1). Mutant LOS were coupled
to TT and immunogenicity tested in mice. O35EIgt5dLOS-TT elicited significant increase
(1263 fold) of 1gG compared to control sera. O35EgalEdLOS-TT showed cross bactericidal
reactivity in rabbits against all serotype strains and clinical isolates (143). Anthony et al (2000)
showed that the 2951galE mutant was more susceptible to complement-mediated serum
bacterial activity as compared to wild-type strain. 2951galE LOS is UDP-glucose-4-epimerase
deficient, meaning the LOS lacks PX epitope (Gal-o-(1-4)-Gal-B-(1-4)-Glc) (149).

It is evident through these studies that OS mutants with a common core can be efficacious as a
vaccine antigen. Based on this observations, 2951lgt1/4A LOS which is common in all

serotypes of M. catarrhalis LOS should be regarded as a potential vaccine antigen.

1.3.5.2 Outer Membrane Proteins

Yu et al. (2005) categorised M. catarrhalis OMPs with the properties: adherence (UspA, CD),
hemagglutination (Hag), iron acquisition (LbpA/LbpB, ThpA/TbpB, CopB and B1), serum
resistance (UspA), phase variation (UspA) and high conservation (E, CD and G1) (142). To
current knowledge UspA, B1, CopB, CD, E, G, TbpB and LbpB are known OMP vaccine
candidates (142,159) .

1.3.6 Vaccine Candidates

To counteract excessive use of antimicrobial agents against M. catarrhalis, an important
approach is the development of a vaccine (97). To date, there are no licenced vaccines for M.
catarrhalis. The principal focus reported for development of vaccine against M. catarrhalis is
the two surface antigens: OMP (140,160-162) and LOS (103,104,142,143).

M. catarrhalis OMPs have been extensively explored as antigenic components of a vaccine
candidate (98,163). Components from the bacterial outer membrane make an effective vaccine

candidate, as they come in contact with the immune system of the host and therefore become
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targets of the antibodies (98,163). Yu et al. (2005) reported that OMPs such as TbpA and LbpA
do not induce cytokines that initiate the production of antibodies, thus, restricting their role as
vaccine candidates (142). Several studies have used ubiquitous surface protein A (UspA), OMP
B (CopB) and outer membrane protein CD as protein carriers of detoxified M. catarrhalis LOS-
based conjugates. M. catarrhalis LOS-based conjugate vaccine studies elicit elevated anti-LOS
antibodies with high complement dependent bactericidal activity in mice against M. catarrhalis
(4,21,140,159,164,165). Additionally these OMPs are highly conserved among bacterial
strains and have the ability to induce bactericidal antibodies (4,21,140,159,164,165). Other
studies demonstrated enhanced pulmonary clearance when mice were immunised with these
OMPs (141,144). Additionally, OMP B1 elicits minor antibody response, possibly due to being
a non immune-dominant antigen but it may still serve as a potential vaccine antigen (161).
Similarly, TbpB and CopB have reportedly shown encouraging clearance in murine respiratory

models and promoted antibodies with bactericidal activity (162).

Conjugate vaccines derived from LOS of M. catarrhalis serotypes A, B and C induce
immunogenic response, however they are only effective against some pathogenic strains of M.
catarrhalis (103,104,142,143). An immunogenicity study by Yu and Gu using LOS from
serotype B strain 26397 conjugated to tetanus toxoid forming detoxified LOS (treatment of
LOS with ammonium hydroxide (O-deacylated-LOS) to reduce the endotoxin properties of the
LOS to clinically acceptable levels), showed that when this LOS conjugate was introduced into
mice and rabbits, a 180-230 fold increase in serum anti-LOS 1gG was observed for mice and
more than 2000 fold increase for rabbits compared to unimmunised rabbits/mice (142).
Additionally, elevated complement-mediated bactericidal activity was shown in the antiserum
compared to the control group. They presented this serotype B LOS-based conjugate as a
vaccine candidate for M. catarrhalis infections. A prior study by the same authors, using
serotype A OS, found similar results to that described above (103). Ren et al. (2011) developed
OS conjugate vaccine candidates from M. catarrhalis serotypes A, B and C, following the Yu
et al. (2005) studies very closely (143). They found immunogenic responses from all three
conjugates and antibodies with bactericidal activity (143). Similarly, like other studies serotype
A derived conjugates generated protection against both homologous and heterologous strains
(pulmonary clearance). Hu et al. (2004) using M. catarrhalis (2538 strain) heat-modified OMP
CD and UspA as carriers of dLOS-based conjugates reported complement-mediated

bactericidal activity with significant clearance of bacteria from lungs of mice (98). They
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suggested that CD and UspA are safe and effective dLOS-based conjugate vaccine candidates.
The implication of these conjugates is that they only cover certain M. catarrhalis serotype

strains.

LOS is a potent inducer of pro-inflammatory cytokines (2,8). Ren et al. (2011) identified that
intranasal administration of LOS conjugates enhanced pulmonary clearance of three M.
catarrhalis strains (143). LOS vaccinated mice had elevated 1gG in serum and serotype-
specific anti-LOS IgA in nasal washes, furthermore, vaccinated-challenged mice had increased
IFN-y, IL12 and IL4 in lung homogenates (143). Ren et al. (2011) also saw a broad cross-
reactivity towards all three serotypes of M. catarrhalis strains under electron microscopy,

demonstrating anti-LOS specific serum IgG (143).

M. catarrhalis can also be cleared by pulmonary augmentation of Th1l type cytokines IFN-y
and IL-12, which are responsible for stimulating phagocytosis and respiratory burst (166).
Additionally, IFN-y results in 1gG2a antibody production, via switch of antibody isotype
mRc2a and possibly increased bacterial Killing by complement mediated cytotoxicity
(167,168). Likewise, a typical Th2 type cytokine IL-4 showed increased levels following
challenge in combined LOS conjugate immunised mice. IL-4 may have a role in increasing M.
catarrhalis clearance in the lungs of mice (167). IL-4 initiates 1gG1, 1gG2b, and IgA responses
in mice and most importantly is crucial in B-cell switching from secretory IgM to IgG1 subclass
production (167). Ren et al. (2011) identified a correlation with increased lung clearance of M.
catarrhalis with a heightened pulmonary Thl and Th2 cytokines (also evident by increased
levels of mucosal IgA and serum 1gG titres) (143). Following challenge with M. catarrhalis,
mice vaccinated intranasally with LOS conjugates showed significantly lower
proinflammatory cytokines (TNF-a and mouse keratinocyte-derived chemokine [mKC]) in the
lungs when compared to adjuvant only controls (143). The reduction of TNF-o and mKC had
a direct association in increased pulmonary clearance of M. catarrhalis, indicating a reduced
M. catarrhalis induced pulmonary inflammation shown primarily due to vaccination with the
combined LOS conjugates (143).

A protective LOS based vaccine would need to be effective against all LOS serotypes. An OS

mutant that shares the inner core of all serotypes would potentially be an ideal candidate.
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1.3.7 Antibiotic Treatment and Developing Resistance

It is now widely known that M. catarrhalis produces B-lactamase, an enzyme that provides
resistance against B-lactam antibiotics such as penicillin (139,169). In 1977 (United States),
Malmvall et al. (1977) reported the first discovery of pB-lactamase producing isolates of M.
catarrhalis and by 1980 the prevalence rate of f-lactamase producing isolates increased to 75%
(169,170). Currently, 95% of M. catarrhalis isolates produce B-lactamase worldwide (171).
Despite being resistant to penicillin and trimethoprim, M. catarrhalis remains sensitive to
almost all other antibiotics used for treating respiratory infections (139,170,171). M.
catarrhalis is resistant to amoxicillin alone, but with co-administration of a B-lactamase
inhibiter clavulanic acid, effective control is achieved (171). In the United States (2000) 13
million prescriptions are written annually to treat OM, at a cost of USD 6 million (172).
Although current antibiotic treatments are available, the increased use of antibiotic therapy may

well result in a rise in further antibiotic resistance (139,170,171).
1.4 Haemophilus influenzae

1.4.1 Nontypeable Haemophilus influenzae

NTHi is a Gram-negative coccobacillus, facultative anaerobe, oxidase positive pathogen that
is responsible for millions of otitis media cases in children worldwide (23,89-91,173). H.
influenzae is categorised as either non-encapsulated (NTHi) or encapsulated (strains A through
F) (38). The most important is the Hib (serotype B) pathogen, due to its capsular polysaccharide
being homologous to human antigens, allowing the pathogen to easily colonise nasopharyngeal
tissue and be more effective at localising in a respiratory tract infection (38). Hib was a frequent
cause of pneumonia, bacteraemia, meningitis and other fatal infections prior to the introduction
of the Hib conjugate vaccine for children, usually under 5 years of age (38). NTHi inhabits the
same niche as Hib and predominantly causes mucosal diseases (OM, exacerbations of COPD,
conjunctivitis, sinusitis and pneumonia) (23,89-91,173). Of the H. influenzae strains, NTHi is
the second most invasive pathogen after Hib, but unlike Hib there is no licensed vaccine for
NTHi infections (23,89-91,173). NTHi is involved in recurring infections; in fact, it is a
leading cause of visits to doctors and antimicrobial use in the United States (2012) (89).
Repetitive and unnecessary use of antibiotics has led to the emergence of antibiotic resistant
strains; therefore, it is vital to develop a preventative vaccine for NTHi infections (23,89—
91,173).
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1.4.2 Colonisation

The NTHi pathogen initially colonises the nasopharynx and then migrates to numerous
respiratory tract sites (91,92,173). The preferred sites of infection are damaged epithelium
cells, which generally are damaged due to host inflammatory response (38,91,92,173). Due to
compromised epithelia, NTHi colonises and proliferates using epithelial cell detritus and
becomes an opportunistic pathogen (38). High risk factors such as smoking and/or predisposing
viral infections are often responsible for inducing inflammatory response. This results in an
uncontrolled host response that causes damage to epithelial cells and the lungs. This
compromised environment allows NTHi and other co-colonisers (M. catarrhalis and S.
pneumoniae) to adhere to and utilise the nutritional environment for growth (23,89-92). Upon
infection, NTHi evades the innate immune system by hiding in bacterial biofilms and between
epithelial cell layers (38). This method of evasion results in persistent infections that are not
stopped by antibodies or antibiotics. Heterogeneity of the surface structure of NTHi has
allowed evasion from the host antibodies (opsonisation) by generating point mutations (23,89—
92).

1.4.3 Acute Otitis Media

The most important middle ear infection in children is OM, with the principal causative
bacterial agent being NTHi, with 25-30% OM cases due to NTHi infection (89,173).
Polymicrobial biofilms have been implicated as the colonisation form in the middle ear spaces
and the eustachian tube, which also protects the bacteria from antibiotics and antibodies
(89,92). The intense host inflammatory response induced by NTHi in the middle ear cavity
results in damage to the eustachian tube and/or the middle ear affecting hearing capabilities
and childhood development (89,92,173).

1.4.4 Chronic Obstructive Pulmonary Disease

NTHi is currently the number one causative agent of exacerbations of chronic bronchitis and
emphysema (which are classified under COPD) in adults (23,38,87,89-91,173). COPD is
characterised as a condition associated with poor airflow, that gradually worsens (23,38,87,89—
91,173). An individual with COPD has less airflow in and out of the lungs due to loss of
elasticity in the air sacs and airways, and/or destruction of the walls of air sacs and/or
inflammation of the walls of airways and/or clogging of airways due to overproduction of
mucus (23,38,87,89-91,173). As mentioned in the prior Section 1.3.4, COPD is promoted by

smoke induced damage (leading cause) and other predisposing conditions. A report published
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by the American Lung Association (2017) outlined a cost of USD 38 million in United States
due to COPD with prevalence of the disease in over 12 million adults, and accounting for more
than 130,000 deaths annually (174). There is no cure for COPD, but anti-inflammatory drugs
(to reduce the inflammation of the airways), oral steroids (to reduce lung inflammation) and
bronchodilator inhalers (to allow opening of airways) exist to prevent the disease from further
exacerbation (23,38,87,89-91,173,174).

1.4.5 Pathogenicity — Cell Surface Associated Virulence Profile

1.45.1 Pili

There are two types of pili present on the surface of NTHi strains; hemagglutinating (only
~15% of NTHi strains present this pili) and Tfp, also known as type IV (175).
Hemagglutinating pili are known to assist in adherence and colonisation to the respiratory
epithelial cells, although this pili expression is generally turned off upon colonisation (175).
Hemagglutinating pili are very diverse amongst NTHi strains and therefore cannot be
incorporated into a vaccine. Similarly, Tfp also promotes adherence and colonisation of the
epithelial cells of the upper respiratory tract (175), however, Tfp has also been associated in

biofilm formation and motility twitching (175).

1.4.5.2 Adhesins

High molecular weight (HMW; 125 kDa) 1 and HMW 2 (120 kDa) adhesins, named after their
high molecular weight, are autotransporter adhesions that are found in ~75% of NTHi strains
(175). They have been identified to play a role in adherence to numerous cell lines and show
sensitivity if host cells are treated with proteinases; however, they are known to recognise
different receptors (175). It is found that 80% of NTHi strains that do not carry HMW 1/HMW
2, express Hia (H. influenzae adhesion) (175,176). Currently, there is little known about Hia,
except that it shares similar homology with Hsf (H. influenzae type b adhesion), primarily
implicated in adherence to host epithelial cells (175,176). Another autotransporter adhesion
found in NTHi is Hap, which is associated with adherence to host cells, supporting bacterial

aggregation and biofilm formation (175).

1.4.5.3 Lipooligosaccharide
The major virulence factor of NTHi is the LOS, as it is exposed to the environment and is the
first line of defence for the bacteria (175). Like M. catarrhalis, NTHi also lacks a

polysaccharide capsule, along with O-antigen and therefore presents as LOS (175). There is
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heterogeneity of the NTHi LOS structure between strains, greatly reducing the attraction of

using LOS as an antigenic vaccine component (175).

1.4.5.4 Outer Membrane Protein 26

Most OMPs (besides OMP26) exhibit heterogeneity between strains which limit their
protection against NTHi infections due to heterologous bacterial strains (90). Of all the OMPs
from NTHi, OMP26 has been shown to be the most promising vaccine candidate for NTHi (see
Section 1.46) (23,89-91). OMP26 is a 26 kDa protein that is present in all strains of NTHi
(23,89-91). It is a highly conserved protein, with high amino acid sequence homology across
all tested strains (23,90). Due to OMP26 being highly conserved among strains and being
highly immunogenic, it is an ideal vaccine antigen. OMP26-based vaccines have been shown
to elicit strong 1gG-specific immune responses leading to either complement mediated killing
or opsonophagocytosis (90). This activation is reportedly a result of the Thl type immune
response being activated. Studies reveal that immunisation of mice with OMP26 show elevated
bactericidal activity and increased levels for pulmonary clearance for both homologous and
heterologous strains of NTHi (23,89-91). There have been studies conducted demonstrating
bactericidal antibodies providing protection from acute otitis media infections by NTHi
(92,173).

1.4.6 Vaccine Candidates

Development of a NTHi vaccine is more challenging as compared to Hib vaccination, as NTHi
strains express multiple OMPs, a diversity of LOS, and lack expression capability of capsule
rather than a conserved capsular antigen in Hib (177-180). To date, several OMPs from NTHi
have been disregarded as potential vaccine candidates due to either variable expression, surface
epitope heterogenicity or other characteristics (180,181). However, three highly conserved
surface proteins have been considered as potential antigens for a vaccine candidates; protein
P6, D and OMP26 (23,89-92). P6 and OMP26 are antigenically conserved across most strains,
but OMP26 shows itself as a more desirable vaccine candidate due to enhanced pulmonary
clearance seen in mouse models as compared to protein P6 (23,89-92). Clearance studies have

identified that protein D provides partial efficiency in preventing OM (89,91).

Cripps et al. (1998) immunised mice with OMP26 or heat killed H. influenzae strains and
measured serum and broncho-alveolar lavage (BAL) for OMP26-specific antibody levels (90).

They found that OMP26 immunised mice showed significantly elevated 1gG, IgA, and IgM
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titres in serum compared to unimmunised mice (90). However, mice that were immunised with
whole bacteria had low levels of OMP26 specific IgG, IgA, and IgM in the serum (90). BAL
also had significantly elevated levels of 1gG and IgA OMP26 specific immunoglobulin and
similarly these were present at low levels in whole-bacterium-immunised groups (90). These
findings suggest that mice immunised with killed bacteria result in a poor OMP26-specific
immune response in comparison to OMP26 vaccinated mice (90). 1gG isotypes are influenced
by the secretion of lymphokines during antigen processing, induced by antigen-specific T-
helper (Th) cells (182). The type of Th response induced during immunisation is a direct
indicator of measurements of isotypes of IgG (182). OMP26-specific 1gG1 are only detected
post-immunisation with 40 pg of OMP26 (23,90,182). OMP26-specific IgG2a and 1gG2b are
the dominant IgG isotypes that are expressed post-OMP26 immunisation, with 1gG2a being
the predominant isotype (90,182). These data suggest that after immunisation with OMP26,
the Th and lymphokine response is a Th1 type specific response elicited. Thl-type cytokines
produce pro-inflammatory response against intracellular parasites such as bacteria and viruses
(23,89-91).

1.4.7 Antibiotics and Developing Resistance

Infections with bacteria such as NTHi were once susceptible to most antibiotics, but are now
showing resistance due to the pB-lactamase enzyme being expressed by the bacteria
(89,169,183). The most commonly used antibiotics against OM are ampicillin, amoxicillin or
cefuroxime. Prior to the 1970’s all strains of H. influenzae were uniformly susceptible to these
antibiotics. The emergence of p-lactamase containing isolates and antibiotic tolerant biofilm
forming strains has led to treatment failures and therefore resulted in re-establishing infections
after treatment (38,183). Similar resistance has been observed for chloramphenicol,
cephalosporins, macrolides, azalides, tetracycline and aminoglycosides (38). It is proposed that
alterations in the antibiotic binding proteins have also contributed towards resistance
(169,170,183). Recent studies have identified that antibiotics can promote biofilm formation
by producing colanic acid, which has been suggested to be induced by a subset of -lactam
enzyme (89,175,183). The colanic acid is responsible for the maturation of biofilm architecture
and increased synthesis of colanic acid would leads to persistence or development of biofilms
(89).
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In the past two decades B-lactamase inhibitors have been developed such as sulbactam, which
are active against B-lactamase harbouring NTHi and are able to reduce the minimal inhibitory
concentration (MIC) 64 fold (183,184). Even though there are series of antibiotics that are still
viable against some NTHi infections, this is simply a band-aid treatment and not a resolution
(183,184). Antibiotics are not an effective method for killing pathogens in the upper and lower
respiratory tracts, because NTHi that are susceptible to antibiotics are able to hide inter-
cellularly, between epithelial cell layers or in biofilms (183,184). A key approach that needs to
be addressed is to allow limited exposure to antibiotics due to emergence of antibiotic resistant

bacteria and promote the development of an effective vaccine.

1.5 Specific Vaccine Candidates Targeted Towards Otitis Media

Currently a vaccine designed to specifically prevent OM does not exist. Several licensed
vaccines do exist that have been developed to target S. pneumoniae and NTHi (two of
predominant causative agents of OM) (185). The first vaccine formulated was the PCV7
(capsular polysaccharide from serotypes 4, 6B, 7F, 9V, 14, 18C and 19F coupled to CRM),
targeting seven of the most prevalent S. pneumoniae strains (186), followed by an improved
and broad pneumococcal vaccine PVC13 (in-addition to PCV7 capsular polysaccharide
serotypes, serotype 1, 3, 5, 6A, 7F and 19A were included) (186,187). These vaccines have
however reduced the number of cases of invasive OM in paediatric populations caused by S.
pneumoniae (185). Moving forward, the rise of invasive pneumococcal strains, especially in
developing countries, led to the development of a decavalent conjugate vaccine PHiD-CV. This
specific conjugate vaccine incorporated capsular polysaccharide from serotypes 1, 4, 5, 6B, 7F,
9V, 14, 18C, 19F and 23F, however 19F and 23F were coupled to tetanus toxoid and diphtheria
toxoid, respectively (to prevent interference with coadministration of protein D conjugate
vaccine) (188). Pnc-PD conjugate vaccine consisting of protein D from NTHi coupled to
pneumococcal capsular polysaccharide from serotypes 1, 5, 6B, 7F, 9V, 14 and 23F
demonstrate protection against S. pneumoniae and NTHi (189).

The pneumococcal conjugate vaccines have resulted in decreases of 69-91% of invasive
pneumococcal diseases, with 56-57% reduction in OM (pneumococcal associated) cases in the
past decade (127,190,191). However, the introduction of pneumococcal conjugate vaccines has
also significantly changed the microbiology of OM (126,127,192-195), resulting in an increase
in OM by non-vaccine serotype specific S. pneumoniae and a substantial increase of OM cases

caused by NTHi and M. catarrhalis (196-199). NTHi and M. catarrhalis are now recognised
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as important causative agents of OM, comparable to S. pneumoniae (185,200). NTHi has been
identified as the most frequently isolated bacteria from failed treatments (201). The downside
to the current protein D based conjugate vaccine is that not all NTHi express protein D (202).
This highlights that there is still a great need for vaccine studies focused on other antigens that
are highly conserved across strains to serve as potential vaccine candidates to prevent OM and

provide long term solutions.

Seven antigens have been identified as potential candidates to prevent NTHi induced OM:
OMP P86, protein D, dLOS, HMW1/HMW?2, Hia, OMP P5-derived peptides, and PilA (203).
Several other candidates are being investigated for pneumococcal associated OM:
pneumococcal surface protein A (PspA), histidine triad family (Pht), pneumococcal surface
adhesin A (PsaA), pneumococcal type 1 and type 2 pilus subunits, pneumolysin, pneumococcal
serine-rich repeat protein (PsrP), pneumococcal choline binding protein (PcpA), heat shock
protein caseinolytic protease (Clp), sortase A (SrtA), polyamine transport operon (potD),
pneumococcal protective protein (PppA), a protein analogous to the cell wall separation protein
of group B streptococcus (PcsB), and a serine/threonine protein kinase (StkP) (203,204).
Currently, for M. catarrhalis the following potential antigens are under development: dLOS
(serotypes A, B and C), MID/Hag; MchA1 and MchA2; MhaB1 and MhaB2; McmA; OppA,
UspA2, Msp75; McaP; OMP E; OMP CD; M35; OMP Gla and OMP G1b; OlpA; Msp 22 and
Type IV pili (203,205). Extensive research into these antigens is moving the momentum

forward towards an efficacious vaccine candidate.

M. catarrhalis LOS has shown great potential in immunogenicity studies
(94,97,105,143,145,157,175). Similarly, OMP26 derived from NTHi is one of the leading
vaccine candidates for NTHi (23,90,206,207). OMP26 is a 26 kDa protein that is present in all
strains of NTHi (23). Due to OMP26 being highly conserved among strains and immunogenic,
it would provide an ideal carrier protein for M. catarrhalis LOS-based vaccines and this
conjugate vaccine would very likely therefore be effective against both M. catarrhalis and
NTHi related infections.
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1.6 Aims

1.6.1 Scope of the Project
M. bovis, M. catarrhalis and NTHi are all opportunistic pathogens. M. bovis is the primary

etiological agent of infectious bovine keratoconjunctivitis (IBK) in cattle. M. bovis is a major
economic burden on the beef and dairy industry with a reported cost of $26 million (2006)
annually (68). M. catarrhalis and NTHi primarily colonise the human respiratory tract and ear
leading to exacerbation of COPD in adults and middle ear infection in children. COPD is the
third leading (2018) cause of death in the United States (208) and fifth leading (2018) cause of
death in Australia (209). Despite the burden of disease, there is currently no vaccine available
for M. catarrhalis and NTHi; and vaccines against M. bovis are limited to serotype specificity.

Gram-negative bacteria are distinctive because their cell surface consists of complex mixtures
of carbohydrates, lipids, proteins and LPS/ LOS (1-3). The pathogenicity of many Gram-
negative bacteria, amongst other factors, has been associated with LPS (2); however, the role
of LPS/LOS in the pathogenicity of many Gram-negative bacteria is not well understood or
investigated. An investigation into the biological activity of M. bovis and M. catarrhalis LOS
will help determine its suitability for a vaccine. Currently, there is limited understanding in this
regards to M. bovis LOS and thus more investigation is required towards its potential use as a
vaccine antigen. M. catarrhalis LOS in vaccine studies to date has shown to be a promising
vaccine antigen. The development of an efficacious vaccine based on LOS requires a potent
delivery system capable of enhancing immunogenicity and in-turn protective efficacy. OMP26
derived from NTHi is one of the leading vaccine candidates for NTHi (23,90,206,207). OMP26
is a 26 kDa protein that is present in all strains of NTHi (23). Due to OMP26 being highly
conserved among strains and immunogenic, it would provide an ideal carrier protein for M.

catarrhalis LOS-based vaccines.
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1.6.2 Project Aims
The specific aims of this study were:

Moraxella bovis
1. To elucidate the OS structure (LOS-derived) and identify whether capsular

polysaccharide in present or not in M. bovis strains Mb25 and L183/2;
2. To evaluate the role LOS plays in the biological activity of M. bovis strains Epp63,
Mb25 and L183/2;

The work embodied in this section of the thesis is focused on characterising and
investigating the role of LOS in the Gram-negative bacteria M. bovis, using a series of

biological assays and NMR.

Moraxella catarrhalis

3. Toinvestigate the biological role of M. catarrhalis LOS;

These studies were carried out to gain an understanding of the biological role of M.

catarrhalis LOS using a series of biological assays.

Moraxella catarrhalis-Nontypeable Haemophilus influenzae conjugate vaccine

4. Todesign asingle vaccine candidate that would be effective against both M. catarrhalis
and H. influenzae; and
5. To assess the (from point 4 vide supra) vaccine immunogenicity (in-vivo) and vaccine

efficacy (in-vitro).

To develop a single vaccine candidate that was efficacious against both M. catarrhalis
and H. influenzae, truncated and detoxified LOS from M. catarrhalis was coupled to
the surface of OMP26 from H. influenzae. The successful conjugation of the two
antigens was confirmed by NMR (presence of carbohydrate) and BCA (presence of
protein). The immunogenicity of the conjugate vaccine was assessed in mice and the
bactericidal acidity against each pathogen was determined in an in-vitro bactericidal
assay. These data provide critical insight into future vaccine design and development.
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CHAPTER 2

MATERIALS AND METHODS
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Experimental Procedures and Methods

2.1 Ethics Statement and Animals

All animal protocols were reviewed and approved by the Griffith University Animal Ethics
Committee in accordance with the National Health and Medical Research Council of Australia
guidelines (AEC protocol number: MSC/11/15). Female BALB/c mice (four-to-six-weeks-old)

were sourced from the Animal Resource Centre (Perth, WA, Australia).
2.2 Bacterial Strains and Culture Conditions

2.2.1 Moraxella bovis

M. bovis strain Epp63 was obtained from Associate Professor S. K. Highlander, Baylor College
of Medicine, Texas, USA. M. bovis strain Mb25 was obtained from the collection of Dr Pat
Blackall, Department of Primary Industries, Queensland, Australia. The lyophilised strain
Mb25 (stored in 1957) was imported to Australia from Omaha, Nebraska from Dr J. Baldwin,
Corn States Serum Company, Harney Street, Omaha, Nebraska. Strain L183/2 was obtained
from Dr Pat Blackall, and was obtained from an infected cattle eye at DPI Oonoonba

Veterinary Laboratory in 1967. It has been subjected to limited passage since that time.

The strains were cultured in Brain Heart Infusion (BHI; 47 g/L; Oxoid, Heidelberg, Victoria,
Australia) supplemented with 10% heat defibrinated horse blood (HDHB; Applied Biological
Products Management-Australia, South Australia, Australia), followed by 20 ugmL? of
kanamycin to agar plates used to culture mutant strains.

BHI broth was made using an appropriate amount of powdered BHI broth (37 g/L; Oxoid,
Heidelberg, Victoria, Australia), with 10% of the total volume of HDHB, followed by
supplementation of 20 pg'mL™ of kanamycin to mutant strains.

For disc diffusion assays, M. bovis were cultured in BHI + 10% HDHB to an ODeoo 0of 0.2 and
100 pL of the bacterial suspension spread (lawn cultured) onto BHI + 10% HDHB agar plates.
The growth rate profile of strains was measured as follows: an overnight liquid culture was
inoculated (1:50 inoculation) into 100 mL of fresh BHI + 10% HDHB media and shaken at 37

°C at 180 x g, with spectrophotometer monitoring at ODeoo every 30 min until readings
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indicated that the stationary phase had been reached. The growth rate was measured in

triplicate, on three separate days and the mean plotted (81,83,105).

2.2.2 Moraxella catarrhalis

M. catarrhalis strain CCUG 2951 (serotype A), CCUG 3292 (serotype B), ATCC 25238
(serotype A), ATCC 25239, ATCC 26397 (serotype B), ATCC 26400, ATCC 26404 (serotype
C) and a double mutant 2951lgt1/4A was kindly provided by Dr lan Peak, Institute for
Glycomics, Griffith University, Gold Coast Campus, Australia. The strains were cultured in
BHI plates at 37 °C in 5% CO> for 16 h. The mutant strain was grown on BHI liquid and solid

media supplemented with 20 ugmL™? of kanamycin.

For disc diffusion assays, M. catarrhalis strains 2951, 3292 and 2951lIgt1l/4A mutant was
cultured in BHI media to an ODeoo of 0.2 and 100 pL of the bacterial suspension spread (lawn
cultured) onto BHI agar plates. The growth rate profile of strains was measured as follows: an
overnight liquid culture was inoculated (1:50 inoculation) into 100 mL of fresh BHI media and
shaken at 37 °C at 180 x g, with spectrophotometer monitoring at ODsgo every 30 min until
readings indicated that the stationary phase had been reached. The growth rate was measured

in triplicate, on three separate days and the mean plotted (105,147).

2.2.3 Escherichia coli

Transformed E. coli M15 harbouring recombinant pQE30 (containing omp26VTAL gene) was
obtained from Professor Allan Cripps, Menzies Health Institute, Griffith University, Gold
Coast Campus, Australia and grown in Luria-Bertani (LB; 28 g/L; Oxoid, Heidelberg, Victoria,
Australia) agar and LB broth supplemented with 100 pg'mL™? of ampicillin (23,210). The
expression of the omp26VTAL gene was induced by isopropyl B-D-1-thiogalactopyranoside
(IPTG; Bioline (Aust) Pty. Ltd., New South Wales, Australia)

2.2.4 Nontypeable Haemophilus influenzae

NTHi-289 was sourced from the Institute for Glycomics, Griffith University, Gold Coast
Campus, Australia. The strain was grown in BHI media supplemented with NAD and hemin at
37 °Cin COa.
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2.3 Biological Activity of Moraxella bovis and Moraxella catarrhalis LOS

2.3.1 Susceptibility Determination

A standard disk-diffusion assay was performed using a panel of hydrophobic agents
(chloramphenicol (10 pg), nalidixic acid (30 pg), novobiocin (5 pg), polymixin B (300
international units), rifampin (5 pg), Triton X-100 (5%, w/v), Tween 20 (5%, w/v) and a
glycopeptide vancomycin (30 ug)). Antibiotic disks were used to assess the susceptibility of
bacterial lawn cultures to various antibiotics by way of measurement of the zone of growth
inhibition around the impregnated disks. The sensitivity was reported as size of growth
inhibition with the assay performed in triplicate (105,158).

2.3.2 Limulus Amebocyte Lysate Assay

The chromogenic limulus amebocyte lysate (LAL) endotoxin assay (quantitative for endotoxin
activity) was performed using the ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit
(GeneScript, New Jersey, United States). The sensitivity of the LAL assay is between 0.005-1
endotoxin unit (EU)/uL. For whole bacterial cell endotoxin activity, overnight bacterial culture
from BHI (+ 10% HDHB for M. bovis) agar plates were suspended in BHI broth to an ODsoo
of 0.1 and serial dilutions tested with the kit. M. catarrhalis crude LOS and dLOS were tested

using the same kit. The assay was performed in triplicate (105).

2.3.3 Bactericidal Assay

A bactericidal assay was conducted in a 96 well plate, with a final volume of 200 uL. Bovine
serum (Applied Biological Products Management-Australia, South Australia, Australia) for M.
bovis strains and normal human serum (Sigma-Aldrich, Chemical Co., Castle Hill, Australia)
for M. catarrhalis strains was diluted to 0.5, 2.5, 5.0, 12.5 and 25% in 190 pL of pH 7
Dulbecco’s phosphate buffered saline containing 0.05% gelatine (DPBSG). Inoculation of
bacterial culture (10 pL containing 10® CFU) was carried out into reaction wells containing the
diluted bovine serum and incubated for 30 min at 37 °C. Positive controls included DPBSG
alone and 25% heat-inactivated bovine or human serum (56 °C for 30 min), respectively. Serial
dilutions of each sample were plated and CFU counted after 24 h. The data represents the
average of three independent assays conducted on three separate days (105).

2.3.4 Adherence Assay
HeLa cervix and Chang conjunctival human cell lines were cultured in Eagle’s minimal

essential medium with addition of 10% heat inactivated fetal bovine serum at 5% CO, at 37
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°C. Approximately 2x10° to 3x10° HeLa and Chang cells were seeded into each well of a 24
well tissue culture plate (Corning-Costar) and incubated for 24 h before use. Bacterial colonies
were inoculated into 10 mL of BHI (+ 10% HDHB for M. bovis) broth and grown overnight at
37 °C. The overnight culture was pelleted by centrifugation at 6,000 x g for 10 min at 4 °C,
washed twice with 5 mL of phosphate-buffered saline (PBS), pH 7.0, and resuspended in 10
mL of PBS. Bacteria were then inoculated (25 pL of 10’ CFU) in triplicate onto the wells of
the tissue culture plate containing monolayers and centrifuged for 5 min at 165 x g and then
incubated for 30 min at 37 °C. The infected monolayers were rinsed five times with PBS to
remove non-adherent bacteria and then treated with PBS containing trypsin-EDTA (0.05%
trypsin, 0.5 mM EDTA) to release the epithelial cells from the plastic support. This cell
suspension was serially diluted in PBS and spread onto BHI (+ 10% HDHB for M. bovis) agar
plates in duplicate to determine the number of viable bacterial cells present. Adherence of the
bacteria attached to human cells relative to original bacteria added, was expressed as a
percentage (105,211).

2.4 Antigen Expression, Isolation and Purification

2.4.1 Nontypeable Haemophilus influenzae Outer Membrane Protein 26 Expression

Transformed E. coli with the plasmid pQE30 containing the omp26VTAL gene derived from
NTHi strain 289 was grown as described in Section 2.2.3. The recombinant E. coli strain was
cultured at 37 °C until the ODsoo was approximately 0.6-0.7. Isopropyl p-D-
thiogalactopyranoside (1 mM) was added to induce expression of rOMP26VTAL antigen,
controlled by LacPO promoter and further incubated for 4-6 h. The cells were harvested at
4,000 x g centrifugation at 4 °C for 20 min. The pellet was resuspended in lysis buffer at a wet
weight of 5 mL/g. The cells were ruptured by incubation with lysozyme on ice for 30 min,
followed by sonication. The lysed slurry was then centrifuged (10,000 x g, 20 min, 4 °C) and
supernatant removed (23) and purified using a Ni-NTA Fast Start (QIAGEN, Hilden,
Germany). At 4 °C for 30 min the lysate sample was softly mixed with slurry of Ni-
nitrilotriacetic acid (Ni-NTA) resin. Any contaminants were washed away with buffer (pH 6,
50 mM imidazole). The sample was then vortexed and incubated for 1 min. The Ni-NTA was
separated from the sample by centrifuging at 5,000 x g for 3 min. The rOMP26VTAL was then
eluted with five additions of elution buffer (pH 8, 250 mM imidazole and 1% Triton X-100).
The elution fractions were dialysed overnight in snake skin dialysis membrane and/or run

through a Sephadex G-25 desalting column. After removal of salts, rOMP26VTAL was
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lyophilised and stored at -20 °C at a concentration of 1 mg/mL (23). The purity of
rOMP26VTAL was analysed using SDS-PAGE (Sigma-Aldrich, Chemical Co., Castle Hill,
Australia). Protein concentration was determined with the Pierce™ BCA protein assay kit
(ThermoFisher Scientific, Australia).

2.4.2 Moraxella catarrhalis and Moraxella bovis LOS Isolation

2.4.2.1 Hot Phenol/ Water Method of LOS and OS Isolation

M. bovis strains Mb25 and L183/2, and M. catarrhalis strains 2951, 3292 and 2951Igt1/4A
mutant were cultured in BHI as described above. Bacteria were grown till late log phase and
then killed by addition of 0.5% phenol and further incubated at room temperature for 2 h. The
liquid culture was pelleted by centrifugation at 7,000 x g for 20 min at 4 °C. LOS was extracted
from 5-10 g of wet cell mass from each strain using the hot phenol-water procedure of Westphal
and Jann (212), with minor modifications by Perdomo and Montero (213), Wilson et al. (2014)
(81) and Peak et al.(2007) (147).

Bacterial wet cell mass was lyophilised to obtain accurate dry weight. Bacterial dry cell mass
(5% biomass per 100 mL) was hydrated in Milli-Q water followed by addition of the same
volume of 90% phenol that had been heated to 67 °C. The mixture was incubated at 160 rpm
for 15 min at 67 °C. To allow the sample to separate into distinct phases, the mixture was then
placed on ice for 15 min, followed by further separation by centrifugation at 5,000 x g for 20
min at 4 °C. The top aqueous layer was removed and same volume of 67 °C Milli-Q water was
added to the remaining phenol layer and the separation procedure repeated. The aqueous layers
were combined and dialysed (Spectra/Por 6 Pre-wetted Dialysis Tubing; 1 kDa MWCO
(molecular weight cut-off); Spectrum Laboratories, Inc., California, United States) overnight
against distilled water. The sample was further clarified to eliminate insoluble materials by
centrifugation at 10,000 x g for 20 min at room temperature. To concentrate LOS, an alcohol
precipitation method was employed as follows; 0.15 M sodium acetate salt added to the sample,
followed by 1:4 dilution of sample with cold 96% ethanol. The mixture was incubated for 24
h at -20 °C. The LOS was pelleted by centrifugation at 4,000 x g for 20 min at 4 °C, suspended
in distilled water at 25 mg/mL and lyophilised.

The lyophilised LOS was then nuclease-treated to remove nucleic acid contaminant. LOS was
dissolved in 0.2 M NaCl (25 mg/mL) to a total volume of 10 mL and incubated for 1 h at 37
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°C with DNAse (50 ug/mL; Sigma-Aldrich, Chemical Co., Castle Hill, Australia) and RNase
(0.5 mg/mL; Sigma-Aldrich, Chemical Co., Castle Hill, Australia). Contaminating proteins
were removed by an enzyme hydrolysis reaction which was stopped by incubation of the
samples at 65 °C for 15 min. The enzyme hydrolysed crude LOS was lyophilised and stored at
-20°C.

For OS structural studies, the crude LOS was hydrolysed in 1% glacial acetic acid (2 mg/mL)
for 2 h at 100 °C followed by centrifugation at 10,000 x g for 20 min, with the supernatant
containing the OS being removed and lyophilised. The lyophilised OS was then dissolved in 1
mL of water, homogenised by sonication in a Branson CPXH series ultrasonic bath (Sigma-
Aldrich, Chemical Co., Castle Hill, Australia), filtered through a 0.45 pum cellulose acetate
filter and applied to a Bio-Gel P-4 size-exclusion chromatography column (Bio-Rad
Laboratories) using distilled water as the eluent. Fractions were lyophilised and assayed for

carbohydrate containing fractions by *H NMR and charring on TLC paper.

2.4.3 Moraxella bovis Capsular Polysaccharide Isolation

M. bovis (strains Epp63 and L183/2) was grown at 37 °C for 24 h as described in Section 2.2.1.
The cells were harvested into sterile water containing 0.5% phenol and after 1 h at room
temperature the cells were removed by centrifugation at 7,000 x g for 20 min. The supernatant
that was presumed to contain the capsular material was subjected to the protocol described by

DeAngelis et al. (2002) (214) in an attempt to isolate and purify capsular polysaccharide.

M. bovis Epp63 and L183/2 bacterial cells were extracted using a hot water/phenol procedure
(81,83,215), as previously mentioned in Section 2.4.2.1. Additionally a phenol/EDTA/TEA
extraction method (214) was adapted for the Epp63 strain due to unsuccessful isolation of
capsular polysaccharide material using the hot water/phenol procedure. Briefly, a wet cell mass
of 19.0 g was used for preparative scale extraction. The cell pellet was suspended in
phenol/EDTA/TEA extraction buffer (20% wet weight cells/buffer volume; 0.25 M EDTA,
5.0% phenol, pH adjusted to 6.9 with TEA), stirred at 37 °C for 1 h and then centrifuged at
10,000 x g for 1 h. The supernatant was dialysed exhaustively (2 kDa MWCO /Spectra/Por 7
tubing, 3 days against continuously flowing tap water, followed by 1 day against deionised-
water), concentrated by rotary evaporation, clarified by centrifugation at 10,000 x g for 1 h.

The supernatant containing carbohydrate was lyophilised and the residue stored at —20 °C.

49



Chapter 2

Carbohydrate was subjected to 1% glacial acetic acid (2 mg/mL, 100 °C, 2 h) followed by
centrifugation at 4,500 x g for 20 min at 4 °C. The supernatant was carefully removed, and
residual pellet washed again with 3 mL of water followed by centrifugation at 5,000 x g for 20
min at 4 °C. The combined supernatants were then lyophilised. Gel permeation chromatography
was performed on the lyophilised material using Bio-Gel P4 with 0.02 M pyridinium acetate
(pH 5.4) buffer as the eluent. Fractions were lyophilised, then carbohydrate-containing
fractions were pooled following identification by *H NMR to give 3.0 mg of homogeneous

material.

2.5 Structural Analysis - NMR Spectroscopy

Each separate OS and polysaccharide capsule was dissolved in 99.998% D0 and lyophilised
twice under nitrogen to remove exchangeable protons. The samples were solubilised in D,O
(purity 99%; 500 L) in a glove bag under nitrogen and *H NMR (M. bovis and M. catarrhalis
0S) and 3C NMR (M. bovis OS) spectra were recorded at 298 K on a Bruker Avance
spectrometer with a TXI cryoprobe operating at 600 and 150 MHz, respectively. Chemical
shifts are reported in ppm referenced to internal acetone (*H 2.225 ppm, 3C 31.45 ppm).
Spectral assignment was aided by the recording of gradient COSY, *H*C-HSQC, H3C -
HSQC-TOCSY (120 ms mixing times), *H*3C-HMBC and 1D-selective COSY, TOCSY, (with
mixing times ranging from 15 to 180 ms) and NOESY spectra (250 ms). All spectra were
acquired using unmodified pulse sequences from the Bruker pulse sequence library (81,83).

2.6 Assembly of Moraxella catarrhalis-Nontypeable Haemophilus influenzae Conjugate

2.6.1 Detoxification of Moraxella catarrhalis LOS (Conversion to dLOS)

Ammonium hydroxide treatment of LOS removes esterified fatty acids from lipid A (216). The
procedure involved LOS being suspended in 28% ammonia solution and incubated at 37 °C
for 24 h with mixing at 250 x g for the final hour (216). Ammonia was then blown off with
nitrogen for 30 min. The sample was then transferred to 1.5 mL microcentrifuge tubes and
centrifuged at 7,000 x g for 18 min followed by removal of supernatant. Milli-Q water (1 mL)
was added to the pellet and re-centrifuged at 9,000 x g for 15 min, followed by removal of
supernatant. Another 1 mL of Milli-Q water was added to the pellet and it was re-centrifuged
at 10,000 x g for 10 min, followed by removal of supernatant (216). All supernatant collected
was combined, lyophilised and designated dLOS. The resulting dLOS was purified using
Sephadex G-50 (2.6 x 90 cm; GE Healthcare Bio-Sciences, Pittsburgh, United Sates of
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America). Fractions were lyophilised, then carbohydrate-containing fractions were pooled
following identification by *H NMR (D20). The dLOS were tested for toxicity with a LAL
assay, as described in Section 2.3.2.

2.6.2 Linker Attachment to Moraxella catarrhalis dLOS

Adipic acid dihydrazide (ADH; Sigma-Aldrich Chemical Co., Castle Hill, Australia) was
bound to dLOS forming adipic hydrazide (AH)-dLOS derivatives, using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide HCI (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS)
(217). The dLOS (70 mg) was dissolved in 7 mL of 345 mM ADH (molar ratio of ADH to
LOS (100:1, based on an estimated M, of 3,000 for dLOS). Sulfo-NHS was then added to a
final concentration of 8 mM, with the pH adjusted to 4.8, and EDC added at a concentration of
0.1 M. The reaction mixture was then stirred and maintained at pH 4.8 for 3 h. The reaction
mixture was then adjusted to pH 7.0 and passed through a Sephadex G-50 column. The eluate
was assayed for linkage confirmation between carbohydrate and ADH via thin layer
chromatography and *H NMR. The peaks containing both carbohydrate and AH were pooled,
lyophilised, and designated AH- dLOS (103,104,217).

2.6.3 Coupling of Moraxella catarrhalis dLOS-Linker to Nontypeable Haemophilus
influenzae rOMP26VTAL

AH-dLOS was coupled to rOMP26VTAL to form conjugates 2951Igt1/4AdLOS-rOMP26VTAL;
2951dLOS-rOMP26VTAL and 3292dLOS-rOMP26VTAL. To form these conjugates AH-dLOS
was dissolved in water and mixed with rOMP26VvTAL (molar ratio of 100:1). The pH was
adjusted to 5.4, and EDC added to a concentration of 0.05 to 0.1 M. The reaction mixture was
stirred, and the pH maintained at 5.4 for 3 h. The reaction mixture was then adjusted to pH 7.0,
centrifuged, and passed through a Sephacryl S-300 column (1.6 x 90 cm; GE Healthcare Bio-
Sciences, Pittsburgh, United Sates of America) in 0.9% NaCl. Fractions that contained both
protein and carbohydrate were pooled and designated dLOS-rOMP26VTAL. All conjugates
were analysed for their composition of carbohydrate (colorimetric method for determining
sugars, using AH-dLOS as standards (218)) and protein (Pierce™ BCA protein assay Kit;

ThermoFisher Scientific, Australia).
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2.7 Conjugate Vaccine Immunogenicity

2.7.1 Subcutaneous Immunisation of Mice with Conjugates

Conjugates were tested for immunogenicity in mice. Four to six-week-old female BALB/c
mice (eight per group) were immunised subcutaneously on days 0, 14 and 28 with 50 pg
(carbohydrate content) of 29511gt1/4AdLOS-rOMP26VTAL; 2951dLOS-rOMP26VTAL (50 pg
carbohydrate content); 3292dLOS-rOMP26VTAL (50 ug carbohydrate content); rOMP26VTAL
(5 ng), or heat-killed bacteria (65 °C for 30 min) of M. catarrhalis serotype A (2951) (100 uL
of 10° CFU/mouse) or serotype B (3292) (100 pL of 10°® CFU/mouse). All antigens were
delivered with Ribi adjuvant (Sigma-Aldrich Chemical Co., Castle Hill, Australia) ata 1:1 ratio

in a 100 uL immunisation dose/mouse.

Serum was collected on day -1 from the submandibular vein and day 42 from cardiac puncture
under anesthesia and allowed to clot overnight at 4 °C. Serum was collected after centrifugation
(20 min, 3,000 x g, 4 °C) and stored at -80 °C.

2.7.2 Whole-Cell Enzyme-Linked Immunosorbent Assay (ELISA)

M. catarrhalis wild-type strains 2951 and 3292, and NTHi strain 289 were cultured as
described in Section 2.2 to an ODeoo of 0.2, harvested by centrifugation, and resuspended in
PBS. The bacteria were heat-killed at 65 °C for 30 min. A 100 uL volume of the suspension
containing 1x108 CFU was added to each well of the 96-well Titertek PVC microplates (MP
biomedicals) (219). Wells with PBS alone, or secondary antibody alone were included as
controls. The rest of the experiment was performed according to the protocol described below
for ELISA with respective LOS and rOMP26VTAL.

2.7.3 Determination of Antibody Titers by ELISA

ELISA was used to measure serum IgG against the conjugates, rOMP26VTAL and whole cell
bacteria, as described elsewhere (220,221). Briefly, target antigens were diluted to 1 mg/mL in
carbonate coating buffer, pH 9.6, and coated onto Titertek PVVC microplates in a volume of 100
uL/well overnight at 4 °C or 1.5 h at 37 °C. Unbound peptide was removed and each well was
blocked with 150 uL of 5% skim milk PBS overnight at 4 °C or 1.5 h at 37 °C. The plates were
then washed 3 times with PBS. Serum samples were assessed using 2-fold dilutions of 1:100
dilution of serum. After PBS washes, mouse antibodies were detected with HRP-conjugated

goat anti-mouse 1gG antibody (Bio-rad Laboratories), or isotype-specific secondary antibodies:
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HRP-conjugated goat anti-mouse 1gG1 antibody (Invivogen, San Diego, United States), HRP-
conjugated goat anti-mouse IgG2a antibody (Invivogen, San Diego, United States), HRP-
conjugated goat anti-mouse 1gG2b antibody (Invivogen, San Diego, United States) or HRP-
conjugated goat anti-mouse 19G3 antibody (Invivogen, San Diego, United States) added at a
dilution of 1:3000 (1gG) or 1:2000 (1gG1, 1gG2a, IgG2b and 1gG3) in 0.5% skim milk PBS for
1.5 h at 37 °C. After PBS washes, SIGMAFAST OPD substrate (Sigma-Aldrich, Chemical
Co., Castle Hill, Australia) was added at 100 uL per well according to the manufacturer’s
instructions and incubated at room temperature for 20 min in the dark, before ODaso
measurement in a Tecan Infinite M200 Pro plate reader (Tecan Group Ltd., Switzerland). For
assessing response to whole bacterial cells, M. catarrhalis were grown in BHI broth to an ODeoo
of 0.2, harvested by centrifugation, resuspended in PBS, and 100 uL of the suspension was
added to each well of a 96-well Titertek P\VVC microplates (MP biomedicals) (219). Wells with

PBS alone, or secondary antibody alone were included as controls.

The titer is described as the lowest dilution that gave an absorbance of >3 standard deviations
(SD) above the mean absorbance of control wells (secondary antibody). Statistical significance
(p<0.05) was determined using one tail paired t test to compare between test groups (p<0.05
was considered significant) using GraphPad Prism 6 software (GraphPad, California, United
States).

2.7.4 Bactericidal Assay

The bactericidal activity of antibodies raised against the conjugates and rOMP26VTAL was
assessed using the method described by Murphy et al. (1998) (141). Serum samples from
immunised mice were decomplemented by incubation at 56 °C for 30 min before use. Heat-
inactivated serum sample was pooled and diluted 1:5 and added to each well, followed by serial
twofold dilutions in Dulbecco’s PBS, with each serum sample being tested in triplicate. M.
catarrhalis and NTHi strains were subcultured from stationary phase (overnight culture), an
inoculant was grown until an ODego 0f 0.2 (approximately). An aliquot of the culture was
diluted with Dulbecco’s PBS and plated to determine 10® CFU. Approximately 100-200 CFU
were added per well for convenient counting. The samples were incubated for 30 min at room
temperature, then baby rabbit serum (Cat no. S7764; Sigma-Aldrich, Chemical Co., Castle Hill,
Australia) was added to each well as the complement source. Cells were incubated for a further
30 min at 37 °C. Sterile DPBS (50 puL) was added to each well and 20 pL aliquots were spotted
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on to BHI plates in duplicate, incubated overnight, and the number of colony forming units in
each spot counted and compared to an average of control wells containing no rabbit serum and
no mice antibody. Titre is reported as serum dilution that gave >50% killing compared to an

average of the controls.

2.8 Statistics

Statistical analysis was performed with GraphPad Prism 6 software using one tail paired t test
to compare between test groups (ns = not significant; *p<0.05; **p<0.01; ***p<0.001;
****n<0.0001) for mice titer from ELISA, two-tailed t test (ns; *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001) for endotoxin levels, one-way ANOVA (ns; *p<0.05; **p<0.01;
***p<0.001; ****p<0.0001) for antibiotic susceptibility and adherence assay comparing wild-
type to mutants and two-tailed paired t test (ns; *p<0.05; **p<0.01; ***p<0.001;
****<0.0001) for bactericidal assay. The growth rate of mutant strains were compared to
wild-type strains using two-way ANOVA with multiple comparisons (ns; *p<0.05; **p<0.01

***p<0.001); p<0.05 was considered significant.
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Bovine keratoconjunctivitis

The Gram-negative bovine pathogen Moraxella bovis is a causative agent of Infectious bovine keratoconjunctivitis, ‘pink-eye’
that a ects cattle. Here we report that strain L183/2 has the same capsular polysaccharide (CPS) of unsulfated chondroitin, as
does strain Mb25, whereas strain Epp63 does not express CPS. NMR analysis of the oligosaccharides (OS) derived from the
lipooligosaccharides (LOS) in these three strains by NMR has shown that strain Mb25 and Epp63 have the same OS structure
with a terminal N-acetylgalactosamine ((1S)-GalaNAc) residue — 4,6-linked. Strain L183/2 lacks the (1S)-GalaNAc residue.
The biological role of M. bovis LOS was assessed by comparing the LOS from strains Epp63, Mb25 and L183/2 and truncated
Epp63 LOS variants. LOS truncation a ected M. bovis growth rate, susceptibility to antibiotics, detergents, bovine serum

bactericidal activity, endotoxicity and adherence to HeLa cells.

1. Introduction

M. bovis is a Gram-negative, oxidase positive microorganism which causes
Infectious bovine keratoconjunctivitis (IBK), universally known as ‘pink-eye’
[1]. IBK is an ocular disease of cattle that causes keratitis, conjunctivitis,
excessive lacrimation, corneal ulceration and in severe cases, permanent
blindness [1]. IBK can establish in cattle of all ages, however those under two
years of age are most susceptible [1,2]. The disease is prevalent worldwide and
causes substantial economic loss to the beef and dairy industry [1]. The U.S.
beef industry reports costs of USD 200 million annually due to IBK [3], while
Meat and Livestock Australia report a cost of USD 21 million annually to the
Australian beef and dairy farmers [2]. The disease is costly as infected animals
have reduced milk production, exhibit rapid weight loss and treatments are
expensive [2]. Affected animals have decreased appetite as a con-sequence of
pain or reduced vision, which also results in a reduced capacity to locate food
and water [2,4].

Host (cattle) and environmental factors influence the ability of M. bovis to
cause disease. Predisposing factors such as breeds lacking eye pigments, poor
host immune system, UV radiation, nutrient

deficiencies, and the presence of other disease agents such as Mycoplasma,
Moraxella ovis, Chlamydia, Acholeplasma and Moraxella bovoculi [4] support
infection. Mechanical injuries to the eye, including eye irritation by wind, dust,
tall grasses or weeds also play a factor [4]. Cattle are the reservoir for M. bovis,
therefore bacteria can be spread by animal handlers or direct contact with
infected animals, contact with objects that may be infected, and most
commonly by vectors [4]. Musca autumnalis (face fly), Musca domestica
(house fly) and Stomoxys calcitrans (stable fly) are some suggested vectors for
spreading the highly infectious IBK, as they feed on the ocular and nasal
discharges of animals [4].

Current understanding of virulence of M. bovis is incomplete, but some
virulence factors, or putative virulence factors have been identified: pili [1,5,6],
cytotoxin [1], outer membrane proteins [7] and LOS [7-9]. In addition, we
previously reported the presence of a CPS in strain Mb25, although its
prevalence in other strains of M. bovis, and its significance to virulence is
unclear [9].

The major glycolipid in the outer leaflet of the outer membrane of Gram-
negative bacteria is lipopolysaccharide (LPS) or LOS. We recently reported
that M. bovis strain Epp63 has LOS (lacking expression of O-
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antigen) and that the terminal glycan of the OS (oligosaccharide) is the unusual
open chain acetal-linked N-acetylgalactosamine, ((1S)-GalaNAc) residue —4,-
6-linked to a penultimate Galp residue [8,10]. The genomic locus encoding
glycosyltransferases involved in LOS biosynthesis was also described and
mutant strains were generated with truncated LOS in strains Epp63 and Mb25
[10]. In other organisms, including the closely related M. catarrhalis [11,12],
the LOS structure is known to play a significant biological role in facilitating
adherence to epithelial cells and evading the host complement cascade [11,12].
The aim of the current study was to determine whether M. bovis strains Mb25
and L183/2 express the same OS (LOS-derived) as found in Epp63, and to
determine whether the previously reported CPS found in strain Mb25 is also
expressed in strains Epp63 and L183/2. This is the first report of the
contribution of the LOS-derived OS towards the biological activity of M. bovis.

2. Experimental procedures
2.1. Bacterial strains and growth

M. bovis strain Epp63 was obtained from Associate Professor S. K. Highlander,
Baylor College of Medicine, Texas, USA. M. bovis strain Mb25 was obtained
from the collection of Dr Pat Blackall, Department of Primary Industries,
Queensland, Australia. The lyophilized strain Mb25 (stored in 1957) was
imported to Australia from Omaha, Nebraska from Dr J. Baldwin, Corn States
Serum Company, Harney Street, Omaha, Nebraska. Strain L183/2 was
obtained from Dr Pat Blackall, and was obtained from an infected cattle eye at
DPI Oonoonba Veterinary Laboratory in 1967. It has been subjected to limited
passage since that time.

M. bovis strains Epp63, Mb25 and L183/2 were cultured in brain heart infusion
(BHI) with 10% heat defibrinated horse blood (HDHB; Applied Biological
Products Management-Australia, South Australia, Australia), and on solid
media with 1.5% agar at 37 °C overnight. M. bovis Epp63 strain mutants [10]
were grown on BHI + 10% HDHB agar supplemented with 20 pg mL 1
kanamycin. The bacteria were pelleted by centrifugation at 3000 x g. For disc
diffusion assays, M. bovis was cultured in BHI +10% HDHB to an ODggo of
0.2 and 100 pL of the bacterial suspension spread (lawn-cultured) onto BHI +
10% HDHB agar plates. The growth rate profile of strains was measured as
follows: an overnight liquid culture was inoculated (1:50 inoculation) into 100
mL of fresh BHI + 10% HDHB media and shaken at 37 °C at 180 x g, with
spectrophotometric monitoring at ODggo every 30 min until readings indicated
stationary phase had been reached. The growth rate was measured in triplicate,
on three separate days and the mean plotted [8-10,13].

2.2. Isolation of LOS and preparation of OS from L183/2 and Mb25

Colonies were inoculated into BHI +10% HDHB broth and incubated at 37 °C
overnight. After overnight incubation bacteria were introduced (1:50
inoculation) into 100 mL of fresh BHI + 10% HDHB broth and grown until late
log phase. Bacteria were then killed by addition of 0.5% phenol and incubated
at room temperature for further 2 h [14].

LOS was extracted from 5 to 10 g of wet cell mass using the hot phenol-water
procedure of Galanos et al. [15], with minor modifications by Perdomo and
Montero [16] to yield 25 mg of Mb25 and 22 mg of L183/2 crude LOS. The
LOS was hydrolyzed in 1% aqueous acetic acid (2 mg/mL) for 2 h at 100 °C
followed by centrifugation at 10 000 x g for 20 min, with the supernatant being
removed and freeze dried. The lyophilized OS was then dissolved in 1 mL of
water and filtered through a 0.45 um membrane and purified by size-exclusion
chromatography (Bio-Gel P4, 100 x 1.5 cm) using deionized water as the
eluent. Fractions were lyophilized and assayed for carbohydrate containing

fractions by IH NMR. The purified OS yield was 16 mg (Mb25) and 11 mg
(L183/2), respectively [8,13].
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2.3. Capsular polysaccharide isolation from L183/2 and Epp63

In an attempt to specifically isolate CPS from strains L183/2 and Epp63, the
strains were grown and harvested, giving supernatant that was then lyophilized.
The strains were then separately extracted using a hot water/phenol procedure
[8,15] in line with our previously reported CPS isolation for M. bovis Mb25
[9]. The supernatant for L183/2 was found to contain 3 mg of homogenous CPS
material, while no CPS material was detected in the Epp63 sample.

In an attempt to further isolate CPS from strain Epp63 we subjected the cell
mass to an additional phenol/EDTA (ethylenediamine tetra acetic acid)/ TEA
(triethylamine) extraction method and to cetylpyridinium bromide precipitation
protocols, as described by DeAngelis et al. [17]. Neither of these additional
protocols afforded CPS material.

2.4. Structural analysis of OS (NMR spectroscopy)

Each separate OS and CPS was dissolved in 99.998% D,0 and lyophilized
twice under nitrogen to remove exchangeable protons. The samples were
solubilized in D,O (500 uL) in a glove bag under nitrogen and *H and *C NMR
spectra were recorded at 298 K on a Bruker Avance spectrometer with a TXI
cryoprobe operating at 600 MHz and 150 MHz, respectively. Chemical shifts
are reported in ppm referenced to internal acetone (*H 2.225 ppm, 3C 31.45
ppm). Spectral assignment was aided by the recording of gradient COSY,
IHBC-HSQC, H®C -HSQC-TOCSY (120 m s mixing times), *H*C-HMBC
and 1D-selective COSY, TOCSY, (with mixing times ranging from 15 to 180
m s) and NOESY spectra (250 m s). All spectra were acquired using
unmodified pulse sequences from the Bruker pulse sequence library [8].

2.5. Susceptibility determination

A standard disk-diffusion assay was performed using a panel of hydrophobic
agents (chloramphenicol (10 pg), nalidixic acid (30 pg), novobiocin (5 pg),
polymixin B (300 international units), rifampin (5 ug), Triton X-100 (5%, w/v),
Tween 20 (5%, w/v) and a glycopeptide vancomycin (30 ug)). Antibiotic disks
were used to assess the susceptibility of bacterial lawn cultures to various
antibiotics by way of measurement of the zone of growth inhibition around the
impregnated disks. The sensitivity was reported as size of growth inhibition
with the assay performed in triplicate [11].

2.6. Limulus amebocyte lysate assay

The chromogenic limulus amebocyte lysate (LAL) endotoxin assay
(quantitative for endotoxin activity) was performed using the ToxinSensor™
Chromogenic LAL Endotoxin Assay Kit (GeneScript, New Jersey, United
States). Overnight bacterial culture from BHI +10% HDHB agar plates were
suspended in BHI +10% HDHB broth to an ODgo 0f 0.1, then serial dilutions
were tested with the kit [11]. The endotoxin levels were analyzed between
groups using paired t-test.

2.7. Bactericidal assay to bovine serum

A bactericidal assay was conducted in a 96 well plate, with a final volume of
200 pL. Bovine serum (Applied Biological Products Management-Australia,
South Australia, Australia) was diluted to 0.5, 2.5, 5.0, 12.5 and 25% in 190 pL
of pH 7 Dulbecco's phosphate buffered saline containing 0.05% gelatin
(DPBSG). Inoculation of bacterial culture (10 pL containing 108 CFU) was
carried out into reaction wells containing the diluted bovine serum and
incubated for 30 min at 37 °C. Positive controls included DPBSG alone and
25% heat-inactivated bovine serum (56 °C for 30 min). Serial dilutions of each
sample were plated and CFU counted after 24 h [11]. The data represents the
average of three independent assays conducted on three separate days.
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2.8. Adherence assay

A method used to measure adherence of M. catarrhalis to Chang conjunctival
cells in vitro [18] was adapted for use with M. bovis. Briefly, HeLa cervical
cells were cultured in Eagle's minimal essential medium with addition of 10%
heat-inactivated fetal bovine serum (Sigma-Aldrich Chemical Co., Castle Hill,
Australia) at 5% CO; at 37 °C. Approximately 2 x 10° to 3 x 10° HelLa cells
were seeded into each well of a 24 well tissue culture plate (Corning-Costar;
Sigma-Aldrich Chemical Co., Castle Hill, Australia) and incubated for 24 h
before use. Bacterial colonies were inoculated into 10 mL of BHI +10% HDHB
broth and grown overnight at 37 °C. The overnight culture was pelleted by
centrifugation at 6000 x g for 10 min at 4 °C, washed twice with 5 mL of
phosphate-buffered saline (PBS), pH 7.0, and re-suspended in 10 mL of PBS.
Bacteria were inoculated (approximately 2.5 x 10° bacteria) onto cells and
centrifuged for 5 min at 165 x g followed by incubation for 30 min at 37 °C.
The infected monolayers were rinsed five times with PBS to remove non-
adherent bacteria and then treated with PBS containing trypsin-EDTA (0.05%
trypsin, 0.5 mM EDTA) to release the epithelial cells from the plastic support.
This cell suspension was serially diluted in PBS and spread onto duplicate BHI
+10% HDHB plates to determine the number of viable M. bovis present.
Adherence was expressed as a percentage of the bacterial counts relative to
original bacteria added [11,18].

3. Results
3.1. OS structural characterisation - NMR spectroscopy

We first sought to determine whether the isolated OS (LOS-derived) of Mb25
and L183/2 are the same as the reported OS structure for strain Epp63 [8].
Comparison of L183/2 wildtype OS NMR spectra (298 K, 600 MHz) with
Epp63 wildtype OS spectra showed that the structures were not identical (Fig.
2B). Most conspicuous was the absence of the anomeric proton due to the
terminal (1S)-GalaNAc (residue F, Fig. 2B) and chemical shift changes in the
anomeric proton of the penultimate Galp (residue E). These changes were
consistent with the loss of the terminal (1S)-GalaNAc (residue F). *H and *C
NMR chemical shifts for residue E wildtype L183/2 OS are given in Table 1.
These chemical shifts were determined by examining a combination of
selective gradient COSY, TOCSY and NOESY spectra as well as gradient
COSY, H®BC-HSQC, H¥C -HSQC-TOCSY experiments. Large chemical
shift changes are noted for the residue E4, E5 and E6 **C chemical shifts on
loss of the —4,-6-linked (1S)-GalaNAc residue F. The chemical shifts of the
other remaining residues were very similar to that of wildtype Epp63 OS.

Comparison of the 1D and lH13C-HSQC spectrum of M. bovis Mb25 wildtype
OS (298 K, 600 MHz) to the Epp63 wildtype OS spectrum showed no
di erences, indicating that the OS structures are identical (Fig. 2B). Both
Epp63 and Mb25 OS contain a terminal open-chain acetal-linked — 4,-6-linked
(1S)-GalaNAc residue to a penultimate galactose residue. This is an unusual
type of linkage, rarely seen in bacterial carbohydrates [8].

Table 1
'H and®™®C NMR chemical shifts for residue E in M. bovis wildtype Epp63 (8)
and L183/2 OS (298 K, D,0, 600 and 150 MHz respectively).

4 Epp63 14 L18312 13¢ Epp63 B¢ L1832
E1 496 493 101.7 101.2
E2 3.92 3.82 70.0 69.7
E3 4.00 3.88 68.9 70.2
E4 421 401 77.0 69.7
E5 435 434 64.6 718
E6 4.05;3.97 3.67 69.8 63.4
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3.2. Capsular polysaccharide of M. bovis wild-type L183/2 and Epp63
strains

The classical methodology for the isolation of bacterial LOS/LPS involves hot
water/phenol [15] or variations thereof [8,16]. Previously [9], we attempted to
isolate LOS/LPS from M. bovis (Mb25) using this methodology. Instead of
isolating LOS/LPS using these protocols CPS was isolated [9]. In light of the
fact that the phenol/hot water extraction method had been problematic in this
instance for isolation of LOS/ LPS, we attempted to utilize the
phenol/EDTA/TEA extraction method [9,14] to selectively isolate LOS/LPS
from M. bovis Epp63. The advantages of the phenol/EDTA/TEA extraction
method are that it is simpler, faster and less hazardous. Furthermore, this
isolation method typically results in the isolation of a more complete array of
carbohydrate structures. Analysis of material isolated from Epp63 was indeed
carbohydrate material as signified by charring but not identified as capsule.
From 19.0 g of wet cell mass of M. bovis L183/2 we isolated and purified 3.0
mg of unidentified carbohydrate material. Interest-ingly, NMR analysis of this
material revealed that it was identical to the CPS isolated from M. bovis Mb25,
comprised of —4)-B-D-GlcpA-(1 — 3)-p-D-GalpNAc-(1— repeat units of
unsulfated chondroitin. The *H**C HSQC NMR spectrum of M. bovis L183/2
CPS is shown in Fig. 2A. *H and **C NMR chemical shift assignments for —4)-
B-D-GlcpA-(1 — 3)-p-D-GalpNAc-(1— are given in the supplementary data.
These chemical shifts correlate with our previous published data [9].

3.3. Morphology and growth rate

There was no obvious difference in the colony morphology between M. bovis
wild-type strains (Epp63, Mb25 and L183/2). Growth rates in liquid media
were similar between Epp63 and Mb25 wild-type. We previously generated
mutants of M. bovis Epp63 with truncated LOS [10] and these Epp63 mutants
showed a slower growth rate in logarithmic phase, especially the highly
truncated Epp63lgté (Fig. 3). The mutant strains also all showed a lower
stationary phase ODggo. The growth of L183/2 wild-type was significantly
different than Epp63 and Mb25 wild-type and mutants, with an extended lag
phase, and higher ODgq, at stationary phase (Fig. 3).

3.4. Susceptibility of M. bovis wild-type and mutant strains

The relative susceptibility of each strain to hydrophobic agents and antibiotics
was assessed (Table 2). M. bovis Epp63 wild-type and mutants showed similar
susceptibility to the detergent Tween 20, and to the antibiotics vancomycin,
polymyxin B, and rifampin. However, truncation of LOS increased
susceptibility to  novobiocin, (Epp63ligtl, Epp63igt2, Epp63igt6),
chloramphenicol (Epp63Igt2, Epp63Igt6), nalidixic acid (Epp63lgtl), and
Triton X-100 (Epp63Igt6). Wild-type Mb25, L183/2 and Epp63 strains were
equally susceptible to chlor-amphenicol, rifampin, and vancomycin. Strain
L.183/2 was more susceptible to novobiocin and nalidixic acid than Epp63 and
Mb25, while Epp63 was more susceptible to polymixin B and Tween 20 than
strains L183/2 and Mb25. Mb25 was more susceptible to Triton X-100 com-
pared to Epp63 and L183/2.

3.5. Biological activity of M. bovis wild-type and mutant strains

In the LAL assay, bacterial suspensions (ODgg = 0.1) gave 3.8 x 103 endotoxin
units (EU)/mL for Epp63 wild-type, 6 x 102 EU/ mL for Epp63Igt6 (p <0.001
compared to Epp63 wild-type), 2.2 x 103 EU/mL for Epp63Igtl (p <0.001
compared to Epp63 wild-type) and 2.9 x 103 EU/mL for Epp63lgt2 mutants (no
significant difference compared to Epp63 wild-type). Mb25 wild-type showed
higher apparent toxicity of 8.9 x 10° EU/mL (p <0.0001 compared to Epp63
wild-type) and significantly higher levels were observed for L183/2 wild-type
of 1.3 x 10* EU/mL (p < 0.0001 compared to Epp63
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Table 2
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The sensitivity of M. bovis wild type and mutant strains to a panel of hydrophobic agents performed via standard disk-di usion assay.

Zone of growth inhibition for strains {mm) ©

Hydrophobic agent

Mb25 Wild- 1183/2 Wild- Epp63 Wild-type Epp63igt2A Epp63igt1A Epp63/gt6A
type type
L
f i 1
Chloramphenical (10 pg) 24.0+0.9 238+0.7 22.3+09 254+03 243106 30.2+ 0.5
‘ * 1 Sk K
T 1
Nalidixic Acid (30 pg) 27.7+05 295403 27.0+03 270401 30.5+06 285403
% *REE — 1
. % - ¥ ) I‘ ook : 1
Novobiocin (5 pg) 10.510.3 13.8+0.5 11103 18.1£0.3 18.910.5 20.120.8
ek e
f sk Sk 1
Polymyxin B (300 international units) 16.210.1 153105 194 +0.3 19.2+0.2 193103 20.8+0.1
Rifampin {5 pg) 16.81+0.3 156+0.3 16.3+0.1 17.1£05 165101 18.2+£0.3
RNk » e e ke ok
r 10 ] r 1
Triton X-100 (5%, w/v) 1841 0.6 141+£11 16.4 £ 0.9 158+09 16.91+0.7 206109
f EERE S !
Tween 20 (5%, w/v) 17.0+09 16.0+0.9 22.2+05 224+03 225103 22.0+0.2
Vancomycin (30 pg) 7.0+01 8.0+05 9.4+03 9.5+0.5 9.0+0.2 10.1+0.1

o Sensitivity was assessed by measuring the diameter of the zone of growth inhibition, then mean (+ SEM) value calculated. The data represent the averages
of three separate experiments. All data are compared using one-way ANOVA. *p < 0.05; **p < 0.01;***p < 0.001; ****p < 0.0001.

wild-type).

In the bactericidal assay with bovine serum, all three M. bovis wild-type strains
survived at the same rate, at all concentrations of bovine serum (Fig. 4).
However, truncation of LOS affected serum sensitivity, with only 5% survival
of the highly truncated Epp63Igt6 mutant cells in 25% bovine serum (p <0.01,
compared to 0% bovine serum, Fig. 4), and survival was inversely correlated
with serum concentration. A similar trend for decreasing survival with
increasing serum concentration was seen for Epp63Igt1 and Epp63Igt2 mutants,
but the reduction was less marked compared to the more serum-sensitive strain
Epp63lgt6: at 25% bovine serum, there was a 40% reduction in Epp63Igtl (p <
0.05 compared to 0% bovine serum) and 25% reduction of Epp63Igt2 (p <0.01
compared to 0% bovine serum).

The ability of M. bovis strains to adhere to human HeLa epithelial cell lines
was expressed as a percentage of initial inoculum (Table 3). Truncation of LOS
affected adherence, as the Epp63 LOS mutants showed significantly lower
adherence to Hela cells in comparison to Epp63 wild-type. Reductions in
adherence correlated with reducing OS chain length (Table 3). However, when
comparing wild-type strains, we noted that strain Epp63 had lower adherence
to Hela cells than either L183/2 (p <0.001) or Mb25 (p <0.05).

Table 3
Percentage adherence of M. bovis wild-type and mutant strains to Hela cervix human
epithelial cell lines.

Strains Genotype Hela cells
Mb25 Wild-type 50.2+ 2.2]
2
L183/2 Wild-type 70.0+ 3.8 ] "
*
*
Epp63 Wild-type 47,5 1.4]
Igt2A 367t 4.6 ]I %
IgtlA 29.81 0.6 :
Igt6A 165+ 1.1

4. Discussion

We recently described the structure of M. bovis Epp63 LOS-derived OS, as
comprised of a branched structure with eleven sugar residues including Kdo (3-
deoxy-p-manno-octulosonic acid) (see Fig. 1) [8]. This structure was
interesting from the point of view that it does not contain heptose residues
linked to Kdo; LPS from most Gram-negative bacteria contain heptose. Instead
an a-4,6 linked D-Glcp is linked to the O5 of the Kdo residue [8]. M. catarrhalis
is another example of a Gram-negative bacterium that has a heptose-less core
OS and in this case the central D-Glcp is 3,-4,-6- linked to three B-D-Glcp
residues in addition to an O5 linkage to Kdo [7,11,12]. The other striking
feature of Epp63 OS is the presence of a terminal GalaNAc- acetal linked to a
penultimate a-D-Galp through the O4 and O6 [8]. Although rare, this unusual
feature has been seen in the OS of Gram-negative bacteria including
Actinobacillus pleuropneumoniae, Shewanella oneidensis, and Pasteurella
multocida serotype 13 [19-21]. In the present study we determined that M.
bovis strain Mb25 has an identical OS structure to that of Epp63. In contrast
the OS structure of strain L183/2 lacks the terminal GalaNAc residue and
instead has 10 sugar residues and a terminal a-D-Galp. Prior to the current
study, little was known about the structural diversity of LOS in M. bovis. Prieto
et al. showed that the LOS of M. bovis existed in three electrophoretically
different profiles (LPS “Types L1, L2 and L3”) using silver staining of 60
isolates, with “Type 2 being the most common [7]. It is not clear how the LOS
“Types L1, 2, and 3” [7] relate to the two LOS structures we have reported ([8]
and herein), and the elucidation of a third LOS structure awaits further studies.

Mb25 and L183/2 are both capsulated, whereas we did not find evidence of a
capsular structure for Epp63. Therefore, Epp63 may serve as a measure for the
capsular activity of these bacteria. Epp63 and Mb25 share the same OS
structure, whereas the L183/2 OS structure lacks the terminal GalaNAc residue
(Table 4). This variation in presence/absence/composition of carbohydrate
structures may serve as the basis that identifies whether a capsule and/or OS
play a role in the biological activity of M. bovis.

We also previously described a series of truncated OS mutants that were
produced to assist with assigning the function of the
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F E J | A H D
GalaNAc-(1=+4,6)-a-D-Galp(1=>4)-B-D-Galp(1—4)-B-D-Glcp(1=—»4)-a-D-Glcp-(1=—+2)-B-D-Glcp-(1=—»6)-a-D-Glcp-(1=—+»5)-a-Kdo-OH
2) 4)
a-D-Glep-(1 a-D-Glcp-(1=—»2)-B-D-Glcp-(1
C B G

Fig. 1. Structure of Moraxella bovis wild-type Epp63 oligosaccharide showing the 1-,4-,6- linked-a-D-Glcp as the linking sugar (residue D) [8]. Inactivation of the glycosyltransferase
genes results in truncation of the OS, therefore mutant strains with truncated LOS. Mutant strains of Epp63 were previously made by inactivation of respective glycosyltransferase
genes: Epp63 Igt2 OS contains 6 residues (D, G, B, H, C, A) and Epp63 Igtl OS contains 3 residues (D, G, H) and Epp63 Igt6 OS having only 1 Kdo residue [8,10].

glycosyltransferase enzymes in the biosynthesis of LOS in M. bovis [10]. In Kdo (Fig. 1); Lgt 1 is a tri-saccharide in which the Kdo-linked a-D-Glcp has
addition to ascribing function to glycosyltransferase enzymes, the production 4,6-linked p-D-Glcp residues; and Lgt 2 with six D-Glcp residues in addition to
of these mutants presented us with an opportunity to investigate the importance Kdo, branched in a bi-antennary arrangement (see Fig. 1). The growth rates of
of the OS in the biology of M. bovis. Epp63 wild-type OS contains ten sugar ~ the Epp63 OS mutants were reduced in comparison to Epp63 and Mb25
residues linked to Kdo. The mutants we described are truncated: a highly ~ Wildtypes, and mutant strains also had reduced ODsoo Of stationary phase
truncated Lgt 6 which contains only cultures. LOS truncation affected
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the group of 25% heat-inactivated bovine serum. The data represents the mean (+ SEM)
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susceptibility to a number of antibiotics and hydrophobic agents compared to
wild-type strains (Table 2). This is consistent with an observation from
truncation of M. catarrhalis LOS: Peng et al. found that strains of M.
catarrhalis with highly truncated OS had inhibited growth rates and displayed
sensitivity to hydrophobic compounds [12]. Similarly severe truncation of LOS
in Neisseria meningitidis results in a
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Table 4
M. bovis glycan structures for strains Mb25, L183/2 and Epp63.

Strains Capsule Oligosaccharide terminal residue
Mb25 Unsulfated chondroitin (1S)-GalaNAc (residue F)
L183/2 Unsulfated chondroitin Gal (residue E)

Epp63 Not isolated (1S)-GalaNAc (residue F)

decreased growth rate and hypersensitivity to hydrophobic agents [22]. This
indicates that, as with other bacteria expressing LOS, LOS in M. bovis plays a
role in the maintenance and stability of the outer mem-brane, presumably
facilitating membrane integrity, and contributing to normal cell growth.

The Epp63 LOS mutants were all clearly sensitive to the bactericidal activity
of bovine serum at 25% compared to Epp63 wildtype (Fig. 4). From this it is
evident that the greater the degree of truncation the greater the sensitivity to
bactericidal activity. This implies that the OS moiety of the LOS is a significant
component in maintaining complement resistance of the bacteria to bovine
serum. Whether this relates to membrane stability, exposure of antigens, or
better access of complement membrane attack complex to the outer-membrane
was not investigated in our study.

LOS toxicity is commonly attributed to the lipid A moiety of LOS and LPS.
However Peng et al. suggested that the OS also plays a role in toxicity in M.
catarrhalis [12]. Using truncated forms of LOS for M. catarrhalis they found a
six-fold increase in toxicity having lipid A + Glc-Kdo, rather than lipid A alone.
For M. bovis, we report here that bacteria expressing the highly truncated Lgt
6 OS (Glc-Kdo) exhibits a ten-fold decrease in toxicity compared to Epp63
wildtype OS or the Lgt 1 or Lgt 2 OS mutants, suggesting that OS plays a role
in toxicity, at least as measured by Limulus amebocyte lysate assay. We have
not assessed the apparent cytotoxicity or other effects of the whole bacteria, or
isolated LOS on bovine cells as yet. Strain L183/2 had the highest apparent
toxicity (1.3 x 10* EU/mL), compared to strains Epp63 (3.8 x 10° EU/mL) and
Mb25 (8.8 x 10° EU/mL). Whether the higher toxicity of strain L183/2 can be
solely attributed to L183/2 having a different LOS is unclear: both Mb25 and
Epp63 share the same LOS structure, despite having different apparent
toxicities, suggesting that other bacterial factors affect the measurement of LOS
toxicity using this method. Importantly, we previously identified that
inactivation of a glycosyltransferase gene in M. catarrhalis 3292Igt3 altered
the structure of lipid A when compared to wild-type strain [23]. This suggests
a possibility that M. bovis glycosyltransferase mutants may also result in
alteration in the lipid A structure and therefore having variances in LOS
toxicity. Lipid A structural analysis of M. bovis LOS is yet to be elucidated.

Truncation of LOS also affected adherence to HelLa cells. We found that the
greater the OS truncation, the less adherence is observed, in the trend: Epp63
WT OS> Lgt2 OS> Lgtl OS> Lgt6 OS. This trend was also noted by Peng
et al. in M. catarrhalis for a highly-truncated OS [11]. Differences between
Epp63, Mb25 and L183/2 in adherence were observed, but at this stage these
strain differences cannot be attributed directly to LOS. Indeed, other pilus
adhesins of M. bovis are known, which we did not investigate in this study [24].
In summary, we report that M. bovis LOS truncation leads to reduced bacterial
attachment, increased sensitivity to bactericidal activity of bovine serum and a
reduction in endotoxin activity. Additionally, it is evident that the OS moiety
is crucial for preserving normal growth.
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CHAPTER 4

THE ROLE OF LIPOOLIGOSACCHARIDE IN THE BIOLOGICAL ACTIVITY OF
MORAXELLA CATARRHALIS
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Chapter 4

4.1 Abstract
Moraxella catarrhalis is an important bacterial cause of otitis media in children and respiratory

diseases in adults. LOS from M. catarrhalis is a major surface antigen identified as a potential
vaccine component against this organism. A double knockout LOS mutant 29511gtl1/4A
constructed from serotype A 2951 and serotype B 3292 strains LOS was used. In this study,
we assessed the biological role of LOS from a 29511gtl/4A mutant and two wild-type M.
catarrhalis strains. The mutant showed significantly reduced toxicity by the Limulus
amebocyte lysate assay, reduced adherence to mammalian epithelial cells, reduced resistance
to normal human serum and increased sensitivity towards a series of hydrophobic agents

compared to the two wild-types.
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4.2 Introduction
Moraxella catarrhalis is a Gram-negative microorganism that is strictly a human pathogen (1).

Until a few decades ago M. catarrhalis was believed to be a harmless commensal
microorganism, however, it has now been identified as a major respiratory tract pathogen. It is
responsible for OM in children and exacerbates COPD in adults (1). Approximately, 80% of
children under the age of three are diagnosed with an episode of acute otitis media, and M.
catarrhalis is responsible for 15% - 20% of these episodes (2). COPD is a major issue
worldwide, especially in the United States where it is the third leading (2017) cause of death
annually (3-7). In Australia it is the fifth leading (2018) cause of death annually (8).

M. catarrhalis has been shown to express B-lactamase enzyme, which is responsible for
antibiotic resistance (1,9,10). Currently, there is no licensed vaccine for the prevention of
infection by this pathogen. Studies on vaccine development have primarily been focused on
surface antigens such as LOS and OMPs of M. catarrhalis (1,9,11-17).

For M. catarrhalis OMP antigens such as UspA (18,19), CopB (20), and CD (21) are candidates
that have been investigated for incorporation into a potential vaccine. These OMPs have been
shown to elicit bactericidal activity and promote pulmonary clearance in animal models (18—
21). The LOS of M. catarrhalis is another major antigen (expressed on the outer membrane
surface) that is an important virulence factor implicated in the pathogenesis of this bacteria
(22). M. catarrhalis produces LOS; consisting of an OS linked to lipid A without an O-antigen,
on the membrane surface (23). Structural studies conducted on the LOS of M. catarrhalis
indicate that the OS is in a branched form, with an inner core common to other Gram-negative
bacteria and that the lipid A GIcN disaccharide backbone is attached to the OS via a Kdo residue
(24). There are three principal M. catarrhalis LOS serotypes A, B and C, which differ in the
structure of the core OS of LOS but have distinct terminal sugars (Figure 1.9A). Recent studies
have identified that serotype A accounts for 61% of strains and shares an N-acetyl-D-
glucosamine residue with serotype C (5%), while serotype B accounts for 29% from isolated
strains (9,23-29). All serotypes terminate the OS chain with a-Gal-(1-4)-pB-Gal-(1-4)-Glc,
otherwise known as the P epitope (30,31). The PXepitope has been reported to be involved in
LOS-mediated adhesion and is identified as an important factor in the resistance of M.
catarrhalis to the complement-mediated bactericidal effect of human serum, possibly due to

prevention of penetration of the complement membrane attack complex (30).
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Conjugate vaccines derived from LOS of M. catarrhalis serotypes A, B and C have shown
immunogenic responses, however they are only effective against some pathogenic strains of
M. catarrhalis (12,28,29). An immunogenicity study by Yu and Gu (2005) using LOS from
serotype B strain 26397 conjugated to tetanus toxoid, showed a 180-230 fold increase in serum
anti-LOS 1gG for mice and more than 2000 fold increase for rabbits (12). Additionally, elevated
complement-mediated bactericidal activity was shown in the antiserum. A prior study by the
same authors, using serotype A OS, found similar results to that described above (see Table
S4.1 for strain specific LOS structure) (28). Ren et al. (2011) developed OS conjugate vaccine
candidates from M. catarrhalis serotypes A, B and C, following the Yu et al. (2005) studies
closely. Immunogenic responses from all three conjugates and antibodies with bactericidal
activity were found (25). Similarly, comparable to all other studies, serotype A-derived
conjugates generated protection (pulmonary clearance) against both serotype homologous and
heterologous strains. The down-fall of these conjugates is that they only cover certain M.
catarrhalis strains. In this study a double knockout mutant 29511gt1/4A from LOS of 2951
(serotype A) and 3292 (serotype B) strains was constructed and used to incorporate into a
vaccine candidate, thus creating a conserved LOS mutant covering serotype A, B and C LOS
(24). M. catarrhalis wild-type serotype A OS (strain 2951) consists of 9 residues including
Kdo (Figure 1.9A). A glycosyltransferase double mutant /gz 1/4A (Figure 1.9B), is constructed
via transforming the Igtlsze::KAN (from serotype B strain 3292) with 2951 strain (Figure
1.11). From the mutation introduced into the genes encoding for Lgt 1 and Lgt 4 a highly-
truncated OS mutant, when compared to OS of wild-type, is formed. The mutation arises on
the basis that alleles from serotype B strain prevent Lgt 4 from being expressed when
introduced in the 2951 serotype A strain, therefore the OS consisting of a central a-D-glucose

residue linked to three B-D-Glucose residues is formed.

The aim of the current study was to determine whether the contribution of the OS (LOS-
derived) from M. catarrhalis serotype A (strain 2951), serotype B (strain 3292) and a mutant
29511gt1/4A had a role towards the biological activity of M. catarrhalis, and therefore provide

crucial information towards its use as a potential vaccine candidate.
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4.3 Materials and Methods

4.3.1 Bacterial Strains and Culture Conditions

M. catarrhalis strains CCUG 2951 and CCUG 3292 were cultured on brain heart infusion
(BHI; Oxoid, Heidelberg, Victoria, Australia) agar at 37 °C overnight. M. catarrhalis
29511gt1/4A mutant strain (24) was grown on BHI agar supplemented with 20 pg.mL™*
kanamycin. For disc diffusion assays, M. catarrhalis was cultured in BHI broth to an ODgoo Of
0.2 and 100 pL of the bacterial suspension spread (lawn cultured) onto BHI agar plates. The
growth rate profile of the strains was measured as follows: an overnight liquid culture was
inoculated (1:50 inoculation) into 100 mL of fresh BHI media and shaken at 37 °C at 180 x g,
with spectrophotometer monitoring at ODeoo every 30 min until readings indicated that the
stationary phase had been reached. The growth rate was measured in triplicate, on three

separate days and the mean OD values at different time points was plotted (32).

4.3.2 Limulus Amebocyte Lysate Assay
The chromogenic limulus amebocyte lysate (LAL) endotoxin assay (quantitative for endotoxin

activity) was performed using the ToxinSensor™ Chromogenic LAL Endotoxin Assay Kit
(GeneScript, New Jersey, United States). Overnight bacterial culture from BHI agar plates were
suspended in BHI broth to an ODeoo of 0.1, then serial dilutions were tested with the kit (9,32).

4.3.3 Susceptibility Determination
A standard disk-diffusion assay was performed using a panel of hydrophobic agents

(vancomycin (30 ug), Tween 20 (5%, wi/v), Triton X-100 (5%, wi/v), rifampin (5 pg),
polymixin B (300 international units), novobiocin (5 pg), chloramphenicol (10 pg) and
nalidixic acid (30 pg)). Antibiotic disks were used to plate various agents onto the lawn
cultured plates for 18 h at 37 °C. The sensitivity was reported as size of growth inhibition and

the assay was performed in triplicate (9,32).

4.3.4 Bactericidal Assay with Normal Human Serum
A bactericidal assay was conducted in a 96 well plate, with a final volume of 100 pL. Normal

human serum in triplicate was diluted to 0.5, 2.5, 5.0, 12.5 and 25% in pH 7 Dulbecco’s
phosphate buffered saline containing 0.05% gelatin (DPBSG). Inoculation of bacterial culture
(10 pL of 10® CFU) was carried out into reaction wells containing the diluted bovine serum
and 25% of heat-inactivated (65 °C) normal human serum, and incubated for 30 min at 37 °C.
Serial dilutions (1:10) were plated in triplicate and CFU counted after 24 h (9,32).
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4.3.5 Adherence Assay
HeLa cervix and Chang conjunctival human cell lines were cultured in Eagle’s minimal

essential medium with addition of 10% heat inactivated fetal bovine serum at 5% CO; at 37
°C. Approximately 2x10° to 3x10° HeLa and Chang cells were seeded into each well of a 24
well tissue culture plate (Corning-Costar) and incubated for 24 h before use. Bacterial colonies
were inoculated into 10 mL of BHI broth and grown overnight at 37 °C. The overnight culture
was pelleted by centrifugation at 6,000 x g for 10 min at 4 °C, washed twice with 5 mL of
phosphate-buffered saline (PBS), pH 7.0, and resuspended in 10 mL of PBS. Bacteria were
then inoculated (25 pL of 107 CFU) in triplicate onto the wells of the tissue culture plate
containing monolayers and centrifuged for 5 min at 165 x g and then incubated for 30 min at
37 °C. The infected monolayers were rinsed five times with PBS to remove non-adherent
bacteria and then treated with PBS containing trypsin-EDTA (0.05% trypsin, 0.5 mM EDTA)
to release the epithelial cells from the plastic support. This cell suspension was serially diluted
in PBS and spread onto BHI agar plates in duplicate to determine the number of viable M.
catarrhalis present. Adherence of the bacteria attached to human cells relative to original
bacteria added, was expressed as a percentage (9,32,33)

4.4 Results

4.4.1 Morphology and Growth Rate

The colony morphology of 29511gt1/4A mutant showed no obvious differences on BHI agar
plates compared with 2951 (serotype A) and 3292 (serotype B) wild-type strains. Growth rates
in BHI broth were similar between 2951 and 3292 wild-types, but the 29511gt1/4A mutant
demonstrated a reduced growth rate in comparison to 2951 and 3292 wild-type strains (Figure
4.1). Comparison of mid exponential/log phase (5 h) of 29511gt1/4A mutant with 2951 wild-
type (p<0.05 when compared to 29511gt1/4A) and 3292 wild-type (p<0.05 when compared to
29511gt1/4A) show a significantly slower growth rate by the mutant.
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Figure 4.1. Growth profile of M. catarrhalis wild-type strains 2951 (x), 3292 (o) and

mutant 29511gt1/4A (A) cultured in BHI broth at 37 °C. The growth rate of mutant strains
were compared to wild-type strains using two-way ANOVA with multiple comparisons

4.4.2 Biological Activity of the LOS Truncated Mutant
To identify if inactivation of the respective glycosyltransferase genes and therefore a resultant

highly-truncated OS structure had any effect on the permeability of the mutant strain,
susceptibility of the mutant strain to hydrophobic agents, a glycopeptide and antibiotics was
assessed. As shown in Table 4.1 29511gt1/4A mutant showed the greatest susceptibility towards
hydrophobic agents Tween 20 and Triton X-100. and a significant effect was observed with
other antibiotics vancomycin, novobiocin, chloramphenicol, polymyxin B as compared to the
wild-type strains. Less sensitivity was observed by the 29511gt1/4A mutant towards nalidixic

acid and rifampin, as compared to the wild-type strains.
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Table 4.1. The sensitivity of wild-type and LOS mutant strains of M. catarrhalis to a panel

of hydrophobic agents performed via standard disk-diffusion assay

Zone of growth inhibition for strains (mm)

Compound 2951 Wild-type  3292Wild-type 2951lgt1/4A
Vancomycin (30 pg) 6.7+0.1 70x£05 121 +0.1
Novobiocin (5 pug) 135+0.3 148+ 0.4 20.1+£0.3
Chloramphenicol (10 pg) 25.0+0.7 24.7+0.5 31.2+0.4
Nalidixic Acid (30 pg) 23.8+ 0.4 26.1+£0.3 285+0.3
Polymyxin B (300 international unit) 15.3+0.1 142+0.1 194+0.1
Rifampin (5 pg) 176 +0.3 165+0.3 18.1+0.3
Tween 20 (5%, w/v) 17.0+0.9 16.0+0.9 220+0.2
Triton X-100 (5%, w/v) 12.4+0.3 15.2+0.7 326+0.6

@ Sensitivity was assessed by measuring the diameter of the zone of growth inhibition in two
axes, and the mean value was calculated. The mean values are + standard deviations. The data
represent the averages of three separate experiments. All data are compared using two-tailed
paired t test

In a LAL assay, whole-cell suspensions (ODeoo = 0.1) gave 3.7 x 10* endotoxin units (EU)/ mL
for 2951 wild-type, 3.9 x 10* EU/mL for 3292 wild-type and 9.1 x 10 EU/mL for 29511gt1/4A
LOS mutant, a fortyfold reduction. These results suggest that OS contributes to the endotoxicity
of the bacteria. In a bactericidal assay with normal human serum, both wild-type strains
survived to the same degree, at all concentrations of human serum. However, truncation of
LOS affected serum sensitivity for the 29511gt1/4A mutant, with only 35% survival of the OS
truncated mutant cells in 25% human serum (p<0.01 when compared to 2951 wild-type) and
20% cell death at 2.5% (p<0.001 when compared to 2951 wild-type, Figure 4.2). The survival
rate for the 2951Igt1/4A mutant bacteria decreased, as the concentration of human serum
increased. These results suggest that OS chain truncation (on LOS) contributes to the serum

bactericidal sensitivity.
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Figure 4.2. Bactericidal activity of normal human serum against M. catarrhalis wild-type
strains 2951 (black bar), 3292 (grey bar) and the mutant 29511gt1/4A (white bar). ‘HI’
represents 25% heat-inactivated normal human serum. The data represents the average of three
independent assays conducted on three separate days. All data are compared using two-tailed
paired t test.

The adherence ability of the OS truncated mutant to human epithelial cell lines Chang and
HeL a were expressed as a percentage of initial inoculum (Table 4.2). The adherence of wild-
type strains 2951 to Chang and HelLa epithelia were 43.5 £ 4.2% and 49.0 £ 8.1%, wild-type
strain 3292 were 49.1 + 5.3% and 56.5 + 9.4%, respectively. The 29511gt1/4A mutant showed
significantly lower adherence to Chang and HelLa cell lines, 22.2 + 3.6% and 28.1 + 6.4%,
respectively in comparison to the wild-types. These data show that bacterial adherence is

dependent on OS length and/or structure.
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Table 4.2. Percentage adherence of wild-types 2951 and 3292 (serotype A and B) strain
and 29511gtl1/4A mutant LOS strain of M. catarrhalis to Chang conjunctival and HelLa

cervix human epithelial cell lines.

Adherence”

Strains Chang cells HeLa cells
2951 Wild-type 43.5% 4.2} 49.0% 8.1J

> >

(7] (7]
3292 Wild-type 49.1+ 5.3J o 56.5+£9.4 *

*

* *
29511gt1/4A 22.2+ 3.6 28.1+ 6.4J

* Adherence of M. catarrhalis to human epithelia is expressed as a mean (£ SEM) percentage
of bacteria attached to the cell lines, based on the original inoculant of bacteria added from

three independent experiment.

All data are compared using one-way ANOVA with two key comparison. ns = not significant;
*p<0.05; **p<0.01 ***p<0.001.

4.5 Discussion
There are no licensed vaccines against M. catarrhalis. M. catarrhalis serotypes A and B are

the major clinical isolates, while serotype C is found in less than 6% of cases (34). For M.
catarrhalis, a double-mutant 29511gt1/4A was constructed by transformation of the 2951 strain
with Igtlszo:: KAN construct, see Figure 1.11 (24). Structural studies on 29511gt1/4A OS
revealed three B-D-Glcp residues, a central a-D-Glcp residue and Kdo (Figure 1.9B and
Appendix Il) (24). The 29511gt1/4A OS mutant has identical inner core OS to all reported
serotypes of M. catarrhalis. A crucial requirement of a potential vaccine candidate is that it
needs to be highly conserved, have a role in biological activity of the bacteria and is
immunogenic. Other M. catarrhalis studies have also constructed OS truncated mutants
(mutant OS structure that shares a common inner core compared to its respective serotype,
depending in the mutation of specific glycosyltransferase genes) to biologically and
immunologically evaluate it as potential vaccine candidates (9,25,29). The 29511gt1/4A mutant
fulfils the criteria of being highly conserved across serotypes. The next step was to test its

importance in the biological activity.

The 29511gt1/4A mutant demonstrated a reduced growth rate in comparison to 2951 (Serotype
A) and 3292 (serotype B) wild-type strains. In a report by Peng et al. (2005), a M. catarrhalis
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kdtA mutant, only expressing a lipid A (Kdo transferase; enzyme responsible for attachment of
Kdo residue to lipid A being inactivated), also showed a reduced growth rate (11). This
observation of a depressed/decreased growth profile suggests that the LOS is important to
membrane integrity to preserve normal cell growth. The 29511gt1/4A mutant also demonstrated
increased susceptibility towards all hydrophobic agents, selected antibiotics, a glycopeptide
and to the bactericidal activity of human serum at 25%, compared to 2951 and 3292 wild-type
strains. This indicates that the OS moiety of the LOS is a significant component in maintaining
complement resistance of the bacteria to human serum. In the report by Peng et al. (2005), the
kdtA mutant also showed increased susceptibility towards all hydrophobic and glycopeptide
agents tested (11). The same study also reported increased susceptibility of the mutant towards
the bactericidal activity of human serum (11). This also suggests that the LOS plays a role in

the maintenance and stability of the outer membrane.

LOS toxicity is commonly assumed to be associated with the lipid A moiety, however, Peng et
al. (2005,2007) suggested that the OS also plays a role in toxicity (9,11). Using truncated forms
of LOS for M. catarrhalis they found a six-fold increase in toxicity having lipid A + Glc-Kdo>
rather than lipid A alone. For 29511gt1/4A whole cell, we report that the highly-truncated
mutant exhibits a (9.1 x 10 EU/mL) forty-fold decrease in activity compared to 2951 (3.7 x
10* EU/mL) and 3292 (3.9 x 10* EU/mL) wild-types, supporting Peng’s report that OS plays a
role in toxicity, at least as measured by the LAL assay (see Table S4.1 for strain LOS structure

and corresponding toxicity levels).

The adherence of bacterial cells to the surface of mammalian epithelia has been recognised to
play a crucial role in colonisation and is one of the first steps of pathogenesis of microbial
infections (9). Several studies have reported respiratory tract bacterial LOS to be linked with
bacterial adherence (35-37). Differences between adherence of 29511gt1/4A mutant compared
to 2951 and 3292 wild-types were observed in Chang and HelLa cells in an adherence assay.
This reduced adherence capability by the OS truncated strain may possibly be attributed
directly to LOS. This is consistent again with the reports by Peng et al. (2005,2007), with all
constructed OS-truncated mutants showing reduced attachment to Chang and HeLa cells, when
compared to the wild-type in M. catarrhalis (see Table S4.1 for strain LOS structure and
corresponding adherence levels) (9,11). In this study, we verified that the 29511gt1/4A mutant

has an important role in the biological activity of the bacteria, in regard to bacterial attachment,
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sensitivity towards bactericidal activity of human serum and endotoxin activity. Knowing the
highly-conserved nature of the OS mutant and now the importance it plays in biological activity
of the bacteria as noted vide supra, the next aim of this work was to incorporate it into a

conjugate vaccine candidate and test immunogenicity.

4.6 Conclusions
In summary, we report that M. catarrhalis OS truncation of the LOS leads to reduced bacterial

attachment, increased sensitivity to bactericidal activity of human serum and a reduction in
endotoxin activity. Additionally, it is evident that the OS moiety is crucial for preserving
normal growth. These findings are important, given the highly-conserved nature of M.
catarrhalis LOS across serotypes and its significance in the biological activity of the bacteria.
Therefore, the 29511gt1/4A mutant was taken forward as a candidate antigen to be incorporated

into a potential conjugate vaccine for the treatment of OM.
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Table S4.1. M. catarrhalis LOS with corresponding toxicity and adherence capability.

Bacterial LOS Structure Endotoxin level Adherence (%) Ref
Strains Whole cell | LOS dLOS Chang HelLa
(EU/mL) (EU/pg) | (EU/ug) cells cells
2951Igt1/AA | See Figure 1.9B 9.1x10? 1.6x10* | <0.10 22,2+ 3.6 | 28.1+6.4 | This paper
2951 Serotype A LOS (see Figure 1.9A) 3.7x10* 3.6x10* | 1.89 43.5+4.2 | 49.0+ 8.1 | This paper
3292 Serotype B LOS (see Figure 1.9A) 3.9x10* 3.8x10* | 1.26 49.1+ 5.3 | 56.5+ 9.4 | This paper
O35Elgt3 Glc-Kdoo-lipid A 2.0x10° NA NA 19.1+4.6 | 27.3+8.4 | (105)
O35EkdtA | OH-lipid A 3.7x10° NA NA 20.626.4 | 19.0+6.3 | (158)
O35Elgt5 NA 3.6x10* | 0.07 NA NA (143)
035E LOS
I 1
035E/gt5 LOS
O35EgalE 035EgalE LOS NA 3.2x10* | 0.91 NA NA (143)
I 1
U—D-G-.lIp-(1—-4);[3-1}-(}-.1Ip-(l—--l-)iiu-l)-[}lcp—(l—:2]—[3—D-Glcp
: i 1
lpts ' galll tJ%
4
O35E -D-GlepNAc-(1—2)--D-Glep-(1—4)-1-D-Glep-(1—5)-Kdoy lipid A NA 2.4x10% | 1.32 44.0+6.6 | 42.6+£7.6 | (143,158)
3
1
1
p-D-Glep
25238 Serotype A LOS (see Figure 1.9A) NA 2.0x10* |1 NA NA (103)
26397 Serotype B LOS (see Figure 1.9A) NA 1.0x10* | 0.12 NA NA (142)
26404 Serotype C LOS (see Figure 1.9A) NA 1.0x10* |0.12 NA NA (104)

NA- Results not available
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Abstract

Moraxella catarrhalis and nontypeable Haemophilus influenzae are important bacterial causes
of otitis media in children and respiratory diseases in adults. Lipooligosaccharide (LOS) from
M. catarrhalis and outer membrane protein 26 (OMP26) from NTHi are major surface antigens
identified as potential vaccine components against these organisms. We previously constructed
M. catarrhalis in which LOS is truncated, but contains a structure common to the three known
serotypes of M. catarrhalis. OMP26 is recognised as a viable vaccine candidate. In this study,
we conjugated wild-type and truncated M. catarrhalis detoxified-LOS to rOMP26VTAL.
Vaccination of mice with these conjugates resulted in a significant increase in anti-LOS and
anti-rOMP26VTAL IgG levels. Importantly, mouse antisera showed complement mediated
bactericidal activity against all M. catarrhalis serotype A and B strains and a NTHi strain
tested. Serotypes A & B make up more than 94% of isolates. These data suggest that the LOS
and OMP based conjugate can be used as vaccine components and require further investigation

in animal models.

Keywords

Moraxella catarrhalis; nontypeable Haemophilus influenzae; lipooligosaccharide mutant;

outer membrane protein; conjugate vaccine; conserved antigens
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1. Introduction

Moraxella catarrhalis and nontypeable Haemophilus influenzae (NTHi) are Gram-negative
microorganisms and recognised causative pathogens for otitis media in children and respiratory
tract infections in adults [1]. Both bacteria share a similar ecological niche and are strictly
human pathogens [1], and many strains of each exhibit resistance to f-lactam antibiotics [1,2].
Currently, there is no licensed vaccine to prevent infection by either bacteria. Studies on
vaccine development have primarily been focused on surface antigens such as
lipooligosaccharides (LOSs) and outer membrane proteins (OMPs) of M. catarrhalis and NTHi

[1,3-8].

NTHi lacks a polysaccharide capsule and strains are highly diverse [3,9]. Several NTHi OMPs
have been investigated for potential as vaccine antigens, including PilA, P2, P4, P6, and minor
OMPs including OMP26, protein D, protein E and transferrin binding proteins 1 and 2 [10-
14]. Some of these OMPs elicit immune responses in animals, but not all are protective against
infection from heterologous strains of NTHi. Research has also identified anti-OMP antibodies
in human serum [3]. OMP26 is highly conserved across NTHi strains. Previous studies showed
that OMP26 elicits strong 1gG and IgA antibody responses in mice [15-17]. This activation
may be a result of a Thl type immune response. OMP26 also elicits increased levels of
pulmonary clearance of both autologous and heterologous strains via activation of either

complement mediated killing or opsonophagocytosis [15].

For M. catarrhalis OMP antigens such as UspA [18,19], CopB [20], and OMP CD [21] are
potential vaccine candidates. These OMPs elicit bactericidal activity and/or promote
pulmonary clearance in animal models [18-21]. M. catarrhalis produces LOS; consisting of
an oligosaccharide (OS) linked to lipid A without an O-antigen, on the membrane surface [22].

The LOS of M. catarrhalis is another major antigen, and is implicated in the pathogenesis of
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this bacterium [2,4,7,23-26]. There are three M. catarrhalis LOS serotypes, A, B and C, which
differ in the structure of the core OS of LOS, but are distinct in the terminal sugars (Figure
1A). Serotype A accounts for 61% of strains and shares an N-acetyl-D-glucosamine residue
with serotype C (5%), while serotype B accounts for 28% of the strains [22,27]. In serotypes
B and C, the OS chains from the 4-position of the central sugar are of variable length. All three
serotypes terminates the OS chain with a-Gal-(1-4)-B-Gal-(1-4)-Glc-, otherwise known as the

PK epitope [27,28] (Figure 1A).

Conjugate vaccines derived from LOS of M. catarrhalis serotypes A, B and C are
immunogenic in mice and rabbits, however they tend to elicit serotype specific responses [29—
31]. An immunogenicity study using LOS from serotype B strain 26397 conjugated to tetanus
toxoid forming detoxified LOS, showed that when this LOS conjugate was introduced to rabbit
and mice, a 180-230 fold increase in serum anti-LOS IgG was observed for mice and more than
2000 fold increase for rabbits [31]. Additionally, elevated complement-mediated bactericidal
activity was shown in the antiserum. A prior study by the same authors, using serotype A OS,
found similar serotype-specific responses [29]. A similar study of vaccines from M. catarrhalis
OS conjugates derived from serotypes A, B and C also found immunogenic responses from all
three conjugates and antibodies with bactericidal activity, with serotype-specific responses
[24]. Prior studies conjugating M. catarrhalis LOS (serotype A 25238 strain) to carrier proteins
from NTHi (HMP) have shown the potential to provide a vaccine that protects against both M.

catarrhalis and NTHi [29,32].

In this study, we extracted LOS from M. catarrhalis serotype A (strain 2951), serotype B (strain
3292), and from a mutant strain (Figure 1B) expressing a LOS structure predicted to be present
in all strains [33]. These LOS were detoxified (dLOS) and conjugated to a NTHi carrier protein,

rOMP26VTAL(expressed from a recombinant omp26VTAL gene in E. coli) [17]. We assessed
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the immunogenicity and serum bactericidal activity of sera from mice vaccinated with these

conjugates, testing target strains of M. catarrhalis of all serotypes, as well as NTHi.

2. Materials and Methods
2.1 Ethics Statement and Animals

All animal protocols were reviewed and approved by the Griffith University Animal Ethics
Committee in accordance with the National Health and Medical Research Council of Australia
guidelines (AEC protocol number: MSC/11/15). Female BALB/c mice (four-to-six-week-old)

were sourced from the Animal Resource Centre (Perth, WA, Australia).

2.2 Bacterial Strains and Culture Conditions

M. catarrhalis and NTHi strains were cultured on brain heart infusion (BHI; Oxoid,
Heidelberg, Victoria, Australia) agar at 37 °C overnight. M. catarrhalis 29511gt1/4A mutant
strain [33] was grown on BHI agar supplemented with 20 pg mL™ kanamycin. The bacteria
were pelleted by centrifugation at 3,000 x g. NTHi-289 was grown in BHI agar plates and broth
at 37 °C in COz supplemented with NAD and hemin. Transformed E. coli containing the
omp26VTAL gene was obtained from Professor Jennelle Kyd, (Faculty of Life and Social
Sciences, Swinburne University of Technology, Australia) and grown in Luria-Bertani (LB)
agar and LB broth supplemented with 100 pg.mL™* ampicillin [34]. Strains used included M.
catarrhalis CCUG 2951 ATCC 25238, (serotype A), CCUG 3292, ATCC 25239, ATCC 26397
(serotype B), CCUG 26400, CCUG 26391 and CCUG 26404 (serotype C), and H. influenzae

strain 289 [15].

2.3 Limulus Amebocyte Lysate Assay

The LOS and dLOS were tested by the ToxinSensor™ Chromogenic LAL Endotoxin Assay

Kit (GeneScript, New Jersey, United States). The sensitivity of the LAL assay is between
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0.005-1 endotoxin unit (EU)/uL. For whole cell endotoxin activity, overnight bacterial culture
from BHI agar plates were suspended in BHI broth to an ODego 0f 0.1 and serial dilutions were

tested with the kit [2].

2.4 Conjugate Vaccine
2.4.1 Nontypeable Haemophilus influenzae Outer Membrane Protein 26 Expression

Recombinant E. coli strain containing an expression plasmid of a variant of the His-tagged
omp26 gene was cultured at 37 °C until ODego 0f 0.6-0.7 (approximately), protein expression
was induced with isopropyl B-D-thiogalactopyranoside (1 mM) and further incubation for 4-6
h. OMP26 was originally described by El-Adhami [16]. In the rOMP26VTAL variant construct,
6x His residues are present in the leader peptide to allow Ni NTA purification, while KNIAK
are deleted from the signal peptide n-region. This modification reduced the efficiency of signal
peptide cleavage during expression, enhanced the yield of precursor OMP26, and retained the
immunogenicity of both antibody and T-cell responses compared with the precursor and mature
OMP26 proteins [17], and McGrath J. F., Cripps A. W. and Kyd J. M., (unpublished
observations). Cells were cultured at 37 °C until ODego 0of 0.6-0.7 (approximately), protein
expression was induced with isopropyl PB-D-thiogalactopyranoside (1 mM) and further
incubation for 4-6 h. Cells were harvested at 4,000 x g at 4 °C for 20 min, and resuspended in
50 mM monosodium phosphate, 0.3 M sodium chloride, 10 mM imidazole; pH 8. Cells were
incubated with lysozyme (1 mg/mL) on ice for 30 min, followed by sonication. The lysed slurry
was centrifuged (10,000 x g, 20 min, 4°C) and protein purified from the supernatant [16] using
a Ni-NTA Fast Start (QIAGEN, Hilden, Germany). The recovery of rOMP26VTAL was
assessed after protein separation using 12% Tris -Glycine SDS-PAGE, or 4-12% Invitrogen™

Bolt™ Bis-Tris Plus Gel, followed by Coomassie staining or western immunoblot using anti-
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his antibody respectively. Protein concentration was determined with the Pierce™ BCA protein

assay kit (ThermoFisher Scientific, Scoresby, Australia

2.4.2 Moraxella catarrhalis Wild-Type and Mutant LOS Isolation, Detoxification and

Derivatization

LOS was extracted from 5-10 g of wet cells of M. catarrhalis wild type 2951 and 3292 strains,
and 29511gt1/4A using the hot phenol-water procedure by Westphal and Jann [35], with minor
modifications by Perdomo and Montero [36] and Peak et al. [33]. Each crude LOS (200 mg)
was detoxified with ammonium hydroxide and purified using Sephadex G-50 (GE Healthcare
Bio-Sciences, Pittsburgh, United Sates). The final carbohydrate-containing fractions were
freeze-dried, analysed by *H NMR [33] and designated as dLOS. Each dLOS (60 mg) was
derivatized with a linker, adipic acid dihydrazide (ADH; Sigma-Aldrich Chemical) [37]. The
purified derivative containing both carbohydrate and adipic hydrazide (AH) was lyophilised

and named as AH-dLOS.

2.4.3 Conjugation of AH-dLOS to Protein

Each AH-dLOS (30 mg) was coupled to rOMP26VTAL (molar ratio, 100:1) to form conjugates
as described [29,37]. The resulting conjugates were passed through size exclusion column
(Sephacryl S-300 (2.6 by 90 cm) in 0.9% NacCl), using a Waters fraction collector Il (Waters,
Milford, United States). Peaks that contained both protein and carbohydrate were pooled and
designated as dLOS-rOMP26VTAL. All conjugates were analysed for their carbohydrate and

protein composition, using AH-dLOS and bovine serum albumin as standards [38,39].

2.5 Subcutaneous Immunisation of Mice with Conjugates

Conjugates were tested for immunogenicity in mice. Four to six-week-old female BALB/c
mice (eight per group) were immunised subcutaneously on days 0, 14 and 28 with
29511gt1/4AAdLOS-rOMP26VTAL (50 pg carbohydrate: 9 pg protein content); 2951dLOS-
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rOMP26VTAL (50 ug carbohydrate: 7.5 pg protein content); 3292dLOS-rOMP26VTAL (50 ug
carbohydrate: 8 pg protein content); (7 ug rOMP26VTAL protein content), or heat-killed
bacteria (65 °C for 30 min) of serotype A (Mcat 2951) (108 CFU/mouse) and serotype B (Mcat
3292) (10° CFU/mouse). All antigens were delivered with Ribi adjuvant (Sigma-Aldrich

Chemical) at a 1:1 ratio in a 100 uL immunisation dose/mouse.

Serum was collected on day -1 from the submandibular vein and day 42 from cardiac puncture
under anaesthesia and allowed to clot overnight at 4°C. Serum was collected after

centrifugation (10 min, 3,000 x g, 4°C) and stored at -80°C.

2.6 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was used to measure serum IgG against the conjugates, rOMP26VTAL and whole cell
bacteria, as described elsewhere [40,41]. Briefly, target antigens were diluted to 1 mg/mL in
carbonate coating buffer, pH 9.6, 1x108 CFU/well of heat-killed bacterial cells and coated onto
Titertek PVC microplates (MP Biomedicals, Shanghai, China) in a volume of 100 pL/well
overnight at 4 °C or 1.5 h at 37 °C. Unbound antigen was removed and each well was blocked
with 150 pL of 5% skim milk PBS overnight at 4 °C or 1.5 h at 37 °C. The plates were washed
3 times with PBS. Serum samples from each mouse were assessed using 2-fold dilutions of
1:100 dilution of serum. After PBS washes, mouse antibodies were detected with HRP-
conjugated goat anti-mouse 1gG antibody (Bio-Rad Laboratories, Gladesville, Australia), or
isotype-specific secondary antibodies: HRP-conjugated goat anti-mouse IgGl antibody
(Invivogen, San Diego, United States), HRP-conjugated goat anti-mouse lgG2a antibody
(Invivogen), HRP-conjugated goat anti-mouse 1gG2b antibody (Invivogen) or HRP-conjugated
goat anti-mouse 1gG3 antibody (Invivogen) added at a dilution of 1:3000 (IgG) or 1:2000
(19G1, 1gG2a, 1gG2b and 1gG3) in 0.5% skim milk PBS for 1.5 h at 37 °C. After PBS washes,

SIGMAFAST OPD substrate (Sigma-Aldrich Chemical) was added at 100 pL per well
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according to manufacturer’s instructions and incubated at room temperature for 20 min in the
dark, before OD4so measurement in a Tecan Infinite M200 Pro plate reader (Tecan Group,
Switzerland). For assessing response to bacterial cells, M. catarrhalis were grown in BHI broth
to an ODeoo Of 0.2, harvested by centrifugation, resuspended in PBS, and 100 uL of the
suspension was added to each well of a 96-well Titertek PVC microplates (MP Biomedicals)

[42]. Wells with PBS alone, or secondary antibody alone were included as controls.

The titre is described as the lowest dilution that gave an absorbance of >3 standard deviations
(SD) above the mean absorbance of control wells (secondary antibody). Statistical significance
(p<0.05) was determined using one tail paired t test to compare between test groups (p<0.05
was considered significant) using GraphPad Prism 6 software (GraphPad, California, United

States).

2.7 Bactericidal Assay

The bactericidal activity of antibodies raised against the conjugates and rOMP26VTAL was
assessed using the method described by Murphy et al. [43]. Serum samples from immunised
mice were decomplemented by incubation at 56 °C for 30 min before use. Heat-inactivated
serum sample was pooled and diluted 1:5 and added to each well, followed by serial twofold
dilutions in Dulbecco’s PBS, with each serum sample (pooled sera) being tested in triplicate.
M. catarrhalis and NTHi strains were subcultured from stationary phase (overnight culture),
an inoculant was grown until an ODggo 0f 0.2 (approximately). An aliquot of the culture was
diluted with Dulbecco’s PBS and plated to determine 102 CFU. Approximately 100-200 CFU
was added per well for convenient counting. The samples were incubated for 30 min at room
temperature, then baby rabbit serum (Cat no. S7764; Sigma-Aldrich Chemical) was added to
each well as the complement source. Cells were incubated for a further 30 min at 37 °C. Sterile

DPBS (100 pL) was added to each well and 20 pL aliquots were spotted on to BHI plates in
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duplicate, incubated overnight, and the number of colony forming units in each spot was
counted and compared to an average of control wells containing no rabbit serum and no mice
antibody. Titre is reported as serum dilution that gave >50% killing compared to an average of

the controls.

3. Results
3.1 Characterisation of LOS, dLOS, rOMP26VTAL, AH-dLOS, and Conjugates

The LOS of M. catarrhalis was isolated using the hot water/phenol method; resulting LOS
yield is shown in Table 1. The LOS was O-deacylated with ammonium hydroxide, removing
O-acyl chains from the lipid A to give dLOS. After the treatment, the dLOS endotoxin
reactivity was compared to the crude LOS by the LAL assay, where the wild-type strains
showed higher endotoxin levels, when compared to the mutant (Table 1). O-deacylation of
LOS reduced toxicity by 19,047 for 2951 wild-type, 30,634 for 3292 wild-type and 386,000-
fold for 29511gt1/4A, respectively (Table 1). rOMP26VTAL expression and isolation was
monitored using SDS-PAGE (Figure 2A) and western immunoblot (Figure 2B) with the

rOMP26VTAL band identified at around 26 kDa using anti-His antibody.

The molar ratio of AH to dLOSs in AH-dLOS was ~1:1, and a yield of ~83.8%, based on
carbohydrate content (Appendix 1V). *H NMR assignment confirmed the OS structure of all
respective strains (Appendix I1). After coupling of each dLOS with the carrier protein
rOMP26VTAL to form dLOS-rOMP26VTAL, molar ratios carbohydrate:protein of 59:1, 49:1,
and 62:1 were observed for serotype A, serotype B, and the 2951Igt1/4A mutant conjugates,

respectively.
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3.2 LOS and rOMP26vTAL Antibodies in Mice

Naive BALB/c mice were immunised subcutaneously on days 0, 14 and 28 with 50 pg
(carbohydrate content) of 2951Igtl/4AdLOS-rOMP26VTAL, 2951dLOS-rOMP26VTAL,
3292dLOS-rOMP26VTAL, or with rOMP26VTAL (7-9 pg protein content), or heat killed
bacteria of serotype A or B. On day 42 serum samples were collected and antigen-specific IgG
antibody responses were assessed by ELISA. Immunisation with 2951lgt1/4AdLOS-
rOMP26VTAL elicited significantly increased (p<0.05) antibody responses against all antigens
tested (29511gt1/4ALQOS, 2951 LOS, 3292 LOS, rOMP26VTAL, Mcat 2951 HK, Mcat 3292
HK and NTHi-289 HK) (Figure 3A). This result was expected as the OS inner core of
29511gt1/4A is shared by all three serotypes [33]. The serotype A conjugate did not elicit a
response to serotype B purified LOS, and no significant response to heat-killed serotype B
bacteria (strain 3292) (Figure 3B). The serotype B conjugate (3292dLOS-rOMP26VTAL),
however, did not show significant antibody response against strain 3292 HK (Figure 3C).
Antibodies elicited by rOMP26VTAL recognised rOMP26VTAL and NTHi-289, and, as
expected, this antigen did not evoke anti-M. catarrhalis responses (Figure 3D). Mice
immunised with heat-killed serotype A or B M. catarrhalis (Figures 3E & F) produced
antibodies that were LOS serotype-specific. These mice also produced antibodies that
recognised the truncated LOS. Unsurprisingly, immunisation with heat-killed bacteria also
elicited antibodies that recognised strains 2951 and 3292, although the titre was higher against
the autologous strains (Figure 3 E & F). This cross-reactivity may be due to the similar proteins
being present in both serotypes, but may also be due in part to the similar core LOS structure.
All conjugates elicited responses against rOMP26VTAL, and against heat killed NTHi strain
289 (Figure 3 A-C), whereas immunisation with heat-killed M. catarrhalis failed to elicit anti-

rOMP26VTAL, or anti-NTHi responses (Figure 3E & F), as expected.
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IgG isotyping was also conducted on the polysaccharide-protein-based vaccines. Immunisation
with  29511gt1/4AdLOS-rOMP26VTAL, 2951dLOS-rOMP26VvTAL and  3292dLOS-
rOMP26VTAL elicited a comparable 1gG2a and IgG3 antibody response against all antigens
tested. 1gG1 and IgG3 were also elicited, however at lower titres (Table 2). Isotypes induced
by rOMP26VTAL were assessed against autologous antigen, and whole-cell NTHi-289. High
titres were observed for IgG1 followed by IgG2a and 1gG3; low levels of 1gG2b titres were
evident (Table 2). Immunisation with Mcat2951 HK and Mcat3292 HK induced a similar trend

in 1gG isotypes to the conjugate vaccines (Table 2).

3.3 Bactericidal Activities of Mouse Antisera

The bactericidal activity of mouse sera immunised with 29511gt1/4A conjugate was assayed
with known serotype strains. The mice antiserum exhibited bactericidal activity against all
homologous strains; including two serotype A and four serotype B strains (Table 3). No
bactericidal activity was demonstrated by the antisera against strain CCUG 26404, which is a
serotype C strain. Serotype C strains CCUG 26400 and CCUG 26391 were found to be
sensitive to complement killing in the absence of antibody (not shown) so could not be used to

assess bactericidal activity.

The specificity of the bactericidal activity of antiserum collected from mice immunised with
serotype-specific LOS was also assessed against two serotype A and four serotype B strains.
‘The bactericidal activity of the conjugates is serotype specific to strains expressing the
homologous LOS. No heterologous killing was observed. rOMP26VvTAL from NTHi was
conjugated to the dLOS from the 29511gt1/4A mutant, serotype A and serotype B vaccine
constructs. The bactericidal activity from all three vaccine constructs killed NTHi strain that

contains this protein (NTHi-289). Antisera from mice vaccinated with rOMP26VTAL alone also
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killed NTHi-289. Using whole killed bacteria as immunogens confirmed that this induces

serotype-specific responses.

4. Discussion

There are no licensed vaccines against M. catarrhalis and/or NTHi. There has been however a
tremendous amount of research conducted to identify potential vaccine candidates. In this study
we sought to generate a combination vaccine that may protect against both NTHi and M.
catarrhalis. Conjugating capsular polysaccharides to protein carriers has been used to develop
highly successful vaccines for the prevention of infections caused by H. influenzae type b and
S. pneumoniae [3,5,6,10]. Neither M. catarrhalis or NTHi express a capsule, so alternative
antigens are required. Thus far, the major focus of investigation in identifying vaccine antigens
has been on OMP and LOS [3,5,6,10]. OMP26 from NTHi is highly conserved across NTHi
strains (>96% similarity) and induces protective responses in animal models [15,44]. In this
study, a recombinant OMP26 with modified signal peptide, rOMP26VTAL was used. This
modified rOMP26VTAL is also effective in inducing protective anti-NTHi responses in rats
[17]. The highly-conserved nature of M. catarrhalis LOS [27,28,33] and its significance in the
biological activity of the bacteria makes it an ideal candidate to be developed into a vaccine
[2,26,45]. We investigated the potential of making a vaccine against two pathogens by
combining LOS from M. catarrhalis with a recombinant protein antigen from NTHi. Previous
investigations combined NTHi protein antigens (HMW) with wild-type M. catarrhalis
(serotype A 25238 strain), generating potentially effective, but serotype-specific immune

responses against both M. catarrhalis and NTHi [29,32,46].

In the present study, LOS was detoxified using ammonium hydroxide to obtain dLOS.
Ammonium hydroxide treatment of LOS cleaves ester-linked fatty acids (O-deacylation) while

preserving the amide-linked fatty acids of the lipid A. The resulting dLOS showed markedly
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less toxicity than the original LOS (reduced to <2EU/ug dLOS) consistent with a prior report
on detoxification of M. catarrhalis LOS [24]. Residual endotoxin may arouse caution from
regulators, but if these preparations were used, endotoxin levels would be lower per human
dose than amounts reported in currently used vaccines. These levels are higher than some

authors suggest should be used for pre-clinical testing [47].

In-order to induce T-helper cell response against M. catarrhalis LOS, a carrier protein is
required [7]. In this study rOMP26VTAL from NTHi served as the carrier for M. catarrhalis
dLOS. This variant of OMP26 contains a truncated signal peptide as well as 6xHis epitope.
This modified OMP26 antigen has previously been demonstrated to elicit antibodies in serum
and bronchoalveolar lavage, and to induce clearance from rat lungs in an NTHi challenge study
[17]. Three vaccine candidates were developed, 29511gt1/4AdLOS-rOMP26VTAL, 2951dLOS-
rOMP26VTAL (serotype A) and 3292dLOS-rOMP26VTAL (serotype B). The 29511gtl1/4A
dLOS mutant is truncated compared to the wild type serotype A or B LOS structures (Figure
1). It has previously been shown that wild-type full length LOS induce serotype specific
responses. The structure of this mutant LOS is present in all serotypes. However, this conserved
epitope is masked by the terminal sugars, which in turn elicit serotype-specific responses. By
removing the terminal sugars, we expected that the serospecificity would be removed, and cross
reactive antibodies to be generated. This approach has previously been used by others, albeit
with different LOS mutants [4]. Following immunisation with these conjugates, antigen-
specific 1gG antibody levels were assessed. Antisera from mice immunised with the truncated
29511gt1/4AdLOS-rOMP26VTAL induced an antigen-specific 1gG response to all tested target
antigens (29511gt1/4ALOS, 2951 LOS, 3292 LOS, rOMP26VTAL, Mcat-2951 HK, Mcat-3292
HK and NTHi-289 HK). Thus, removal of the terminal sugars elicited cross-reactive

antibodies, as well as to the carrier protein, and bacterial cells. Immunisation with 2951dLOS-

104



Chapter 5

rOMP26VTAL and 3292dLOS-rOMP26VTAL induced serotype-specific antibody response,
and to the carrier protein and NTHi. No cross-reactivity was observed between serotypes. The
isolated rOMP26VTAL did not elicit IgG antibodies recognising M. catarrhalis bacterial cells
(Figure 3D), suggesting that the responses to rOMP26VTAL or to conjugate vaccines containing
recombinant rOMP26VTAL was not due to cross-reaction to contaminating E. coli proteins or
LPS. The importance of antibodies in combating M. catarrhalis and NTHi infections have been
highlighted in several studies [1-7,10-12,48,49]. M. catarrhalis LOS-based vaccines coupled
to carrier proteins have been shown to elicit high levels of antigen-specific bactericidal
antibodies in mice and rabbits [29-31]. Further studies have demonstrated the role of LOS-
specific monoclonal antibodies in the prevention of M. catarrhalis adherence to human

epithelia and the enhanced clearance in a mouse pulmonary challenge model [50].

To further define the mechanism of vaccine mediated immunity we assessed the expression of
IgG isotypes. Bacterial polysaccharides tend to induce IgG2 antibody production, whereas
antibody responses to protein antigens are often 1IgG1, with contributions from IgG3 and 1gG4
[51]. We found a predominately 1gG1 (Th2-mediated) response in mice immunised with
29511gt1/4AdLOS-rOMP26VTAL, 2951dLOS-rOMP26VTAL and 3292dLOS-rOMP26VTAL
conjugate vaccines. Mice vaccinated with the protein rOMP26VTAL generated IgG1l and

IgG2a, comparable to another study assessing the immunogenicity of OMP26 [48].

To investigate the bactericidal activity of the antisera, a complement-mediated bactericidal
assay was performed. We confirmed that Serotype A or B LOS conjugates induced serotype
specific responses. The truncated 29511gt1/4A dLOS conjugate elicited bactericidal antibodies
against type A and type B LOS strains. The OS structure of 2951Igt1/4A is also present in
serotype C LOS strains; however, the antisera were not bactericidal against strain 26404

(serotype C). Prior studies have demonstrated that intranasal immunisation with combined LOS
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conjugates of serotype A and B, or from serotype A, B and C efficiently cleared autologous
and heterologous M. catarrhalis strains [49]. Cox et al. previously assessed the use of truncated
LOS conjugates [4]. They assessed a Igt2 mutant, lacking a terminal digalactoside, but
containing a GIcNAc residue found in serotypes A and C (but absent from B), and a conjugate
containing an additional sugar to that which we used. The latter conjugate elicited rabbit
antibodies that were able to kill at least one strain of each serotype [4]. Our work is consistent,
in that truncated LOS containing core epitopes elicit responses likely to be protective against
multiple serotypes. Serotype C strains represent a minority of strains (less than 10%) [22,27],
so generation of cross-protection against serotype A and B, as we showed with the 29511gt1/4A
dLOS conjugate, is likely to address the majority of strains. However, testing of bactericidal

activity against further strains, and animal protection studies is warranted.

Natural antibodies in sera to OMP26 have been reported to increase with age [12] but not in
response to AOM caused by NTHi in children who were otitis-prone [52]. Furthermore,
bactericidal activity could not be attributed to OMP26 antibody in the sera of the children
following natural NTHi colonisation or AOM [12,52]. Several studies have shown that mucosal
immunisation with OMP26 induced mucosal immune responses that mediate protection in
animal models [15,44,48]. We showed that immunisation of mice with any of the conjugate
vaccines, or with rOMP26VTAL alone conferred bactericidal activity against NTHi-289. This
is the first report of bactericidal activity induced by an OMP26 derivative. Further studies are
needed to characterise responses induced by rOMP26VTAL, to assess how the leader peptide
modifications alter responses, as antibodies induced by native mature OMP26 after natural

infection, are apparently are not bactericidal [52].

In summary, we have developed a truncated LOS conjugate vaccine that can induce antibodies

recognising M. catarrhalis serotypes A and B. By conjugating the truncated OS (dLOS) to
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rOMP26VTAL of NTHi, we have assembled a vaccine that in mice elicits bactericidal activity
against both M. catarrhalis (serotype A and B strains) and NTHi. These findings are an
important step forward in overcoming the public health and economic burden caused by M.
catarrhalis and NTHi related infections. Further evaluation of the conjugates as a potential
vaccine for human use, including mucosal delivery, and animal protection studies in animal

models are required.
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A. Moraxella catarrhalis OS structure

a-D-Galp(1=—»4)-B-D-Galp(1=—»4)-a-D-Glcp-(1=—»2)-B-D-Glcp
1)

l

6)
R-B-D-Glcp(1l=»4)- a-D-Glcp-(1=»5)-Kdo-OH
3)

1

1)
B-D-Glcp

Serotype A: R= a-D-GlcpNAc

Serotype B: R= a-D-Galp-(1=»4)-B-D-Galp-(1=»4)-a-D-Glcp
Serotype C: R= a-D-Galp-(1—»4)-B-D-Galp-(1=»4)-a-D-GlcpNAC

B. Moraxella catarrhalis 29511gt1/4A OS structure

B-b-Glcp
1)

l

6)
B-p-Glcp(1=*4)- o-D-Glcp-(1=—»5)-Kdo-OH
3)

I

1)
B-D-Glecp

Figure 1. M. catarrhalis OS structure of serotypes A, B and C strains. (A) Structure of
wild-type OS from the three serotypes, with a common tetrasaccharide inner core and only
differing at the R residue. (B) 29511gt1/4A dLOS mutant OS structure consisting of three -D-

Glcp attached to a central a-D-Glcp. The central sugar is 1-5-linked to Kdo. [33].
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Figure 2. SDS-PAGE and Western blot analysis of expression and purification of NTHi
rOMP26VTAL. ldentical samples were separated on polyacrylamide gels prior to protein
detection by (A) Coomassie-stained SDS-PAGE (12% Tris-Glycine gel) or (B) detection of
His-tagged rOMP26VTAL with anti-His antibody (4-12% Bis-Tris gel). Lanes 1: molecular
mass marker, approximate size indicated. Lanes 2: Total cell protein after induction with IPTG.
Lanes 3: flow through from Ni-NTA column. Lanes 4: rOMP26VTAL after elution from total
cell protein Lanes 5 and 6, washes of Ni-NTA column prior to elution of rOMP26VTAL.
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Figure 3: Immunogenicity following subcutaneous immunisation with polysaccharide
and outer membrane-based vaccines.BALB/c mice (n=8/group; female, 4-6 weeks old) were
immunised three times subcutaneously with (A) 29511gt1/4AdLOS-rOMP26VTAL, (B)
2951dLOS-rOMP26VTAL, (C) 3292dLOS-rOMP26VTAL, (D) rOMP26VTAL, (E) heat killed
Mcat 2951 cells, or (F) heat killed Mcat 3292 cells. Serum was collected via cardiac puncture
at day 42. Antigen-specific IgG antibody responses were measured by ELISA and are
represented as mean + SEM. Statistical analysis was performed using a parametric, one tailed
paired t test to compare test groups (light circles) to their respective day -1 pre-bleeds (serum
collected before first immunisation, dark circles) (ns; *p<0.05; **p<0.01; ***p<0.001;

*xx%n<0,0001).
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Table 1. M. catarrhalis LOS yield from hot water/phenol extraction procedure and

corresponding endotoxin levels of LOS and dLOS after O-deacylation accessed by LAL

assay Kit.
Endotoxin levels
M. catarralis LOS yield (w/w#)  LOS (EU/ug) dLOS (EU/ug)
strains
2951 wild-type 0.89% 36,000 1.89
3292 wild-type 0.75% 38,600 1.26
29511gt1/4A 0.60% 16,700 <0.10

# Dry cell weight/weight LOS
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Table 2. Mouse antibody response to M. catarrhalis LOS and NTHi rOMP26VTAL elicited

by conjugates to isotype specific 1gG response.

Target Antigens

Immunogen
29511gt1/4AdLOS-rOMP26VTAL
2951dL.OS-rOMP26VTAL
3292dLOS-rOMP26VTAL
rOMP26VTAL

2951 HK

3292 HK

29511gt1/4AdLOS-rOMP26VTAL
2951dLOS-rOMP26VTAL
3292dLOS-rOMP26VTAL
rOMP26VTAL

2951 HK

3292 HK

29511gt1/4AdLOS-rOMP26VTAL
2951dLOS-rOMP26VTAL
3292dLOS-rOMP26VTAL
rOMP26VTAL

2951 HK

3292 HK

29511gt1/4AdLOS-rOMP26VTAL
2951dLOS-rOMP26VTAL
3292dLOS-rOMP26VTAL
rOMP26VTAL

2951 HK

3292 HK

2951Igtl 2951 3292 rOMP26 2951 3292 NTHi-
/4A LOS LOS LOS VTAL HK HK 289 HK
Antigen-specific 1gG1 titre
9.3x102 2.0x10% 7.8x102 2.3x10* 3.0x10° 4.8x10° 2.6x10*
7.7x10°  2.0x10° 2.4x10> 3.0x10* 2.8x10> 1.9x10%> 3.8x10*
4.8x10° 2.6x10% 9.0x102 2.7x10* 8.8x10' 5.3x10° 5.1x10*
N/A N/A N/A 6.4x10* N/A N/A 7.7x10*
9.0x102 5.5x10% 2.5x10% N/A 2.6x10* 8.0x10° N/A
9.0x10? 16x10%  7.0x102 N/A 1.7x10° 6.0x10* N/A
Antigen-specific 1gG2a titre
8.2x10* 1.2x10* 7.8x10* 3.0x10° 2.3x10° 5.6x10° 2.0x10°
7.9x10*  1.8x10* 2.4x10* 2.1x10®  3.4x10%® 2.4x10%> 1.5x10°
6.3x10* 2.4x10* 9.0x10% 1.5x10° 5.2x10° 5.9x10° 1.8x10°
N/A N/A N/A 2.8x10° N/A N/A 2.2x10°
1.1x10° 1.0x10% 2.5x10! N/A 1.9x10* 4.3x10® N/A
1.0x10° 1.2x10%> 1.7x10° N/A 4.3x10° 1.0x10* N/A
Antigen-specific 1gG2b titre
1.0x10°  1.3x10® 1.8x10° 1.1x10' 1.7x10%? 1.0x10° 1.3x10%
1.3x10° 2.0x10° 1.2x10% 1.2x10* 1.1x10% 1.3x10' 1.1x10*
1.0x10° 5.0x10% 1.3x10° 1.1x10' 1.9x10' 1.0x10° 1.1x10%
N/A N/A N/A 1.3x10? N/A N/A 1.6x10!
9.2x10°>  3.7x10°> 2.4x10* NI/A 1.2x10% 2.0x10> N/A
7.2x102 1.1x10'  1.9x10? N/A 1.5x10% 1.0x10® N/A
Antigen-specific 1gG3 titre
8.0x10°  7.5x10%® 6.3x10® 2.5x10®° 4.9x10> 8.8x10%> 2.3x10°
8.0x10° 8.8x10° 3.3x10! 2.1x108 3.3x10%° 1.1x10* 3.7x10°
5.0x10° 2.6x10* 6.3x10°  1.8x10®  2.6x10' 1.3x10%> 1.5x10°
N/A N/A N/A 2.6x10° N/A N/A 4.7x10°
1.2x10°  1.3x10°® 6.3x10' N/A 1.6x10° 3.3x10> N/A
1.1x10° 3.8x10' 1.0x10° N/A 6.3x10%2 1.5x10° N/A

N/A — ELISA was not conducted with these antigens.
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Table 3. Bactericidal titres against respective strain elicited by specific immunogen mice

serum.
Immunogen Strains® P Serotype Bactericidal titer
29511gt1/4AdLOS-rOMP26VTAL 25238 A 1.0x10°
2951 A 1.3x10°
25239 B 2.7x10°
26397 B 6.9x10°
26400 B 1.5x10°
3292 B 8.7x107
26404 C 2.5x102
NTHi-289 4.8x10°
2951dLOS-rOMP26VTAL 25238 A 1.2x10°
2951 A 9.7x10°
25239 B NK
26397 B NK
26400 B NK
3292 B NK
26404 C 8.0x10?
NTHi-289 2.4x10°
3292dLOS-rOMP26VTAL 25238 A NK
2951 A NK
25239 B 9.7x10°
26397 B 9.7x10°
26400 B 2.7x10°
3292 B 1.0x10°
26404 C 5.0x10?
NTHi-289 3.9x10°
rOMP26VTAL NTHi-289 3.2x10°
2951 HK 25238 A 7.8x10°
2951 A 1.5x10°
25239 B 1.0x10!
26397 B 5.7x102
26400 B 1.0x10!
3292 B 1.0x10!
26404 C 1.5x10°
3292 HK 25238 A 1.0x10!
2951 A 1.0x10!
25239 B 3.1x10°
26397 B 4.9x10°
26400 B 1.2x10°
3292 B 7.6x107
26404 C 1.2x10°
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3 Each strain was adjusted to 1x10° CFU/mL for the bactericidal activity assay.
b Complement only and serum only control groups were included, data not shown.

NK — Not killed at any serum titre level
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CHAPTER 6

CONCLUSIONS AND FUTURE DIRECTIONS
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6.1 Conclusions and Future Directions

Moraxella bovis

M. bovis, M. catarrhalis and NTHi are Gram-negative pathogenic microorganisms. M. bovis is
a bovine pathogen historically implicated as the primary agent of IBK, which is considered an
economically important ocular disease in cattle worldwide (56,67,222,223). Currently,
vaccination is the main method of preventing IBK, however, the effectiveness of the vaccine
(pili-based) is limited due to high antigenic diversity of pili among M. bovis strains (101,224).
There are also antimicrobial treatments available, however, they are ineffective at controlling
disease outbreaks and are showing resistance due to B-lactamase enzyme production by M.
bovis (100-102). The high antigenic diversity of M. bovis pili has reportedly caused the failure
of the current pilin-based vaccine; nevertheless, in the last decade the identification of highly
conserved antigens such as LOS have provided hope of an efficacious vaccine against all M.
bovis strains (81,225).

Elucidation of the OS structure of M. bovis strains Mb25 and L183/2 and identification
of capsular polysaccharide in strains Epp63 and L183/2

M. bovis strain Mb25 has a capsular polysaccharide (83). Recently, the OS (LOS-derived)
structure of M. bovis strain Epp63 was elucidated (81). To investigate whether the OS structure
is highly conserved among M. bovis, we attempted to elucidate the OS structure of strains Mb25
and L183/2. In the presented work, the isolation then NMR analysis of the OS from strain
Mb25 led to the understanding that the OS is the same as that in strain Epp63, with both
containing an identical terminal N-acetylgalactosamine ((1S)-GalaNAc) residue —4,6-linked.
Interestingly strain L183/2 OS was identified as lacking the terminal ((1S)-GalaNAc) residue
(Figure S3.1). All three strains share the same inner-core. Interestingly, strain L183/2 has the
same unsulfated chondroitin capsular polysaccharide as strain Mb25, with strain Epp63 lacking
the capability to express capsular polysaccharide at all (Figure S3.1). It is important to know
and understand the structural properties of an antigen in order to identify its suitability for a
vaccine. Noting that certain M. bovis strains lack the expression of capsular polysaccharide,
formulating a vaccine (such as pneumococcal vaccine (186-189)) using this component would
be strain specific and therefore total protection would not be achieved. M. bovis OS (from LOS)

was shown to be highly conserved across all strains investigated in this study. This provides
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the basis for an ideal vaccine antigen; however, further studies are needed to determine whether
M. bovis OS is conserved in strains that were not included in this study. Additionally, the lipid

A structure of M. bovis wild-types and OS mutants require characterisation.

Evaluation of the role LOS plays in the biological activity of M. bovis strains Epp63, Mb25
and L183/2

M. catarrhalis LOS has been implicated in adherence and colonisation to host epithelial cells,
toxicity and complement-mediated bactericidal activity (105,158,226). These findings
prompted us to investigate the biological role of LOS in a related bacterium, M. bovis and to
identify whether variation in the OS and/or capsular polysaccharide presence/absence also has
a role in the biological activity of M. bovis. A series of OS truncated mutants developed from
the LOS of strain Epp63 was utilised for this study (82). The OS truncation affected the growth
rates of the mutants, in fact, we observed as the OS truncation increased the growth rate
decreased, as compared to wild-type Epp63 and Mb25 strains. This observation was confirmed
by Peng et al. (2005), where an OS truncated mutant expressing only the lipid A for M.
catarrhalis exhibited a hindered growth rate, when compared to its wild-type strain (158). The
LOS truncation also influenced the mutant strain’s susceptibility towards antibiotics and
hydrophobic agents, when compared to the wild-type strains. These observations are consistent
with M. catarrhalis LOS truncation studies (105,158), where M. catarrhalis strains with
mildly- and highly-truncated OS exhibited increased sensitivity towards certain antibiotics and
hydrophobic compounds. A similar trend was observed in a study on Neisseria meningitides
where an OS truncated mutant (comprised of only lipid A, without Kdo residues) displayed a
reduced growth rate and increased sensitivity towards hydrophobic agents (227). These
findings suggest that LOS plays an important role in facilitating bacterial integrity and

preserving normal cell growth.

Historically, LOS toxicity has been implicated with the lipid A moiety of the LOS. From M.
bovis whole cells, we report that OS truncated strains display a different toxicity profile when
compared to Epp63 wild-type, at least as measured by LAL assay. At this stage, we cannot
state that the OS contributed towards endotoxicity of the bacteria without understanding the
lipid A structure. Nonetheless, we have previously reported that truncation in the OS structure

of M. catarrhalis can lead to alteration in the lipid A structure of mutant strains when compared
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with its wild-type (228). We observed that the highly-truncated OS of Epp63Igt6A exhibited a
ten-fold decrease in toxicity when compared to Epp63 wild-type. Interestingly, Peng et al.
(2005) using truncated forms of LOS for M. catarrhalis reported six-fold increase in toxicity
having lipid A+Glc-Kdoz, as compared to lipid A alone (158). Strain L183/2 had the highest
toxicity compared to Epp63 and Mb25, this may be attributed to L183/2 strain having a

different LOS/capsule; however, further investigation is required.

Additionally, the OS truncated mutants showed increased sensitivity towards bactericidal
activity of bovine serum, especially the highly OS-truncated Epp63Igt6A at 25% when
compared to Epp63 wild-type. We report that the greater the OS truncation, the greater the
sensitivity towards bactericidal activity of bovine serum. This is consistent with M. catarrhalis
studies (105,158); Peng et al. (2007) reported increased sensitivity of OS truncated mutants
towards human serum, compared to the wild-type strain (105). This increased sensitivity
observed by the OS truncated mutant implies that the OS moiety of LOS is important at
maintaining complement resistance (as observed by L183/2, Mb25 and Epp63 wild-type
strains). However, we did not investigate if this finding relates to membrane stability, exposure
of antigens, or better access to complement membrane attack complex.

M. catarrhalis LOS biological studies have all reported reduced adherence upon truncation of
OS of tested strains, as compared to wild-type (105,158). In the present, study we report similar
observations; the greater the OS truncation, the less adherence to HelLa cells. Furthermore,
there are also differences in adherence between L183/2, Mb25 and Epp63 wild-type strains.
However, we cannot attribute this difference in adherence directly to LOS, as we did not

investigate other known pilus adhesions of M. bovis (76).

Understanding the importance of M. bovis LOS builds the foundations for future vaccine
development. Further studies assessing the immunogenicity and protective efficacy of a M.
bovis LOS-based vaccine is urgently required to eradicate the burden of IBK. Examples can be
taken from studies that have assessed the biological importance of M. catarrhalis LOS
(105,158). Following each immunisation, antibody responses in serum may be assessed by
ELISA. To assess protective immunity in-vitro, complement-dependent bactericidal antibody

assays (229) and whole mouse blood killing assays (230) may be performed. Protective
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immunity in-vivo could be assessed in a bovine model of infection.
(94,98,103,105,142,143,157). The development of a vaccine would be economically beneficial
for the beef and dairy industry. M. bovis is the primary cause of IBK, however, taking care of
M. bovis alone does not provide full protection. There are secondary contributors to IBK, such
as M. bovoculi. Further studies need to be carried out investigating the conserved and
immunogenic potential of LOS in other IBK causing bacteria. Isolating the conserved LOS
from all bacteria that lead to IBK and integrating them within one vaccine would provide
broader protection. Further to this, protection studies in cattle would be required to fully

evaluate the efficacy of the vaccine.

Moraxella catarrhalis and Nontypeable Haemophilus influenzae

M. catarrhalis and NTHi are opportunistic pathogens isolated strictly from the human
respiratory tract and are a major cause of OM in children and can lead to the exacerbation of
COPD in adults (231). There is a huge financial burden associated with these infections; in the
US (2017), OM-related cases account for an estimated cost of USD 3-5 billion annually and
USD 31,000 annually is estimated per COPD patient (232,233). Even though there is a
significant financial burden, no licensed vaccine exists to prevent M. catarrhalis and NTHi
associated diseases. Antimicrobial therapies are showing signs of resistance due to antibiotic
resistance gene B-lactamase (139,234,235). There has been enormous research in the past

decade to identify antigens for vaccine candidates such as LOS and OMPs.

The biological role of M. catarrhalis LOS

The investigation of the biological role of M. catarrhalis in this work produced similar results
to previously reported studies that utilised the same experimentation methods (105,158,227).
We report that the 29511gt1/4A mutant (highly-truncated OS) had increased sensitivity towards
all hydrophobic agents and antibiotics tested. The mutant showed increased sensitivity towards
the bactericidal activity of human serum, especially at 25% human serum with only ~35%
survival of the OS truncated mutant cells when compared to 2951 and 3292 wild-type.
Additionally, the mutant showed a reduced growth rate, attachment to mammalian cells and
toxicity, when compared to serotype A 2951 and serotype B 3292 wild-type strains. These
observations are consistent with our findings with M. bovis (225). The adherence of wild-type
strains 2951 to Chang and HeL a epithelia were 43.5 = 4.2% and 49.0 + 8.1%, wild-type strain
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3292 were 49.1 + 5.3% and 56.5 £ 9.4% respectively. The 29511gtl/4A mutant showed
significantly lower adherence to Chang and HeLa cell lines, 22.2 + 3.6% and 28.1 + 6.4%, in
comparison to the wild-types. Similarly, the 29511gt1/4A mutant whole cell showed forty-fold
lower endotoxicity (9.1x10% EU/mL) levels compared to 2951 (3.7x10* EU/mL) and 3292
(3.9x10* EU/mL) wild-type strains; toxicity measured by LAL assay. Similarly, Peng et al.
(2005,2007) have reported comparable findings with their studies utilising M. catarrhalis OS
truncated mutants (105,158). These studies showed that the OS truncated mutants had
increased sensitivity towards hydrophobic agents, antibiotics and towards the bactericidal
activity of human serum (105,158). These studies also reported that the OS truncated mutants
had reduced growth rate, attachment to mammalian cells and toxicity (see Table S4.1)
(105,158).

Overall, these findings indicate that the OS moiety has significant importance in the biological
activity of M. catarrhalis. The common-core OS structure of the 29511gt1/4A mutant is present
in all three serotypes of M. catarrhalis (147) and we have shown its importance in the
biological activity of the bacterium, therefore, validating its suitability as a potential future
vaccine antigen. Future studies investigating the immune potential of additional sugar residues
on the OS of the 29511gt1/4A mutant (addition of a-D-Glcp-1-2 to 1-6 linked glucose) in a
mouse model would help identify more efficacious vaccine antigens. Additionally, further
studies assessing the role of lipid A towards the immunogenicity of the vaccine would provide
the basis for a more clinically applicable vaccine. Lipid A removal can be achieved through
acid hydrolysis of the dLOS with acetic acid treatment, successfully cleaving the bond between
Kdo and lipid A disaccharide backbone. Furthermore, we could assess the role of monoclonal
antibodies specific to our vaccine in pre-incubation challenge studies, serum-bactericidal
assays, whole-mouse blood killing assays and opsonophagocytosis assays. The protective
effecicacy of the vaccine maybe assessed in a mouse upper respiratory tract (URT) challenge
model. Antibody-isotyping can be employed to further elucidate the mechanism of protection.

Additionally, cellular immunity maybe characterised by cytometric bead array (CBA) analysis.
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Immunogenicity (in-vivo) and protective efficacy (in-vitro) of a single polysaccharide-
outer membrane protein-based vaccine against M. catarrhalis and NTHi

LOS from M. catarrhalis and OMP26 from NTHi are major surface antigens identified as
potential vaccine components against these organisms. There are three M. catarrhalis LOS
serotypes, A, B and C, which are the same in the structure of the core OS of LOS but are distinct
in the terminal sugars. Conjugate vaccines derived from LOS serotypes A, B and C have been
shown to exhibit serotype specific responses (103,104,142). In this study, we extracted LOS
from M. catarrhalis serotype A (strain 2951), serotype B (strain 3292), and from a mutant
strain expressing a LOS structure predicted to be present in all strains (147). These LOS were
detoxified, then conjugated to a NTHi carrier protein, rOMP26VTAL (expressed from a
recombinant omp26VTAL gene in E. coli). Several NTHi OMPs have previously been
investigated for potential vaccine antigens (91,236,237). OMP26 is highly conserved across
NTHi strains and has shown to elicit strong Thl-mediated immune responses, thus, making it
the ideal carrier protein (23,89-91).

In this study, OMP26 from NTHi served as the carrier for M. catarrhalis dLOS. Detoxification
of the LOS was achieved using ammonium hydroxide to obtain clinically acceptable dLOS.
Three vaccine candidates were developed (i) 29511gt1/4AdLOS-rOMP26VTAL, (ii)
2951dLOS-rOMP26VTAL and (iii) 3292dLOS-rOMP26VTAL. Antisera from mice immunised
with 29511gt1/4AdLOS-rOMP26VTAL was able to induce an antigen-specific 1gG response to
all antigens tested (29511gt1/4AdLOS, 2951dLOS, 3292dLOS, rOMP26VTAL, 2951 HK, 3292
HK and NTHi). Immunisation with 2951dLOS-rOMP26VTAL and 3292dLOS-rOMP26VTAL
induced an antibody response to their respective serotype antigens and to OMP26 and NTHi.
M. catarrhalis studies have implicated LOS-specific monoclonal antibodies in the prevention
of M. catarrhalis adherence to human epithelia of lungs in mice (238,239). Passive
immunisations resulted in enhanced bacterial clearance of homologous strains in a mouse
pulmonary challenge model (238,239). Previously, immunisation with conjugate vaccines
derived from LOS of M. catarrhalis serotypes A, B and C have shown immunogenic responses,
however, being only effective against some pathogenic serotypes/strains of M. catarrhalis
(103,104,142). OMP26 has been identified as a highly conserved protein antigen and mucosal
immunisations with OMP26 have resulted in pulmonary clearance in rat models (90). El-
Adhami et al. (1999) reported immunisation with OMP26 significantly increase 1gG and IgA

titers in the serum of rats, and effectively enhance pulmonary clearance and provide a better
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cell-mediated response (23). Following EI-Adhami et al. (1999), Kyd et al. (2003) reported
OMP26 mediated clearance of NTHi in the middle ear and nasopharynx of a chinchilla host
(206).

To investigate the bactericidal activity of the antisera, a complement-mediated bactericidal
assay was performed. Thus M. catarrhalis 29511gt1/4AdLOS was constructed from serotype
A and B LOS and subsequently showed protective efficacy against the homologous type A and
type B LOS strains. The OS structure of 29511gt1/4A is also present in serotype C LOS strains;
however, the antisera were not bactericidal against strain 26404 (serotype C). We tested only
one serotype C M. catarrhalis strain and further serotype C isolates need to be examined to
confirm these findings. We showed that immunisation of mice with any of the conjugate
vaccines, or with OMP26 alone conferred bactericidal activity against NTHi-289. These
observations have been observed by other NTHi studies showing specific immune response

against homologous and heterologous strains (90,206,207).

Concluding remarks

M. bovis

Overall, we have shown that M. bovis LOS truncation leads to reduced bacterial adherence,
increased sensitivity to bactericidal activity of bovine serum and a reduction in toxicity levels.
Additionally, it is evident that the OS moiety is crucial for facilitating bacterial integrity and
preserving normal cell growth. Future work assessing the LOS structure from other M. bovis
strains, not investigated in this study, would confirm its suitability as a conserved antigen.
Additionally, immunogenicity and protection studies in animal models are necessary to identify
the efficacy of LOS as a potential vaccine antigen against IBK. Further studies investigating
antibody production and affinity through ELISA, in-vitro protection studies through
bactericidal assays and the role of cytokines through cytokine bead array analysis through
FACS would widen the knowledge and understating of M. bovis LOS as a potential vaccine

antigen.

M. catarrhalis and NTHi

We have provided the ground-work for assembly of a LOS-based vaccine that is applicable to

human bacterial-related diseases. Together, these data highlight a significant advance towards
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the development of a single vaccine that can combat two respiratory pathogens. We showed
the utility of this dual-vaccine approach in an immunogenicity assay in mice and a bactericidal
assay in-vitro. The vaccine approach described here could be used for other pathogenic
organisms that are conserved in their LOS structure and where LOS demonstrates an important
role in the biological activity of the bacteria. To assess whether these antigens are human
compatible, animal studies evaluating toxicity and protection are required. As M. catarrhalis
and NTHi are human mucosal pathogens, the role of mucosal/intranasal vaccination delivery
needs to be assessed. Additionally, the mechanism of action of the vaccine will need to be
evaluated by looking into the role of both humoral and cellular immunity. Other variations of
the current vaccine candidates could be assembled to assess whether/or not the Lipid A is
important to the immunogenicity. Moreover, investigating the addition of an extra sugar off
the 4-linked position (synthetic OS) could provide better recognition of M. catarrhalis dLOS
by the immune system and provide improved immune response as compared to lesser length
dLOS. Furthermore, exploring possibilities of synthesising the dLOS component of the vaccine
as compared to isolating it from bacterial whole cell could provide advantages. Synthesis
approach of dLOS presents significantly shorter isolation method than the natural isolation
method and has the advantage for larger quantity production, economically beneficial and
efficient. Studies by Pearson et al. (2011) have shown the successful production of synthetic
M. catarrhalis pentasaccharide OS including [p-trifluoroacetamido)phenyl]ethyl linker moiety
(240). Ekelof and Oscarson et al. (1996) also employed this linker previously, potentially
facilitating the convenient attachment of an antigenic protein (241). The work by Pearson et al.
(2011) and Ekelof and Oscarson et al. (1996) show the potential of dLOS synthesis and use in
glycoconjugate vaccines. Taken together, the studies within this thesis highlight a significant
advance towards the development of M. catarrhalis and NTHi vaccines that can protect against
OM and exacerbation of COPD. These studies also provide a significant contribution to
existing literature on glycoconjugate vaccine development and pave the way for advancement
into this field.

133



References

REFERENCES

134



References

References

1.

10.

11.

12.

13.

Beveridge TJ. Structures of Gram-negative cell walls and their derived membrane
vesicles. J Bacterio. 1999;181:4725-33.

Erridge C, Bennett-Guerrero E, Poxton IR. Structure and function of lipopolysaccharides.
Microbes Infect. 2002;4:837-51.

Caroff M, Karibian D. Structure of bacterial lipopolysaccharides. Carbohydr Res.
2003;338:2431-417.

Spaniol V, Heiniger N, Troller R, Aebi C. Outer membrane protein UspAl and
lipooligosaccharide are involved in invasion of human epithelial cells by Moraxella
catarrhalis. Microb Infect. 2008;10(1):3-11.

Hong W, Peng D, Rivera M, Gu XX. Protection against Nontypeable Haemophilus
influenzae challenges by mucosal vaccination with a detoxified lipooligosaccharide
conjugate in two chinchilla models. Microb Infect. 2010;12(1):11-18.

Lin J, Huang S, Zhang Q. Outer membrane proteins: Key players for bacterial adaptation
in host niches. Vol. 4, Microb Infect. 2002;4(3):325-31.

Ulevitch RJ, Tobias PS. Recognition of Gram-negative bacteria and endotoxin by the
innate immune system. Curr Opin Immunol. 1999;11:19-22.

Raetz CRH, Whitfield C. Lipopolysaccharide Endotoxins. Annu Rev Biochem.
2002;71(1):635-700.

Cullen TW, Giles DK, Wolf LN, Ecobichon C, Boneca IG, Trent MS. Helicobacter pylori
versus the host: remodeling of the bacterial outer membrane is required for survival in the
gastric mucosa. PLoS Pathog. 2011;7(12):e1002454.

Zariri A, Pupo E, Van Riet E, Van Putten JPM, Van Der Ley P. Modulating endotoxin
activity by combinatorial bioengineering of meningococcal lipopolysaccharide. Sci Rep.
2016;6:36575.

Salazar J, Alarcon M, Huerta J, Navarro B, Aguayo D. Phosphoethanolamine addition to
the Heptose | of the Lipopolysaccharide modifies the inner core structure and has an
impact on the binding of Polymyxin B to the Escherichia coli outer membrane. Arch
Biochem Biophys. 2017;620:28-34.

Alexander C, Rietschel ET. Invited review: Bacterial lipopolysaccharides and innate
immunity. J Endotoxin Res. 2001;7(3):167—702.

Vinogradov E, Korenevsky A, Beveridge TJ. The structure of the rough-type

135



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

References

lipopolysaccharide from Shewanella oneidensis MR-1, containing 8-amino-8-deoxy-Kdo
and an open-chain form of 2-acetamido-2-deoxy-D-galactose. Carbohydr Res.
2003;338(19):1991-97.

Preston A, Mandrell RE, Gibson BW, Apicella MA. The lipooligosaccharides of
pathogenic Gram-negative bacteria. Crit Rev Microbiol. 1996;22:139-80.

Koebnik R, Locher KP, Van Gelder P. Structure and function of bacterial outer membrane
proteins: barrels in a nutshell. Mol Microbiol. 2000;37(2):239-53.

Rollauer SE, Sooreshjani MA, Noinaj N, Buchanan SK. Outer membrane protein
biogenesis in Gram-negative bacteria. Philos Trans B. 2015;370:1-10.

Jerala R. Structural biology of the LPS recognition. Int J of Med. Microbiol.
2007;297:353-63.

Kim SJ, Kim HM. Dynamic lipopolysaccharide transfer cascade to TLR4/MD2 complex
via LBP and CD14. BMB Rep. 2017;50(2):55-7.

Ryu JK, Kim SJ, Rah SH, Kang JI, Jung HE, Lee D, Lee HK, Lee JO, Park BS, Yoon TY,
Kim HM. Reconstruction of LPS Transfer Cascade Reveals Structural Determinants
within LBP, CD14, and TLR4-MD2 for Efficient LPS Recognition and Transfer.
Immunity. 2017;46(1):38-50.

Silva-Gomes S, Decout A, Nigou J. Pathogen-Associated Molecular Patterns (PAMPS).
In: Encyclopedia of Inflammatory Diseases (Chapter 83). 2014. 1-16.

Jeannin P, Bottazzi B, Sironi M, Doni A, Rusnati M, Presta M, Maina V, Magistrelli G,
Haeuw JF, Hoeffel G, Thieblemont N, Corvaia N, Garlanda C, Delneste Y, Mantovani A.
Complexity and complementarity of outer membrane protein A recognition by cellular
and humoral innate immunity receptors. Immunity. 2005;22(5):551-60.

Murphy TF, Kirkham C, DeNardin E, Sethi S. Analysis of antigenic structure and human
immune response to outer membrane protein CD of Moraxella catarrhalis. Infect Immun.
1999;67(9):4578-85.

El-Adhami W, Kyd JM, Bastin DA, Cripps AW. Characterization of the gene encoding a
26-kilodalton protein (OMP26) from Nontypeable Haemophilus influenzae and immune
responses to the recombinant protein. Infect Immun. 1999;67(4):1935-42.

Bonilla FA, Oettgen HC. Adaptive immunity. J Allergy Clin Immunol. 2010;125(2):S33-
40.

Mortellaro A, Diamond C, Khameneh HJ, Brough D. Novel perspectives on non-

canonical inflammasome activation. Immuno Targets Ther. 2015;4:131-41

136



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

References

Park BS, Lee JO. Recognition of lipopolysaccharide pattern by TLR4 complexes. Exp.
Mol Med. 2013;45(12):e66.

Kelley SL, Lukk T, Nair SK, Tapping RI. The crystal structure of human soluble CD14
reveals a bent solenoid with a hydrophobic amino-terminal pocket. J Immunol.
2013;190(3):1304-11.

Kim JI, Chang JL, Mi SJ, Lee CH, Paik SG, Lee H, Lee JO. Crystal structure of CD14
and its implications for lipopolysaccharide signalling. J Biol Chem. 2005;280(12):11347—
51.

Eckert JK, Kim YJ, Kim JI, Gurtler K, Oh DY, Sur S, Lundvall L, Hamann L, van der
Ploeg A, Pickkers P, Giamarellos-Bourboulis E, Kubarenko AV, Weber AN, Kabesch M,
Kumpf O, An HJ, Lee JO, Schumann RR. The crystal structure of lipopolysaccharide
binding protein reveals the location of a frequent mutation that impairs innate immunity.
Immunity. 2013;39(4):647-60.

Gioannini TL, Teghanemt A, Zhang D, Coussens NP, Dockstader W, Ramaswamy S,
Weiss JP. Isolation of an endotoxin-MD-2 complex that produces Toll-like receptor 4-
dependent cell activation at picomolar concentrations. Proc Natl Acad Sci.
2004;101(12):4186-91.

Tan Y, Kagan JCC. A Cross-Disciplinary Perspective on the Innate Immune Responses
to Bacterial Lipopolysaccharide. Mol Cell. 2014;54(2):212-23.

Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: Antibody effector functions
in infectious diseases. Nat Rev Immuno. 2018;18:46-61.

Pulendran B, Ahmed R. Immunological mechanisms of vaccination. Nat Immuno.
2011;12:509-17.

Nagy Z. A history of modern immunology: the path toward understanding. J His Bio.
2013;1-340:el.

Roux KH, Strelets L, Michaelsent TE. Flexibility of Human IgG Subclasses. J Immunol.
1997;159:3372-82.

Woof JM, Ken MA. The function of immunoglobulin A in immunity. J Pathol.
2006;208:270-82.

Bruhns P. Properties of mouse and human IgG receptors and their contribution to disease
models. Blood. 2012;119:5640-49.

McGrath J. Immunomodulation in the context of developing a Nontypeable Haemophilus

influenzae vaccine. University of Canberra. 2007;50-114.

137



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

References

Jansen KU, Knirsch C, Anderson AS. The role of vaccines in preventing bacterial
antimicrobial resistance. Nat Med. 2018;24(1):10-19.

Bloom DE, Black S, Salisbury D, Rappuoli R. Antimicrobial resistance and the role of
vaccines. Proc Natl Acad Sci. 2018;115(51):12868-71

Barber M, Rozwadowska-Dowzenko M. Infection by penicillin-resistant staphylococci.
Lancet. 1948;2(6530):641-44.

Pray L. Antibiotic R&D: resolving the paradox between unmet medical need and
commercial incentive. Needham, MA Cambridge Heal Inst. 2008;1-4

O”Neill J. Tackling drug-resistant infections globally: final report and recommendations.
Rev Antimicrob Resist. 2016;1-76

O’Neill J. Tackling drug-resistant infections globally: final report and recommendations.
Rev Antimicrob Resist. 2015;1-84.

Kennedy DA, Read AF. Why the evolution of vaccine resistance is less of a concern than
the evolution of drug resistance. Proc Natl Acad Sci. 2018;115(51):12878-86

Lipsitch M, Siber GR. How can vaccines contribute to solving the antimicrobial resistance
problem? MBio. 2016;7(3):e00428-16

Fine PEM. Herd Immunity: History, Theory, Practice. Epidemiol Rev. 1993;15(2):265—
302.

Rappuoli R, Mandl CW, Black S, De Gregorio E. Vaccines for the twenty-first century
society. Nat Rev Immuno. 2011;11(12):865-72.

Livermore DM. Fourteen years in resistance. Int. J. Antimicrob. Agents. 2012;39(4):283-
94

Mishra RPN, Oviedo-Orta E, Prachi P, Rappuoli R, Bagnoli F. Vaccines and antibiotic
resistance. Curr Opin Microbiol. 2012;15(5):596-602.

Berti F, Adamo R. Recent mechanistic insights on glycoconjugate vaccines and future
perspectives. ACS Chemical Biology. 2013; 8(8):1653-63.

Lakshminarayanan A, Vijayakrishnan B, Bayley H, Davis BG. Strategies in the Design
and Use of Synthetic “Internal Glycan” Vaccines. In: Methods in Enzymology.
2017;597:335-57.

Kong L, Vijayakrishnan B, Kowarik M, Park J, Zakharova AN, Neiwert L,Faridmoayer
A, Davis BG. An antibacterial vaccination strategy based on a glycoconjugate containing
the core lipopolysaccharide tetrasaccharide Hep2 Kdo2. Nat Chem. 2016;8:242-49.
Postma GC, Carfagnini JC, Minatel L. Moraxella bovis pathogenicity: An update. Comp

138



55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

References

Immunol Microbiol Infect Dis. 2008;31:449-58.

Rossau R, Van Landschoot A, Gillis M, De Ley J. Taxonomy of Moraxellaceae fam. nov.,
a new bacterial family to accommodate the genera Moraxella, Acinetobacter, and
Psychrobacter and related organisms. Int J Syst. Bacteriol. 1991;41(2):310-19.
Alexander D. Infectious Bovine Keratoconjunctivitis: A Review of Cases in Clinical
Practice. Vet Clin North Am Food Anim Pract. 2010;26:487-503.

Brown MH, Brightman AH, Fenwick BW, Rider MA. Infectious Bovine
Keratoconjunctivitis: A Review. J Vet Intern Med. 1998;12(4):259-66.

Billings E. Keratitis contagiosa in cattle. Bull Nebr Agric Exp Stn. 1889;3:247-52.
Mitter SN. Contagious ophthalmia among cattle. Vet J. 1915;71:28-29.

Poels J. Keratitis infectiosa der runderen (Keratitis pyobacillosa). Mag Vet Sci Anim
Husb. 1911;38:758-66.

Kappeyney J, Ward AR. Keratitis infectiosa in cattle (keratitis pyobacillosa). Am Vet
Med Assoc J. 1917;51:526-31.

Allen, J A. A preliminary note on infectious keratitis. Am Vet Med Assoc J. 1919;54:307—
13.

Hauduroy P, Ehringer G, Urbain A, Guillot G, MaGrou J. Dictionary of pathogenic
bacteria. Paris, France, G. Masson; 1937;el.

Lwoff A. Revision and dismemberment of Haemophilia genus into Moraxella. Ann Inst
Pasteur. 1939;62:168-76.

Baldwin EMJ. A study of bovine infectious keratitis. Am J Vet Res. 1945;6:180-87.
Reid JJ, L A. Investigations on keratoconjunctivitis in cattle on the Gulf coast of Texas.
Tex Rep Biol Med. 1945;3:187-203.

Henson JB, Griombles LC. Infectious bovine keratoconjunctivitis. | Ethology Am J Vet
Res. 1960;21:761-66.

Sackett D, Holmes P, Abbott K, Jephcott S, Barber M. Assessing the economic cost of
endemic disease on the profitability of Australian beef cattle and sheep producers. Meat
and Livestock Australia Limited. 2006;364:1-33.

Snowden GD, Van Vleck LD, Cundiff LV, Bennett GL. Pinkeye in beef cattle. J Anim
Sci. 2005;83(3):507-18.

Angelos JA. Infectious bovine keratoconjunctivitis (pinkeye). Vet Clin North Am Food
Anim Pract. 2015;31(1):61-79.

Lepper AWD, Atwell JL, Lehrbach PR, Schwartzkoff CL, Egerton JR, Tennent JM. The

139



72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

References

protective efficacy of cloned Moraxella bovis pili in monovalent and multivalent vaccine
formulations against experimentally induced infectious bovine keratoconjunctivitis
(IBK). Vet Microbiol. 1995;45(2—-3):129-38.

Sandhu TS, White FH, Simpson CF. Association of pili with rough colony type of
Moraxella bovis. Am J Vet Res. 1974;35(3):437-39.

Prieto CI, Bosch A, Zielinski G, Caneo J, Yantorno OM. Vaccine against infectious
bovine keratoconjunctivitis: A new approach to optimize the production of highly piliated
Moraxella bovis cells. Vac. 2008;26(51):6542—49.

Highlander SK WG. Moraxella bovis Epp63. Baylor College of Medicine.

Ruehl WW, Marrs CF, Fernandez R, Falkow S, Schoolnik GK. Purification,
characterization, and pathogenicity of Moraxella bovis pili. J Exp Med. 1988;168(3):983—
1002.

Ruehl WW, Marrs C, Beard MK, Shokooki V, Hinojoza JR, Banks S, Bieber D, Mattick
JS. Q pili enhance the attachment of Moraxella bovis to bovine corneas in vitro. Mol
Microbiol. 1993;7(2):285-88.

Moore LJ, Lepper AWD. A unified serotyping scheme for Moraxella bovis. Vet
Microbiol. 1991;29(1):75-83.

Conceicao FR, Dellagostin OA, Paolichi F, Leturia AC, Gil Turnes C. Molecular diversity
of Moraxella bovis isolated from Brazil, Argentina and Uruguay over a period of three
decades. Vet J. 2004;167(1):53-58.

Marrs CF, Ruehl WW, Schoolnik GK, Falkow S. Pilin gene phase variation of Moraxella
bovis is caused by an inversion of the pilin genes. J Bacteriol. 1988;170(7):3032-45.
Angelos JA, Ball LM. Relatedness of cytotoxins from geographically diverse isolates of
Moraxella bovis. Vet Microbiol. 2007;124(3-4):382-86.

De Castro C, Grice ID, Daal TM, Peak IR, Molinaro A, Wilson JC. Elucidation of the
structure and phenotypic properties of the oligosaccharide from wild type Moraxella bovis
Epp63 lipooligosaccharide. Carbohydr Res. 2014;338:81-86.

Faglin 1, Grice ID, Ratnayake SRAME, Daal T-M, Singh S, Wilson JC, Peak IR.
Identification and characterisation of a biosynthetic locus for Moraxella bovis lipo-
oligosaccharide. Carbohydr Res. 2016;421:9-16.

Wilson JC, Hitchen PG, Frank M, Peak IR, Collins PM, Morris HR, Dell A, Grice ID.
Identification of a capsular polysaccharide from Moraxella bovis. Carbohydr Res.
2005;340(4):765-69.

140



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

References

Faglin 1, Wilson JC, Tiralongo J, Peak IR. Moraxella catarrhalis Lgt2, a
galactosyltransferase with broad acceptor substrate specificity. Carbohydr Res.
2010;345(15):2151-56.

Willis LM, Whitfield C. Structure, biosynthesis, and function of bacterial capsular
polysaccharides synthesized by ABC transporter-dependent pathways. Carbohydr Res.
2013;378:35-44

Panatto D, Amicizia D, Lai PL, Gasparini R. Neisseria meningitidis B vaccines. Expert
Rev Vaccines. 2011;10:1337-51.

Kroll JS, Booy R. Haemophilus influenzae: Capsule vaccine and capsulation genetics.
Mol Med. 1996;2:160-5.

Pichichero ME, Khan MN, Xu Q. Next generation protein based Streptococcus
pneumoniae vaccines. Hum Vaccines Immunother. 2016;21:194-205.

Khan MN, Kaur R, Pichichero ME. Bactericidal antibody response against P6, protein D,
and OMP26 of Nontypeable Haemophilus influenzae after acute otitis media in otitis-
prone children. FEMS Immunol Med Microbiol. 2012;65(3):439-47.

Kyd JM, Cripps AW. Potential of a novel protein, OMP26, from Nontypeable
Haemophilus influenzae to enhance pulmonary clearance in a rat model. Infect Immun.
1998;66(5):2272-78.

Pichichero ME, Kaur R, Casey JR, Sabirov A, Khan MN, Almudevar A. Antibody
response to Haemophilus influenzae outer membrane protein D, P6, and OMP26 after
nasopharyngeal colonization and acute otitis media in children. Vaccine.
2010;28(44):7184-92.

DeMaria TF, Murwin DM, Leake ER. Immunization with outer membrane protein P6
from Nontypeable Haemophilus influenzae induces bactericidal antibody and affords
protection in the chinchilla model of otitis media. Infect Immun. 1996;64(12):5187-92.
Behrouzi A, Vaziri F, Rahimi-Jamnani F, Afrough P, Rahbar M, Satarian F, Siadat SD.
Vaccine candidates against Nontypeable Haemophilus influenzae: A review. Iran Biomed
J. 2017;21:69-76.

Cox AD, St. Michael F, Cairns CM, Lacelle S, Filion AL, Neelamegan D, Wenzel CQ,
Horan H, Richards JC. Investigating the potential of conserved inner core oligosaccharide
regions of Moraxella catarrhalis lipopolysaccharide as vaccine antigens: Accessibility
and functional activity of monoclonal antibodies and glycoconjugate derived sera.
Glycoconj J. 2011;28(3-4):165-82.

141



References

95. Perez AC, Murphy TF. A Moraxella catarrhalis vaccine to protect against otitis media
and exacerbations of COPD: An update on current progress and challenges. Hum Vaccin
Immunother. 2017;13(10):2322-31.

96. Blakeway L V., Tan A, Peak IRA, Seib KL. Virulence determinants of Moraxella
catarrhalis: Distribution and considerations for vaccine development. Microbiology.
2017;163:1371-84.

97. Ren D, Pichichero ME. Vaccine targets against Moraxella catarrhalis. Expert Opin Ther
Targets. 2016;20(1):19-33.

98. Hu WG, Berry J, Chen J, Gu XX. Exploration of Moraxella catarrhalis outer membrane
proteins, CD and UspA, as new carriers for lipooligosaccharide-based conjugates. FEMS
Immunol Med Microbiol. 2004;41(2):109-15.

99. Murphy TF. Vaccine development for Nontypeable Haemophilus influenzae and
Moraxella catarrhalis: Progress and challenges. Expert Review of Vaccines. 2005;4:843—
53.

100. McConnel CS, Shum L, House JK. Infectious bovine keratoconjunctivitis antimicrobial
therapy. Aust Vet J. 2007;85:65-69.

101. McConnel CS, House JK. Infectious bovine keratoconjunctivitis vaccine development.
Aust Vet J. 2005;83:506-10.

102. McConnel CS, Shum L, House JK. Antimicrobial susceptibility of Australian bovine
Moraxella isolates. Aust Vet J. 2007;85(1-2):70-71.

103. Gu XX, Chen J, Barenkamp SJ, Robbins JB, Tsai CM, Lim DJ, Battey J. Synthesis and
characterization of lipooligosaccharide-based conjugates as vaccine candidates for
Moraxella (Branhamella) catarrhalis. Infect Immun. 1998;66(5):1891-97.

104. Yu S, Gu XX. Biological and immunological characteristics of lipooligosaccharide-
based conjugate vaccines for serotype C Moraxella catarrhalis. Infect Immun.
2007;75(6):2974-80.

105. Peng D, Hu WG, Choudhury BP, Muszynski A, Carlson RW, Gu XX. Role of different
moieties from the lipooligosaccharide molecule in biological activities of the Moraxella
catarrhalis outer membrane. FEBS J. 2007;274(20):5350-59.

106. Pichichero ME. Protein carriers of conjugate vaccines. Hum Vaccin Immunother.
2013;9(12):1-19.

107. Wu TH, Gu XX. Outer membrane proteins as a carrier for detoxified

lipooligosaccharide conjugate vaccines for Nontypeable Haemophilus influenzae. Infect

142



References

Immun. 1999;67(10):5508-13.

108. Daigneault J, George LW. Topically applied benzathine cloxacillin for treatment of
experimentally induced infectious bovine keratoconjunctivitis. Am J Vet Res.
1990;51(3):376-80.

109. Webber JJ, Fales WH, Selby LA. Antimicrobial susceptibility of Moraxella bovis
determined by agar disk diffusion and broth microdilution. Antimicrob Agents
Chemother. 1982;21(4):554-57.

110. George LW. Antibiotic treatment of infectious bovine keratoconjunctivitis. Cornell
Vet. 1990;80(3):229-35.

111. Shryock TR, White DW, Werner CS. Antimicrobial susceptibility of Moraxella bovis.
Vet Microbiol. 1998;61(4):305-09.

112. Pettersson B, Kodjo A, Ronaghi M, Uhlenl M, Tsnjum T. Phylogeny of the family
Moraxellaceae by 16s rDNA sequence analysis, with special emphasis on differentiation
of Moraxella species. Int J Syst Bacteriol. 1998;48:75-89.

113. Catlin B. Transfer of the organism named Neisseria catarrhalis to Branhamella genus.
Int J Syst Bacteriol. 1970;20(2):155-59.

114. Boyle FM, Georghiou PR, Tilse MH, McCormack JG. Branhamella (Moraxella)
catarrhalis: pathogenic significance in respiratory infections. Med J Aust.
1991;154(9):592-96.

115. Karalus R, Campagnari A. Moraxella catarrhalis: A review of an important human
mucosal pathogen. Microb Infect. 2000;2:547-59.

116. Catlin BW. Branhamella catarrhalis: An organism gaining respect as a pathogen. Clin
Microbiol Rev. 1990;3:293-320.

117. Ejlertsen T, Thisted E, Ostergaard PA, Renneberg J. Maternal antibodies and acquired
serological response to Moraxella catarrhalis in children determined by an enzyme-
linked immunosorbent assay. Clin Diagn Lab Immunol. 1994;1(4):464-68.

118. Goldblatt D, Seymour ND, Levinsky RJ, Turner MW. An enzyme-linked
immunosorbent assay for the determination of human IgG subclass antibodies directed
against Branhamella catarrhalis. J Immunol Methods. 1990;128(2):219-25.

119. Morris PS, Leach AJ, Halpin S, Mellon G, Gadil G, Wigger C, Mackenzie G, Wilson
C, Gadil E, Torzillo P. An overview of acute otitis media in Australian Aboriginal
children living in remote communities. Vaccine. 2007;25(13):2389-93.

120. Leach AJ, Boswell JB, Asche V, Nienhuys TG, Mathews JD. Bacterial colonization of

143



References

the nasopharynx predicts very early onset and persistence of otitis media in Australian
Aboriginal infants. Pediatr Infect Dis J. 1994;13(11):983-89.

121. llechukwu GC, llechukwu CGA, Ubesie AC, Ojinnaka CN, Emechebe GO, lloh KK.
Otitis media in children: Review article. Open J Pediatr. 2014;4(1):47-53.

122. Corbeel L. What is new in otitis media?. Eur J Pediatr. 2007;166:511-19.

123. Wiertsema SP, Leach AJ. Theories of otitis media pathogenesis, with a focus on
Indigenous children. Med J Aust. 2009;191(SUPPL..9):S50-54.

124. Fireman P. Otitis media and eustachian tube dysfunction: connection to allergic rhinitis.
J Allergy Clin Immunol. 1997;99(2):787-97.

125. Ruuskanen O, Heikkinen T. Otitis media: etiology and diagnosis. Pediatr Infect Dis J.
1994;13:23-26.

126. Revai K, McCormick DP, Patel J, Grady JJ, Saeed K, Chonmaitree T. Effect of
pneumococcal conjugate vaccine on nasopharyngeal bacterial colonization during acute
otitis media. Pediatrics. 2006;117:1823-29.

127. Block SL, Hedrick J, Harrison CJ, Tyler R, Smith A, Findlay R, Keegan E. Community-
wide vaccination with the heptavalent pneumococcal conjugate significantly alters the
microbiology of acute otitis media. Pediatr Infect Dis J. 2004;23(9):829-33.

128. Hays JP, Van Der Schee C, Loogman A, Eadie K, Verduin C, Faden H, Verbrugh H,
van Belkum A. Total genome polymorphism and low frequency of intra-genomic
variation in the uspAl and uspA2 genes of Moraxella catarrhalis in otitis prone and non-
prone children up to 2 years of age: Consequences for vaccine design? Vaccine.
2003;21(11-12):1118-24.

129. Harvard Medical School. Middle-Ear Infection (Otitis Media). Harvard Health
Publishing [Internet]. 2015. Available from:
https://www.health.harvard.edu/a_to_z/middle-ear-infection-otitis-media-a-to-z

130. Ferreira DM, Neill DR, Bangert M, Gritzfeld JF, Green N, Wright AKA, Pennington
SH, Bricio-Moreno L, Moreno AT, Miyaji EN, Wright AD, Collins AM, Goldblatt D,
Kadioglu A, Gordon SB. Controlled human infection and rechallenge with Streptococcus
pneumoniae reveals the protective efficacy of carriage in healthy adults. Am J Respir Crit
Care Med. 2013;187(8):855-64.

131. Pennington SH, Pojar S, Mitsi E, Gritzfeld JF, Nikolaou E, Solérzano C, Owugha JT,
Masood Q, Gordon MA, Wright AD, Collins AM, Miyaji EN, Gordon SB, Ferreira DM.
Polysaccharide-specific memory B cells predict protection against experimental human

144



References

pneumococcal carriage. Am J Respir Crit Care Med. 2016;194(12):1523-31.

132. McDaniel LS, Swiatlo E. Should pneumococcal vaccines eliminate nasopharyngeal
colonization? MBio. 2016;7(3); e00545-16.

133. Hampton LM, Farley MM, Schaffner W, Thomas A, Reingold A, Harrison LH,
Lynfield R, Bennett NM, Petit S, Gershman K, Baumbach J, Beall B, Jorgensen J,
Glennen A, Zell ER, Moore M. Prevention of antibiotic-nonsusceptible Streptococcus
pneumoniae with conjugate vaccines. J Infect Dis. 2012;205(3):401-11.

134. Keller LE, Friley J, Dixit C, Nahm MH, McDaniel LS. Nonencapsulated Streptococcus
pneumoniae cause acute otitis media in the chinchilla that is enhanced by pneumococcal
surface protein K. Open Forum Infect Dis. 2014;1(2): ofu037.

135. Keller LE, Robinson DA, McDaniel LS. Nonencapsulated Streptococcus pneumoniae:
Emergence and pathogenesis. MBio 2016;7(2):e01792.

136. Murphy TF, Parameswaran GIl. Moraxella catarrhalis, a human respiratory tract
pathogen. Clin Infect Dis. 2009;49(1):124-31.

137. Zalacain R, Sobradillo V, Amilibia J, Barron J, Achétegui V, Pijoan JI, Llorente JL.
Predisposing factors to bacterial colonization in chronic obstructive pulmonary disease.
Eur Respir J. 1999;13(2):343-8.

138. Barnes PJ, Burney PGJ, Silverman EK, Celli BR, Vestbo J, Wedzicha JA, Wouters
EFM. Chronic obstructive pulmonary disease. Nat Rev Dis Prim. 2015;1:15076.

139. Wallace RJ, Steingrube VA, Nash DR, Hollis DG, Flanagan C, Brown BA, Labidi A,
Weaver RE. BRO beta-lactamases of Branhamella catarrhalis and Moraxella subgenus
Moraxella, including evidence for chromosomal beta-lactamase transfer by conjugation
in B. catarrhalis, M. nonliquefaciens, and M. lacunata. Antimicrob Agents Chemother.
1989;33(11):1845-54.

140. Meier PS, Troller R, Grivea IN, Syrogiannopoulos GA, Aebi C. The outer membrane
proteins UspAl and UspA2 of Moraxella catarrhalis are highly conserved in
nasopharyngeal isolates from young children. Vaccine. 2002;20(13-14):1754-60.

141. Murphy TF, Kyd JM, John A, Kirkham C, Cripps AW. Enhancement of pulmonary
clearance of Moraxella (Branhamella) catarrhalis following immunization with outer
membrane protein CD in a mouse model. J Infect Dis. 1998;178(6):1667—75.

142. Yu S, Gu XX. Synthesis and characterization of lipooligosaccharide-based conjugate
vaccines for serotype B Moraxella catarrhalis. Infect Immun. 2005;73(5):2790-96.

143. Ren D, Yu S, Gao S, Peng D, Petralia RS, Muszynski A, Carlson RW, Robbins JB, Tsai

145



References

CM, Lim DJ, Gu XX. Mutant lipooligosaccharide-based conjugate vaccine demonstrates
a broad-spectrum effectiveness against Moraxella catarrhalis.  Vaccine.
2011;29(25):4210-17.

144. Ren D, Pichichero ME. Vaccine targets against Moraxella catarrhalis. Expert Opin
Ther Targets. 2015;8222:1-15.

145. Fomsgaard JS, Fomsgaard A, Hoiby N, Bruun B, Galanos C. Comparative
immunochemistry of lipopolysaccharides from Branhamella catarrhalis strains. Infect
Immun. 1991;59(9):3346-69.

146. Holme T, Rahman M, Jansson PE, Widmalm G. The lipopolysaccharide of Moraxella
catarrhalis. Structural relationships and antigenic properties. European Journal of
Biochemistry. 1999;265:524-49.

147. Peak IR, Grice ID, Faglin I, Klipic Z, Collins PM, Van Schendel L, Hitchen PG, Morris
HR, Dell A, Wilson JC. Towards understanding the functional role of the
glycosyltransferases involved in the biosynthesis of Moraxella catarrhalis
lipooligosaccharide. FEBS J. 2007;274(8):2024-37.

148. Vaneechoutte M, Verschraegen G, Claeys G, Van den Abeele AM. Serological typing
of Branhamella catarrhalis strains on the basis of lipopolysaccharide antigens. J Clin
Microbiol. 1990;28(2):182-87.

149. Zaleski A, Scheffler NK, Densen P, Lee FKN, Campagnari AA, Gibson BW, Apicella
MA. Lipooligosaccharide P(k) (Galal-4Galf1-4Glc) epitope of Moraxella catarrhalis is
a factor in resistance to bactericidal activity mediated by normal human serum. Infect
Immun. 2000;68(9):5261-68.

150. Coutinho PM, Deleury E, Davies GJ, Henrissat B. An evolving hierarchical family
classification for glycosyltransferases. J Mol Biol. 2003;328(2):307-17.

151. Luke-Marshall NR, Edwards KJ, Sauberan S, St. Michael F, Vinogradov E V., Cox
AD, Campagnari AA. Characterization of a trifunctional glucosyltransferase essential for
Moraxella catarrhalis lipooligosaccharide assembly. Glycobiology. 2013;23(8):1013—
21.

152. Edwards KJ, Allen S, Gibson BW, Campagnari AA. Characterization of a cluster of
three  glycosyltransferase  enzymes essential for Moraxella catarrhalis
lipooligosaccharide assembly. J Bacteriol. 2005;187(9):2939-47.

153. Edwards KJ, Schwingel JM, Datta AK, Campagnari AA. Multiplex PCR assay that
identifies the major lipooligosaccharide serotype expressed by Moraxella catarrhalis

146



References

clinical isolates. J Clin Microbiol. 2005;43(12):6139-43.

154. Wilson JC, Collins PM, Klipic Z, Grice ID, Peak IR. Identification of a novel
glycosyltransferase involved in LOS biosynthesis of Moraxella catarrhalis. Carbohydr
Res. 2006;341(15):2600—06.

155. Schwingel JM, St. Michael F, Cox AD, Masoud H, Richards JC, Campagnari AA. A
unique glycosyltransferase involved in the initial assembly of Moraxella catarrhalis
lipooligosaccharides. Glycobiology. 2008;18(6):447-55.

156. Peng D, Hong W, Choudhury BP, Carlson RW, Gu XX. Moraxella catarrhalis
bacterium without endotoxin, a potential vaccine candidate. Infect Immun.
2005;73(11):7569-77.

157. Schwingel JM, Edwards KJ, Cox AD, Masoud H, Richards JC, St. Michael F, Tekwe
CD, Sethi S, Murphy TF, Campagnari AA. Use of Moraxella catarrhalis
lipooligosaccharide mutants to identify specific oligosaccharide epitopes recognized by
human serum antibodies. Infect Immun. 2009;77(10):4548-58.

158. Peng D, Choudhury BP, Petralia RS, Carlson RW, Gu XX. Roles of 3-deoxy-D-manno-
2-octulosonic acid transferase from Moraxella catarrhalis in lipooligosaccharide
biosynthesis and virulence. Infect Immun. 2005;73(7):4222-30.

159. McMichael JC. Progress toward the development of a vaccine to prevent Moraxella
(Branhamella) catarrhalis infections. Microb Infect. 2000;2:561-68.

160. Prieto CI, Aguilar OM, Yantorno OM. Analyses of lipopolysaccharides, outer
membrane proteins and DNA fingerprints reveal intraspecies diversity in Moraxella
bovis isolated in Argentina. Vet Microbiol. 1999;70(3-4):213-23.

161. Sethi S, Hill SL, Murphy TF. Serum antibodies to outer membrane proteins (OMPs) of
Moraxella (Branhamella) catarrhalis in patients with bronchiectasis: Identification of
OMP B1 as an important antigen. Infect Immun. 1995;63(4):1516-20.

162. Yu RH, Bonnah RA, Ainsworth S, Schryvers AB. Analysis of the immunological
responses to transferrin and lactoferrin receptor proteins from Moraxella catarrhalis.
Infect Immun. 1999;67(8):3793-39.

163. Klingman KL, Murphy TF. Purification and characterization of a high-molecular-
weight outer membrane protein of Moraxella (Branhamella) catarrhalis. Infect Immun.
1994;62(4):1150-55.

164. Verduin CM, Hol C, Fleer A, Van Dijk H, Van Belkum A. Moraxella catarrhalis: From
emerging to established pathogen. Clin Microbiol Rev. 2002;15:125-44.

147



References

165. Yang YP, Myers LE, McGuinness U, Chong P, Kwok Y, Klein MH, Harkness RE. The
major outer membrane protein, CD, extracted from Moraxella (Branhamella) catarrhalis
is a potential vaccine antigen that induces bactericidal antibodies. FEMS Immunol Med
Microbiol. 1997;17(3):187-99.

166. Welsh DA, Mason CM. Host defense in respiratory infections. Med Clin North Am.
2001;85(6):1329-47.

167. McGhee JC, Mesteckey J. Mucosal vaccines: an overview. Mucosal Immunol San
Diego, CA Acad Press. 1999;2:741-57.

168. Oishi K, Koles NL, Guelde G, Pollack M. Antibacterial and protective properties of
monoclonal antibodies reactive with Escherichia coli O111: B4 lipopolysaccharide:
Relation to antibody isotype and complement-fixing activity. J Infect Dis.
1992;165(1):34-45.

169. Shurin PA, Marchant CD, Kim CH, Hare GF, Johnson CE, Tutihasi MA, Knapp LJ.
Emergence of beta-lactamase-producing strains of Branhamella catarrhalis as important
agents of acute otitis media. Pediatr. Infect. Dis. 1983;2:34-38.

170. Malmvall B, Brorsson J, Johnsson J. In vitro sensitivity to penicillin and p-lactamase
production of Branhamella catarrhalis. J Antimicrob Chemother. 1977;3(4):374-85.
171. Ball P. The clinical development and launch of amoxicillin/clavulanate for the
treatment of a range of community-acquired infections. Int J Antimicrob Agents.

2007;30(2):113-17.

172. American Academy of Pediatrics Subcommittee on Management of Acute Otitis
Media. Diagnosis and management of acute otitis media. Pediatrics. 2004;113(5):1451—
65.

173. Yamanaka N, Faden H. Antibody response to outer membrane protein of Nontypeable
Haemophilus influenzae in otitis-prone children. J Pediatr. 1993;122(2):212-18.

174. Patel JG, Coutinho AD, Lunacsek OE, Dalal AA. COPD affects worker productivity
and health care costs. Int J Chron Obstruct Pulmon Dis. 2018;13:2301-11.

175. Bakaletz LO, Baker BD, Jurcisek JA, Harrison A, Novotny LA, Bookwalter JE,
Mungur R, Munson RSJ. Demonstration of type IV pilus expression and a twitching
phenotype by Haemophilus influenzae. Infect Immun. 2005;73(3):1635-43.

176. Cotter SE, Yeo HJ, Juehne T, St Geme JW. Architecture and adhesive activity of the
Haemophilus influenzae Hsf adhesin. J Bacteriol. 2005;187(13):4656—-64.

177. Barenkamp SJ, Munson RS, Granoff DM. Outer membrane protein and biotype

148



References

analysis of pathogenic Nontypable Haemophilus influenzae. Infect Immun.
1982;36(2):535-40.

178. Loeb MR, Smith DH. Outer membrane protein composition in disease isolates of
Haemophilus influenzae: Pathogenic and epidemiological implications. Infect Immun.
1980;30(3):709-17.

179. Murphy T, Dudas K, Mylotte J, Apicella M. A subtyping system for Nontypable
Haemophilus influenzae based on outer-membrane proteins. J Infect Dis.
1983;147(5):838-46.

180. St. Geme JW. The pathogenesis of Nontypable Haemophilus influenzae otitis media.
Vaccine. 2000;19(SUPPL.1):S41-50.

181. Kyd J, Cripps A. Nontypeable Haemophilus influenzae: challenges in developing a
vaccine. J Biotechnol. 1999;73(2—3):103-08.

182. Finkelman FD, Holmes J, Katona IM, Urban JF, Beckmann MP, Park LS, Schooley
KA, Coffman RL, Mosmann TR, Paul WE. Lymphokine control of in vivo
immunoglobulin isotype selection. Annu Rev Immunol. 1990;8:303-33.

183. Andersson M, Resman F, Eitrem R, Drobni P, Riesbeck K, Kahlmeter G, Sundqvist M.
Outbreak of a beta-lactam resistant Nontypeable Haemophilus influenzae sequence type
14 associated with severe clinical outcomes. BMC Infect Dis. 2015;15(1):581.

184. Skaare D, Lia A, Hannisdal A, Tveten Y, Matuschek E, Kahlmeter G, Kristiansen BE.
Haemophilus influenzae with non-beta-lactamase-mediated beta-lactam resistance: Easy
to find but hard to categorize. J Clin Microbiol. 2015;53(11):3589-95.

185. Haggard M. Otitis media: Prospects for prevention. Vaccine. 2008;26(SUPPL.7):G20-
24,

186. Grijalva, G. C, Pelton, I. S. A second-generation pneumococcal conjugate vaccine for
prevention of pneumococcal diseases in children. Curr Opin Pediatr. 2011;23(1):98-104.

187. Centers for Disease Control and Prevention. Licensure of a 13-valent pneumococcal
conjugate vaccine (PCV13) and recommendations for use among children - Advisory
Committee on Immunization Practices (ACIP). Morb Mortal WKly Rep.
2010;59(39):258-61.

188. Schuerman L, Borys D, Hoet B, Forsgren A, Prymula R. Prevention of otitis media:
Now a reality?.Vaccine. 2009;27:5748-54.

189. Prymula R, Peeters P, Chrobok V, Kriz P, Novakova E, Kaliskova E, Kohl I, Lommel
P, Poolman J, Prieels JP, Schuerman L. Pneumococcal capsular polysaccharides

149



References

conjugated to protein D for prevention of acute otitis media caused by both Streptococcus
pneumoniae and Nontypable Haemophilus influenzae: A randomised double-blind
efficacy study. Lancet. 2006;367(9512):740-48.

190. Eskola J, Kilpi T, Palmu A, Jokinen J, Haapakoski J, Herva E, Takala A, Kayhty H,
Karma P, Kohberger R, Siber G, Makela PH. Efficacy of a pneumococcal conjugate
vaccine against acute otitis media. N Engl J Med. 2001;344(6):403-009.

191. Kilpi T, Ahman H, Jokinen J, Lankinen KS, Palmu A, Savolainen H, Gronholm M,
Leinonen M, Hovi T, Eskola J, Kayhty H, Bohidar N, Sadoff JC, Makela PH. Protective
Efficacy of a second pneumococcal conjugate vaccine against pneumococcal acute otitis
media in infants and children: Randomized, controlled trial of a 7-valent pneumococcal
polysaccharide-meningococcal outer membrane protein complex conjugate vaccine in
1666 children. Clin Infect Dis. 2003;37(9):1155-64.

192. Fletcher MA, Fritzell B. Brief review of the clinical effectiveness of PREVENAR
against otitis media. Vaccine. 2007;25(13):2507-12.

193. Hanage WP. Serotype-specific problems associated with pneumococcal conjugate
vaccination. Futur Microbiol. 2008;3(1):23-30.

194. Pichichero ME. Evolving shifts in otitis media pathogens: Relevance to a managed care
organization. Am J Manag Care. 2005;11(SUPPL.6):S192-201.

195. Coker TR, Chan LS, Newberry SJ, Limbos MA, Suttorp MJ, Shekelle PG, Takata GS.
Diagnosis, microbial epidemiology, and antibiotic treatment of acute otitis media in
children: a systematic review. JAMA. 2010;304(19):2161-69.

196. Hanage WP, Huang SS, Lipsitch M, Bishop CJ, Godoy D, Pelton SlI, Goldstein R, Huot
H, Finkelstein JA. Diversity and antibiotic resistance among nonvaccine serotypes of
Streptococcus pneumoniae carriage isolates in the post-heptevalent conjugate vaccine
era. J Infect Dis. 2007;195(3):347-52.

197. Kyaw MH, Lynfield R, Schaffner W, Craig AS, Hadler J, Reingold A, Thomas AR,
Harrison LH, Bennett NM, Farley MM, Facklam RR, Jorgensen JH, Besser J, Zell ER,
Schuchat A, Whitney CG. Effect of introduction of the pneumococcal conjugate vaccine
on drug-resistant Streptococcus pneumoniae. N Engl J Med. 2006;354(14):1455-63.

198. Weinberger DM, Malley R, Lipsitch M. Serotype replacement in disease after
pneumococcal vaccination. Lancet. 2011;378:1962—73.

199. Tan TQ. Pediatric invasive pneumococcal disease in the United States in the era of

pneumococcal conjugate vaccines. Clin Microbiol Rev. 2012;25(3):409-19.

150



References

200. Holder RC, Kirse DJ, Evans AK, Peters TR, Poehling KA, Swords WE, Reid SD. One
third of middle ear effusions from children undergoing tympanostomy tube placement
had multiple bacterial pathogens. BMC Pediatr. 2012;12(87).

201. Pichichero ME, Casey JR, Hoberman A, Schwartz R. Pathogens causing recurrent and
difficult-to-treat acute otitis media, 2003-2006. Clin Pediatr. 2008;47(9):901-16.

202. Smith-Vaughan HC, Chang AB, Sarovich DS, Marsh RL, Grimwood K, Leach AJ,
Morris PS, Price EP. Absence of an important vaccine and diagnostic target in carriage-
and disease-related Nontypeable Haemophilus influenzae. Clin Vaccine Immunol.
2014;21(2):250-52.

203. Pelton SI, Pettigrew MM, Barenkamp SJ, Godfroid F, Grijalva CG, Leach A, Patel J,
Murphy TF, Selak S, Bakaletz LO. Panel 6: Vaccines. Otolaryngol Neck Surg.
2013;148:E90-101.

204. Miyaji EN, Oliveira MLS, Carvalho E, Ho PL. Serotype-independent pneumococcal
vaccines. Cell Mol Life Sci. 2013;70:3303-26.

205. Su Y-C, Singh B, Riesheck K. Moraxella catarrhalis: from interactions with the host
immune system to vaccine development. Future Microbiol. 2012;7(9):1073-100.

206. Kyd JM, Cripps AW, Novotny LA, Bakaletz LO. Efficacy of the 26-kilodalton outer
membrane protein and two P5 fimbrin-derived immunogens to induce clearance of
nontypeable Haemophilus influenzae from the rat middle ear and lungs as well as from
the chinchilla middle ear and nasopharynx. Infect Immun. 2003;71(8):4691-9.

207. Riedmann EM, Lubitz W, McGrath J, Kyd JM, Cripps AW. Effectiveness of
engineering the nontypeable Haemophilus influenzae antigen Omp26 as an S-layer
fusion in Dbacterial ghosts as a mucosal vaccine delivery. Hum Vaccin.
2011;7(SUPPL.):99-107.

208. Obi J, Mehari A, Gillum R. Mortality related to chronic obstructive pulmonary disease
and co-morbidities in the United States, a multiple causes of death analysis. COPD: J
Chron Obstruct Pulmon Dis. 2018;15(2):200-05.

209. Kelly AM, Holdgate A, Keijzers G, Klim S, Graham CA, Craig S, Kuan WS, Jones P,
Lawoko C, Laribi S. Epidemiology, treatment, disposition and outcome of patients with
acute exacerbation of COPD presenting to emergency departments in Australia and South
East Asia: An AANZDEM study. Respirology. 2018;23(7):681-86.

210. Kunthalert D, Novotny LA, Massa HM, Ulett GC, Bakaletz LO, Kyd JM, Cripps AW.
Epitope-specific immune recognition of the Nontypeable Haemophilus influenzae outer

151



References

membrane protein 26. Hum Vaccin Immunother. 2013;9(3):625-35.

211. Aebi C, Lafontaine ER, Cope LD, Latimer JL, Lumbley SL, Mccracken GH, Hansen
EJ. Phenotypic effect of isogenic uspAl and uspA2 mutations on Moraxella catarrhalis
035E. Infect Immun. 1998;66(7):3113-109.

212. Westphal O, Jann K. Extraction with phenol/water and further applications of the
procedure. Methods Carbohydr Chem New York Acad Press Inc. 1965;5:83-91.

213. Perdomo R, Montero V. Purification of E. coli 055:B5 lipopolysaccharides by size
exclusion chromatography. Biotecnol Apl. 2006;23(2):124-29.

214. DeAngelis PL, Gunay NS, Toida T, Mao WJ, Linhardt RJ. Identification of the capsular
polysaccharides of Type D and F Pasteurella multocida as unmodified heparin and
chondroitin, respectively. Carbohydr Res. 2002;337(17):1547-52.

215. Galanos C, Luderitz O, Westphal O. A New Method for the Extraction of R
Lipopolysaccharides. Eur J Biochem. 1969;9(2):245-49.

216. Silipo A, Lanzetta R, Amoresano A, Parrilli M, Molinaro A. Ammonium hydroxide
hydrolysis: a valuable support in the MALDI-TOF mass spectrometry analysis of Lipid
A fatty acid distribution. J Lipid Res. 2002;43(12):2188-95.

217. Gu XX, Tsai CM. Preparation, characterization, and immunogenicity of meningococcal
lipooligosaccharide-derived  oligosaccharide-protein  conjugates. Infect Immun.
1993;61(5):1873-80.

218. Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric method for
determination of sugars and related substances. Anal Chem. 1956;28(3):350-56.

219. Yang M, Johnson A, Murphy TF. Characterization and evaluation of the Moraxella
catarrhalis oligopeptide permease A as a mucosal vaccine antigen. Infect Immun.
2011;79(2):846-57.

220. Pandey M, Ozberk V, Calcutt A, Langshaw E, Powell J, Rivera-Hernandez T, Ho MF,
Philips Z, Batzloff MR, Good MF. Streptococcal immunity is constrained by lack of
immunological memory following a single episode of pyoderma. PLoS Pathog.
2016;12(12): €1006122.

221. Zaman M, Ozberk V, Langshaw EL, McPhun V, Powell JL, Phillips ZN, Ho MF,
Calcutt A, Batzloff MR, Toth I, Hill GR, Pandey M, Good MF. Novel platform
technology for modular mucosal vaccine that protects against streptococcus. Sci Rep.
2016;6(1):39274.

222. Chandler RL, Smith K, Turfrey BA. Exposure of bovine cornea to different strains of

152



References

Moraxella bovis and to other bacterial species in vitro. J Comp Pathol. 1985;95(3):415—
23.

223. McG. Beard MK, Moore LJ. Reproduction of bovine keratoconjunctivitis with a purified
haemolytic and cytotoxic fraction of Moraxella bovis. Vet Microbiol. 1994;42(1):15-33.

224. Burns MJ, O’Connor AM. Assessment of methodological quality and sources of
variation in the magnitude of vaccine efficacy: A systematic review of studies from 1960
to 2005 reporting immunization with Moraxella bovis vaccines in young cattle. VVaccine.
2008;26:144-52.

225. Singh S, Grice ID, Peak IR, Frost T, Yue G, Wilson JC. The role of lipooligosaccharide
in the biological activity of Moraxella bovis strains Epp63, Mb25 and L183/2, and
isolation of capsular polysaccharide from L183/2. Carbohydr Res. 2018;467:1-7.

226. Akgul G, Erturk A, Turkoz M, Turan T, Ichinose A, Nagatake T, Ahmed K. Role of
lipooligosaccharide in the attachment of Moraxella catarrhalis to human pharyngeal
epithelial cells. Microbiol Immunol. 2005;49(10):931-35.

227. Tzeng YL, Datta A, Kumar Kolli V, Carlson RW, Stephens DS. Endotoxin of Neisseria
meningitidis composed only of intact lipid A: Inactivation of the meningococcal 3-deoxy-
D-manno-octulosonic acid transferase. J Bacteriol. 2002;184(9):2379-88.

228. Wilson JC, Bak R, Hamedi A, Faglin I, Peak IR, Darren Grice I. Novel variation of the
lipid A structure of serotype B 1gt3 mutant Moraxella catarrhalis LOS. Trends Carbohydr
Res. 2012;4(1):10-5.

229.Peak IR, Srikhanta YN, Weynants VE, Feron C, Poolman JT, Jennings MP. Evaluation
of truncated NhhA protein as a candidate meningococcal vaccine antigen. PLoS One.
2013;8(9):e72003.

230.Batzloff MR, Fane A, Gorton D, Pandey M, Rivera-Hernandez T, Calcutt A, Yeung G,
Hartas J, Johnson L, Rush CM, McCarthy J, Ketheesan N, Good MF. Preclinical
immunogenicity and safety of a Group A streptococcal M protein-based vaccine
candidate. Hum Vaccines Immunother. 2016;12(12):3089-96.

231. Murphy TF. Vaccine development for Moraxella catarrhalis: Rationale, approaches and
challenges. Expert Rev Vaccines. 2009;8(6):655-58.

232. Foo J, Landis SH, Maskell J, Oh YM, Van Der Molen T, Han MLK, Mannino DM,
Ichinose M, Punekar Y. Continuing to confront COPD international patient survey:
Economic impact of COPD in 12 countries. PLoS One. 2016;11(4):e0152618.

233. Rovers MM. The burden of otitis media. Vaccine. 2008;26(SUPPL.7):G2-4.

153



References

234. Wallace RJ, Nash DR, Steingrube VA. Antibiotic susceptibilities and drug resistance in
Moraxella (Branhamella) catarrhalis. Am J Med. 1990;88(5):46S-50S.

235. Schaar V, Nordstrom T, Morgelin M, Riesbeck K. Moraxella catarrhalis outer
membrane vesicles carry f-lactamase and promote survival of Streptococcus pneumoniae
and Haemophilus influenzae by inactivating amoxicillin. Antimicrob Agents Chemother.
2011;55(8):3845-53.

236. Murphy TF. Vaccines for Nontypeable Haemophilus influenzae: The future is now. Clin
Vaccine Immunol. 2015;22(5):459-66.

237. Cerquetti M, Giufre M. Why we need a vaccine for Nontypeable Haemophilus
influenzae. Hum Vaccin Immunother. 2016;12:2357-61.

238. Hu WG, Chen J, Battey JF, Gu XX. Enhancement of clearance of bacteria from murine
lungs by immunization with detoxified lipooligosaccharide from Moraxella catarrhalis
conjugated to proteins. Infect Immun. 2000;68(9):4980-85.

239. Rahman M, Jonsson AB, Holme T. Monoclonal antibodies to the epitope a-Gal-(1-4)-p-
Gal-(1- of Moraxella catarrhalis LPS react with a similar epitope in type IV pili of
Neisseria meningitidis. Microb Pathog. 1998;24(5):299-308.

240. Pearson AG, Peak IR, Wilson JC, Grice ID. Synthesis of a novel pentasaccharide core
component from the lipooligosaccharide of Moraxella catarrhalis. Carbohydr Res.
2011;346(17):2805-11.

241. Ekelof K, Oscarson S. Synthesis of oligosaccharide structures from the
lipopolysaccharide of Moraxella catarrhalis. J Org Chem. 1996;61(22):7711-18.

154



Appendix

APPENDIX

155



Appendix

Appendix |

Appendix I. Charring of dLOS on TLC paper to identify presence of carbohydrate.

Analysis of fraction 22 containing dLOS from 29511gt1/4A charred upon soaking in sulphuric
acid and heating of TLC paper. Similarly, fraction 28 containing 2951 wild-type dLOS and
fraction 23 containing 3292 wild-type dLOS also charred upon treating with sulphuric acid and
heating. Fractions that charred were analysed for their composition by *H NMR. Figure related
to Chapter 5.
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Appendix I1. *H NMR of anomeric regions for M. catarrhalis 2951lgt1/4A, 2951 and 3292 wild-type OS recorded at 400 MHz. Signals are
annotated with residue designations. (A) OS structure of 29511gt1/4A mutant (B) OS structure of 2951 wild-type. (C) OS structure of 3292 wild-

type. Figure related to Chapter 5 Section 3.1.
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Appendix I1l. Expression of NTHi rOMP26VTAL in recombinant E. coli strain upon

induction with IPTG. Aliquot taken every 45 min after addition of IPTG, rOMP26VTAL
extracted, purified and concentration estimated (g of rOMP26VTAL expressed per mg of wet

cell mass) using BCA kit (see Section 2.4.1 for procedure). Figure related to Chapter 5.
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Appendix IV

Appendix V. The yield of LOS isolation, LOS detoxification and dLOS activation upon
reaction with ADH.

M. catarrhalis LOS yield LOS(mg) dLOS(mg) ADH-dLOS (mg)
strains (wiw?) Mass ratio
2951 wild-type 0.89% 222 103 1.1:15.4
3292 wild-type 0.75% 201 122 2.0:18.2
29511gt1/4A 0.60% 243 99 1.1:10.5

* Dry cell weight/weight LOS
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Moraxella bovis is a Gram-negative gammaproteobacterium and is one of the causative agents of infec-tious bovine
keratoconjunctivitis. The structure of lipooligosaccharide (LOS) from strain Epp63 was recently elucidated. In the present study
a genetic locus of seven encoding genes with high similarity to glycosyltransferases has been identified. Mutation of these
putative glycosyltransferase genes resulted in M. bovis mutant bacteria that expressed truncated LOS structures. The structures

of the oligosaccha-ride (OS) expressed by the mutant strains were elucidated and demonstrated the role of the

Keywords:
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glycosyltransferase enzymes in the LOS biosynthesis of M. bovis. The glycosyltransferase genes desig-nated Igt1, Igt3, and Igt6
are highly similar to the genes in the related bacterium M. catarrhalis. In addition, there are syntenic similarities with the
corresponding LOS biosynthesis locus in M. catarrhalis and other members of Moraxellaceae.

1. Introduction

The Gram-negative bacterium Moraxella bovis is one of the primary aetiologic
agents of Infectious Bovine Keratoconjunctivi-tis (IBK, also known as Pink
Eye). Transmission of M. bovis through respiratory secretions, and possibly by
arthropods, can rapidly lead to spread of the infection throughout a herd. Strain-
specific vac-cines based on whole killed organisms can be effective, but may
provide limited protection.® Moreover, attempts at subunit vacci-nation are not

broadly protective.?

Economic impacts due to M. bovis-induced Pink Eye may be sig-nificant,
particularly with regards to loss of milk production, and also significant weight
reduction and loss of condition in affected animals.® To date, the bacterium is
relatively poorly studied and, in particular, little is known regarding the cell
surface carbohydrate structures that are possible virulence factors for this
microorgan-ism. Previously we have elucidated the structure of the
oligosaccharide (OS) derived from lipo-oligosaccharide (LOS) pro-duced by
M. bovis strain Epp63.4 M. bovis Epp63 LOS has several unusual features
relative to other LOS structures, including a lack

o Corresponding author. Institute for Glycomics, Griffith University, Gold Coast Campus,
Southport, Qld. 4222, Australia. Tel.: +61755528876; fax: +61755528098.
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of heptose residues in its inner core OS that link via Kdo to the lipid A, and an
unusual terminal open chain acetal-linked N-acetylgalactosamine, [(1S)-
GalaNAc residue] - 4,6-linked to a sub-terminal galactose residue.* Here we
describe the identification and characterisation of a genetic locus encoding the
glycosyltransferase genes responsible for synthesis of the OS of M. bovis LOS,
and compare it to those identified in the human pathogen M. catarrhalis.

2. Results and discussion

2.1. Identification and in silico analysis of M. bovis LOS biosynthesis locus

We identified several contigs from the incomplete genome se-quence project
of M. bovis Epp63 (Baylor College, Medicine). As LOS biosynthesis genes are
frequently located in a single locus, we hypothesised that these contigs may
form a single genomic region in the chromosome of M. bovis that is responsible
for the biosyn-thesis of LOS. To assess this, oligonucleotide primers were
designed. The PCR results and subsequent sequencing identified a gap of ap-
proximately 500 bp between contigs 389 and 396, and approximately 400 bp
between the available sequence of contigs 396 and 288. The sequencing
allowed assembly into a single contig of approximate-ly 9 kbp encompassing
all seven putative LPS glycosyltransferase genes, preceded by a putative lipid
A acyltransferase (Fig. 1, Table 1, accession number KP795984). Four of the
encoded proteins show >75% similarity to LOS glycosyltransferases from the
human mucosal
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Igté lgt2a1 Igtl Igt2a2 gts lgt7
380 (500 bp) 396 (400 bp) 288
1 3 2 5
— 5 <« — <«
Igt6 lgtl | lgt2e Igt5 Igt7

Fig. 1. M. bovis glycosyltransferase gene locus: ordering of the three contigs by PCR (not to scale). Contigs 380, 396, 288 were identified in preliminary genome sequence of
M. bovis Epp63 (Highlander et al., Baylor College of Medicine). Primers were used to amplify and sequence, allowing assembly into a single contig: Primers used: 1: Mb380R110;

2: Mb396F1543; 3: Mb396R180; 5: Mb288R105.

pathogen M. catarrhalis.>® Two distinct genes were similar to M. catarrhalis
Igt2, but sequence comparisons showed that the M. catarrhalis alleles are more
similar to each other than to the M. bovis genes (Tables 1 and 2). One other
gene did not have a M. catarrhalis homologue, with its closest match being to
an uncharacterised putative glycosyltransferase found in Acinetobacter
radioresistens, (another member of the Moraxellaceae). This gene is referred
to as Igt7.

Given the similarity between the structures of M. catarrhalis and M. bovis LOS,
we hypothesised that the M. bovis glycosyltransferase homologues have similar
functions to those of M. catarrhalis. To address this, we mutated several of the
genes in the locus as de-scribed below.

Table 1
Genes in the M. bovis LOS biosynthesis locus

2.2. Generation of mutants

Genes were amplified and cloned, and a kanamycin resistance determinant was
inserted into conveniently located restriction sites to inactivate the particular
glycosyltransferase gene under inves-tigation (see Fig. 2). M. bovis strains
Epp63 and Mb25 were transformed with either linearised plasmid or PCR
products en-compassing the mutant allele, resulting in a double cross-over
allelic replacement of the wild-type genes with the disrupted genes.
Kanamycin-resistant clones were analysed for LOS expression. M. bovis strains
were successfully generated from both parental strains with mutations in Igtl
(strains 63,1A and 25,1A), Igt6 (strains 63,6A and 25,6A), and Igt2A1 (strains
63,2A and 25,2A). Despite mul-

M. bovis gene Protein homologue Sequence identity Function of homologue Function of M. bovis glycosylteransferase.
(accession number) (%) of encoded E = experimental evidence from mutagenesis
protein P = proposed function from similarity/synteny
IpxX LpxX (ABY64521.1) 63% M. catarrhalis, decanoyl lipid A acyltransferase Lipid A acyltransferase
P
lgt2a1 Lgt2A (AAZ29047) 43% M. catarrhalis, B-(1 — 4)-galactosyltransferase
1gt5 Lgt5 (ABM92438) 78% M. catarrhalis, a-(1 - 4)-galactosyltransferase a-(1 - 4)-Galactosyltransferase
P
lgt7 Putative glycosyltransferase 66% Acinetobacter radioresistens, putative (1S)-GalaNAc Transferase
(ZP06073353) glycosyltransferase P
1gt6 Lgt6 (ABX82336) 78% M. catarrhalis, a-(1 - 5)-glucosyltransferase a-(1 - 5)-Glucosyltransferase
E
Igt3 Lgt3 (ABB16338) 79% M. catarrhalis, glucosyltransferase Dual functional glucosyltransferase
E
Igt2a2 Lgt2a (ABA02572) 41% M. catarrhalis, B-(1 - 4)-galactosyltransferase
Igt1 Lgtl (AAZ29050) 81% M. catarrhalis, a-(1 - 2)-glucosyltransferase a-(1 - 2)-Glucosyltransferase
E
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Table 2 Table 3
Percent Identity Matrix of Lgt2 homologues (600 MHz, D20, 298 K) Proton (plain) and carbon (italic) chemical shift data (ppm) for OS: (A)
McLgt2a McLgt28c MbLgt2a1  Mblgt2a2 §3.64; (B) 63,14; and (C) 6324
- (A) M. bovis 63,6A
1: McLgt2a 100 3 4 5 6 7 8
2: McLgt2sc 63 100
3: MbLgt2a1 43 39 100 K 2.21;1.81 4,01 398 351 376  3.84;361
4: MbLgt2a a 38 3 100 a-Kdo 40.3 68.2 712 696 714 642
(B) M bovis 63,1A
1 2 3 4 5 6
tiple attempts using different conditions (such as varying DNA concentrations; D 513 (3.9) 3.58 389 377 436 398 413
broth, or plate transformations; electroporation; ex-tended incubation time a-4,6-Glc 100.4 72.7 726 788 704 680
before selection; reduceq_ kanamycin concentrations; each time Wlt_h G 458 (7.8) 3.26 350 339 345 393374
pMblgt2A2:k-Igt5 as a positive control) we were unable to generate mutants in B-Gle-t 103.2 741 766 705 768 617
the remaining genes. The Igtl and Igt2A; genes are convergently located, so it H 4.49 (1.8) 323 349 339 344 392372
is unlikely that mutation of either of these genes will alter transcription of re- p-Gle-t ;03'2 14'1 ;6'8 20'6 ;6'8 21'7
spective downstream genes (Fig. 1). K 2.19;1.81 413 406 381 401 382,359
0-5-Kdo 40.2 67.1 765 726 685 635
(C) M. bovis 63,2A
2.3. OS structure of mutants 1 2 3 4 5 6
: A - L . . A 5.80 (3.7) 371 38 350 403 3.77x2
Crude LOS preparatlo_ns were initially examined using s_|lver stained Tricine— a-2-Glc 94.4 754 708 129 724 61.9
SDS-PAGE and confirmed for each of the mutant strains that the LOS was
truncated relative to wild-type, and that the equivalent mutants from each of S_t_ Gl 2:2 38 ?'353 ‘347 é :;;12 ‘71'303 3'311’63‘77
the parental strains (Epp63 and Ml_)25) had the same migration pro_flle (not c 521 (3.8) 355 378 343 394 391386
shown). The LOS was subsequently isolated from broth-grown M. bovis Epp63 a-t-Glc 96.3 730 745 708  73.0 62.3
mutants and purified as previously described.* After removal of lipid A from D 5.14 (3.9) 357 410 378 456 410
. . . . 1 0-4,6-Glc 100.9 737 737 780 706 68.8
the Izgs by acid hydrolysis, the OS structures were investigated by NMR. “H G 476 (6.9).5* 357 357 343 341 384,371
and ~°C NMR chemical shift data for the OS are shown in Table 3. p2-Glc 1006 89 762 710 771 62.3
H 4.64 (7.7) 357 342 367 342 390,372
p-2-Glc 1035 759 769 709 769 62.3
2.4. M. bovis 63,64 3 4 5 6 7 8
K 2.02;1.85 413 406 381 401  3.78,361
a-5-Kdo 40.6 67.4 765 726 697 64.3

Examination of *H and 2D H,*3C-HSQC NMR spectra of M. bovis 63,6A OS
revealed Kdo. Chemical shift assignments are provided in Table 3. The
confirmed structure of M. bovis 63,6A OS as a Kdo residue is consistent with
the gene encoded by Igt6 being responsible for the addition of the a-glucose
residue D (see Fig. 3). Most reported LPS structures have heptose as the first
sugar linking OS core to the Kdo. Both M. catarrhalis and M. bovis are unusual
in having a

IG
(Hindlll)
Nod Vodl { '||

3JH1H2 (Hz) are given in brackets and spectra are calibrated on internal acetone,

=225 ppm, Bc=3145 ppm.
** determined at 278K.

{ |I ¢

|

\pr Igte: k/ \pu bigt3 /. |q lgt2as: ky I@Em-lgh:k/
k L .

.'\.'s-L Mot -D ot

pMblgt2.=-lgts:k pMblgt7:k

pMblgt2, sk- |g:5 ,

Fig. 2. Overview of the M. bovis mutagenesis constructs. Grey arrows symbolize the kanamycin cassette; restriction enzyme used for Kan cassette insertion shown in parentheses.
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M. bovis Epp63 OS

I K J
(8)-GalaNAc-(1—4,6)-0-D-Gal p-(1—=4)-f-D-Gal p-(1—=4)-f-D-Glc p-(1—=4)-a-D-Glc p-(1 =2)-H-D-Glec p-(1—= 6)-0-D-Gle p-(1 = 5)-a—Kdo-OH
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i
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a-D-Gle p(1 -D-Gle p-(1—2)f-D-Gle p(1
C B G
Fig. 3. Structure of OS from wildtype Epp63 (top panel), 63,1A (middle panel), and 63,2A (bottom panel).

single glucose residue at this position.“’lo The M. catarrhalis Igté gene has
previously been demonstrated to encode an a-(1-5)-glucosyltransferase that
adds the primary glucose to the Kdo-lipid A-OH in LOS biosynthesis.” The
protein encoded by the M. bovis Igt6 gene is 78% identical to Lgt6 of M.
catarrhalis. Unlike in M. bovis, the Igt6 M. catarrhalis gene is not co-located
with other LOS bio-synthesis genes. However, Igté of both M. bovis and M.
catarrhalis are located downstream of lipid A acyltransferases, involved in syn-
thesis of lipid A (Fig. 4). The encoded M. bovis protein upstream of Igt6 is 63%
identical to LpxX, the decanoyl acyltransferase that is located upstream of Igté
in M. catarrhalis.”** Given the syntenic and sequence similarity between Igt6
in these closely related species, and the effect of mutation on LOS structure, M.
bovis Igt6 is pro-posed to encode an a-(1-5)-glucosyltransferase.

2.5. M. bovis 63,14

The structure of M. bovis 63,1A is shown in Fig. 3. It comprises three glucose
residues linked to a Kdo residue. In accordance with this structure the 1D H
NMR spectrum of M. bovis 63,1A revealed the presence of 3 anomeric protons,
with coupling constants JHiH2 characteristic of one a-(5.13 ppm, 3.9 Hz,
residue D) and two B-configured sugars (4.58 ppm, 7.8 Hz and 4.49 ppm, 7.8
Hz resi-dues G and H, respectively). Signals consistent with the H3 protons of
Kdo (residue K) were also immediately obvious from this spec-trum. This
labelling scheme is consistent with that of the recently published structure of
M. bovis WT OS.* Determination of the *H proton and *3C NMR resonances
for M. bovis 63,1A was achieved by combining the information from all the
NMR spectra recorded for the sample (see structure in Fig. 3). Further
confirmation of the struc-ture of 63,1A OS was obtained by comparison to the
M. bovis Epp63 wildtype spectra.4

Residue D is an a-glucose JiH2 = 3.9 Hz and JcH = 161.4 Hz. As-signment of
the specific sugar resonances was achieved by selectively irradiating the
anomeric resonance at 5.13 ppm and acquiring a se-lective TOCSY experiment
with a 180 ms spin lock time, providing

a well dispersed spectrum that was readily assigned. The H2 and H3 resonances
were confirmed by inspection of a COSY spectrum. The location of the H6
correlations was easily identified from this spectrum and the C6 correlations
confirmed from an edited HSQC experiment. The chemical shift location of the
C6 methylene B¢ signals at 68.0 ppm reflected that it was glycosylated.
Likewise, a pronounced glycosylation effect was observed for the C4 at 78.8
ppm. 3C Chemical shifts were obtained from examining a *H*C HSQC
TOCSY spectrum. These assignments were in accordance with residue D in M.
bovis wildtype OS.

In M. bovis wildtype OS, the a-glucose residues G and H are both substituted
at the — 2) position, however, in M. bovis 63,1A these residues are in a terminal
position. Accordingly, residues G and H chemical shifts were consistent to
those expected for terminal a-glucose residues and lacked a glycosylation
effect at C2 that was observed in the M. bovis wildtype OS spectra. Selective
TOCSY ex-periments overlaid with a tH*3C HSQC TOCSY spectra confirmed
the assignments that are provided in Table 3. Linkage information was obtained
from selective NOESY spectra: Irradiation of H1 of H at 4.49 ppm gave NOE
correlations to the H6 protons of D and the H1 of G at 4.58 ppm gave NOE
correlations to the H4 proton of D at 3.77 ppm. Resonances due to Kdo (residue
K) are provided in Table 3 and were identified from overlay of edited *H*3C

HSQC and K¢ HSQC TOCSY spectra and by comparison to spectra for M.
bovis wildtype OS. Mutation of the Igtl gene in M. bovis Epp63 (strain 63,1A)
resulted in OS containing Kdo and only three glucose resi-dues. In the wild-
type OS, residues G and H have a glucose added in an a-(1-2) linkage. Our
prior work, and that of others, showed that M. catarrhalis Lgt1 (81% similar to
Lgtlmbovis) is an a-(1-2)-glucosyltransferase, adding glucose to a B-glucose
acceptor molecule.>® In addition, Lgtl of M. catarrhalis catalyses addition of
glucose onto more than one acceptor molecule. In M. bovis wild-type OS,
residue C is linked to an a-glucose residue. We propose that M. bovis Lgtl is
an a-(1-2)-glucosyltransferase re-sponsible for catalysing addition of residues
A, B, and C. However, given the different acceptor residues for residue C, it is
possible
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Fig. 4. Genetic basis for LOS biosynthesis in M. bovis and structural and gene syntenic similarity with M. catarrhalis (A) Assignment of M. bovis Epp63 LOS biosynthesis gene function, compared with
LOS structure of M. catarrhalis serotype B. Functions for Igtl, 3, 6 are derived from mutation studies, remaining functions inferred from sequence similarity. (B) Comparison of the gene sequence
between LOS biosynthesis loci of M. bovis Epp63 and serotype B strain M. catarrhalis. Lines between genes indicate homo-logues, with % protein sequence identity indicated. Bold double line indicates
IpxX and Igt6 are at a different chromosomal locations than the other glycosyltransferases in M. catarrhalis.

that an (as yet) unidentified glycosyltransferase catalyses this linkage.

2.6. M. bovis 63,24

M. bovis 63,2A contains a mutation of the 1gt2A; gene. The struc-ture of M.
bovis 63,2A is shown in Fig. 3. It comprises six glucose residues linked to a
Kdo residue and as expected the 1D H NMR spectrum of M. bovis 63,2A
revealed the presence of six anomeric

protons, with coupling constants JuiH2 characteristic of four a and two f-
configured sugars in addition to Kdo. The additional sugars compared to M.
bovis 63,1A were all identified on the basis of cou-pling constants (JHiH2) to
be in the a-anomeric configuration. Furthermore, these residues were deemed
to be glucose residues on examination of their spin systems in the *H*3C HSQC
TOCSY and selective TOCSY spectra. In M. bovis wildtype OS, the a-glucose
resi-dues G and H are both substituted at the — 2) position, however in 63,1A
these residues are in a terminal position. The *H/*3C chemi-
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cal shifts for the G-2 and H-2 position in M. bovis 63,2A OS are 3.57/ 78.9 and
3.57/75.9 ppm respectively, which represent significant glycosylation shifts
compared to the same residues in M. bovis 63,1A (3.26/74.1 and 3.23/74.1
ppm), confirming the 2-substitution of these residues. Residues G and H were
confirmed to be B-glucose resi-dues (G: JHiH2 = 6.9 Hz and Jcn = 160.5 Hz)

and (H: JuiH2 = 7.7 Hz and JcH = 164.3 Hz).

Linked in a terminal position to residue G is the a-glucose residue

B with an anomeric resonance at 5.31 ppm (JH1H2 = 3.8 Hz and Jcq = 173.1
Hz). Chemical shift analysis of the ring protons of residue

B confirmed its terminal location. Its connectivity to residue G was confirmed
by the presence of a NOE from B1 to G2 in a 1D-selective *H NOESY spectrum
irradiated at the anomeric proton B1: 5.31 ppm to G2 at 3.57 ppm and also the
presence of a B1G2 correlation in the *H*3C HMBC spectrum.

Identification of the carbohydrate residue linked directly to H was provided by
the presence of a NOE from Al to H2 in a 1D se-lective 'H NOESY spectrum
irradiated at the anomeric proton Al (5.80 ppm) which showed a correlation at
3.57 ppm consistent with the A1H2 NOE and also the presence of a A1H2
correlation in the *H*3C HMBC spectrum. Residue A is an a-glucose with its
anomeric resonance at 5.80 ppm (JHiH2 = 3.7 Hz and JcH = 173.7 Hz). The
chem-ical shift position of A2 (*H:3.71 ppm and *3C:75.4 ppm) was consistent
with this residue being glycosylated at the — 2) posi-tion. Confirmation that
residue C was linked at the - 2) position of residue A was provided by the
presence of a CLA2 NOE in a 1D se-lective 'H NOESY spectrum irradiated at
the anomeric proton C1 (5.21 ppm) at 3.71 ppm and also the presence of a
strong C1A2 cor-relation in the *H*C HMBC spectrum. The terminal location
of residue C was reflected in the chemical shift of its ring protons and its
anomeric configuration from examination of (Ju1H2 = 3.8 Hz and JcH = 169.7
Hz).

Taken together the confirmed structure of M. bovis 63,2A is con-sistent with
Lgt2A being responsible for the addition of a B-glucose residue to the — 4)
position of residue A and therefore confirming its B-glucosyltransferase
function in the biosynthesis of M. bovis Epp63 LOS.

Having assigned function to genes that we had mutated, we next proposed
functional assignments for the remaining genes in the locus on the basis of
sequence similarity to related glycosyltransferases.

2.7. Lgt3/5/7/2A2

Most reported LPS structures have a heptose residue as the first sugar linking
the OS core to the Kdo. In both M. catarrhalis and M. bovis this first glucose
has multiple glucose residues added. In M. catarrhalis this is catalysed by a
single multi-functional gene product, Lgt3.12*® The M. bovis Lgt3 homologue
is 79% identical to

Lgt3m. catarrhatis. The structural and sequence similarities lead us to assign the
function of Lgt3 as indicated in Fig. 4, adding glucose residues

(G and H) to the central core glucose (residue D).

The unusual terminal sugar in the LOS of M. bovis is an open chain acetal-
linked N-acetylgalactosamine, (1S)-GalaNAc residue (residue F, Fig. 3).‘1 This
residue is also present in Actinobacillus pleuropneumoniae, Shewenella
oneidensis, and Pasteurella multocida,**® and NatA of Pasteurella multocida
has been inferred to add this unusual sugar. The M. bovis Igt7 gene product has
ho-mologues in these three species (protein sequence identity of 65%, 58%,
and 57% respectively to homologues from Acinetobacter, Pasteurella
multocida, and Shewenella oneidensis). From the se-quence similarities, we
propose that M. bovis Lgt7 encodes the glycosyltransferase responsible for
addition of (1S)-GalaNAc, but con-firmation of this awaits mutation of this
gene or other biochemical evidence. The mechanism of action for such a
glycosyltransferase has not been characterized, and as yet, direct evidence from
other

species for the activity of this class of glycosyltransferase has not yet been
reported.

M. bovis Lgt5 is highly similar to a homologue in M. catarrhalis (with sequence
78% identity). LgtSwm. catarrhalis is an o-(1-4)-galactosyltransferase, adding a
galactose to a p-galactose residue.>®* This linkage and acceptor is identical to
residue E of Epp63 OS (Fig. 3).4 Based on the sequence similarity between the
Moraxella Lgt5 homologues, we propose that M. bovis Lgt5 is also an a-(1-4)-
galactosyltransferase, adding galactose to a 3-galactose residue.

The remaining unassigned glycosyltransferase activity is a p-(1-4)-
galactosyltransferase, adding residue J (Fig. 3). The encoded M. bovis Lgt2a2
is 43% identical to a M. catarrhalis Lgt2A which is also a B-(1-4)-
galactosyltransferase.>°

Although it is clear that sequence similarity is not sufficient to define enzyme
function, the functional assignment we propose pro-vides a basis for
experimental investigation of each of the glycosyltransferases for M. bovis. The
gene arrangement of the LOS biosynthetic genes is similar between the LOS
glycosyltransferase of M. bovis and M. catarrhalis (Fig. 4). This synteny
between species within the same genus is perhaps unsurprising, given the
structur-al and proposed functions of these genes. At this time, little is known
regarding the LOS variability within a strain. We found no evi-dence of genetic
sequences that would suggest M. bovis LOS biosynthesis is phase variable via
tandem repeat slippage. Similar-ly, little is known of inter-strain LOS
differences, although one study showed LOS of at least three differing
electrophoretic mobilities.!” The similarity in electrophoretic mobility of
mutants between Mb25 and Epp63 in the present study suggests that at least for
these genes, the associated structures are conserved in these strains. Another
related bacterium, M. bovoculi, has relatively recently been recognised as
another causative agent of IBK (see Ref. 18 for review). To date, nothing is
known of the LOS structure of M. bovoculi, but the recent draft genome
sequence may facilitate structural predictions and genetic manipulation'® for
this bacterium.

This study provides insight into the biosynthesis of the major glycolipid of an
economically important bovine pathogen, and pro-vides tools to assess the role
of the LOS cell surface glycan residues in the colonisation and pathogenesis of
M. bovis.

3. Experimental
3.1. Strains and growth

M. bovis strain Epp63 was obtained from Assoc. Prof. S. K. High-lander,
Baylor College of Medicine, Texas, USA. M. bovis strain Mb25 was obtained
from the collection of Dr P. Blackall, Department of Primary Industries,
Queensland, Australia. The lyophilized bacte-ria (stored in 1957) were
imported into Australia from Omaha, Nebraska from Dr J. Baldwin, Corn
States Serum Company, Harney Street, Omaha, Nebraska. Other strains and
plasmids are de-scribed in Supplementary Table S1. M. bovis was grown in
liquid BHI medium supplemented with 10% of a clarified 50% (v/v) BHI/
defibrinated horse blood (DHB) (Biomerieux), with 1.5% agar added for solid
media where appropriate. For selection of mutants, kana-mycin (15 pg/mL)
was added. Escherichia coli were grown in LB medium with agar for solid
media, and addition of kanamycin (50 g/ mL) or ampicillin (50 pg/mL) when
required.

3.2. Sequence analysis

All oligonucleotide primers used are listed in the Supplementary Table S2.
Preliminary sequence data were obtained from Baylor College of Medicine
Human Genome Sequencing Center website at http://www.hgsc.bcm.edu.
Sanger dideoxy sequencing was per-formed using BigDye termination mix,
with primers based on three identified contigs containing putative LOS
biosynthesis genes (Fig. 1,

167


http://www.hgsc.bcm.edu/

Appendix

1. Faglin et al./Carbohydrate Research 421 (2016) 9-16 15

Supplementary Table S2). Sequence analysis and assembly used MacVector,
and similarity searches were performed using the BLAST suite hosted at
http://www.ncbi.nlm.nih.gov. The sequence assem-bly is deposited as
Accession number KP795984.

3.3. Cloning and mutagenesis

M. bovis Igt2a1 and Igtl were amplified, using Phusion poly-merase with
primers Mb396-32FR and Mb396-1598 and the 1.6 kbp amplimer was gel
purified, sequenced and ligated into Smal digested pSK to generate plasmid
pMblgt2a1-lgtl (Fig. 2, Table 2). This plasmid was separately digested with
Aatll and Styl for sub-sequent kanamycin insertion, in order to inactivate Igt2a1
and lgtl, respectively. M. bovis Igt2a2 and Igt5 were amplified using Taq poly-
merase with primers 288F_34 and 288R_2737. The amplimer was gel purified,
sequenced and blunt-ended with Klenow before ligat-ing into Smal digested
pSK, generating pMblgt2a2-Igt5. This plasmid was separately digested with
Blpll and Ndel for subsequent kana-mycin insertion, in order to inactivate
lgt2a2 and Igt5, respectively. Other genes were amplified individually: 1gt6
(primers 380F 1532 and 380R_2355), Igt3 (380FF_2 and 380R_1848), and
Igt7 (288F_1650 and 288R_2737) and cloned into pGemT-easy to generate
plas-mids pMblgt6, pMblgt3 and pMBIgt7, respectively. These had Hincll
kanamycin gene inserted into conveniently located blunted HindlIl sites to
inactivate the genes.

3.4. Transformation

Approximately 50 colonies of strains (Epp63 or Mb25) were re-suspended in
500 pL sterile 1 x PBS. Bacterial suspension (10 puL) was pipetted onto a
Blood/BHI plate to form the inoculum, left to dry for 10-15 min and incubated
at 37 C for 1-3 hr to allow the cells to grow. Plasmid inserts, excised from 1—
5 pg of plasmid by restric-tion endonuclease digest, and purified from agarose
after electrophoretic separation, were added to the bacterial inoculum in PBS
and incubated for a further 1-5 hr at 37 C to allow DNA uptake. Cells were
plated to selective media and resulting antibi-otic resistant clones analysed for
allelic replacement by mutant alleles.

3.5. LOS isolation

For small-scale crude LOS preparation, one colony of M. bovis was suspended
in PBS to give an absorbance reading of 5 at 280 nm. This suspension was
Proteinase-K treated at 37 C for 1 hr. Tricine SDS PAGE gel of undigested M.
bovis versus proteinase-K digested M. bovis was run for 2.5 hr at 200 mA
followed by Coomassie blue and silver-staining.

After overnight growth on solid media, sequential subcultures were prepared in
10 mL, then 600 mL, then 6 L of supplemented media. After growth, bacteria
were killed by addition of 0.5% (v/v) phenol. After centrifugation at 5000 g for
20 min, the wet cell mass (~40 g) was dehydrated by sequential washing in:
ethanol (1 x 2 volumes), acetone (2 x 2 volumes), diethyl ether (2 x 2 volumes)
fol-lowed by centrifugation at 5000 g for 10 min. The cell mass was dried under
house vacuum overnight.

The dried cell mass was solubilized in Milli-Q water and enzy-matically
digested to remove RNA, DNA, and protein (RNase and DNase, 40 C, 3 hr
with gentle shaking; Protease Type XIV, 40 C, 16 hr with gentle shaking).
Enzymes were inactivated by heat treat-ment at 90 C for 20 min. The sample
was dialyzed against Milli-Q water and lyophilized. LOS was isolated from the
dry material using the hot phenol/water extraction method. To O-deacylate the
LOS (~180 mg, aqueous-phase) was hydrolysed in 1% acetic acid (100 C, 2 hr)
with lipid A precipitate separated by centrifugation (8000 g, 30 min). The
aqueous supernatant was separated by size exclu-

sion chromatography on a column (80 x 20 mm) of P2-BioGel (Biorad) with
Milli-Q water as eluent to give purified OS.

3.6. NMR spectroscopy

OS (1 mg) dissolved in D20 (CIL 99.998%) was lyophilized in trip-licate to
remove exchangeable protons. The sample was dissolved in 500 puL of DO
under nitrogen and 'H and 13C spectra were re-corded at 298 K on a Bruker
Avance spectrometer with a TXI cryoprobe operating at 600 MHz and 150
MHz, respectively. Chem-ical shifts are reported in ppm referenced to internal
acetone (*H 2.225 ppm, *3C 31.45 ppm). Spectral assignment was aided by the
recording of gradient COSY, DQF-COSY, gradient TOCSY (60 and 120 ms
mixing time), 13C attached proton test (APT), *H®C-HSQC, H¥C-HSQC
with no decoupling during acquisition to determine *3C~H coupling constants,
'H18C-HSQC-TOCSY (15, 45, 60 and 120 ms mixing times), *H*C-HMBC
and 1D selective COSY, TOCSY (with mixing times ranging from 15 ms to
180 ms) and NOESY spectra (250 ms). All spectra were acquired using
unmodified pulse sequences from the Bruker pulse sequence library. The most
informative are discussed.
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Heparanase is an endo-b-glucuronidase that cleaves heparan sulfate side chains of proteoglycans in base-ment membranes and
the extracellular matrix (ECM). Heparanase is implicated in several diverse path-ological processes associated with ECM
degradation such as metastasis, inflammation and angiogenesis and is thus an important target for anti-cancer and anti-
inflammatory drug discovery. Heparanase has been classed as belonging to the clan A glycoside hydrolase family 79 based on
sequence analysis, sec-ondary structure predictions and mutagenic analysis, and thus it has been inferred that it is a retaining

glycosidase. However, there has been no direct experimental evidence to support this conclusion. Herein we describe HNMR

spectroscopic studies of the hydrolysis of the pentasaccharide substrate fondapar-inux by heparanase, and provide conclusive
evidence that heparanase hydrolyses its substrate with retention of configuration and is thus established as a retaining

glycosidase. Knowledge of the mecha-nism of hydrolysis may have implications for future design of inhibitors for this important

drug target.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Heparanase is an endo-b-glucuronidase that cleaves the hepa-ran sulfate (HS)
side chains of proteoglycans found on cell surfaces and as a major constituent
of the extracellular matrix (ECM) and basement membranes [1,2]. Apart from
roles in a variety of normal physiological processes, heparanase also plays a
key role in patho-logical processes associated with ECM remodeling such as
inflam-mation, angiogenesis and tumor metastasis [3,4], both directly by
degradation of the ECM and indirectly by releasing HS-bound growth factors.
Heparanase levels are elevated in essentially all hu-man tumors examined to
date whilst normal cells usually express little or no heparanase. Studies
involving over-expression and silencing of the heparanase gene demonstrate
that heparanase plays a direct role in both tumor metastasis and angiogenesis.
Moreover, increased heparanase expression correlates with poor post-operative
survival of cancer patients [3,4]. Collectively, these studies indicate that
heparanase is causally involved in cancer progression and is therefore a valid
target for the development of anti-cancer [5-8] and anti-inflammatory [9]
drugs. This is supported by numerous in vivo studies showing that treatment
with heparanase inhibitors leads to inhibition of tumor growth

T Corresponding authors. Fax: +61 7 5552 8098 (J.C. Wilson), +61 7 3365 4299 (V. Ferro).
E-mail addresses: jennifer.wilson@griffith.edu.au (J.C. Wilson), v.ferro@ug.edu. au (V. Ferro).

0006-291X/$ - see front matter 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2013.11.079

[10-14]. Several heparanase inhibitors have progressed recently to clinical
trials in various cancer indications.

Heparanase is a strict endo-glycosidase that hydrolyses the b-glycosidic bonds
of glucuronic acid (GIcA) residues at a limited number of internal sites within
HS chains to release biologically active fragments of 5-10 kDa in size. A
number of studies have advanced our understanding of the substrate specificity
[15] of heparanase and these indicate that heparanase cleaves the linkage
between a GIcA unit and an N-sulfo glucosamine (GIcN) residue carrying
either a 3-O-sulfo or a 6-O-sulfo group. In addition, hepa-ranase cleaves such
linkages with a 2-O-sulfated GIcA residue, but not a 2-O-sulfated iduronic acid
(IdoA) residue, in proximity [16]. This suggests that heparanase recognizes
certain sulfation patterns rather than specific monosaccharide sequences [16].
A recent study using structurally defined oligosaccharides indicates that
heparan-ase displays two cleavage modes: consecutive cleavage and gapped
cleavage, depending on the structural features at the non-reducing ends of HS
[17], thus suggesting a regulatory role in controlling the cleavage site and the
extent of degradation of HS.

Glycosidases (glycoside hydrolases) hydrolyze their substrates with either net
retention or inversion of configuration at the ano-meric centre and are thus
categorized as either retaining or invert-ing glycosidases. Heparanase has been
classed as belonging to the clan A glycoside hydrolase family 79 in the
carbohydrate-active enzymes database 18] on the basis of sequence analysis,
secondary structure predictions and mutagenic analysis [19] and thus a
retaining mechanism has been inferred. However, no direct
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experimental evidence has been reported to confirm this conclu-sion. Sequence
analysis and secondary structure predictions infer that heparanase folds with an
a/b TIM barrel motif typical of family 79 enzymes. To date, no X-ray crystal
structures of heparanase have been published, although a number of homology
models have been constructed [20-22]. Given that heparanase is now well
established as a promising target for anti-cancer therapeutics, we sought to
determine experimentally the mechanism of hydrolysis. Given the differences
in the active site architecture of retaining and inverting glycosidases [23], and
the lack of an X-ray crystal struc-ture for heparanase, this information could be
useful for the design of new heparanase inhibitors.

The stereochemical course of a hydrolysis reaction catalyzed by a glycosidase
can often be conveniently determined by the use of 1H NMR spectroscopy
[24,25]. In the case of heparanase, monitor-ing the hydrolysis of its usual
substrate, HS or heparin, is compli-cated by the heterogeneous nature of the
substrate and by severe signal overlap in the IH NMR spectra. In addition,
heparanase can cleave the substrate in several locations on the polysaccharide
chain resulting in multiple HS/heparin fragments which may themselves be
either substrates or inhibitors of the enzyme. The use of a homogeneous, low
molecular weight substrate with a sin-gle point of cleavage is thus preferred.
The pentasaccharide fonda-parinux (1, AGA 1AM, Scheme 1), was identified
as a suitable candidate substrate for this study. Pentasaccharide 1, a commer-
cially available anticoagulant drug, is a known substrate [26] for heparanase
and has been utilized recently to develop an assay

a  suitable for screening inhibitors [10] and studying their kinet-ics [28].
Pentasaccharide 1 contains one b-GIcA residue and thus a single point of
cleavage, and hydrolysis by heparanase results in the formation of only one
new reducing sugar (disaccharide 2).

2. Materials and methods
2.1. Compounds

Fondaparinux (97% purity) was a gift from Dr. Mike West, Alchemia Ltd
(Brisbane, Australia).

2.2. Cloning, expression and purification of recombinant human
heparanase

Recombinant human heparanase was prepared by previously published
procedures [29,30] with some modifications. Insect cell expression was carried
out at the University of Queensland Protein Expression Facility in Hi5 cells
[31] as these showed better expres-sion and secretion of heparanase compared
with Sf9 cells. The opti-mal time for harvest was found to be 48 h post
infection. The cell culture supernatant was concentrated and buffer exchanged
(150 mM NacCl, 25 mM Tris—-HCI, pH 7.5, 200 mL) using a 30 kDa MW cutoff
ultrafiltration cassette (Sartorius) and then loaded onto

(DH
“%1-7"'&
RHN,__ SO SE'E
H%- GF.:- - heparanase
—_—

a heparin-Sepharose column (1 mL, HiTrap HP, GE Healthcare) equilibrated
with the same buffer. Unbound protein was removed by washing with buffer
before elution with a gradient of 0-1 M NaCl, 25 mM Tris—HCI, pH 7.5 buffer.
Fractions containing heparan-ase were pooled and dialysed with a 12 kDA
dialysis membrane (Sigma—Aldrich D9777-100FT) against 150 mM NacCl, 25
mM Tris—HCI, pH 7.0 equilibration buffer at 4 LC for 16 h. Dialysed material
was loaded onto a Sepharose SP HiTrap FF (GE Healthcare) column and
purified using gradient elution of 0—1 M NaCl, 25 mM Tris—HCI, pH 7.0 buffer.
Fractions (2 mL) containing pure heparan-ase were detected by SDS-PAGE
and Western blot and stored at 80 LC. Heparanase concentration (25 Ig/mL)
was determined using the Bradford assay. Heparanase activity was determined
using the previously published WST-1 assay [27].

2.3. NMR spectroscopy

A control spectrum of fondaparinux was recorded containing fondaparinux 100
IL (3.55 mg/mL in 40 mM dz-sodium acetate buffer). Full assignment of
fondaparinux was achieved and 14 and 13C chemical shift data are presented
in Table S1. 1H and L3¢ spectra were recorded at 298 K on a Bruker Avance

spectrometer with a TXI cryoprobe operating at 600 and 150 MHz,
respectively. Chemical shifts are reported in ppm referenced to internal acetone

(1H 2.225 ppm, 13¢ 3145 ppm). Spectral assignment was aided by the
recording of gradient COSY, DQF-COSY, gradient TOCSY (60 and 120 ms
mixing time), 13C attached proton test (APT), tH13c-HsQC, THc-HSQC-
TOCSY (15, 45, 60 and 120 ms mixing times), IH13Cc-HMBC and 1D selective
COSY, TOCSY (with mixing times ranging from 15 to 180 ms) and NOESY
spectra (250 ms). All spectra were acquired using unmodified pulse sequences
from the Bruker pulse sequence library.

2.4. Enzymatic analysis of the fondaparinux cleavage

To fondaparinux (100 IL, 3.55 mg/mL in 100 mM d3-sodium acetate buffer,

pH 5.0) and heparanase (100 IL, 80 Ig/mL) was added 50 IL of D20 in a3 mm
NMR tube to give a reaction volume of 250 IL and final buffer concentration
of 40 mM. The resulting enzyme reaction was monitored at 600 MHz and 37
LC over a 24 h period. The first spectrum of the heparanase enzymatic cleav-
age of fondaparinux was recorded after 10 min and subsequent spectra were
recorded every 12 min.

3. Results and discussion

Prior to the enzymatic study, all proton chemical shifts for 1 were fully assigned
by a combination of 1D and 2D NMR spectro-scopic techniques, aided by
reference to Torri et al. [32]. Addition-ally, 13¢ assignments were made for 1
using a combination of APT, HSQC, and HSQC-TOCSY experiments. All
spectra were calibrated
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Scheme 1. Hydrolysis of fondaparinux 1 (AGA*IAM) by heparanase to give products 2 and 3. R = SO3Na. Abbreviations: A = GIcNS,6S; G = GIcA; A = GIcNS,3S,6S; | = IdoA2S.
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relative to internal acetone, 1H = 2.225 ppm, 3¢ =31.45 ppm. Complete 4
and 3C NMR assignments are presented in Table S1 (see Supplementary
Data).

In the heparanase catalyzed reaction of 1 the glycosidic bond between the (1 ?
4)-a-GlcA (G) and the 2-N-sulfo-3,6-di-O-sulfo-(1 ? 4)-a-p-GIcN (As ) is
hydrolysed. It has not been firmly estab-lished if this reaction proceeds with
retention of the b-anomeric configuration of the GIcA or inversion to the a-
anomer. To investi-gate whether this reaction proceeds with retention or
inversion of anomeric configuration, the progress of the enzymatic reaction was
monitored using IH NMR spectroscopy by close examination of the anomeric
region of the spectrum of 1 as the anomeric proton signals of each of the sugar
residues provide a convenient window into the progress of the enzymatic
reaction.

An initial control spectrum of 1 (100 IL, 3.55 mg/mL in 40 mM d3-sodium
acetate buffer, pH 5.0) was recorded without the pres-ence of heparanase. For
the enzymatic reaction, to a solution of 1 (100 IL, 3.55 mg/mL in 100 mM d3-
sodium acetate buffer, pH 5.0) and heparanase (100 IL, 25 Ig/mL) was added
D20 (50 IL) in a 3 mm NMR tube to give a reaction volume of 250 IL and a
final buffer concentration of 40 mM. The resulting enzymatic reaction was
monitored at 600 MHz and 37 LC over a 24 h period. The first spectrum of the
heparanase enzymatic cleavage of 1 was recorded after 10 min and subsequent
spectra were recorded every 12 min (Fig. 1). Given that the cleavage occurs
between the (1 ? 4)-b-GIcA

[10] and the 2-N-sulfo-3,6-di-O-sulfo-(1 ? 4)-a-p-GIcN (As ) it was of interest
to carefully analyse the anomeric signals of the GICA

[25] After 10 min, most notable was the appearance of an addi-tional b-
anomeric signal at 4.66 ppm due to b-GIcA of the cleavage product 2N-sulfo-
6-O-sulfo-a-o-GIcN-(1 ? 4)-b-GIcA (2), firmly establishing that the reaction
proceeds with overall retention of anomeric configuration and that heparanase
is thus a retaining

glycosidase. ~ Additionally  after

approximately 45min  there

JJ_J@LJJ MM | r0me

h—’} L LM\_,__NJ u PL}/UAIW k.T=10 mins
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T T T T m L 1 T l i T 1 1 Ll ) T
57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 ppm

Fig. 1. Overlayed "HNMR spectra of the hydrolysis of pentasaccharide 1 catalysed by
heparanase at different time points.

appeared an entirely new anomeric signal at 5.23 ppm that in-creased in
intensity as the reaction proceeded. This signal is due to mutatrotation of the
newly formed reducing end of the disac-charide 2 to the a-anomer of GICA.

The final equilibrium anomeric ratio of the reaction could be approximated by
examination of the anomeric signals of N-sulfo-6-O-sulfo-a-b-GIcN (A™s).
Before hydrolysis of 1 the anomeric signal of N-sulfo-6-O-sulfo-a-o-GlcN
(A™s) resonated at 5.62 ppm. This signal decreased as the reaction proceeded
and initially a sig-nal appeared at 5.65 ppm which grew in intensity and is due
to the anomeric signal of the (A™s) of the disaccharide 2 [or (A™s)-a-(1 ? 4)-
Gb], however, an additional peak became evident at 5.63 ppm which is due to
the anomeric signal of the (A™s) of disac-

charide 2 [or (A™s)-a-(1 ? 4)-Gb]. Comparison of the integration of these
anomeric signals, (A"s)-a-(1 ? 4)-Gb: (A™s)-a-(1 ? 4)-Ga

gave a final anomeric ratio of 59:41 on complete hydrolysis of 1. The
heparanase catalyzed hydrolysis of 1 was slow, even at

37 LC, and took 24 h for completion. This reflects the fact that the 3-O-sulfo

group of As renders 1 a less than ideal substrate com-pared with its non-3-O-

sulfated congener (AGAIAM) [26]. At 25 LC the reaction was so slow as to be
undetectable by NMR spectros-copy and the possibility of performing
saturation transfer differ-ence (STD) NMR spectroscopic studies at lower
temperatures was considered. The current absence of an X-ray crystal structure
of heparanase mean that such studies could potentially provide use-ful
information about which functional groups on pentasaccharide 1 interact with
residues in the active site of heparanase, provided there was no turnover of
substrate. Unfortunately, the increased concentrations of heparanase required
for the STD NMR experi-ments resulted in cleavage of substrate, even at5 LC.
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Sanjesh Singh, I. Darren Grice, lan R. Peak and Jennifer C. Wilson. Biological evaluation of
lipooligosaccharide - an outer membrane surface antigen from Moraxella catarrhalis: a study
on its potential use as a vaccine candidate.

Poster presentation. 19th International Symposium on Recent Advances in Otitis Media
(RAOM 2017), Gold Coast, Australia, 2017.

Biological evaluation of lipooligosaccharide- an outer membrane surface antigen from

Moraxella catarrhalis: a study on its potential use as a vaccine candidate

Moraxella catarrhalis is a Gram-negative microorganism that is an opportunistic respiratory
tract pathogen. It is responsible for ~25% of otitis media cases in children, with a very high
incidence rate (80%) in infants before they reach 3 years of age in developed countries and is
the second leading cause of surgery in infants worldwide. It also contributes towards
exacerbation of chronic obstructive pulmonary disease in adults. This bacteria causes disease
by upregulating inflammation and mucin production. This results in damage to the eustachian
tube causing swelling and constriction, which traps the mucin produced in the middle ear. The
increased pressure pushes against the eardrum making it very difficult for the infant to hear

properly, having a huge impact on a child’s learning capability.

M. catarrhalis has been shown to produce beta-lactamase, which has led to emergence of
antibiotic resistance. Additionally, at present there are no licenced vaccines for M. catarrhalis
infections. Lipooligosaccharide (LOS), along with other membrane entities, such as outer-
membrane proteins and pili are known virulence factors contributing to bacterial pathogenicity
in Gram-negative organisms. These antigens and epitopes have been identified to play a vital
role in the biological activity of the bacteria and are therefore proposed as potential vaccine

candidates.

This study focused on investigating the biological activity of M. catarrhalis (serotype A 2951
Wild-type, serotype B 3292 Wild-type and a LOS truncated mutant 1gtA1/4 constructed from
the two wild-type strains) to identify whether the LOS component has a role in protection from
antibiotics and detergents, serum bacterial resistance and toxicity. Phenotypic examination
identified similar growth rates and susceptibility to hydrophobic agents across the M.

catarrhalis LOS studied; however the mutant (IgtA1/4) showed increased bactericidal activity
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(human serum) and reduced toxicity. This suggests that LOS has an important role in the

biological activity of M. catarrhalis. These results will be further discussed at the presentation.
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Sanjesh Singh, I. Darren Grice, lan R. Peak and Jennifer C. Wilson. Development of a novel
polysaccharide-based vaccine to treat otitis media in children.

Oral and poster presentation. 2016 Australian Society for Medical Research Annual Scientific
Meeting, Gold Coast, Australia, 2016.

Development of a novel polysaccharide-based vaccine to treat otitis media in children

Moraxella catarrhalis and Nontypeable Haemophilus influenzae (NTHi) are Gram-negative
opportunistic respiratory tract pathogens that are responsible for 60% otitis media cases in
children. Also contributing towards 4.2 million deaths globally as a result of chronic
obstructive pulmonary disease in adults. In-fact Otitis media cases are quite high in
children of the Australian indigenous community, where 99% of children will contract this
infection by the time they reach 3 years of age. Thus it’s no wonder that it’s the 2" leading
cause of surgery in infants worldwide. Both bacteria have shown to produce beta-lactamase,
which has led to emergence of antibiotic resistance. Currently, there’s no licensed vaccine for
this infections. It’s well known that virulence factors are traits that contribute to bacterial
pathogenicity, and for many Gram-negative organisms lipopolysaccharide is a known
virulence factor. Several studies have suggested that this cell surface glycan could potentially

be incorporated into vaccines to prevent infections by these bacteria.
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Sanjesh Singh, 1. Darren Grice, lan R. Peak and Jennifer C Wilson. Development of a novel
polysaccharide-based vaccine to treat otitis media in children.

Poster presentation. Vaccines Asia Pacific, Melbourne, Australia, 2016.

Development of a novel polysaccharide-based vaccine to treat otitis media in children

Moraxella catarrhalis and Nontypeable Haemophilus influenzae are Gram-negative
microorganisms that are opportunistic respiratory tract pathogens responsible for 60% otitis
media cases in children and 4.2 million deaths globally as a result of chronic obstructive
pulmonary disease in adults. In-fact the prevalence of otitis media is quite high especially in
Australian indigenous community, where 99% of children will contract this infection by the
time they reach 3 years of age, and the 2" leading cause of surgery in infants worldwide. These
bacteria cause disease by upregulating inflammation and mucin production, causing damage to
Eustachian tube making it to swell-up and close, which traps the mucin being produced in
middle ear, which pushes against the eardrum making it very difficult for the infant to hear
properly, this has a huge impact on a child’s learning capability, as this is the learning stage in
a child’s life cycle. Both bacteria have been shown to produce beta-lactamase, which has led
to emergence of antibiotic resistance. Currently, there is no licenced vaccine for M. catarrhalis

and NTHi infections.

It’s well known that virulence factors are traits that contribute to bacterial pathogenicity, and
for many Gram-negative organisms lipopolysaccharide on the bacterial surface is a known
virulence factor. In-fact several studies have suggested that this cell surface glycan could
potentially be incorporated into vaccines to prevent infections by these bacteria. Therefore, the
aim of current study is to develop a novel vaccine using lipooligosaccharide of M. catarrhalis

and an outer membrane protein from NTHi.
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Sanjesh Singh, I. Darren Grice, lan R. Peak and Jennifer C. Wilson. Development of a novel
vaccine to treat middle ear infection in children and chronic obstructive pulmonary disease in
elderly.

Poster presentation. Gold Coast Health and Medical Research Conference, Australia, 2015.

Development of a novel vaccine to treat middle ear infection in Australian indigenous

children

Moraxella catarrhalis and Nontypeable Haemophilus influenzae are Gram-negative
microorganisms that are opportunistic respiratory tract pathogens responsible for 60% otitis
media cases in children and 4.2 million deaths globally as a result of chronic obstructive
pulmonary disease in adults. Both bacteria have been shown to produce beta-lactamase, which
has led to emergence of antibiotic resistance. Currently, there is no licenced vaccine for M.

catarrhalis and NTHi infections.

It is well known that virulence factors are traits that contribute to bacterial pathogenicity, and
for many Gram-negative organisms lipopolysaccharide on the bacterial surface is a known
virulence factor. In-fact several studies in the past decade have suggested that this cell surface

glycan could potentially be incorporated into vaccines to prevent infections by these bacteria.

The aim of study is to develop a novel vaccine using lipooligosaccharide of M. catarrhalis and

an outer membrane protein from NTHIi.

M. catarrhalis strain 2951/3292 wild-types and 29511gt1/4A, 3292/gt3A mutants were grown
and LOS isolated using the hot water/phenol extraction method. LOS was then O-deacylated
and linker incorporated. Transformed E-coli (consisting omp26VTAL gene from NTHi) was
expressed to produce rOMP26VTAL protein and purified using nickel-affinity chromatography.
M. catarrhalis LOS will then be separately conjugated to rOMP26VTAL protein and tested for
immunogenicity in the mouse pulmonary challenge model, complement mediated killing via

bactericidal assay and antigen-specific ELISAs to determine IgG level and cross reactivity.

To date LOS has been O-deacylated, linker incorporated and rOMP26VTAL expressed and
purified. The next step of project will be to conjugate the LOS to rOMP26VTAL. Three
subcutaneous immunizations using dLOS-rOMP26VTAL from 2951Igt1/4A is expected to elicit
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significant increases of serum immunoglobulin (Ig)G against M. catarrhalis LOS and NTHi in
mice with an adjuvant or without an adjuvant.

In conclusion, 2951Igtl/4AdLOS-rOMP26VTAL may act as a vaccine against most M.

catarrhalis and NTHi strains and therefore could be used for further in-vivo efficacy studies.
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