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ABSTRACT

The Bordetella genus contain primary colonizing bacteria of the mammalian

respiratory tract. Bordetella bind specifically to cilia and colonize the healthy conducting

airway epithelium. In this dissertation, I examine the following aspects of initial

Bordetella/ciliary binding: 1) the contribution of individual Bordetella virulence factors

to binding, 2) the identity of ciliary receptors for Bordetella, and 3) the contribution of

airway epithelial innate immune effectors in defense against Bordetella colonization.

Bordetella/host cell interactions are modeled using Bordetella bronchiseptica and ciliated

rabbit tracheal epithelial cells (RTEC) in a 240 second binding assay. B. bronchiseptica

expressing the full complement of virulence factors adhere directly to RTEC cilia. Using

single knockout strains of B. bronchiseptica in the ciliary binding assay. I show that the

virulence factors filamentous hemagglutinin (FHA), fimbriae, pertactin, and adenylate

cyclase-hemolysin (CyaA) contributed to ciliary binding, whereas dermonecrotic toxin,

FhaS and the type III secretion system did not. Additional B. bronchiseptica adherence

factors exist, as a strain that does not express FHA, fimbriae, pertactin or CyaA retained

ciliary binding activity. In an attempt to identify ciliary components for binding, B.

bronchiseptica bound cilia with greater affinity following enzymatic removal of terminal

sialic acid residues from RTEC cilia. Complementary experiments using the immobilized

glycocongugates GM1 and asialoGM1 suggest roles for FHA, and possibly fimbriae and

pertactin, in ciliary attachment to asialylated compounds. In attempts to identify airway

epithelial innate immune responses that limited ciliary attachment, I show that surfactant

protein A (SP-A) blocked B. bronchiseptica adherence to RTEC cilia and nitric oxide



11

(NO) inhibited B. bronchiseptica growth. To determine if B. bronchiseptica might

encounter NO during colonization, I developed a novel method to isolate ciliated cells

from the tracheal mucosa, and showed constitutive expression of iNOS mRNA in these

cells. In summary, I present data that further the understanding of initial

Bordetella/ciliary interaction and identify potential pathogen and host targets that may be

manipulated to alter Bordetella colonization of the airway.
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CHAPTER 1:
BACKGROUND AND LITERATURE REVIEW
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Introduction

The airway epithelium represents the largest epithelial surface in the body (~ 150

m2). The average adult inhales over 10,000 liters of air per day (272), exposing the

airway epithelium to a variety of particulates, including an estimated 40,000 colony

forming units of bacteria, fungi and molds (92). To maintain sterility in the distal lung,

the respiratory tract relies, in part, on the innate immune system; the component of

immunity encompassing a set of disease-resistance mechanisms activated independent of

pathogen-specific antigens. Included in airway innate immunity is mucociliary clearance

and an environment of host-cell secreted antimicrobial factors. Regulation of these innate

immune defenses is essential to maximize host defense. Compromise of any part of these

defenses can result in increased susceptibility to inhaled pathogens.

Despite the effectiveness of airway innate immunity, the primary colonizing

bacteria of the Bordetella genus have evolved mechanisms to establish infection in the

respiratory tract (176). Bordetella overcome the mucociliary clearance, in part, by

binding directly to airway cilia (98, 236) rendering ciliary motion ineffective. The studies

described here are aimed to better understand the initial interactions between Bordetella

and airway cilia, and specifically, the molecular factors that contribute to ciliary binding.

This includes identification and characterization of binding sites on the bacteria and their

cognate ciliary receptors, and elucidation of innate immune effectors that may alter this

interaction. Because Bordetella and other primary colonizing bacteria must overcome

these basic defenses to establish infection, the understanding of key molecular events

may present therapeutic target for disrupting airway colonization.
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The structure of the respiratory tract epithelium and how it contributes to innate

immunity

The respiratory tract can be subdivided into the conducting airway and the

respiratory airway. The respiratory airway is the site of gas exchange, and includes the

respiratory bronchioles, alveolar ducts, alveolar sacs and alveoli. The conducting portion

includes the air passages leading to sites of gas exchange, and consists of the nasal

cavities, nasopharynx, oropharynx, larynx, trachea, primary bronchi and bronchioles. The

conducting portion regulates the temperature and humidity of inspired air. Additionally,

the conducting airway provides an essential role in innate immunity by collecting and

removing inhaled particulate matter, including potential pathogens, thereby preventing

their access to the lower lung.

Crucial to the conducting airway innate immune function is its pseudostratified

ciliated columnar epithelium (respiratory epithelium), composed primarily of ciliated

cells and mucus-secreting (goblet) cells (234) (Fig 1.1). Like other epithelia, the

respiratory epithelium forms a barrier between the outside environment (airway lumen)

and inside the body (lung parenchyma). This barrier is maintained by cell – cell junctions

including tight junctions, gap junctions, intermediate junctions and desmosomes (194).

In addition to providing a barrier, the ciliated and mucus-secreting cells work to actively

remove potential antigens from the airway. Mucus-secreting cells of the airway surface

epithelium and the submucosal glands secrete the airway surface liquid (ASL) that

overlies the respiratory epithelium. ASL is continually removed from the airway through

the action of cilia expressed on the apical surface of ciliated cells. ASL acts as a filter,
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trapping inhaled dust, debris and microorganisms before they reach the lower lung (194).

ASL is composed of a viscous mucus layer and an underlying, less-viscous periciliary

layer (266). In healthy individuals, the mucus layer can be quite variable, with an

estimated depth of 2 – 20 µm (194). This layer contains a variety of carbohydrate

molecules that can bind and trap inhaled pathogens mediating their removal from the

airway by ciliary motion. The periciliary layer has an estimated depth of 5 – 10 µm in

healthy individuals (194), the same as the length of an individual cilium (170, 223). Cilia

project through the periciliary layer so that the tips just reach the mucus layer (Figure

1.1). The decreased viscosity of the periciliary layer compared to the mucus layer allows

full range of ciliary motion. Ciliary motion propels ASL up the respiratory tract to where

it is then removed by coughing or expulsed into the hypopharynx and swallowed. An

individual ciliated cell contains approximately 250 cilia (170, 223). These high numbers

of cilia per cell result in a concentration of more than 107 cilia per mm2 covering the

conducting airway surface (170).

The clearance of ASL by ciliary motion, or the mucociliary escalator, is powered

by coordination of individual cilium. Within the cilium, there is a central axoneme of

nine outer microtubule doublets surrounding a central pair of singlet microtubules in a

“9+2” arrangement (230) (Figure 1.2). The axoneme is anchored to a basal body of

microtubules at its site of cell attachment, and is covered by an extension of the cell

membrane. The microtubules, along with accessory dyneins and structural linkage

proteins, constitute the molecular motor capable of creating the ATP-dependent, bi-

directional cilia power-stroke (199).
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In addition to their contribution to the mucociliary escalator, ciliated and aciliated

cells of the upper airway epithelium also provide innate immune function through

secretion of multiple antimicrobial factors into the ASL. Respiratory secretions were first

noted to have antimicrobial activity in 1922 (78). Since then, epithelial-secreted factors

that have been shown to have antimicrobial activities have included a variety of

peptides/proteins (13, 221, 229, 250, 273), and reactive oxygen and nitrogen species (25,

73, 215). Because of the areas of research in this dissertation, an overview of the array of

antimicrobial factors in ASL will be discussed with emphasis placed on antimicrobial

roles of surfactant protein A (SP-A), SP-D and nitric oxide (NO).
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Peptide/protein antimicrobials produced by the respiratory epithelium

Multiple epithelial cell-produced protein and peptide factors have been

demonstrated to have an array of antimicrobial functions in the conducting airway. These

include, but are not limited to, lysozyme, lactoferrin, secretory leukoproteinase inhibitor

(SLPI), phospholipase A2 (PLA-2), the β-defensins, and the cathelicidins (13, 64, 221,

250). These peptides/proteins share in common the property of being cationic (9, 14, 80,

84, 122). Cationic peptides and proteins can mediate rapid bacterial killing by inserting

into and disrupting the anionic bacterial cell membrane (105). Many of these

antimicrobials have additional, unique innate immune activities. Lysozyme exhibits
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enzymatic lysis specific to the β1-4 glycosidic bond between the residues N-

acetylglucosamine and N-acetylmuramic acid (137). Lysozyme-mediated destruction of

these residues, which are common to bacterial cell wall peptidoglycan, results in lysis of

the bacteria (84). Lactoferrin is an iron-binding glycoprotein that sequesters free iron in

the ASL (35, 261). Because iron must be scavenged from the environment for respiratory

enzymes in bacteria, free iron is often a limiting environmental factor for bacterial growth

(203). Additional antimicrobials can contribute to airway immunity by interacting with

non-epithelial cells in the airway. For example, SLPI modulates inflammatory immune

cell function by inhibiting neutrophil-secreted elastase (85) and regulating macrophage

response to lipopolysaccharide (LPS) (136, 244), a major feature on the outer membrane

of all Gram-negative bacteria (24). β-defensins have been shown to be chemotactic

mediators involved in recruiting immature dendritic cells and memory T cells, thereby

linking innate and adaptive immunity (276). Together, these protein and peptide

antimicrobials exhibit a wide array of microbial targets, and a variety of antimicrobial

activities. Although individual antimicrobial activities may be limiting, their cooperative

antimicrobial effect maximizes host innate immune defense.

Surfactant protein A and surfactant protein D in airway epithelial host defense

Surfactant protein A (SP-A) and surfactant protein D (SP-D) are antimicrobials in

the collectin family named for their collagen-like calcium-dependent lectin domains (124,

125). The structure of SP-A and SP-D are highly complex (Figure 1.3). Each SP subunit

consists of four defined regions; a relatively short amino terminal non-collagenous cross-

linking domain, a collagen-like region of variable length, an α-helical coiled coil domain,
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and a carboxy-terminal globular region containing the carbohydrate recognition domain

(CRD) (272). Human SP-A has two alleles, SP-A1 and SP-A2, each encoding 26-35 kDa

proteins. The SP-A1 and SP-A2 alleles share 94% nucleotide and 96% amino acid

sequence homology (79, 142, 264). Two SP-A1 and one SP-A2 monomers form a trimer

that arranges with five other trimers to form a structure described as a “flower-bouquet”

(147). Unlike human SP-A, human SP-D is encoded by a single gene (57). Four trimers

of 43 kDa SP-D monomers assemble to form the final SP-D structure, described as a

cruciform-shaped dodecamer (57).
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Cells in both the respiratory and conducting airways produce SP-A and SP-D. In

the respiratory airway, SP-A and SP-D are synthesized and secreted by alveolar type II

(ATII) cells (147). In alveoli, SP-A and SP-D (along with surfactant proteins B and C)
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constitute the protein portion (10% by weight) of pulmonary surfactant (147). Pulmonary

surfactant is a mixture of phospholipids and proteins that reduces surface tension at the

air-epithelium interface in the alveoli (54). Based on studies comparing surfactant

composition in tracheal aspirates and bronchoalveolar lavage in a porcine model, it has

been hypothesized that ATII cells are the source of SP-A and SP-D in the upper airway

(22). However, SP-A mRNA and protein have been localized to human Clara cells (11,

34) and to human upper airway submucosal gland cells (225). This expression is

predominantly the SP-A2 protein, but lesser amounts of SP-A1 mRNA have also been

detected in adult human tracheal tissue (146). Additionally, SP-D mRNA and protein

have been localized to the rat bronchiolar epithelium (56). Both SP-A and SP-D are

therefore produced and present in the upper airway where they may interact with primary

colonizing bacteria such as Bordetella.

Knockout mouse models support the conclusion that SP-A and SP-D have

antimicrobial function in the lung. Mice that do not have the SP-A gene do not show a

lung respiratory function change (155), however, they have been shown to be less

effective in clearing infections of group B Streptococcus, Mycoplasma pulmonis,

Pseudomonas aeruginosa and Haemophilus influenza (121, 164-166). Unlike SP-A

knockout mice, SP-D knockout mice are altered in respiratory function and can develop

alveolar proteinosis and progressive emphysema (28, 156). Like the SP-A knockout mice,

SP-D knockout mice show altered antimicrobial activity due, in part, to diminished

capacity for bacterial phagocytosis by macrophages (166).
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SP-A and SP-D have multiple antimicrobial actions, some of which have been

extensively characterized in vitro. SP can act to modulate reactive oxygen and nitrogen

species production to maximize host defense and minimize damage to self from oxidative

stress. For example, SP-A has been shown to enhance production of NO following

Mycoplasma pneumoniae and M. pulmonis infection, but suppress NO production by

inhibiting TNF-α secretion and NF-κB activation in primed macrophages (120, 121,

127). Also, SP-A and SP-D binding to phagocytic cells can result in production of

cytokines and can link innate and adaptive immunity by signaling dendritic cells and T

cells (55). SP-A and SP-D binding to inflammatory cells can also result in opsonization

(i.e., the promotion of phagocytosis) by bridging receptors on phagocytic cells with

receptors on the bacterial surface (55). Activity of SP-A as an opsonin has been

demonstrated with multiple strains of bacteria, including Staphylococcus aureus,

Streptococcus pneumoniae, Mycobacterium tuberculosis, M. pulmonis, Escherichia coli,

P. aeuriginosa and Klebsiella pneumoniae (147, 154). The multifunctional nature of SP-

A and SP-D as antimicrobials described above confers multiple defenses in one molecule,

which makes these excellent innate effector molecules in the conducting airway.

Both SP-A and SP-D bind specific sites on the surfaces of a wide array of

microbes, including both Gram-negative and Gram-positive bacteria, viral, and fungal

pathogens. Binding to bacterial and viral pathogens usually occurs through the SP CRD

domain, although studies with the viral pathogen herpes simplex type-1 indicate that the

SP N-linked oligosaccharide may also mediate binding (255). The binding of the SP CRD

to Gram-negative bacteria is dependent, at least in part, on the structure of the bacterial
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lipopolysaccharide (LPS). LPS consists of a lipid A domain (endotoxin) and a core

oligosaccharide, and is characterized by the presence (smooth LPS) or absence (rough

LPS) of a terminal O-antigen. The SP-A CRD has specificity for rough LPS; SP-A will

interact with E. coli J5 (expressing rough LPS), but not E. coli O11 (expressing smooth

LPS) (204). Similarly, SP-A was unable to bind to or aggregate wild type strains of B.

pertussis or B. bronchiseptica, but could bind to mutant strains of either bacterium with

truncated LPS (232, 233). The SP-D CRD selectively binds Gram-negative bacteria

dependent upon LPS structure also. For example, the SP-D CRD will bind to stains such

as Klebsiella pneumoniae that contain mannose-rich repeating units in their LPS O-

antigen domain (140). As was observed with SP-A, SP-D did not bind wild type strains

of B. pertussis or B. bronchiseptica, but did bind the truncated LPS mutant strains. This

suggests that wild type Bordetella are resistant to some of the antimicrobial actions of

SP-A and SP-D (233).

As mentioned above, binding of the SP CRD to pathogen receptors can mediate

opsonization of the pathogen by phagocytic cells. Because of the multi-protein structure

of SPs (discussed above) SP binding can be to multiple bacteria and result in microbial

aggregation. Aggregations of microbes are more easily cleared by the mucociliary

escalator and recognized by the immune system. SP binding can enhance bacterial cell

wall permeability resulting in bacterial cell death (274). A study of the antiviral effects of

SP showed that SP-A can bind to influenza A virus via its sialic acid residues, and it was

concluded that this binding prevents the pathogen from adhering to the airway epithelium
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(21). In this dissertation, studies were performed to assess if SP-A could have a similar

antimicrobial effect on Bordetella by blocking this pathogen from adhering to host cells.

Nitric oxide as an airway antimicrobial molecule

In addition to peptide/protein antimicrobials, airway epithelial cells can produce

redox-active molecules to aid in innate immunity. Nitric oxide (NO) is a free radical with

an estimated half-life of five seconds in biological systems (26). Many antimicrobial

reactive oxygen species and reactive nitrogen species (ROS/RNS) reactants rely on the

presence of NO for their production (216, 269). Peroxynitrite (ONOO-), one of the most

potent antimicrobial in biological systems, is formed when NO interacts with O2
- (208).

ONOO- can go on to form nitrosoperoxycarbonate, which may generate the charged

radicals CO3
-• and NO2• (237). NO2• has been shown to cause oxidative damage to DNA

(138). Although several redox-active species can ultimately contribute to antimicrobial

effects in the airway, this dissertation will focus on NO and the production of NO.

Cellular nitric oxide is generated through the action of nitric oxide synthase

(NOS), which converts L-arginine to NO and L-citrulline (218). There are three isoforms

of NOS: endothelial (eNOS, also known as NOSIII) (205), neuronal (nNOS, also known

as NOSI) (29) and inducible (iNOS, also known as NOSII) (118, 241). All three NOS

isoforms are expressed by cells in the airway (152, 217). eNOS has been shown to be

present in human bronchial epithelial cells, ATII cells, and in nasal mucosa cells (143,

201, 235). nNOS has been localized to neuronal and non-neuronal cells in the airways of

humans and other animals, including airway nerves fibers, respiratory epithelial cells, and

endothelial cells of pulmonary arteries and veins (152, 171, 215). iNOS expression has
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been reported in many respiratory tract cell types in humans and other animals, including

ATII cells, lung fibroblasts, airway and vascular smooth muscle cells, airway epithelial

cells, endothelial cells, macrophages and neutrophils (72, 96, 201, 202, 217, 222, 259,

260). Therefore, cells along the airway have the capacity to produce NO via all three

NOS isoforms.

In addition to cell-specificity, NOS isoforms differ in their regulation and capacity

to produce NO in response to regulator signal. Two isoforms, eNOS and nNOS, are

constitutively produced in the cell and regulated by Ca2+/calmodulin (29, 81). In response

to change of intracellular Ca2+ concentrations, these isoforms produce femtomolar to

picomolar concentrations. Because Ca2+ changes tend to be short-lived (i.e., seconds to

minutes), NO production by these enzymes is equally transient. At these concentrations,

NO is typically involved in signaling physiological processes in the airway. In the

conducting airway, eNOS localized to the membrane at the base of cilia, has been shown

to signal changes in ciliary beat frequency (134, 275). Other signaling events in the

airway regulated by low level, short-lived NO signals include vasodilation and non-

adrenergic non-cholinergic nerve signaled bronchodilation (18, 69, 258).

Unlike the constitutively expressed NOS isoforms, iNOS activity is not limited by

cellular Ca2+ availability (43). This enzyme can catalyze production of NO in the

nanomolar range for extended periods of time (i.e., hours to days) (215). Under these

conditions, NO can act in host immune defense as an antimicrobial agent and modulator

of proinflammatory effects (215). Unlike eNOS and nNOS, iNOS is not constitutively

produced and is usually activated by a transcriptional signal. Potential inducers of iNOS
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include, but are not limited to, bacterial LPS and various inflammatory cytokines,

specifically IFN-γ, TNF-α, and IL-1β (190). Airway epithelial cells may have developed

mechanisms for continuous presence of iNOS enzyme for a rapid NO response to

offending pathogens. Continuous iNOS expression has been found in the human A549

ATII cell line, BEAS 2B bronchial epithelial cell line, and primary cultured bronchial

epithelial cells (10). Continuous presence of iNOS mRNA and protein have also been

demonstrated in the human airway epithelium in situ (102). However, it cannot be ruled

out that this continual presence is not an artifact of using cell lines or due to the presence

of cytokines in the airway milieu (103).

NO production can have both beneficial and detrimental effects in innate

immunity. On the beneficial side, NO can be a potent antimicrobial. Documented

mechanisms of bacterial killing by NO includes depletion of intracellular iron, inhibition

of several iron-containing enzymes important for mitochondrial respiration and DNA

synthesis, inactivation of ribonucleotide reductase, or direct deamination of DNA (193,

270). Indirect methods of innate immune modulation by NO include altering ASL

composition by signaling increased mucin secretion (3) and submucosal gland secretion

(191). In animal studies, iNOS knockout mice were shown to be more susceptible to B.

pertussis (36), indicative of a protective role for NO against this pathogen. On the

detrimental side, overproduction of NO in the airway can lead to ciliated cell damage. In

a model system to evaluate Bordetella effects on airway epithelium, it was shown that B.

pertussis tracheal cytotoxin (released from the bacterium during normal rebuilding of the

cell wall) and LPS act synergistically to activate iNOS expression in aciliated hamster
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tracheal epithelial cells (77). The subsequent high levels of NO produced by aciliated

cells can cause sloughing of ciliated epithelial cells, which has been associated with the

major pathology of airway epithelial cell damage that occurs during B. pertussis infection

(77).

Bordetella spp.

Members of the genus Bordetella are Gram-negative coccobacilli with a host

range that includes most mammals and birds. There are at least nine species of

Bordetella: B. avium; B.bronchiseptica; B. hinzii; B. holmeseii; human adapted B.

parapertussis (B. parapertussishu), ovine-adapted B. parapertussis (B. parapertussisov); B.

pertussis; B. petrii; and B. trematum.  Of these species, B. pertussis, B. parapertussishu, B.

parapertussisov, B. bronchiseptica and B. holmesii, have been associated with disease in

mammals (47, 176, 177). B. pertussis, the causative agent of pertussis (whooping cough),

is a strict human pathogen (47). B. parapertussishu can cause whooping cough-like

disease in humans, but the disease is generally less severe with a shorter duration (115).

B. bronchiseptica has the widest host range of these strains. This pathogen can cause

symptomatic or asymptomatic infection in dogs, pigs and rabbits (5). B. bronchiseptica is

becoming more recognized as an emerging problem in laboratory colonies of mice and

rats (20) and in humans with compromised immunity or continual exposure to the

pathogen (101, 271). B. holmesii has recently been isolated from the respiratory tract of

humans suffering with pertussis-like symptoms (247, 277), but remains the least

characterized of the Bordetella species that infect mammals. Although there is evidence

of several strains of Bordetella infecting humans, this dissertation will focus on B.
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pertussis as the primary human pathogen of this genus, and B. bronchiseptica as a model

organism for B. pertussis.

B. pertussis, the causative agent of whooping cough

B. pertussis is an endemic worldwide, infecting an estimated 20-40 million people

yearly with a 1% fatality rate (265). In the United States, the incidence of pertussis over

the past 25 years has increased steadily despite the availability of effective vaccines. In

2004, there were 18,957 diagnosed cases of pertussis reported, up from 10,670 in 2003

(38). The number of undiagnosed cases is estimated to far exceed those detected.

Epidemiological studies of adolescent and adult coughing illnesses and B. pertussis

positive serology estimate that the actual number of cases of pertussis in the United States

alone is between 800,000 and 3 million per year (40).

The clinical course of pertussis is subdivided into three stages that follow a 7-10

day asymptomatic incubation period and can last a total of 6-12 weeks or longer (176).

The first is the catarrhal stage, which lasts from 1-2 weeks. The clinical symptoms in the

catarrhal stage can include runny nose, sneezing, and a mild occasional cough. The

second is the paroxysmal stage, which lasts from 1-6 weeks. This stage is marked by

increased coughing, and can include debilitating spasmodic coughing episodes followed

by a forced inspiration. This inspiration is sometimes accompanied by a high-pitched

“whoop” sound from which the name whooping cough arose. The third stage is the

convalescent, or recovery, stage. This stage usually lasts from 2-3 weeks, and is marked

by the gradual decrease in coughing episodes. Pertussis is most severe in young children

and infants, particularly ones that have not been immunized (246, 256). Pertussis in
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adolescents and adults is generally less severe and may present as a persistent cough

lasting longer than one week that is indistinguishable from other infections in the upper

airway (39). Of concern, however, is that pertussis infections in adolescents and adults

creates a reservoir of undiagnosed infections that can spread to infants and young

children who are more susceptible to the disease (23, 59, 61).

The most effective method for controlling disease caused by B. pertussis is

vaccination. Whole cell vaccines for B. pertussis, a suspension of heat- and formalin-

inactivated bacteria, were developed in the mid-1930s and widespread use began in the

1940s (39). These vaccine programs initially decreased diagnosed cases of B. pertussis

infection in the United States by more than 98% (39). Concerns over the reactogenicity of

the whole cell B. pertussis vaccine led to the development of acellular pertussis vaccines.

These vaccines contain various combinations of purified, inactivated bacterial

components. Three acellular pertussis vaccines are currently available in the United

States for children under seven years of age. Two of these vaccines contain primarily

pertussis toxin (PT) and filamentous hemagglutinin (FHA), and the third vaccine contains

PT, FHA, pertactin, and fimbriae types 2 and 3 (42). These acellular pertussis vaccines

are distributed in combination with the diptheria and tetanus vaccines (DTaP vaccine). In

2005, two acellular pertussis vaccines were approved for use in adolescents and adults

(41). The Global Pertussis Initiative has since recommended the use of acellular pertussis

vaccines for both adolescents and adults (245).

Bordetella has no known environmental reservoir (47). Spread of Bordetella

occurs only through direct contact with respiratory droplets or airborne droplets from
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respiratory secretions of infected persons (37). The major site of Bordetella colonization

is the conducting airway cilia. Bordetella pathogenesis involves ciliary adherence

followed by ciliary dyskinesis (loss of ciliary coordination) and eventual ciliostasis (loss

of ciliary motion) (19). Ciliostasis is followed by epithelial damage, including loss of

ciliated cells from the epithelium (7). Without ciliary beat, ASL accumulates on the

surface of the upper airway. This inability to clear airway mucus through the mucociliary

escalator contributes to the coughing pathology of the disease (37). However, the cough

lasts for a longer duration than would be expected for repair of local tissue damage,

indicative of additional action by the bacterium resulting in cough (176).

B. bronchiseptica as a model organism for B. pertussis

Humans are the only known natural host for B. pertussis (47). Although animal

models (e.g., mouse) have been developed for use with B. pertussis, these models

typically require extremely high numbers of bacteria to force colonization and infection.

This has led to concerns over the validity of such animal models in replicating B.

pertussis/host interactions. As an alternative, the animal pathogen B. bronchiseptica has

been used with natural host animals to better model infection. It has been argued that B.

bronchiseptica can be used as an appropriate model organism for the study of B. pertussis

for several reasons. Direct comparisons of the completed genome sequences of

representative strains of B. pertussis, B. parapertussishu and B. bronchiseptica have led to

the suggestion that these three strains arose from a common B. bronchiseptica-like

ancestor (174, 200). B. pertussis and B. parapertussishu are thought to have arisen from B.

bronchiseptica separately, with B. parapertussishu arising much more recently than B.
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pertussis (65, 200). B. bronchiseptica shares in common with B. pertussis and B.

parapertussishu high sequence similarity and almost identical two-component virulence

control systems (described below) (200). Although similar in their molecular machinery,

the ability of B. bronchiseptica to colonize a variety of mammals presents the opportunity

to study Bordetella pathogenesis in vivo with a natural host or in vitro using primary

cultured airway cells from a natural host. These characteristics of B. bronchiseptica make

it a suitable model for the study of B. pertussis.

Virulence control in Bordetella

B. pertussis, B. parapertussis, and B. bronchiseptica exhibit phenotypic

modulation, or the ability to switch between different phenotypic states during their life

cycles. One example of phenotypic modulation in Bordetella is between virulent and

avirulent phases. This switch is controlled by the Bordetella virulence gene

Activator/Sensor (BvgAS) system, a two-component signal transduction system (262).

Two-component signal transduction systems are common to many bacteria as

mechanisms to signal responses to environmental changes (123). The two-component

system was so named because it involves a sensor protein and a response regulator

protein. The sensor protein is a kinase that autophosphorylates in response to

environmental cues. The sensor protein then phosphorylates the response regulator

protein, which is then competent to alter transcription via its DNA binding capability.

BvgAS is a sophisticated two-component signal transduction pathway that involves a

four-step His-Asp-His-Asp phosphorelay (5, 46). The BvgAS sensor protein, BvgS, is an

integral membrane protein in the cytoplasmic membrane of the bacterium. The BvgAS
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response regulator protein, BvgA, remains in the bacterial cytoplasm. Both BvgS and

BvgA function as dimers. When positively activated by environmental signals at its N-

teminal domain, each BvgS monomer will transfer a phosphate group from donor ATP to

histidine 729 on the opposing BvgS monomer. Phosphate transfer continues to aspartic

acid 1023 and then to histidine 1172 on the C-terminal end of BvgS, and is ultimately

transferred to aspartic acid 54 on the receiver domain of BvgA. BvgA is then competent

to activate and/or repress gene transcription (15). When the system is active, the bacteria

are said to be in the Bvg+ or virulent phase. Conversely, when the system is inactive, the

bacteria are said to be in the Bvg- or avirulent phase. In addition to the Bvg+ and Bvg-

states, an intermediate phase (Bvgi) has been proposed for B. pertussis (161) and later

described further in B. bronchiseptica (49). The presence of at least three Bvg phases

suggests that the BvgAS system functions as a “rheostat”, rather than an “on / off”

switch, regulating discrete changes in BvgAS-controlled protein expression patterns

dependent on the level of signal in the environment. The purpose of this complexity is not

fully understood but presumably enhances the ability of Bordetella to survive in changing

environments, possibly even micro-environmental changes of the host during infection

(46).

In the laboratory, phenotypic modulation can be controlled by culture conditions.

Wild type B. bronchiseptica (RB50) is in the Bvg- phase when cultured at < 26°C or in

the presence of ≥ 4 mM nicotinic acid or ≥ 40 mM MgSO4 (181, 182). Culturing RB50 at

37°C in absence of these chemicals biases the bacteria to grow predominately in the Bvg+

phase (181, 182). The Bvgi phase can be induced by growth in the presence of nicotinic
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acid or MgSO4 at lesser concentrations than needed to induce the Bvg- phase (240).

Activation of the Bvg+ phase is required for successful colonization of the airway (48,

173, 186). The purpose of the Bvg- and Bvgi phases in natural infection in unknown,

although it has been suggested that the Bvg- phase is important for survival outside of the

host (48) and the Bvgi phase is important in transmission (63). Unfortunately, Bordetella

have not been isolated outside of the host and thus, these hypotheses remain untested.

Independent of the exact functions of the Bvg phases, much progress has been

made in defining protein expression changes in each phase. In the Bvg+ phase, Bordetella

expresses virulence-associated gene (vag) loci and represses virulence-repressed gene

(vrg) loci (6, 150). Vag loci that are shared between B. pertussis, B. parapertussis and B.

bronchiseptica include the bvgAS genes. In the Bvg- phase, BvgA levels in the bacterium

are low. Expression of BvgA increases steadily following activation of the Bvg+ phase,

reaching threshold levels required for activating expression of other vag loci. Other vag

loci shared by Bordetella include factors associated in host-cell adherence (adhesins) and

factors characterized as having toxic effects on host cells (toxins), each of which are

expressed as the levels of BvgA are increased (45). Notable species-specific vag

differences are the type III secretion system (TTSS; a system whereby bacteria can

“inject” effector proteins directly into the host cell cytoplasm) (88) and pertussis toxin

(176). Although B. pertussis, B. parapertussis, and B. bronchiseptica share genes that

encode TTSS-related factors, a functional TTSS appears to be limited to B.

bronchiseptica and certain sub-strains of B. pertussis and B. parapertussis (278). B.

pertussis is the only Bordetella strain that expresses pertussis toxin, although defective
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copies of this vag loci exist in at least some strains of B. parapertussis and B.

bronchiseptica (8). The vrg loci encode multiple outer membrane and secreted proteins

(in B. pertussis) and genes for flagella (in B. bronchiseptica) (6, 93). The Bvgi phase is

the least characterized of the three defined phases in Bordetella. In this phase, Bordetella

expresses a subset of vag associated proteins as well as novel proteins – the Bordetella

intermediate protein A (BipA) has been shown to be maximally expressed in the Bvgi

phase (49). Proteins under the vrg loci continue to be repressed in the Bvgi phase. In this

dissertation, focus will be placed on the contribution of various Bordetella virulence

factors in host cell adherence.

Bordetella adherence

As stated above, Bvg+ phase Bordetella bind specifically to the cilia of ciliated

respiratory epithelial cells (98). The ability of the Bordetella to bind cilia in the Bvg+

phase is attributable to presence of BvgAS regulated surface adhesins (263). Expression

of multiple adhesins by a bacterium may maximize host-binding efficiency and

contribute to niche specificity and modulation of host immune response. Bordetella

express multiple adhesins that may act individually, redundantly, and/or synergistically to

bind tightly to airway cilia. Understanding the structure and function of these multiple

adhesins may identify potential targets for preventing attachment thereby preventing

disease. The three adhesins most commonly associated with Bordetella adhesion are

FHA, pertactin and fimbriae (168). Virulence factors designated as toxins, such as CyaA,

have also been implicated in mediating host-cell attachment (94, 252). These four

virulence factors are discussed in greater detail below.
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Filamentous hemagglutinin (FHA)

FHA is often discussed as the “primary” adhesin expressed by B. pertussis and B.

bronchiseptica (169, 211). It is a highly immunogenic molecule encoded by the fhaB

gene (133), which is expressed maximally in both the Bvg+ and Bvgi phases (176). FHA

is synthesized as a precursor of 367 kDa (FhaB), which is exported to the outer

membrane by a two-partner secretion (TPS) pathway (132). FhaB is one of the partners in

this secretion pathway. This protein first passes through the inner bacterial membrane

through the Sec (for secretion) protein machinery (67). FhaC, encoded by fhaC, is the

second partner in this TPS pathway. It forms a channel that acts to translocate FhaB

across the outer bacterial membrane (100, 131). FhaB undergoes proteolytic processing at

both its N-terminal and C-terminal ends resulting in the 220 kDa mature, hairpin shaped

FHA. FHA can be released from the surface of B. pertussis by the action of SphB1, a

subtilisin-like autotransporter/protease (51, 52), but can also remain attached to the

bacterial outer membrane (212). FHA is released in greater amounts by B. pertussis than

by B. bronchiseptica (133). Further studies need to be performed to determine if the

differential retention of surface FHA on B. pertussis versus B. bronchiseptica contributes

to the different host-specificities of these two pathogens.

Bordetella FHA includes at least three distinct attachment domains. An Arg-Gly-

Asp (RGD) sequence mediates adherence to the leukocyte response integrin/integrin-

associated protein on monocytes/macrophages (210, 211), and to very late antigen 5 on

epithelial cells (129). A carbohydrate recognition domain (CRD) mapped to residues

1141 to 1279 (207), has been suggested to contribute to binding to ciliated respiratory
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epithelial cells as well as to macrophages in vitro (207, 251). FHA also contains a

heparin-binding domain, which has lectin-like activity for heparin and other sulfated

carbohydrates (106, 185). A fourth binding domain in FHA for CR3 has been

hypothesized, but has yet to be localized within this adhesin (210).

The roles for FHA in binding by B. pertussis and B. bronchiseptica have been

demonstrated in cell culture and animal studies. When fhaB is deleted in B. pertussis,

there is decreased adherence to Chinese hamster ovary (CHO) cells and ciliated

respiratory cells (211). FHA appears to be involved in attachment of B. pertussis to WiDr

cells, an epithelium-like human intestinal carcinoma cell line (253). FHA is necessary

and sufficient for adherence of B. bronchiseptica to L2 rat lung epithelial cells, and is

absolutely required, but not sufficient for tracheal colonization in healthy, unanesthetized

rats (50). Studies of the role of FHA in B. pertussis infection in vivo have been difficult to

interpret due to use of non-natural host models and conflicting results. Separate studies

have reported both decreases in the ability of fhaB knockout B. pertussis strains to

colonize the tracheas of mice (149, 189) as well as no difference between fhaB knockout

strains and wild type in lung colonization (91, 145). Development of a model system

measuring binding by an fhaB knockout strain of B. pertussis to cultured human ciliated

airway cells may aid in understanding the role of FHA in initial host binding.

Fimbriae

Fimbriae are long, filamentous proteinaceous structures common to most Gram-

negative pathogenic bacteria (231). In Bordetella, fimbriae are regulated by the BvgAS

system, with maximal expression occurring in the Bvg+ phase. The fimbrial structure is
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composed of a major and minor subunit. There are at least five serotypes of the major

fimbrial subunit, Fim2, Fim3, FimX, FimA and FimN, encoded by genes of the same

designations (27, 141, 167, 189, 214).  Fim2 and Fim3 are the predominant fimbrial

serotypes expressed by B. pertussis, B. parapertussis and B. bronchiseptica (177). There

are modest differences in expression patterns of the other major fimbrial subunits

between these three Bordetella species (176). FimX is expressed at low levels by B.

pertussis and B. bronchiseptica (214), FimN is expressed by B. bronchiseptica and B.

parapertussishu (141) and FimA is expressed by B. bronchiseptica and B. parapertussishu

with a truncated form present in B. pertussis (27).  The fimbriae major subunits can be

expressed together and in any combination. The minor fimbrial subunit FimD, encoded

by the fimD gene, forms the tip on each fimbrial serotype in each of these three

Bordetella species (267).

Bordetella fimbriae mediated binding may occur through either the major or

minor fimbrial subunits. The heparin-binding domain of Fim2, a major fimbrial subunit

of B. pertussis is sufficient for binding to isolated sulfated sugars including heparan

sulfate, chondroitin sulfate and dextran sulfate (87). FimD has been shown to be

important in fimbriae binding to monocytes via the very late antigen-5 (112) and less so

to neutrophils (111), although specific binding domains with FimD remain unidentified.

Fimbriae deficient strains of Bordetella have been used to study the role of this

factor in binding. Fim- strains of B. pertussis have been shown to be defective in the

ability to persist in the nasopharynx and trachea of mice (86, 189).  Similarly, a Fim-

strain of B. bronchiseptica was less efficient in colonizing the rat and mouse trachea and
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was unable to persist in the trachea of the rat and mouse model system (178). However,

when tested in vitro, the Fim- strain of B. bronchiseptica bound human laryngeal HEp-2

cells similar to wild type (178). The role of fimbriae in initial binding to cilia of the

conducting airway epithelium has not been studied previously.

Pertactin

Pertactin is another Bvg+ surface factor expressed by all mammalian Bordetella

that has been studied for its importance in host cell adherence. Pertactin is an

autotransporter; it directs the export of its N-terminal passenger domain region to the

outer bacterial membrane via its C-terminal β-barrel region (117). There are slight

differences in molecular size of pertactin in different Bordetella spp.; 68 kDa in B.

bronchiseptica, 69 kDa in B. pertussis and 70 kDa in B. parapertussis (32, 188, 195).

Pertactin contains multiple motifs with potential roles in binding, including an RGD

sequence, several proline-rich regions and leucine-rich repeats (70). Attachment of

purified pertactin to CHO cells is through its RGD sequence (163). Proline-rich regions

are implicated in rapid, albeit weak, protein interactions (268) and leucine-rich repeats

can also be involved in protein-protein interactions (71). Pertactin has yet to be directly

implicated in mediating Bordetella binding to host conducting airway epithelial cell cilia.

Adenylate cyclase-hemolysin toxin (CyaA)

CyaA is a bifunctional, calcium dependent, pore forming cytotoxin encoded by

the cyaA gene and expressed by B. pertussis, B. parapertussis, and B. bronchiseptica

maximally in the Bvg+ phase (89). Unlike FHA, CyaA is not expressed in the Bvgi phase

due to a low-affinity BvgAS binding site in its promoter region (176). Activation of
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CyaA requires expression of an additional protein, CyaC (16). Initially, CyaA is encoded

as a protoxin monomer of 1,706 amino acids. CyaC activates the protoxin by catalyzing

the palmitoylation of lysine-983 in CyaA (104). The majority of CyaA produced by B.

pertussis remains attached to the bacterial surface, possibly mediated by interaction with

surface FHA (279). The hemolytic activity of the toxin is contained in the C-terminal

1,300 amino acids of the toxin (17). This domain also functions as a transporter to deliver

the 400 amino acid N-terminal catalytic portion into the cytoplasm of eukaryotic host

cells (119). Once inside, the N-terminal portion of CyaA catalyzes production of cAMP

from ATP, resulting in an uncontrolled buildup of cAMP in the host cell, and the

resulting toxic activity of CyaA (44, 107).

Most studies on CyaA focus on the effects of the toxin after it is released from the

bacterium, however, there is evidence that the toxin may also function in initial

attachment. CyaA has been shown to bind directly to erythrocytes (94), and is required

for initiation of B. pertussis infection in infant mice (91). Although there is evidence that

CyaA may function in initial attachment, the role of this toxin in initial ciliary-specific

binding events remains unclear.

Additional potential adhesins expressed by Bordetella

Although FHA, fimbriae, pertactin and CyaA are the most extensively studied

adhesins of Bordetella, the potential for other surface factors contributing to Bordetella

binding remains. In unpublished studies, a mutant B. bronchiseptica strain deficient in

FHA, fimbriae, pertactin and CyaA (quadruple mutant RB71) has been developed.

Despite the loss of all of the characterized adhesins, this mutant was still able to colonize
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the nasal epithelium of rats (175), strongly suggesting the presence of additional adhesins

on Bordetella that can bind to cilia to overcome the mucociliary escalator.

Additional adhesins in Bordetella may be previously identified Bvg+ regulated

factors with unknown functions or Bvg+ regulated factors that have yet to be identified.

Candidate Bvg+ phase Bordetella factors that may contribute to colonization in the

absence of FHA, fimbriae, pertactin and CyaA include dermonecrotic toxin (DNT), LPS,

the TTS system, and FHA-like protein FhaS. DNT has been linked to ciliary binding by a

Bordetella strain that does not colonize mammals (B. avium) (248), and a strain of B.

bronchiseptica that does not express DNT differentially colonized swine airways (33).

LPS has not been linked to Bordetella adherence, but its hydrophobic nature has been

implicated in host cell attachment by Legionella pneumophila, a pathogen of the lower

respiratory tract (151, 249). The structural apparatus of the TTS system must interact

with host cell membranes to mediate delivery of TTS effector molecules into the host cell

cytoplasm (88). It is unknown if this may also act in initial attachment by Bordetella to

airway cilia. FhaS is a recently described Bordetella protein with sequence homology to

FHA (139). This protein does not appear to be involved in binding to L2 cells, but its role

in ciliary attachment has not been tested. Studies presented in this dissertation examine

ciliary binding contribution of many of these alternative Bordetella adhesins.

Host cell receptors for Bordetella binding

Studies to identify host cell receptors for Bordetella and specific Bordetella

adhesins have focused largely on receptors present on immune cells. For the purposes of

this dissertation, focus will be placed on studies that have examined Bordetella receptors
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that can be found on airway epithelial cell cilia, the first cellular contact point for

Bordetella in the airway. Three initial categories of potential Bordetella ciliary receptors

are 1) sialic acid and sialic acid containing glycoconjugates, 2) asialyated

glycoconjugates, and 3) sulfated sugars. Supportive of sialic acid and sialic acid-

containing glycoconjugates as receptors, B. bronchiseptica binding to suspended swine

epithelial cells in a 30 minute co-incubation experiment was significantly out-competed

by exogenous sialic acid (130). Neuraminidase treatment of swine nasal epithelial cell, to

cleave terminal sialic acid residues from cell surface glycoconjugates, enhanced B.

bronchiseptica binding (130). In contrast, a study measuring interactions between

glycoconjugates extracted from human ciliary membranes and B. pertussis showed that

binding was not enhanced following neuraminidase treatment (251). B. pertussis bound

with higher affinity to isolated asialyated glycolipids (e.g., asialoGM1) than to sialic-acid

containing glycolipids (e.g., GM1) (31). The oligosaccharide sequence of asialoGM1

contains a GalNAcβ1-4Gal linkage, which has been shown previously to be a receptor for

binding by the respiratory pathogens P. aeruginosa, H. influenzae, S. aureus, S.

pneumoniae, and K. pneumoniae (159). GM1 contains a GalNAcβ1-4Gal linkage also,

but it is occluded by the presence of an N-acetylneuraminic acid (NAN; a sialic acid)

residue linked to the galactose of this linkage. The role of asialyated gangliosides as

receptors for Bordetella binding warrants further study.

Supportive of sulfated sugars as binding sites for Bordetella attachment, B.

pertussis binding to WiDr human adenocarcinoma cells was out-competed by the sulfated

sugars dextran sulfate, heparin, fucoidan, and D-galactose 6-sulfate and to hamster
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trachea cells by dextran sulfate (31). Binding to WiDr or hamster trachea cells was not

inhibited by non-sulfated sugars such as dextran (31). Binding of purified FHA to

Chinese hamster ovary cells was inhibited by heparin, fucoidan, and dextran sulfate, but

not by cellobiose, lactose, galactose or dextran (184, 185). The major subunit of B.

pertussis fimbriae was found to bind to sulfated sugars dextran sulfate, chondroitin

sulfate, and heparan sulfate (87). This subunit did not adhere to dextran (87). These

studies were performed on systems that may not accurately model the initial

host/pathogen interaction between Bordetella and respiratory cilia. For example, binding

protocols in these studies did not discriminate between binding to ciliated verses aciliated

cell surfaces (130) or required extended periods (≥ 3 hrs) of host cell/bacteria co-

incubations (31, 251). Experiments presented in this dissertation examined ciliary-

specific B. bronchiseptica receptors using a ciliated cell model during initial

host/pathogen interactions (< 5 min).

Modeling initial interactions between Bordetella and airway epithelial cell cilia

The majority of prior studies of the attachment properties of Bordetella have

focused on attachment to immune or aciliated cell lines over extended incubations.

However, during the natural progression of infection in the host airway, Bordetella likely

have limited time to interact with and overcome the beating cilia of the airway

epithelium. Primary cultures of rabbit tracheal epithelial cells (RTEC) provide a model of

upper airway epithelial cells that retain expression of motile cilia in a monolayer culture

(66). This culture system provides many advantages for studying initial bacteria/ciliary

interactions. The rabbit is a natural host for B. bronchiseptica, and thus can mimic the



44

natural adhesin/receptor interactions that occur during colonization. Simple replacement

of RTEC culture media with a bacterial suspension allows for natural contact between the

bacteria and host cell cilia (i.e., unlike most in vitro studies, attachment not forced by

centrifuging the bacteria onto the host cell). Using videomicroscopy techniques, direct

attachment of bacteria to cilia can be visualized and enumerated to determine levels of

attachment to host cells (Figure 1.4).

Previous studies have employed the RTEC culture model for studying ciliary beat

frequency and cell-cell communication (98, 227, 228). Initial studies adding B.

bronchiseptica to RTEC cultures showed that wild type B. bronchiseptica grown in Bvg+

phase conditions attached specifically to the upper third of the RTEC cilium within 2 – 8

min of co-incubation (97, 98) (Figure 1.4). The wild type strain that was used in these
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initial studies was RB50. RB50 was isolated from a naturally infected rabbit (48).

Several mutant derivations of RB50 have been developed that are altered in virulence

factor expression (Table 1.1).

TABLE 1.1.  Bordetella bronchiseptica strains used in these studies*

Strain Genotype Comments Ref
RB50 Wt Wild type isolate from rabbit nares; can

switch between Bvg+/Bvg- dependent on
environmental conditions

(48)

RB53 bvgS-C3 A single base pair change in bvgS that results
in a phase-locked Bvg+ strain independent of
growth conditions

(48)

RB54 ∆bvgS A 1.4kb deletion in bvgS that results in a
phase-locked Bvg- strain independent of
growth conditions

(48)

RB57 ∆bvgS,
∆flaA

Bvg- phase locked that additionally does not
express flagella

(4)

DF8 ∆bvgS,
∆flaA, fhaBr,
fhaCr

Bvg- phase locked lacking flagella that
ectopically expresses FHA

(50)

RBX9 ∆fhaB Does not express filamentous hemagglutinin
(FHA)

(50)

RBX11 ΔfhaS Does not express FhaS (139)
SP5 ∆prn Does not express pertactin Chapter 2
RB63 ∆fim Does not express fimbrial adhesin (178)
RB58 ∆cyaA Does not express adenylate cyclase-

hemolysin (CyaA) toxin
(108)

50∆dnt ∆dnt Does not express dermonecrotic toxin (DNT) (197)
RB71 ΔfhaB, Δfim,

Δprn, ΔcyaA
Does not express filamentous hemagglutinin
(FHA), fimbriae, pertactin, or adenylate
cyclase-hemolysin (CyaA) toxin

(175)

WD3 ΔbscN Does not express a functional type III
secretion (TTS) system

(278)

ΔbtrS ΔbtrS Does not express a functional TTS system (179)
*All strains used in this study are derivatives of RB50
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By comparing binding of mutant strains to RTEC cilia, the role of missing/ectopic

virulence factors in the initial host/pathogen binding event can be evaluated. This system

can be further modified by addition of other factors to the co-incubation experiment, or

preconditioning of host and/or bacterial cells under a variety of conditions, to assay

blockers of adherence or potential ciliary receptors for B. bronchiseptica binding. The

RTEC / B. bronchiseptica model provides a system for further elucidating 1) B.

bronchiseptica factors required for initial adherence to airway cilia, 2) ciliary receptors

for B. bronchiseptica binding, 3) roles for conducting airway SP and NO in

preventing/limiting B. bronchiseptica binding to airway cilia.
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CHAPTER 2:
BORDETELLA BRONCHISEPTICA ADHERENCE TO CILIA IS MEDIATED BY

MULTIPLE ADHESIN FACTORS AND BLOCKED BY SURFACTANT
PROTEIN A

Author’s Note: Chapter 2 has been published in Infection and Immunity, Volume 73,
Pages 3618 – 3626, 2005, and was authored by J. A. Edwards, N. G. Groathouse, and S.
Boitano. This Chapter has been formatted to comply with dissertation formatting
requirements, but otherwise remains the same as the published manuscript. The authors
acknowledge Drs. Jeffery F. Miller, Peggy A. Cotter, Seema Mattoo, Jeanne M. Snyder
and Rebecca E. Oberley for their kind gifts of bacterial mutants and SP-A that made this
work possible. We thank Peggy McCuskey for her expertise in scanning electron
microscopy, Anders Omsland and Dr. Seema Mattoo for their critical reading of the
manuscript, and Dr. Robert A. Heinzen for his help in setting up the binding assay. This
work was supported by NIH grants HL64039 and P30ES06694, and an award through
The University of Arizona Institute for Collaborative Research (BIO5).
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SUMMARY

In the virulent state (Bvg+), Bordetella bronchiseptica expresses adhesins and

toxins that mediate adherence to the upper airway epithelium, an essential early step in

pathogenesis. In this study we used a rabbit tracheal epithelial cell binding assay to test

how specific host or pathogen factors contributed to ciliary binding. The host

antimicrobial agent surfactant protein A (SP-A) effectively reduced ciliary binding by

Bvg+ B. bronchiseptica. To evaluate relative contributions of bacterial adhesins and

toxins to ciliary binding, we used mutant strains of B. bronchiseptica in the binding

assay. When compared to Bvg+ or Bvg- phase-locked B. bronchiseptica strains, single

knockout strains lacking one of the known adhesins (filamentous hemagglutinin,

pertactin, or fimbriae) displayed an intermediate ciliary binding capacity throughout the

co-incubation. A B. bronchiseptica strain deficient in adenylate cyclase-hemolysin toxin

also displayed an intermediate level of adherence between Bvg+ and Bvg- strains and had

the lowest ciliary affinity of any of the Bvg+ phase strains tested. A B. bronchiseptica

strain that was missing dermonecrotic toxin also displayed intermediate binding,

however, this strain displayed significantly higher ciliary binding than most of the

adhesin knockouts tested. Taken together, these findings suggest that virulent state B.

bronchiseptica express multiple adhesins with overlapping contributions to ciliary

adhesion and host production of SP-A can provide innate immunity by blocking bacterial

adherence to the ciliated epithelium.
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INTRODUCTION

Members of the genus Bordetella are gram-negative coccobacilli that can cause

respiratory disease in humans and other mammals and include B. pertussis, B.

parapertussis, and B. bronchiseptica. B. pertussis is a strict human pathogen and is the

causative agent of pertussis (whooping cough), a disease that remains endemic in adult

populations despite extensive vaccination programs initiated in the 1940s (39).

Subspecies of B. parapertussis cause a milder pertussis-like disease in humans (115) but

have also been associated with non-human disease (206). B. bronchiseptica infects a wide

range of four legged mammals and results predominantly in asymptomatic infections

although cases of symptomatic disease such as atrophic rhinitis in swine, kennel cough in

dogs, and snuffles in rabbits have been well documented (90). Despite their varied host

range, recent sequencing of B. pertussis, B. parapertussis, and B. bronchiseptica has

shown a high conservation of the pathogenic machinery possibly derived from a single B.

bronchiseptica-like ancestor (200). All three strains express highly similar virulent

protein profiles under the control of the Bordetella virulence gene Activator/Sensor two-

component signal transduction system (BvgAS) (262). Activation of the virulent (Bvg+)

phase is required for successful colonization of the respiratory tract (48, 173, 186).

The conducting airway is protected by an epithelium that provides a physical

barrier between respired air and the underlying tissue of the upper respiratory tract. The

epithelium generates a “mucociliary escalator” to clear particulate materials, including

pathogenic bacteria, from the airway and keep them from reaching the lower lungs (213).

The innate immune function of the conducting airway is further complemented by
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secretion of several antimicrobial molecules that include collectins such as surfactant

proteins A and D (SP-A, SP-D) (58). During successful colonization of the mammalian

respiratory tract, Bordetella overcome or evade these and other early innate immune

defenses, in part by directly binding to the cilia of the respiratory epithelium (187, 236).

Following access of the bacteria to the upper airway, Bordetella can mediate and

maintain ciliary adherence via redundant and/or sequential interactions between bacterial

attachment molecules and the host cell cilia. Such factors implicated in host-cell

attachment and subsequent colonization include filamentous hemagglutinin (FHA),

pertactin, fimbriae, and adenylate cyclase-hemolysin (CyaA) toxin (168). These

molecules have been studied both in vitro and in vivo to assess their contribution as

adhesins and their ability to contribute to colonization of the upper respiratory tract. FHA

from B. pertussis has been shown to contribute to human ciliated cell binding (251, 252)

and aciliated cell binding (185, 207, 254). FHA from B. bronchiseptica has been shown

to mediate binding to L2 cells (226) and to be necessary, but not sufficient, for

colonization of rat trachea (50). Pertactin can contribute to the binding of B. pertussis to

CHO (163) or HEp-2 cell lines (254) and has a crystal structure that shows a variety of

candidate protein binding sites (70). Fimbriae can contribute to B. pertussis binding to

monocytes (111, 112) and to HEp-2 cells (254). CyaA protein can directly bind to

erythrocytes (94), and loss of cyaA from B. pertussis can reduce attachment to human

ciliated cells (252). A B. bronchiseptica strain that does not express dermonecrotic toxin

(DNT) has been shown to differentially colonize swine airways (33). DNT has been

suggested to alter ciliary binding in B. avium (248), and we have recently discovered that
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DNT can alter expression of a B. bronchiseptica fimbrial adhesin (198), suggesting a

contribution to B. bronchiseptica pathogenesis through host cell adhesion.

Despite evidence for each of the proteins above to contribute to adhesion, many of

these studies discussed above have focused on binding to aciliated cells or ciliated cells

following a lengthy exposure time (e.g., 30 min to 3 h); it remains unclear if any of these

proteins directly contribute to ciliary binding in an effort to overcome mucociliary

defense. In this study we used primary cultured rabbit tracheal epithelial cells (RTEC) as

a model for ciliated respiratory epithelium from a natural host of B. bronchiseptica and

measured the ability of B. bronchiseptica strains deficient in individual adhesins and/or

toxins to directly bind to cilia on a time scale (< 5 min) consistent with overcoming

mucociliary defense (98). We show that loss of known individual adhesins (FHA,

pertactin, or fimbriae) or toxins (CyaA, DNT) reduced ciliary attachment when compared

to Bvg+ strains, but remained significantly higher when compared to Bvg- strains. We

also measured the ability of the collectin SP-A to inhibit binding by the phase-locked

Bvg+ strain of B. bronchiseptica. These studies represent the first comparative

examination of adherence by single adhesin or toxin knockout strains of B.

bronchiseptica to ciliary binding of natural host cells and identify a role for a host protein

that can disrupt this event.
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MATERIALS AND METHODS

Materials. Dulbecco’s Modified Eagle Medium, fetal bovine serum (FBS),

Hanks’ Balanced Salt Solution, and antibiotic-antimycotic (AA; penicillin, streptomycin,

and amphotericin B) were obtained from Invitrogen (Carlsbad, CA). Bordet Gengou

blood agar plates were obtained from Becton, Dickinson and Company (Franklin Lakes,

NJ). B. bronchiseptica strains were gifts from Drs. Peggy A. Cotter (University of

California, Santa Barbara), Seema Mattoo (University of California, Los Angeles) and

Jeffery F. Miller (University of California, Los Angeles). Human surfactant protein A

was a gift from Drs. Jeanne M. Snyder and Rebecca E. Oberley (University of Iowa).

Bacterial strains and growth conditions. B. bronchiseptica strains used in this

study are described in Table 1. Wild type strain RB50 was isolated from a naturally

infected rabbit (48). B. bronchiseptica strains RB53, RB54, RB57, RB58, RB63, RBX9,

DF8 and 50∆dnt were derived from RB50; these derivations are detailed in other studies

(4, 48, 50, 108, 178, 198). To create the pertactin negative mutant strain SP5, an in frame

deletion in the gene encoding pertactin, prn, extending from codon 227 to codon 756 was

constructed, leaving the promoter region, transcriptional start site, and signal sequence of

prn intact (Seema Mattoo, personal communication). All strains were maintained on

Bordet Gengou blood agar plates, and prior to use in binding assays, were grown to log

phase under constant shaking at 37°C in Stainer Scholte broth (63 mM L-glutamic acid, 2

mM L-proline, 43 mM NaCl, 3.7 mM KH2PO4, 2.7 mM KCl, 1 mM MgCl2, 0.14 mM

CaCl2•2H2O, 29 mM Tris-HCl, pH 7.6) supplemented with Stainer Scholte Supplements
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(33 mM L-cysteine, 3.6 mM FeSO4•7H2O, 3.2 mM nicotinic acid, 48.8 mM glutathione,

and 227.1 mM ascorbic acid) (238).

TABLE 2.1.  Bordetella bronchiseptica strains used in this study*

Strain Genotype Comments Ref
RB50 Wt Wild type isolate from rabbit nares; can switch

between Bvg+/Bvg- dependent on
environmental conditions

(48)

RB53 bvgS-C3 RB50 derivative; a single base pair change in
bvgS that results in a phase-locked Bvg+ strain
independent of growth conditions

(48)

RB54 ∆bvgS RB50 derivative; a 1.4kb deletion in bvgS that
results in a phase-locked Bvg- strain
independent of growth conditions

(48)

RB57 ∆bvgS,
∆flaA

RB54 derivative; Bvg- phase locked that
additionally does not express flagella

(4)

DF8 ∆bvgS,
∆flaA, fhaBr,
fhaCr

RB57 derivative; Bvg- phase locked lacking
flagella that ectopically expresses FHA

(50)

RBX9 ∆fhaB RB50 derivative; does not express filamentous
hemagglutinin (FHA)

(50)

SP5 ∆prn RB50 derivative; does not express pertactin See
Methods

RB63 ∆fim RB50 derivative; does not express fimbrial
adhesin

(178)

RB58 ∆cyaA RB50 derivative; does not express adenylate
cyclase-hemolysin (CyaA) toxin

(108)

50∆dnt ∆dnt RB50 derivative; does not express
dermonecrotic toxin (DNT)

(197)

*All strains used were cultured in Bvg+ phase conditions

Eukaryotic cell culture. Rabbit tracheal epithelial cell (RTEC) cultures were

prepared according to previously described methods (66). Briefly, New Zealand White

rabbits were injected in the marginal ear vein with sodium pentobarbital, tracheas were
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removed, tracheal epithelial lining was teased away using forceps, sectioned into explants

with a scalpel, and seeded onto 15 mm glass coverslips coated with rat-tail collagen.

Cultures were incubated at 37°C in a 5% CO2 environment in a Dulbecco’s Modified

Eagle Medium, supplemented with 0.2% NaHCO3, 10% FBS and 1% AA (DMEM).

RTEC were from 6 to 11 days old for all experiments. Prior to use, cultures were washed

thoroughly with Hanks’ Balanced Salt Solution (1.3 mM CaCl2, 5.0 mM, KCl, 0.3 mM

KH2PO4, 0.5 mM MgCl2, 0.4 mM MgSO4, 137.9 mM NaCl, 0.3 mM Na2PO4, and 1%

glucose) additionally buffered with 25 mM HEPES, pH 7.4 (HBSS).

Bordetella binding assay. Binding studies were adapted from previously

described methods (98). To control for binding effects of conditioned growth medium

that could be different between bacterial strains, B. bronchiseptica strains from log phase

growth described above were collected by centrifugation and resuspended into HBSS to

an OD600 between 0.20 and 0.34. RTEC were mounted onto an open chamber on an

Olympus IX70 microscope stage and adjusted to monitor actively beating ciliated cells. A

60x oil immersion objective with Differential Interference Contrast (DIC) optics and an

additional 1.5x magnification zoom lens allowed for visualization of both bacteria and

cilia (98). RTEC cultures were washed thoroughly with HBSS prior to experimentation.

At time 0, HBSS was replaced with 1 ml of the appropriate B. bronchiseptica strain using

a syringe and a 16-guage needle to limit aggregation prior to host cell interaction.

Cultures were subsequently washed at 2 and 3 min from the start of co-incubation with 1

ml HBSS to remove non-adherent bacteria. Throughout the binding assay, individual

images were captured via a Photometrics Cascade CCD camera (Roper Scientific,
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Tucson, AZ) onto a PC using Image Master 3.0 software (Photon Technology, Inc., NJ)

at 1 frame / 3 sec for 5 min. Captured TIF images were analyzed frame-by-frame using

QuickTime software. Bacteria were scored as “attached” if they remained in contact with

a ciliated cell for at least 8 consecutive frames (24 sec). Although bacterial aggregation

was rare in all strains except RB58, ciliary attachments that included more than one

bacterium were scored as a single attachment. Experiments that tested inhibition of

binding by SP-A were similar to above, however, both bacterial suspension and RTEC

cultures were pre-incubated for 30 min in HBSS supplemented with 10 µg/ml native

human SP-A or BSA prior to videomicroscopy. When SP-A effects were tested on only

bacterial suspension or host culture, a 30 sec pre-incubation was used in the untested

suspension or culture to maintain SP-A concentration during co-incubation experiments.

The 30 sec pre-incubation did not affect ciliary binding by itself (data not shown). To

ensure reproducibility of experiments RTEC tissue cultures derived from individual

rabbits were tested for binding with up to five B. bronchiseptica strains. All bacterial

strains were tested for binding on RTEC tissue cultures derived from at least two and up

to four different rabbits.

Scanning electron microscopy (SEM). RTEC were co-incubated with 250 µl of

appropriate B. bronchiseptica strain suspended in HBSS for 5 min and then rinsed with 1

ml HBSS to remove non-adhering bacteria. Cultures were fixed in 3% glutaraldehyde in

100 mM cacodylate buffer (CB) (pH 7.2). Fixed samples were washed with 144 mM CB,

incubated in 150 mM CB containing 1% tannic acid for 1 hr, and washed again. Samples

were post-fixed in 100 mM CB containing 1% osmium tetroxide (pH 7.2), washed, and
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dehydrated in a series of graded ethanol washes. The samples were then washed with

100% hexamethyldisilazane and allowed to dry overnight. Samples were mounted,

sputter-coated with 20 nm gold particles and imaged with a FEI-Phillips XL30 Scanning

Electron Microscope at 10 KV. SEM sample fixation and imaging were performed by the

Arizona Health Science Center Core Imaging Facility, Arizona Research Labs, Division

of Biotechnology. SEM images were pseudo-colored to highlight bacteria using

Photoshop (Adobe Systems Software, San Jose, CA).

Statistics. Graphical data is presented as bound bacteria +/- standard error of the

mean. Significance between attachments by two different bacterial strains at each time

point was determined by student t-test using Prism (GraphPad Software Inc., San Diego,

CA). A value of P < 0.05 was used for determination of significant difference between

samples.
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RESULTS

Ciliary binding by B. bronchiseptica Bvg phase-locked mutants. We have

previously shown that a wild type strain of B. bronchiseptica (RB50) grown under Bvg+

conditions preferentially adhered to the cilia of rabbit tracheal epithelial cell (RTEC)

cultures within seconds of co-incubation, whereas non-motile phase-locked Bvg- mutant

derivative of RB50 (RB57) showed limited binding over a 5 min co-incubation (98).

Since RB50 can modulate between Bvg+ and Bvg- phases in response to environmental

conditions and because RB57 lack flagella normally associated with the Bvg- phase, we

repeated our binding studies with phase-locked Bvg+ (RB53) and phase-locked Bvg-

(RB54) strains (Figure 2.1A). In the ciliary binding assay, RB53 displayed binding

characteristics identical to RB50. Within 30 sec RB53 were attached to ciliated cells

(0.94 +/- 0.19 bacteria/host ciliated cell) and binding steadily increased over time (10.12

+/- 0.83 at 240 sec). RB54 displayed a binding pattern similar to RB57, with less than a

single bacterium attached per ciliated cell on average at any time point over the 240 sec

experiment. Both RB50 and RB53 bound to ciliated cells at significantly higher numbers

than either of the Bvg- strains within 30 sec of co-incubation and throughout the

experiment. To further demonstrate ciliary specific binding and differences between Bvg+

and Bvg- binding, scanning electron microscopy (SEM) images were taken after 5 min of

co-incubation (Figures 2.1B-E). SEM images of RB53 and RB50 both displayed similar

affinity for the upper portion of ciliated RTEC, with no bacteria associated with exposed

aciliated membrane (Figures 2.1B, C). In contrast, the Bvg- strains, RB54 and RB57

displayed minimal adherence to either ciliated or aciliated areas of the RTEC culture
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(Figure 2.1D, E). Throughout the following experiments binding data from Figure 2.1 are

re-plotted as references for “full binding” and “minimal binding” efficiency.
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Ciliary binding by B. bronchiseptica in the presence of surfactant protein A

(SP-A). Cells from the conducting airway epithelium produce a variety of antimicrobial

agents to prevent bacterial colonization. One of these agents, SP-A, has been shown to

directly interact with pathogenic bacteria, including strains of B. pertussis, to aid in

bacterial clearance in the airway by opsonization and phagocytosis (180, 232). To test

whether SP-A could contribute to innate immunity by reducing ciliary binding by B.

bronchiseptica, we pre-incubated suspensions of RB53 and RTEC cultures for 30 min

with native human SP-A protein (5 µg/ml and 10 µg/ml), and repeated the binding assay.

Incubation with 5 µg/ml SP-A did not significantly alter RB53 binding to RTEC cilia

(data not shown), however, incubation with 10 µg/ml SP-A significantly reduced RB53

binding within 30 sec of co-incubation, which continued throughout the duration of the

experiment (Figure 2.2A). In an attempt to determine if SP-A inhibition was bacterial or

ciliary specific, the binding assay was repeated after SP-A pre-incubation with only

RTEC cultures or RB53 suspensions. Pre-incubation of RTEC alone with SP-A

significantly reduced the binding capacity of RB53 within 60 sec of co-incubation and

throughout the following time points. Pre-incubation of RB53 alone with SP-A reduced

overall binding capacity, reaching significance at 4 of the 8 time points tested. As a

control for non-specific protein interference, we repeated the experiments with 10 µg/ml

bovine serum albumin (BSA) in place of SP-A (Figure 2.2B). Pre-incubation of RTEC

alone with BSA did not significantly reduce RB53 binding at any of the time points

tested. Although pre-incubation with BSA of bacterial suspensions alone or a dual pre-

incubation of RB53 and RTEC cultures reduced RB53 adherence, this reduction did not
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establish significance through consecutive analyses points. Additionally, RB53 adherence

following dual pre-incubation with BSA was significantly higher than adherence

following dual pre-incubation with SP-A at 60 sec, and again at 150 sec where binding

differences remained significant throughout the duration of analyses, indicative of a

specific block of bacterial adherence by SP-A.
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Ciliary binding by B. bronchiseptica with ectopic FHA expression. To

determine if FHA alone could restore the ability of a Bvg- strain to adhere to cilia, we

performed the RTEC binding assay with DF8, a Bvg-, flaA- strain that ectopically express

FHA (50). In this strain the fhaB and fhaC promoters were replaced with a comparably

strong flagellin promoter, resulting in the expression of the two genes necessary for FHA

production in the Bvg- phase. In the RTEC binding assay, DF8 adhered to cilia at

significantly higher numbers than the Bvg- strain RB54 within 30 sec and at all other time

points tested. When compared to the wild type strain RB50, DF8 displayed higher

binding at early time points (30 and 60 sec) and bound to ciliated RTEC in similar

numbers throughout the duration of the experiment (Figure 2.3A). Unlike any of the other

strains tested, DF8 displayed a low but significant capacity to bind to aciliated cells and

aciliated cell membranes in the RTEC cultures (data not shown). SEM images confirm

high numbers of bacteria associated with cilia and ciliated cells (Figure 2.3B). In these

images, DF8 exhibits rod-shaped morphology more typical of the Bvg- phase as opposed

to the cocci morphology more typically associated with B. bronchiseptica in the Bvg+

phase. From these studies we conclude that FHA is sufficient for initial airway epithelial

cell attachment in the ciliary binding assay.
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Ciliary binding by B. bronchiseptica strains lacking single adhesins. To

evaluate if any one of the previously identified adhesins -- FHA, pertactin or fimbriae --

contributed to the ciliary binding differences observed when wild type B. bronchiseptica

were grown in Bvg+ conditions compared to the Bvg- phase-locked binding, we repeated

the RTEC ciliary binding assay with single adhesin knockout strains (Figure 2.4). We

first evaluated the role of FHA with the Bvg+, fha- B. bronchiseptica strain, RBX9 (50).

RBX9 displayed an intermediate binding pattern when compared to RB50 and RB54 that

was significantly different from both within 30 sec and continuing throughout the

experiment (Figure 2.4A). SEM images verified ciliary attachment of RBX9 to RTEC. In
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binding assays with SP5, a prn- strain deficient in pertactin, a similar intermediate

binding pattern was observed. SP5 first displayed significantly different binding from

RB50 at 15 sec, and from RB54 at 30 sec (Figure 2.4B); By 60 sec, SP5 binding

significance from RB50 and RB54 continued throughout the experiment. SEM images

showed ciliary attachment by SP5 to be slightly lower in numbers but with a similar

pattern to that observed with RB50. RB63, a fim- strain deficient in fimbriae (178), also

displayed an intermediate adherence compared to RB50 and RB54 (Figure 2.4C). RB63

binding was significantly different from RB50 and RB54 within 30 sec of co-incubation.

As above, significance was maintained to completion of the experiment. SEM images

taken after a 5 min co-incubation of RB63 with RTEC were similar to that seen for the

other single adhesion knockouts described above. When compared among each other,

there were no significant differences in attachment to cilia between the three single

adhesin knockout strains at any time points tested. Our data show that FHA expression in

Bvg- phase is sufficient to induce ciliary binding. Additionally, loss of FHA, pertactin or

fimbriae in the Bvg+ phase reduces ciliary adherence, but loss of any of these single

adhesins does not reduce B. bronchiseptica binding to the level observed by Bvg- phase-

locked B. bronchiseptica during the 5 min analysis developed to test early pathogen-

ciliary interactions.
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Ciliary binding by B. bronchiseptica strains lacking single toxins. Bordetella

express a variety of toxins including adenylate cyclase-hemolysin (CyaA) and

dermonecrotic toxin (DNT). Because CyaA has been reported to have adhesive

properties, we evaluated a cyaA- B. bronchiseptica strain, RB58 (108) in the RTEC

binding assay. Similar to the single adhesin knockout mutants, RB58 displayed

significantly reduced ciliary binding compared to RB50 starting at 30 sec and

significantly increased ciliary binding compared to RB54 starting at 120 sec (Figure 5A).

When compared to RBX9 and SP5, RB58 binding to RTEC ciliated cells was

significantly lower within 60 sec and throughout the experiment. RB58 binding was also

significantly lower than RB63 at 60 sec and 120 sec, however, this significance was not

maintained throughout the experiment. SEM images confirmed a reduced number of

RB58 binding sites on ciliated RTEC in culture (Figure 2.5B). We also evaluated the dnt-

B. bronchiseptica strain, 50∆dnt, which is unable to express DNT (198). 50∆dnt ciliary

adherence was significantly higher than RB54 within 30 sec of co-incubation, and

throughout the duration of the experiment. Although 50∆dnt also displayed consistently

lower binding than RB50, this difference only reached significance at four of the eight

time points tested (Figure 2.5C). SEM images showed that 50∆dnt ciliary binding was

comparable to RB50 (Figure 2.5D). These data highlight the multifunctionality of the

CyaA protein and its contribution to ciliary adhesin, a property not shared by all

Bordetella toxins including DNT.
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DISCUSSION

In order to successfully infect the conducting airway, primary colonizing bacteria

must overcome the inherent innate immunity of the respiratory tract. This includes

evading the mucociliary escalator and an environment of anti-microbial factors. We have

developed an in vitro model tissue culture system to assay one of the mechanisms that

Bordetella use to overcome the mucociliary escalator—direct binding to cilia on host

epithelium (98). We show that an antimicrobial host factor produced in the conducting

airway, surfactant protein A (SP-A), can reduce ciliary binding by B. bronchiseptica. We

also evaluated roles for several BvgAS regulated surface virulence factors to mediate

adherence to host cell cilia, including but not limited to the adhesins filamentous

hemagglutinin (FHA), pertactin and fimbriae, and the toxin adenylate cyclase-hemolysin

(CyaA). Using phase-locked Bvg+ or Bvg- B. bronchiseptica, we confirmed that initial

interaction with the ciliated cell via direct binding was dependent on positive BvgAS

expression. Additionally, we evaluated the contributions of individual adhesins and

toxins in ciliary attachment by comparing ciliary binding by B. bronchiseptica strains

deficient in single adhesin or toxin expression to ciliary binding by wild type Bvg+ or

Bvg- phase-locked strains. Our results show that loss of any of three identified adhesins

(FHA, fimbriae and pertactin) or a multifunctional toxin (CyaA) from B. bronchiseptica

reduces ciliary adherence in comparison to Bvg+ strains, but does not reduce ciliary

adherence to the level observed by Bvg- strains. The ability of B. bronchiseptica to

express several factors that can directly interact with host cell cilia to overcome

mucociliary clearance and the evidence that host cells can block this interaction by
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secretion of certain factors, suggest that this is an essential determining step in bacterial

colonization of the conducting airway.

In addition to coordinated ciliary beat and mucus production, cells of the

respiratory epithelium can produce a variety of antimicrobial factors that directly interact

with bacteria or other factors and can recruit a full inflammatory response (64). SP-A is

an antimicrobial protein that contains both a collagen-like domain and a calcium

dependent (C-type) lectin domain (collectins) and is produced by airway epithelial cells

in the conducting airway (58, 146, 225). In knockout murine models, loss of SP-A

increases susceptibility to bacterial infection (164). This loss of host defense can be

through a multitude of antimicrobrial mechanisms of action by SP-A, including

agglutination, opsonization, modulation of inflammation, or direct inhibition of bacterial

growth (58, 68, 180, 274). Although SP-A had limited effects on wild type B. pertussis,

strains that expressed mutant lipopolysaccharide (LPS) were susceptible to enhanced

aggregation, permeablization and opsonization leading to monocyte phagocytosis by SP-

A protein (232). Although we did not directly test permeablization or opsonization, SP-A

did not cause aggregation of B. bronchiseptica (data not shown), but did reduce

Bordetella-ciliary interactions. The protective effect of SP-A in the ciliary binding assay

was best observed when SP-A was pre-incubated with both bacteria and host cultures,

however a consistent reduction in ciliary binding was observed when either bacterial

suspensions or host cultures were pre-incubated with SP-A. Although we cannot rule out

a direct LPS binding activity contributing to the block of ciliary attachment, we speculate

that it is more likely that the lectin-like domains inherent to SP-A are blocking exposed
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sugars important in pathogen/host ciliary attachment. Independent of the mechanism, the

role for SP-A in directly preventing ciliary attachment of B. bronchiseptica provides a

novel antimicrobial defense in the conducting airway to prevent bacterial colonization.

Filamentous hemagglutinin (FHA) is a cell surface associated adhesin that can

participate in Bordetella binding to a variety of cell types (185, 207, 210, 211, 251, 252,

254). Although FHA is highly conserved among Bordetella--B. bronchiseptica FHA and

B. pertussis FHA are similar in molecular mass and structure, and contain shared

epitopes--culture supernatants of B. bronchiseptica contain less FHA than B. pertussis

supernatants (133). FHA from B. pertussis is the most extensively studied in Bordetella

and has at least three separate binding activities: a glycosaminoglycan binding site (106,

185), an integrin binding arginine-glycine-aspartate (RGD) sequence (210, 211), and a

carbohydrate recognition domain (207, 251). In our studies, the expression of FHA in a

Bvg- background is sufficient to restore ciliary binding, whereas the loss of expression of

FHA in a Bvg+ background reduces, but does not eliminate, early ciliary attachment.

These data are different than that seen in a previous assay of B. pertussis fha- strain

binding to rabbit ciliated cells, where loss of FHA resulted in only 5.8% of the wild type

binding (211). However, our studies examine polarized epithelial cells and focus on

ciliary binding in a 5 min experiment, whereas the previous study used a 30 min co-

incubation with isolated ciliated cells. The use of isolated ciliated cells can also limit

ciliary-specific attachment by exposing the basolateral membrane to Bordetella and thus,

may invoke an attachment not normally available to colonizing bacteria. Because

mammalian cilia contain a variety of glycosylated proteins (110) and B. pertussis FHA
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binding to human cilia includes a lactose domain (251), the observed FHA-dependent

ciliary binding likely involves the carbohydrate binding domain. We have also shown

that ectopic expression of FHA in a Bvg- background (i.e., the DF8 strain) restores ciliary

binding and induces aciliated membrane binding by B. bronchiseptica. These data are in

agreement with the ability of FHA to contribute to aciliated cell binding in a variety of

lung epithelial cell lines (254), and may include contributions from all three of the FHA

binding domains.

In our ciliary binding assay, loss of fimbriae or pertactin was equivalent to the

loss of FHA in the reduction of ciliary binding by Bvg+ strains, and no single adhesin was

necessary for this important early step in B. bronchiseptica colonization of the

conducting airway. Previous results assaying the role of pertactin in adhesion required

extended co-incubations and varied dependent on the aciliated epithelial cell model used.

For example, in studies using a binding assay with a lung laryngeal epithelial cell line

(HEp2), prn- strains had similar adherence as wild type strains of B. pertussis (220). In

cell models using CHO or HeLa cells, prn- strains had a decreased binding capacity, and

host attachment involved an RGD sequence within the pertactin protein (163). Fimbriae

are multi-subunit extracellular filamentous proteins expressed by most gram-negative

pathogenic bacteria that aid in bacterial attachment to host tissues (160). When purified,

B. pertussis fimbriae or fimbrial subunits can bind to the sulfated sugars chondroitin

sulfate, heparin sulfate, and dextran sulfate (87), and mediate Bordetella binding to

human monocytes, (111) that can help to coordinate FHA binding (112). In cellular

assays, B. pertussis binding to HEp-2 cells required both fimbriae and FHA, however,
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fimbriae did not contribute to binding of the bronchial derived cell line, NCI-H292 (87,

254). Contrasting results have been found in B. bronchiseptica studies using a

centrifugation binding assay where fim- mutant strains did not show a decrease in

aciliated epithelial cell binding, although fimbriae were important to the establishment of

colonization in an animal model (178). The reduction of ciliary binding in the fim- B.

bronchiseptica strain presented in this study suggests that fimbriae contribute to ciliary

attachment and may help to explain the lack of colonization in the animal model. Our

data are consistent with a redundant contribution by Bordetella adhesins rather than a

dominant effect of FHA in ciliary attachment. However, we cannot rule out that loss of

individual adhesins (e.g., pertactin and fimbriae) may indirectly contribute to binding

through their interactions with other adhesins (e.g., FHA) and thus a more supportive role

in ciliary attachment.

In addition to adhesins, there are several toxins under BvgAS control in B.

bronchiseptica that could potentially contribute to colonization through adhesion. We

tested two of these toxins, adenylate cyclase-hemolysin (CyaA) and dermonecrotic toxin

(DNT), in the RTEC binding assay. CyaA is a multifunctional bacterial surface

associated enzyme; the hemolysin domain of CyaA may mediate cellular attachment and

allow for internalization of the calmodulin activated adenylate cyclase toxin domain into

host cells where it catalyzes the uncontrolled conversion of ATP to cAMP (162). In an in

vitro assay with human ciliated cells, loss of CyaA from B. pertussis significantly

reduced ciliary binding (252). Our data shows that cyaA- B. bronchiseptica were similarly

reduced in ciliary binding. Although these data are consistent with a direct contribution of
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CyaA to bacterial binding of cilia, previous studies have shown a physical association

between CyaA and FHA in B. pertussis in vitro (279). Thus, similar to that seen with

adhesins, we cannot rule out an indirect affect of CyaA on FHA or other B.

bronchiseptica adhesins that result in the low binding capacity of this mutant. Purified

DNT has been reported to cause dermonecrosis when injected intradermally, enhance

DNA and protein synthesis in cell cultures, and alter host cell cytoskeleton via small

GTPase activity, however, an in vivo phenotype associated with any of these properties

has yet to be established (168). B. avium strains have been shown to have reduced

attachment to turkey tracheal rings when dnt deficient strains are compared to wild type

strains in a 3 h incubation assay (248). Consistent with this, we have found that removal

of dnt from RB50 results in a unique proteomic shift in B. bronchiseptica that includes

the alteration of a fimbrial protein, suggesting a link between DNT activity and ciliary

binding (198). Although there was decreased ciliary binding by 50∆dnt when compared

to RB50 at some of the time points tested, our results are inconsistent with a DNT

contribution to ciliary adhesion, and the role for DNT in Bordetella pathogenesis remains

elusive.

All three adhesin mutant strains and the cyaA- mutant strain displayed a

significantly reduced capacity to bind host cilia in our assay, however, all of these strains

displayed significantly higher ciliary binding when compared to Bvg- strains in the RTEC

binding assay. These results suggest that B. bronchiseptica rely on multiple adhesins to

maximize adherence to the ciliated respiratory epithelium. The redundancy in ciliary

adhesiveness highlights the importance of this process in the establishment of
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colonization in the host. Additionally, we might consider the potential of sequential

binding by diverse adhesins that might initiate cell signaling in the host epithelium. Such

a paradigm has been shown between B. pertussis fimbriae and FHA on human monocytes

(111). Further studies are required to determine additional adhesin molecules for B.

bronchiseptica, their ciliary receptors and function in ciliary binding.

In summary, we evaluated the ability of an antimicrobial protein to inhibit ciliary

attachment of Bordetella and the relative importance of several B. bronchiseptica

adhesins and toxins in adherence to cilia. We found that SP-A could decrease ciliary

binding by the phase-locked Bvg+ strain of B. bronchiseptica, representing a novel

activity of SP-A in host defense. Additionally, FHA, fimbriae, pertactin and CyaA all

participated in Bvg+-dependent ciliary adherence; none of these factors were shown to be

necessary for pathogen/host binding. Future studies examining the molecular mechanism

of SP-A interference in Bordetella binding and identifying additional adhesin molecules

on the surface of B. bronchiseptica, or specific interactions between adhesins and toxins

that alter ciliary binding, will provide preventative or therapeutic targets against primary

colonizing bacteria.



76

CHAPTER 3:
CHARACTERIZATION OF CILIARY BINDING BY BORDETELLA

BRONCHISEPTICA: ROLES FOR ADDITIONAL ADHESINS AND BVGAS
PHASE-SPECIFIC ACTIVITY
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SUMMARY

A key early step in Bordetella pathogenesis is the adherence to host conducting

airway epithelial cell cilia. We have developed an unique ciliary binding assay with

Bordetella bronchiseptica and rabbit tracheal epithelial cell (RTEC) cultures to evaluate

the contributions of individual adhesins to ciliary attachment (Chapter 2). Using this

assay, we have shown that in the Bvg+ phase Bordetella express at least four virulence

factors (filamentous hemagglutinin B (FHA), fimbriae, pertactin, and adenylate-cyclase

hemolysin (CyaA) toxin) that contribute to ciliary attachment, and that ciliary adhesion is

severely limited in the Bvg- phase. To determine if B. bronchiseptica express additional

ciliary adhesins in the Bvg+ phase, we evaluated ciliary binding by a B. bronchiseptica

mutant deficient in the four identified adhesins (RB71) with the RTEC binding assay. As

expected, RB71 displayed significantly reduced ciliary binding compared to wild type B.

bronchiseptica (RB50). However, RB71 also displayed significantly increased ciliary

binding when compared to a Bvg- phase-locked mutant (RB54), suggesting additional

Bordetella ciliary adhesins are expressed in Bvg+ phase. We directly tested roles for two

potential adhesins – the type III secretion system (TTSS) and FhaS—by repeating the

ciliary binding assay with appropriate mutant B. bronchiseptica strains. The TTSS mutant

strains (WD3 and ΔbtrS) and FhaS mutant strain (RBX11) displayed ciliary binding

similar to that observed by RB50. In phase-modulating growth conditions, RB50, the

FHA- strain RBX9, and RBX11 all displayed intermediate binding. Because dynamic

changes in membrane protein can affect ciliary binding (e.g., a phase change from Bvg+

to Bvg-) we hypothesized that adhesins may require maintenance of membrane
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components for full binding capacity. To test this hypothesis, we repeated our RTEC

ciliary binding assay with RB50 after heat- or formalin-fixation. Although heat- or

formalin-fixed RB50 displayed binding above that observed by RB54, ciliary binding in

either condition was severely limited when compared to RB50. We conclude that, in

addition to the previously identified adhesins (FHA, fimbriae, pertactin and CyaA) B.

bronchiseptica possess membrane determinants that can contribute to ciliary binding.

These unidentified adhesins cannot be attributed to components of the TTSS or the FHA-

like protein FhaS, and the adhesive properties of Bordetella are minimized upon death of

the bacterium. Further studies are required to identify novel ciliary adhesins and the

mechanisms that maintain the adhesive properties of Bordetella.
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INTRODUCTION

Bacteria belonging to the genus Bordetella bind to cilia and colonize the

conducting airway epithelium of mammals (5, 115). The human pathogen, B. pertussis

and a more common mammalian pathogen, B. bronchiseptica, both express highly

conserved virulence factor profiles under the control of the two-component Bordetella

virulence gene activator/sensor system (BvgAS) (262). In the Bvg+ phase, Bordetella

expresses virulence-activated gene (vag) loci and represses virulence-repressed gene

(vrg) loci (6, 150). Important genes in the vag loci shared by Bordetella include adhesins

and toxins that contribute to ciliary attachment (45, 98) (Chapter 2). In the Bvg- phase

vag loci are repressed, resulting a loss of the ability for Bordetella to colonize the host

(48, 173, 186) and a significantly reduced capacity to bind host epithelial cilia in vitro

(98) (Chapter 2). A third, intermediate Bvg phase (Bvgi) has also been demonstrated in

Bordetella (49, 161). When Bordetella are in the Bvgi phase, B. bronchiseptica express

some Bvg+ phase factors (e.g., FHA), repress others (e.g., CyaA), and express additional

factors unique to the Bvgi phase (e.g., Bordetella intermediate protein (BipA)) (49, 139,

240). Although these distinct phases and concomitant changes in protein expression have

been described, the role for BvgAS phase-switching in the Bordetella life cycle remains

unknown.

We have previously assayed the role for several Bvg+ vags in ciliary adherence

using a novel B. bronchiseptica/rabbit tracheal epithelial cell (RTEC) ciliary binding

assay (Chapter 2). In this assay, B. bronchiseptica strains deficient in any one of the

virulence factors FHA, fimbriae, pertactin or CyaA displayed a binding capacity
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intermediate between wild type and a phase-locked Bvg- strain (Chapter 2). Recently, a

mutant strain of B. bronchiseptica that does not express these four virulence factors

(quadruple mutant RB71) was developed (175). Surprisingly, RB71 was able to establish

a robust nasal colonization in a rat model that did not significantly differ from wild type

(RB50) (175). From these data, it appears that unidentified BvgAS-regulated adhesins are

expressed on the surface of Bordetella (175).

Additional candidate adhesins for B. bronchiseptica may include the structural or

secreted proteins of the type III secretion system (TTSS) (278). TTSS are shared among a

variety of pathogens, including Salmonella, Pseudomonas, Yersinia, Chlamydia, and

Bordetella (88). Bacteria TTSS utilize a syringe-like assembly of membrane proteins that

form in the bacterial membrane. The bacterium uses this system to directly“inject”

effector proteins associated with the TTSS into the cytoplasm of a host cell (83, 126).

The B. bronchiseptica TTSS involves 22 genes clustered in the Bordetella secretion (bsc)

loci, and two well-defined mutant strains that prevent assembly of the secretion system

have been developed (WD3 and ΔbtrS) (179, 278). Because the TTS structural apparatus

interacts directly with the host cell membrane prior to delivery of effector molecules (88)

it may be able to additionally function as an adhesin. A role for TTSS proteins in host cell

adherence, including ciliary binding, has not been evaluated. Another potential candidate

for a novel Bordetella adhesin is FhaS (139). The gene for FhaS, fhaS, was recently

identified after a genomic screen that targeted FHA-like proteins (139). FhaS is

maximally expressed under phase-modulating growth conditions with moderate

expression in Bvg+ growth conditions. An FhaS deficient strain of B. bronchiseptica has
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been developed (RBX11) and its ability to bind to a rat alveolar cell line in a

centrifugation assay was not reduced when compared to wild type (RB50) (139).

However, the contribution of FhaS to ciliary-specific binding has not been tested.

In these studies, we use our RTEC binding assay in an attempt to better

understand the contribution of Bordetella adhesins to ciliary binding, an important early

step in Bordetella pathogenesis. We show that a B. bronchiseptica strain lacking the well-

characterized adherence factors FHA, fimbriae, pertactin and CyaA and grown in Bvg+

conditions retains the capacity to bind RTEC cilia at a significantly higher level than Bvg-

B. bronchiseptica. In an effort to characterize additional BvgAS regulated factors that

may contribute to binding, we show that B. bronchiseptica strains that do not express a

TTSS or FhaS are not limited in ciliary binding capacity and that modulating B.

bronchiseptica growth conditions significantly reduces binding. To determine if direct

cell-cell interaction is sufficient for ciliary adhesion, we repeated the RTEC ciliary

binding assay with wild type B. bronchiseptica pre-treated with heat or formalin to shut

down metabolic activity. Both heat- and formalin-fixed B. bronchiseptica showed a

significant loss of ciliary binding activity. We conclude that Bordetella contain

previously unidentified adhesins that can participate in ciliary binding, and that proper

presentation of these adhesins are regulated between and within BvgAS phase.
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MATERIALS AND METHODS

Materials. Dulbecco’s Modified Eagle Medium, fetal bovine serum (FBS),

Hanks’ Balanced Salt Solution, and antibiotic-antimycotic (AA; penicillin, streptomycin,

and amphotericin B) were obtained from Invitrogen (Carlsbad, CA). Bordet Gengou

blood agar plates were obtained from Becton, Dickinson and Company (Franklin Lakes,

NJ). B. bronchiseptica strains were gifts from Drs. Peggy A. Cotter (University of

California, Santa Barbara), Seema Mattoo and Jeffery F. Miller (University of California,

Los Angeles). Serum from a B. bronchiseptica sensitized rat was provided by Drs. Peggy

A. Cotter and Anders Omsland.

Bacterial strains and growth conditions. Bacterial strains used in this study are

described in Table 3.1. Wild type B. bronchiseptica (RB50) was isolated from a naturally

infected rabbit (48). The phase-locked Bvg- strain RB54 (48), quadruple knockout mutant

strain RB71 (175), TTSS mutant strains WD3 (278) and ΔbtrS (179), FHA mutant strain

RBX9 (50), and the FhaS mutant strain RBX11 (139) have been described. Strains from

frozen glycerol stock were streaked on Bordet Gengou blood agar plates, incubated for

two days at 37°C and maintained at 4°C. Prior to experimentation, bacteria were cultured

overnight to log phase under constant shaking at 37°C in supplemented Stainer Scholte

broth (SSS; 63 mM L-glutamic acid, 2 mM L-proline, 43 mM NaCl, 3.7 mM KH2PO4,

2.7 mM KCl, 1 mM MgCl2, 0.14 mM CaCl2•2H2O, 29 mM Tris-HCl, 33 mM L-cysteine,

3.6 mM FeSO4•7H2O, 3.2 mM nicotinic acid, 48.8 mM glutathione, and 227.1 mM

ascorbic acid pH 7.6) (238) or Luria-Bertani broth (LB; 10 g/L Bacto-tryptone, 5 g/L

yeast extract, 86 mM NaCl, pH 7.2) where indicated.
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TABLE 3.1.  Bordetella bronchiseptica strains used in this study*

Strain Genotype Comments Ref
RB50 Wt Wild type isolate from rabbit nares; can

switch between Bvg+/Bvg- dependent on
environmental conditions

(48)

RB54 ∆bvgS RB50 derivative; a 1.4kb deletion in bvgS that
results in a phase-locked Bvg- strain
independent of growth conditions

(48)

RB71 ΔfhaB, Δfim,
Δprn, ΔcyaA

RB50 derivative; does not express filamentous
hemagglutinin (FHA), fimbriae, pertactin, or
adenylate cyclase-hemolysin (CyaA) toxin

(175)

WD3 ΔbscN RB50 derivative; does not express ATPase
required for formation of the type III secretion
system (TTSS) apparatus

(278)

ΔbtrS ΔbtrS RB50 derivative; does not express gene
required to signal TTSS gene expression in
the Bvg+ phase

(179)

RBX9 ΔfhaB RB50 derivative; does not express FHA (50)
RBX11 ΔfhaS RB50 derivative; does not express FhaS (139)

*Strains RB54, RB71, WD3 and ΔbtrS were grown in Bvg+ phase conditions, RB50,
RBX9 and RBX11 were grown in Bvg+ or Bvgi conditions as indicated.

Eukaryotic cell culture. Rabbit tracheal epithelial cell (RTEC) cultures were

prepared according to prior methods (66) with modifications described in Chapter 2.

Briefly, New Zealand White rabbits were injected with sodium pentobarbital in the

marginal ear vein. Tracheas were isolated and the tracheal epithelial lining was teased

away with forceps, sectioned into explants with a scalpel, and seeded onto 15 mm glass

coverslips coated with rat-tail collagen. Cultures were kept at 37°C in a 5% CO2

environment in a Dulbecco’s Modified Eagle Medium, containing 0.2% NaHCO3, 10%

FBS and 1% AA (DMEM). RTEC cultures used in these studies were from 6 to 11 days

old for all experiments. To control for any effects of conditioned growth medium on
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binding, cultures were washed thoroughly with and resuspended in Hanks’ Balanced Salt

Solution (1.3 mM CaCl2, 5.0 mM, KCl, 0.3 mM KH2PO4, 0.5 mM MgCl2, 0.4 mM

MgSO4, 137.9 mM NaCl, 0.3 mM Na2PO4, and 1% glucose) additionally buffered with

25 mM HEPES, pH 7.4 (HBSS) prior to use.

Heat- or formalin-fixation of B. bronchiseptica. For heat-fixation, RB50 from

overnight culture were resuspended in phosphate buffered saline (PBS; 0.137 M NaCl,

2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) to an OD600 of 0.21. RB50 were heat-

fixed in PBS rather than HBSS to prevent potential blocking of bacterial adhesin binding

sites by sugars present in HBSS. Resuspended bacteria were incubated for 60 minutes in

a 60°C water bath with occasional mixing. For formalin-fixation, RB50 from overnight

cultures were resuspended in HBSS containing 1% formalin to an OD600 of from 0.23 to

0.25 and incubated at 37°C for 1 hour. To prevent fixation of RTEC cilia by formalin

present in the bacterial suspension, the formalin-fixed bacteria were again collected by

centrifugation and resuspended in HBSS prior to use. Viability following heat- or

formalin-fixation was measured by streaking a sample of the treated bacteria onto LB

agar (LB + 15 g/L Bacto-agar) and incubating for 2 days at 37°C.

Rabbit tracheal epithelial cell (RTEC) ciliary binding assay. The RTEC ciliary

binding assay was performed according to methods described previously (98) (Chapter

2). Briefly, RB71, WD3 and ΔbtrS were resuspended to an OD600 of from 0.20 to 0.29.

RTEC were mounted onto an open chamber on an Olympus IX70 microscope stage and

actively beating ciliated cells were monitored using a 60x oil immersion objective with

Differential Interference Contrast (DIC) optics and an additional 1.5x magnification
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zoom lens. RTEC cultures were washed thoroughly with HBSS prior to experimentation.

At time point 0, HBSS was replaced with 1 ml of the appropriate B. bronchiseptica strain

using a syringe and a 16-guage needle to limit bacterial aggregation prior to host cell

interaction. Cultures were subsequently washed at 2 and 3 minutes from the start of co-

incubation with 1 ml HBSS to remove non-adherent bacteria. During the binding assay,

individual images were captured via a Photometrics Cascade CCD camera (Roper

Scientific, Tucson, AZ) onto a PC using Image Master 3.0 software (Photon Technology,

Inc., NJ) at 1 frame every 3 sec for 5 minutes. Captured TIF images were analyzed

frame-by-frame using QuickTime software. Bacteria were scored as “attached” if they

remained in contact with a ciliated cell for at least 8 consecutive frames (24 seconds).

Although bacterial aggregation was rare, ciliary attachments that included more than one

bacterium were scored as a single attachment.

Scanning electron microscopy. SEM analysis was performed as previously

described (Chapter 2). Briefly, RTEC were co-incubated with 250 µl of the appropriate

B. bronchiseptica strain suspended in HBSS for 5 minutes and then rinsed with 1 ml

HBSS to remove non-adhering bacteria. Cultures were fixed in 3% glutaraldehyde in 100

mM cacodylate buffer (CB) (pH 7.2), washed with 144 mM CB, incubated in 150 mM

CB containing 1% tannic acid for 1 hour, and washed again. Samples were post-fixed in

100 mM CB containing 1% osmium tetroxide (pH 7.2), washed, and dehydrated in a

series of graded ethanol washes. The samples were then washed with 100%

hexamethyldisilazane and allowed to dry overnight. Samples were mounted, sputter-

coated with 20 nm gold particles and imaged with a FEI-Phillips XL30 Scanning
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Electron Microscope at 10 KV. SEM analysis was performed in collaboration with the

Arizona Health Science Center Core Imaging Facility, Arizona Research Labs, Division

of Biotechnology. SEM images were pseudo-colored to highlight bacteria using

Photoshop (Adobe Systems Software, San Jose, CA).

Bacterial antigenic profile analysis. The antigenic profiles of RB50, heat-fixed

RB50, and RB54 were analyzed according to previous methods (197). Briefly, B.

bronchiseptica strains were cultured overnight in SSS broth in Bvg+ conditions. The

RB50 culture was split into two samples, one of which was heat-fixed as described

above. Bacteria from the live and heat-fixed RB50 samples and RB54 were normalized to

an OD600 = 25 and lysed in lysis buffer (4.0 ml 10% SDS, 2.4 ml 0.5 M Tris-HCl pH 6.8,

2 ml glycerol, 1 ml 0.1% bromophenol blue, 0.6 ml ddH2O, 2.5 ml 1M dithiothreitol).

Equal amounts of lysate were loaded and separated on a 4-15% gradient gel and

transferred to a PVDF membrane. Bacterial antigens were probed using serum from an

RB50 sensitized rat and detected with SuperSignal West Femto Chemiluminescent

Substrate (Pierce Biotechnology Inc., Rockford, IL) on a ChemiDoc illumination system

under QuantityOne Software control (BioRad, Hercules, CA).

Statistics. Data in graphs are presented as the number of bacteria bound per

ciliated cell +/- standard error of the mean. Significant differences in attachment numbers

between the different B. bronchiseptica strains at each of the time points tested was

determined at P < 0.05 by student t-test using Prism Software (GraphPad Software Inc.,

San Diego, CA).
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RESULTS

Evidence for novel Bordetella ciliary adhesins. The RTEC ciliary binding assay

has been used previously to show a requirement of Bvg+ phase (98) and the effects of

individual loss of FHA, fimbriae, pertactin and CyaA under Bvg+ phase growth in initial

host cell binding by B. bronchiseptica (98) (Chapter 2). To test if FHA, fimbriae,

pertactin and CyaA are the only factors that participate in mediating B. bronchiseptica

adherence to cilia, the RTEC binding assay was repeated using a strain that does not

express any of these factors during Bvg+ phase growth (RB71) (175). RB71 displayed an

intermediate binding capacity for RTEC cilia over the 240 second time period as

compared to wild type (RB50, expressing full ciliary binding) or a phase-locked Bvg-

strain (RB54, expressing minimal ciliary binding). Binding by RB71 was significantly

lower than RB50 within 60 seconds and at all subsequent times points and was higher

than RB54 within 30 seconds of co-incubation and at all subsequent time points (Figure

3.1A). A representative SEM image taken after a 5 minute co-incubation between RB71

and RTEC cultures confirms ciliary-specific binding by this strain (Figure 3.1B). These

results are consistent with Bvg+-dependent ciliary adhesin factors in Bordetella

independent of the previously characterized adhesins – FHA, fimbriae, pertactin and

CyaA.
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Ciliary binding by B. bronchiseptica TTSS mutants. To examine the role of the

TTSS in initial ciliary adherence, the RTEC binding assay was repeated with TTSS

mutants WD3 and ΔbtrS grown in Bvg+ conditions. Both WD3 and ΔbtrS exhibited a

ciliary binding capacity indistinguishable from RB50 as demonstrated by the RTEC

binding assay and SEM analysis (Figure 3.2). Also similar to RB50, ciliary binding by

both WD3 and ΔbtrS was significantly higher than RB54 within 30 seconds of co-

incubation and remained so throughout the duration of the experiment. These data argue
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against proteins associated with the Bordetella TTSS apparatus participating in initial

ciliary adherence by B. bronchiseptica.
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Contribution of FHA-like protein FhaS to ciliary binding by B. bronchiseptica.

A FHA-like protein, FhaS, has recently been identified as a potential adhesin in

Bordetella (139). Because we have shown FHA is a ciliary adhesin (Chapter 2), we

evaluated the contribution of FhaS to ciliary binding using a B. bronchiseptica strain

lacking FhaS (RBX11) in the RTEC ciliary binding assay. After growth in Bvg+

conditions, RBX11 bound RTEC cilia at an intermediate level between RB50 and RBX9,

although the binding differences between RBX11 and RB50 or RBX9 were not

significant at any of the time points tested (Figure 3.3B). It has been reported that FhaS is

expressed in 5-fold higher amounts during growth in LB media compared to Bvg+ phase

growth conditions (139). In order to better evaluate how loss of FhaS may contribute to

ciliary binding, we repeated the RTEC binding assay with RBX11, RB50, and RBX9

after growth in LB media. Under these conditions, RB50 and RBX9 express maximum

levels of FhaS, and RB50 and RBX11 will continue to express maximum levels of FHA

(Figure 3.3A). Following growth in LB, RB50 displayed a significantly reduced ciliary

binding capacity at 60 seconds and all subsequent time points when compared to Bvg+

growth conditions, consistent with LB media modulating B. bronchiseptica to the Bvgi

phase (Figures 3.3B,C). Binding was not significantly altered between RBX9 grown in

either condition and was significantly different only at the 30 second time point between

RBX11 growth in the two conditions. LB growth results in decreased ciliary binding that

was similar between RB50, RBX9 and RBX11, with no significant differences in binding

throughout the duration of the experiment (Figure 3.3B). From these data, we conclude

that although LB growth limits ciliary binding, FhaS cannot account for this change.
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Ciliary binding by heat or formalin-fixed B. bronchiseptica. Ciliary binding by

B. bronchiseptic is altered by BvgAS phase modulation (98) (Chapter 2; Figure 3.2). To

determine if initial ciliary binding by B. bronchiseptica may be affected by membrane

changes within the Bvg+ phase, we heat- or formalin-fixed wild type B. bronchiseptica

(RB50) and repeated the RTEC ciliary binding assay. In comparison to ciliary binding by

live RB50, heat-fixed RB50 binding was significantly reduced within 30 seconds of

coincubation and continuing throughout the duration of the experiment (Figure 3.4A).

Despite a low level of ciliary binding, heat-fixed bound to RTEC cilia at a significantly

higher rate than Bvg- phase locked strains at 120 seconds and at all subsequent time

points. To determine if loss of ciliary binding was due to a heat-induced loss of adhesins,

the antigenic profiles of live and heat-fixed RB50 were compared to the Bvg- phase-

locked strain RB54 (Figure 3.4B). No observable differences in antigenic profiles of

RB50 prior to or following heat-fixation could be determined, although both profiles

were clearly different from RB54. Because heat-fixation may alter ciliary adhesion by

changing adhesin presentation, we repeated the RTEC ciliary binding assay after

formalin-fixation. Similar to the heat-fixed RB50, formalin-fixed RB50 displayed a

reduced binding that was significantly lower than live RB50 binding at all time points

tested (Figure 3.4C), and was significantly higher than a Bvg- phase locked strain from

120 seconds and at all subsequent time points.
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DISCUSSION

In the Bvg+ phase, Bordetella express a variety of surface factors that can mediate

rapid adherence to airway cilia (Chapter 2). Previously, we have used the RTEC ciliary

binding assay to demonstrate that FHA, fimbriae, pertactin and CyaA can contribute to

early ciliary binding events (Chapter 2). In studies presented here, we show that a mutant

strain of B. bronchiseptica deficient in all four of these factors (RB71) retained ciliary

binding capacity that was significantly higher than phase-locked Bvg- strain RB54. In an

effort to identify new ciliary adhesins, we found that the loss of the TTSS apparatus,

TTSS effectors or FhaS did not alter ciliary binding in our RTEC assay. However, when

B. bronchiseptica were grown under phase-modulating conditions, ciliary binding was

significantly reduced, further displaying the phase-dependent nature of ciliary adhesion.

We also evaluated whether ciliary adhesion required active maintainence of membrane

proteins by evaluating ciliary binding of heat- and formalin-fixed B. bronchiseptica. In

both cases, B. bronchisepitca fixation significantly reduced ciliary binding. From these

studies, we conclude that B. bronchiseptica binding to RTEC cilia is phase-specific and is

a dynamic process that utilizes ciliary adhesins in addition to FHA, fimbriae, pertactin,

and CyaA but not components of the TTSS or FhaS.

Adhesins are important membrane proteins on colonizing bacteria in that they

allow for the direct attachment to host cells, where colonization can take place. There are

four membrane proteins from Bordetella that have been identified as to contribute to host

cell binding. FHA has been labeled the dominant adhesin in Bordetella (168), and has

been shown to participate in Bordetella binding to a variety of cell types, including
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ciliated airway epithelial cells (251) (Chapter 2). Pertactin has been shown to act as an

adhesin in our ciliary binding assay (Chapter 2), although its adhesin properties on

aciliated cells appears to be dependent on cell type (i.e., participates in binding to CHO

and HeLa cell lines, but not to HEp2 cell lines (163, 220)). Fimbriae are multi-subunit

filamentous proteins shared among most Gram-negative pathogenic bacteria that have

several roles, including as adhesins to a variety of host tissues (12, 160). When purified,

B. pertussis fimbriae have been shown to mediate Bordetella binding to human

monocytes (111), can help to coordinate FHA binding (112), and also participate in

ciliary binding (Chapter 2). A toxin expressed by Bordetella that has been shown to have

adhesin properties is CyaA. In an in vitro assay with human ciliated cells, loss of CyaA

from B. pertussis significantly reduced ciliary binding (252), and loss of CyaA from B.

bronchiseptica reduced ciliary binding of in the RTEC binding assay (Chapter 2). In

recent unpublished studies, a B. bronchiseptica mutant that does not express any of the

four virulence factors discussed above (FHA, fimbriae, pertactin and CyaA) was

developed and tested for its ability to colonize a host (175). Surprisingly, this B.

bronchiseptica strain devoid of known adhesins (RB71) retained capacity overcome

mucociliary clearance of the rat and established colonization of the nasal epithelium

(175). In this study, we show that RB71 could directly attach to cilia in the RTEC binding

assay, albeit at a reduced level when compared to wild type B. bronchiseptica strain

(RB50). These results provide strong evidence for the presence of additional, unidentified

factors expressed by Bvg+ B. bronchiseptica that may participate in host cell adhesion.
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Bordetella express a functional TTSS positively controlled by BvgAS (278). The

TTSS involves both structural proteins and effector proteins. The structural proteins

create a “syringe-like” apparatus that delivers effector proteins from the bacterium to the

host cell (88). To do so, the structural apparatus must interact with the host cell

membrane. To test the potential of this interaction to function in ciliary adherence, we

tested two different B. bronchiseptica mutants that do not express a functional TTSS,

WD3 a ΔbtrS, for their ability to bind cilia in the RTEC binding assay. The WD3 mutant

contains a deletion in bscN, the putative ATPase that provides energy for the assembly of

the TTSS apparatus and secretion of effectors by the TTSS (148, 278). ΔbtrS contains a

deletion of the btrS gene, which activates expression of TTSS genes, including bscN, in

B. bronchiseptica (179). In either mutant, the TTSS structural apparatus is not formed on

the surface of the bacterium. The structural proteins that form the TTSS secretory

apparatus do not contribute to initial attachment of wild type B. bronchiseptica to RTEC

cilia as neither TTSS mutant was altered in binding capacity.

Several candidates for ciliary adhesins have been defined in the Bordetella

genome including the recently identified FHA-like protein FhaS, a promising ciliary

adhesin (139). In B. bronchiseptica, the FhaS gene fhaS shares 91% nucleotide homology

in the open reading frame with the gene for FHA (fhaB), and FhaS undergoes similar

processing and localization (139). Despite these similarities, a key difference between

these proteins is in their phase-specific regulation. FhaS is maximally expressed under

modulating conditions more conducive to the Bvgi phase and minimally expressed during

Bvg+ phase growth. In contrast, FHA is expressed maximally in Bvg+ and Bvgi phase
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growth conditions (240). FhaS has been tested as a Bordetella adhesin in a forced binding

assay between B. bronchiseptica wild type (RB50) or FhaS- mutant strains (RBX11) and

aciliated rat alveolar epithelial (L2) or human bronchial epithelial (BEAS-2B) cell lines.

FhaS did not contribute to cell attachment in these experiments (139). In our studies

using the RTEC ciliary binding assay, loss of FhaS did not correspond to a loss in ciliary

binding, even under conditions where FhaS is maximally expressed. These data do not

directly support a role for FhaS in ciliary adhesin.

The Bvg+ phase of growth is essential for establishment of persistent infection of

Bordetella in animal models (48), however, the role for Bvgi in infection is less clear

(46). Similarly, ciliary binding is maximized by B. bronchiseptica in the Bvg+ phase and

minimized in the Bvg- phase (98) (Chapter 2), however ciliary binding during the Bvgi

phase has not been tested. In this study there was a significant loss in ciliary binding by

wild type B. bronchiseptica following growth in LB media, compared to Bvg+ phase

growth. Growth in LB media is thought to induce a switch to the Bvgi phase based on B.

bronchiseptica colony morphology on LB agar, and expression of a protein profile

similar to the Bvgi phase locked strain (i.e., maximum FHA expression and minimum

CyaA expression) (49, 139). At this time, we cannot be certain of the reasoning of this

loss of binding, but it may be due, in part, to the lack of CyaA expression during LB

growth. The FHA and FhaS mutant strains did not display significant reduction in

binding following LB growth compared to Bvg+ phase growth. Therefore, it is unlikely

that FhaS expression changes account for loss of RB50 binding following LB growth

(139, 240). Further experiments are required to verify intermediate ciliary binding in the
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Bvgi phase with a Bvgi phase locked mutant and to identify specific Bvgi-dependent

ciliary adhesins.

Because ciliary binding is extensively altered after phase switching, we

hypothesized membrane factors, including ciliary adhesins, may also be extensively

regulated within the phases. Previous studies of host cell binding between B.

bronchiseptica and swine nasal epithelial cells after a 1 hour co-incubation was

significantly reduced following heat-fixation of the bacteria (209). Using heat-fixation to

eliminate protein dynamics within the Bordetella membrane, we recorded a significant

reduction of ciliary binding by wild type B. bronchiseptica (RB50). In addition to fixing

the bacterial membrane proteins, heat treatment could also result in a release of surface

adhesins from the bacterium as has been demonstrated for pertactin (32). However, loss

of surface pertactin alone does not fully explain extensive loss of ciliary binding

following heat-fixation, as the pertactin knockout mutant SP5 still displayed an

intermediate binding capacity that was higher than the heat-fixed B. bronchiseptica

(Chapter 2). An alternative explanation for loss of binding by heat-fixed RB50 may be

through conformational changes in heat labile surface adhesins (209). However, direct

comparison of antigenic profiles showed conservation of epitope presentation between

untreated and heat-fixed RB50, especially when compared with the antigenic profile of

Bvg- phase locked strain RB54. Similar to the heat-fixed B. bronchiseptica, formalin-

fixed bacteria were significantly decreased in binding capacity compared to live B.

bronchiseptica. Because formalin cross-links proteins, the ciliary receptor binding

domains on the adhesins may not be available to bind following formalin-fixation. These
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results indicate that initial ciliary binding may involve conformational changes in B.

bronchiseptica adhesins and/or dynamic changes in the bacterial outer membrane (e.g.,

rearrangement of adhesins on the bacterial surface following the initial adhesin/host cell

receptor interaction).

In summary, data presented from these studies show that, in the absence of FHA,

fimbriae, pertactin, and CyaA, B. bronchiseptica still retain ability to adhere airway cell

cilia. Components of the TTSS and the FHA-like protein FhaS are unlikely to be

involved in initial ciliary adherence. B. bronchiseptica exposed to heat- or formalin-

fixing conditions lose binding activity in the RTEC ciliary binding assay and phase-

modulation through LB growth significantly reduces binding. Future studies identifying

the additional B. bronchiseptica adhesins will provide additional targets for prevention of

colonization by Bordetella.
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CHAPTER 4:
BORDETELLA BRONCHISEPTICA ADHERE TO ASAILYATED

GLYCOCONJUGATES DURING CILIARY ATTACHMENT
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SUMMARY

During colonization of the host airway, pathogens from the genus Bordetella

overcome the innate immune defense of mucociliary clearance in part by directly

adhering to conducting airway epithelial cell cilia. Although several Bordetella adhesins

have been identified, specific adhesin-receptor interactions at the host cilium have not

been defined. We have reported specific roles for Bordetella adhesins and toxins in

ciliary attachment with rabbit tracheal epithelial cell (RTEC) cultures and several strains

of B. bronchiseptica (Chapters 2-3). Because B. pertussis have been reported to interact

with purified glycoconjugates, we investigated whether glycoconjugates on the ciliary

membrane acted as receptors for B. bronchiseptica adherence. Pretreatment of RTEC

with neuraminidase to remove terminal sialic acid residues significantly enhanced ciliary

binding by wild type strain RB50 during the RTEC binding assay. To further define

specific glycoconjugates as potential ciliary receptors, we measured binding by wild type

and mutant strains of B. bronchiseptica to glycolipids known to be part of the ciliary

membrane, the monosialyated ganglioside GM1 and asialoGM1. In an ELISA assay, wild

type strain RB50 preferentially adhered the asialoGM1 compared to GM1. A similar

increase in binding for asialoGM1 versus GM1 was seen in the with a Cya- B.

bronchiseptica strain, however, preferential binding to asialoGM1 was not observed for

filamentous hemagglutinin (FHA), fimbriae, or pertactin deficient strains, or for a strain

that expressed the FHA protein in an avirulent (Bvg-) background. Taken together, these

results suggest that B. bronchiseptica preferentially adhere to asialyated glycoconjugates

on the ciliary membrane and that asialoGM1 is a ciliary receptor candidate for FHA,
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when expressed with other virulence factors, and possibly pertactin and fimbriae.
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INTRODUCTION

Bacteria belonging to the genus Bordetella include the human pathogen B.

pertussis, the causative agent of whooping cough, and the closely related B.

bronchiseptica, which causes respiratory illness in a wide variety of mammals (90). The

initial site of host cell attachment for Bordetella is the cilia on conducting airway

epithelial cells (263). Ciliary binding is mediated through a set of virulence factors

expressed when the Bordetella virulence gene Activator/Sensor (BvgAS) two-component

signaling system is activated (262). These virulence factors include, but are not limited

to, the adhesins filamentous hemagglutinin (FHA), fimbriae and pertactin, and the toxin

adenylate cyclase-hemolysin (CyaA) (47, 168, 176) (Chapter 2-3). FHA can bind

proteins, via its arginine-glycine-aspartate (RGD) sequence (210, 211), carbohydrates via

its carbohydrate recognition domain (CRD), and has additional domains that may

participate in binding (207, 251). Fimbriae can bind sulfated sugars, including heparin,

dextran sulfate and chondroitin sulfate via a heparin binding domain (87), and can also

bind proteins, including the very late antigen-5 receptor on monocytes (112). Pertactin

contains several traditional protein-protein interaction domains, including an RGD

sequence, proline-rich regions and leucine-rich repeats (70). CyaA can insert directly into

host cell membranes (119), but specific attachment sites of this toxin are undefined.

Although we have shown that ciliary binding is decreased by B. bronchiseptica strains

that are deficient in any one of these factors (Chapters 2), or a combination of all four of

these factors (Chapter 3), sites of ciliary attachment for any of these adhesins have not

been defined.
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The glycolipids GM1 and asialoGM1, which are expressed on upper airway

epithelial cell cilia (1, 60), are candidates for bacterial attachment. AsialoGM1 is bound

by several potential airway pathogens, including P. aeuriginosa, S. aureus, and H.

influenzae (157). These pathogens do not bind GM1, which contains a GalNAcβ1-4Gal

linkage that is occluded by an N-acetylneuraminic acid (NAN; a sialic acid) residue

bound to galactose in that linkage. It has been suggested that the GalNAcβ1-4Gal linkage

contained within the carbohydrate sequence of asialoGM1 is the minimal structural

requirement for these pathogens to bind (157). In Bordetella studies, there is evidence for

both a preference in asialylated glycoconjugate binding by B. pertussis (31, 251) and

evidence for a preference for sialyated glycoconjugate binding by B. bronchiseptica

(130). These conflicting results are surprising considering the conservation of adhesin

expression, structure, and binding characteristics between B. pertussis and B.

bronchiseptica (128, 133, 200). In any event, the potential interaction of Bordetella with

sialic acid and sialic acid containing versus asialyated glycoconjugates remains unclear.

Other potential receptors for Bordetella binding are sulfated sugars. Sulfated

sugars, including dextran sulfate and chondroitin sulfate, are ubiquitous in the

mammalian respiratory tract (158). Exogenously added dextran sulfate (< 0.075 mg/ml)

blocked binding of B. pertussis to CHO cells (185) and to WiDr human adenocarcinoma

cells (31) by 50%. B. pertussis binding to isolated sugars and hamster tracheal cells can

be out-competed by the addition of other sulfated sugars, such as chondroitin sulfate,

heparin and heparan sulfate (31, 87, 184). In assays measuring Bordetella binding to

ciliated host cells, 1.0 mg/ml exogenously added dextran sulfate, but not dextran,
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significantly out-competed binding of B. pertussis to hamster tracheal cells in a 4 hour

binding assay (31). Taken together, these results support sulfated sugars as receptors.

However, these studies all were performed for extended incubation periods under

conditions that forced pathogen/host cell interaction, and it is thus unclear whether

sulfated sugars serve as receptors under in vivo conditions where adhesin/receptor

interactions are immediately initiated following cell contact.

In this study, we used the rabbit tracheal epithelial cell (RTEC) ciliary binding

assay to assess the contribution of sulfated sugars and sialic acid residues in ciliary-

specific adherence during initial binding (< 5 min). We utilized a modified ELISA assay

to clarify the role for specific sialic acid residues as receptors for B. bronchiseptica

binding and defined specific adhesin/receptor interactions occurring with asialoGM1. The

studies presented here represent the first competition analysis using a cilia-specific

binding model that focuses on initial host cell attachment to define the complex

receptor/adhesin interactions involved in initial Bordetella adherence.
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MATERIALS AND METHODS

Materials. GM1, asialoGM1, and α2-3,6,8,9-neuraminidase were from

Calbiochem (San Diego, CA). Cholesterol, L-α-phosphatidylcholine, dextran (MW ≅

670,000), chondroitin sulfate (MW = 499.38), and the alkaline phosphatase-conjugated

anti-rat κ and λ light chains monoclonal antibody were from Sigma-Aldrich Corporation

(St. Louis, MO). Dextran sulfate (MW = 400,000-600,000) was from MP Biomedicals

(Irvine, CA). Dulbecco’s Modified Eagle Medium, fetal bovine serum (FBS), Hanks’

Balanced Salt Solution, and antibiotic-antimycotic (AA; penicillin, streptomycin, and

amphotericin B) were obtained from Invitrogen (Carlsbad, CA). N-acetylneuraminic acid

was from Fisher Scientific (Hampton, NH). B. bronchiseptica strains were gifts from Drs.

Peggy A. Cotter (University of California, Santa Barbara), Seema Mattoo (University of

California, Los Angeles) and Jeffery F. Miller (University of California, Los Angeles).

Serum from a B. bronchiseptica sensitized rat was provided by Drs. Peggy A. Cotter and

Anders Omsland.

Bacterial strains and growth conditions. The B. bronchiseptica strains used in

this study are detailed in Table 4.1. Wild type B. bronchiseptica strain RB50 (48), and

derivative mutant strains RB53 (48), RBX9 (50), DF8 (50), RB63 (178), SP5 (Chapter 2),

RB58 (108), and RB71 (175) have been described previously. All strains were

maintained on Bordet Gengou agar supplemented with 15% defibrinated sheep blood.

Prior to use in binding assays, individual B. bronchiseptica strains were grown to log

phase under constant shaking at 37°C in supplemented Stainer Scholte broth (SSS; 63

mM L-glutamic acid, 2 mM L-proline, 43 mM NaCl, 3.7 mM KH2PO4, 2.7 mM KCl, 1
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mM MgCl2, 0.14 mM CaCl2•2H2O, 29 mM Tris-HCl, 33 mM L-cysteine, 3.6 mM

FeSO4•7H2O, 3.2 mM nicotinic acid, 48.8 mM glutathione, and 227.1 mM ascorbic acid,

pH 7.6) (238).

TABLE 4.1.  Bordetella bronchiseptica strains used in this study*

Strain Genotype Comments Ref
RB50 Wt Wild type isolate from rabbit; can switch

between Bvg+/Bvg- dependent on
environmental conditions

(48)

RB53 bvgS-C3 Mutation in bvgS that results in a phase-locked
Bvg+ strain independent of growth conditions

(48)

RBX9 ∆fhaB Does not express filamentous hemagglutinin
(FHA)

(50)

DF8 ∆bvgS,
∆flaA, fhaBr,
fhaCr

Bvg- phase locked lacking flagella that
ectopically expresses FHA

(50)

RB63 ∆fim Does not express fimbrial adhesin (178)
SP5 ∆prn Does not express pertactin Chapter 2
RB58 ∆cyaA Does not express adenylate cyclase-hemolysin

(CyaA) toxin
(108)

RB71 ∆fhaB, ∆fim,
∆prn, ∆cyaA

Does not express FHA, fimbriae, pertactin, or
CyaA

(175)

*All strains were derived from RB50 and were cultured in Bvg+ phase conditions

Enzyme linked immunosorbant assay (ELISA) of glycolipid binding by B.

bronchiseptica. Purified GM1 or asialoGM1 were diluted in methanol containing 0.1

µg/ml each cholesterol and phosphatidylcholine to concentrations ranging from 1 to 100

µg/ml. Appropriate glycoconjugate solution (50 µl) was added to the wells of a 96-well

plate (Corning Inc. #3596) and allowed to dry for at least 1 hour. Wells were incubated in

100 µl tris buffered saline (TBS) containing 1% bovine serum albumin, pH 7.6 (TBSA)
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for 2 hours at 37°C and washed with TBS. Indicated B. bronchiseptica strains were

brought to an approximate OD600 of 1.5 in TBSA and added to wells for 2 hours at 37°C.

Unbound bacteria were removed by washing with blocking solution followed by TBS.

Bound bacteria were detected by incubation with 50 µl serum (diluted 1:100 in TBSA)

from a B. bronchiseptica sensitized rat for 1 hour at 37°C. Wells were washed with TBS

and incubated with 50 µl alkaline phosphatase-conjugated anti-rat κ and λ light chains at

a 1:2000 dilution in TBSA for 1 hour at 37°C.  Following a TBS wash, alkaline

phosphatase was developed using pNPP substrate (1.0 M diethanolamine, 0.1 mM

MgCl2, 0.1 mM ZnSO4 • 7H2O, 1.0 mg/ml p-nitrophenyl phosphate in ddH2O, pH 10.0)

overnight at 4°C. Absorbance was determined at OD405 on a Multiscan MS microplate

reader (Labsystems, Franklin, MA).

Rabbit tracheal epithelial cell (RTEC) cultures. RTEC cultures were prepared

according to previously described methods (66) with modifications described in Chapter

2. Briefly, New Zealand White rabbits were injected in the marginal ear vein with sodium

pentobarbital, tracheas were removed, tracheal epithelial lining was teased away using

forceps, sectioned into explants with a scalpel, and seeded onto 15 mm glass coverslips

coated with rat-tail collagen. Cultures were incubated at 37°C in a 5% CO2 environment

in Dulbecco’s Modified Eagle Medium, supplemented with 0.2% NaHCO3, 10% FBS

and 1% AA (DMEM). RTEC were from 6 to 11 days old for all experiments. Prior to use,

cultures were washed thoroughly with Hanks’ Balanced Salt Solution (1.3 mM CaCl2, 5.0

mM, KCl, 0.3 mM KH2PO4, 0.5 mM MgCl2, 0.4 mM MgSO4, 137.9 mM NaCl, 0.3 mM

Na2PO4, and 1% glucose) additionally buffered with 25 mM HEPES, pH 7.4 (HBSS).



110

B. bronchiseptica binding competition assay. B. bronchiseptica strains from log

phase growth described above were collected by centrifugation. Bacteria were

resuspended in HBSS (or HBSS supplemented with appropriate sugar for competition

assays) to an OD600 between 0.208 and 0.253. Where indicated, both B. bronchiseptica

and RTEC cultures were incubated for 30 minutes with the respective sugar or sulfated

sugar prior to binding challenge. For neuraminidase pretreatment experiments, RTEC

were incubated with 0.1 U/ml neuraminidase (in HBSS, pH 6.0) for 30 minutes at room

temperature prior to binding assay. To control for potential phase-switching due to the

low pH in ciliary binding assays in the neuraminidase experiments, ciliary binding with

phase-locked Bvg+ strain RB53 was also performed with HBSS at pH 6.0. The level of

binding for each condition was assayed as described in Chapter 2. Briefly, actively

beating ciliated RTEC were visualized on an Olympus IX70 microscope using a 60x oil

immersion objective with Differential Interference Contrast (DIC) optics and an

additional 1.5x magnification zoom lens (98). At time 0, 1 ml of B. bronchiseptica

suspension was added to the RTEC culture using a syringe and a 16-gauge needle.

Cultures were subsequently washed at 2 and 3 minutes from the start of co-incubation

with 1 ml HBSS, or HBSS containing indicated sugar or sulfated sugar, to remove non-

adherent bacteria.  Individual images were captured during the experiment via a

Photometrics Cascade CCD camera (Roper Scientific, Tucson, AZ) onto a PC using

Image Master 3.0 software (Photon Technology, Inc., NJ) at 1 frame/3 sec for 5 minutes.

Captured TIF images were analyzed frame-by-frame for attached bacteria using

QuickTime software. Bacteria were scored as attached if they remained in contact with a
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ciliated cell for at least 8 consecutive frames (24 seconds). Attachments that included

more than one bacterium were scored as a single attachment. To ensure reproducibility,

all experiments were performed using tissue from at least two different rabbits.

Statistics. In RTEC ciliary binding assay experiments, graphical data is presented

as bound bacteria +/- standard error of the mean. Significance in attachment between

bacteria binding to RTEC cilia in the presence or absence of sugar residue and with or

without neuraminidase pretreatment was determined at each time point. In ELISA

experiments, graphical data is presented as absorbance at OD450 +/- standard error of the

mean with significance in attachment between bacterial binding to GM1 or asialoGM1

determined for each glycolipid concentration. Statistical difference was determined at a P

value of < 0.05 using a student t-test. Statistical analysis was performed using Prism

Software (GraphPad Software Inc., San Diego, CA).
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RESULTS

Role of sialic acid residues in ciliary binding by B. bronchiseptica. Sialic acid

residues are present in gangliosides on the airway epithelial cell ciliary membrane (1, 60).

There is conflicting data as to whether sialic acid residues can contribute to ciliary

attachment by Bordetella (30, 130, 251). To address if sialic acid residues can participate

as ciliary receptor sites for initial B. bronchiseptica attachment to cilia, the RTEC ciliary

binding assay was performed using exogenous N-acetylneuraminic acid (NAN; a sialic

acid) in binding a competition assay. There were no significant differences in RB50

binding to cilia in the presence of 0.1 mg/ml NAN (Figure 4.1). In an effort to enhance

the blocking effect of NAN, B. bronchiseptica binding to cilia was quantified in the

presence of a 10-fold increase in carbohydrate (1.0 mg/ml) added to the RTEC culture

and the bacterial suspension immediately or 30 minutes prior to performing the binding

assay. Ciliary binding by B. bronchiseptica was not significantly inhibited by the

presence of 1.0 mg/ml NAN (Figure 4.1).
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To test if removal of sialic acid residues would expose additional binding sites for

B. bronchiseptica, RTEC cultures were treated with neuraminidase and the binding assay

was repeated. Binding by a phase-locked Bvg+ strain of B. bronchiseptica (RB53) to

neuraminidase treated RTEC was significantly greater than binding to untreated RTEC at

four of the eight time points tested (Figure 4.2). These data are consistent with the

removal of sialic acid residues exposing additional binding sites for the B. bronchiseptica

on the ciliary surface. Taken together with the sialic acid competition assays above, we
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conclude that sialic acid residues are not receptors for B. bronchiseptica initial adherence

to airway cilia.

Binding by wild type B. bronchiseptica to immobilized GM1 or asialoGM1.

Sialic acid residues can be found on the ciliary membrane as part of gangliosides (e.g.,

GM1), a subset of glycolipids that have at least one terminal sialic acid residue (243).

AsialoGM1 contains the same saccharide structure as GM1, except it does not contain

sialic acid (Table 4.2). To test whether the sialic acid residue on GM1 affected binding,
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we compared wild type B. bronchiseptica (RB50) binding to varying concentrations of

GM1 and asialoGM1 in a modified ELISA assay (Figure 4.3). RB50 displayed a

background level of adherence to the microtiter plates (indicated at 0 µg/ml glycolipid).

RB50 binding to GM1 was similar to background across a wide range of tested glycolipid

concentrations. Binding by RB50 to 5 µg/ml of immobilized asialoGM1 was slightly

higher than background and this binding increased in a dose-dependent manner. Binding

by RB50 to 100 µg/ml asialoGM1 was significantly higher than to GM1 at the same

concentration.
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Role of filamentous hemagglutinin (FHA) in preferential binding of B.

bronchiseptica to asialoGM1 and GM1. FHA is often considered the primary adhesin of

Bordetella (168, 211). In previous studies, we have shown that an FHA deficient strain

(fhaB-) of B. bronchiseptica was significantly altered in ability to adhere cilia in the

RTEC ciliary binding assay (Chapter 2). To determine if FHA contributes to the

preferential adherence of B. bronchiseptica to asialoGM1 from above, the ELISA assay
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was repeated with the fhaB- strain (RBX9). Loss of FHA eliminated preferential binding

to asialoGM1 (Figure 4.4A), indicative of an FHA/asialoGM1 interaction.  To further test

a role of FHA in asialoGM1 binding, the ELISA assay was repeated with a B.

bronchiseptica strain that ectopically expresses FHA in the absence of other BvgAS

regulated virulence factors (DF8). This strain did not show preferential adherence to

asialoGM1 (Figure 4.4B). In summary, loss of FHA expression in a Bvg+ background

precluded preferential binding to asialoGM1, however, FHA expression in a Bvg-

background was not sufficient to restore preferential binding.
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Binding of additional B. bronchiseptica mutant strains to GM1 and

asialoGM1. Similar to the fhaB- strain of B. bronchiseptica, strains that do not express

fimbriae, pertactin or CyaA were also significantly inhibited in ability to adhere cilia in

the RTEC binding assay (Chapter 2). To determine if these virulence factors influence the

preferential adherence of B. bronchiseptica to asialoGM1 compared to GM1, the ELISA

assay was repeated with single knockout mutants RB63 (fim-), SP5 (prn-) and RB58

(cyaA-). In the absence of fimbriae, B. bronchiseptica bound to GM1 and asialoGM1 with

similar affinity (Figure 4.5A). In the absence of pertactin, B. bronchiseptica showed

slight, although not significant, preferential binding to asialoGM1 versus GM1 (Figure

4.5B). In the absence of CyaA, B. bronchiseptica displayed a preferential affinity for

asialoGM1 similar to RB50 (Figure 4.5C). From these results, we conclude that the B.

bronchiseptica toxin CyaA is not involved in the Bordetella/asialoGM1 interaction,

however, further studies are required to further determine the potential role(s) for

fimbriae and pertactin in this interaction.

Previous studies using the RTEC binding assay revealed that B. bronchiseptica

expresses unidentified BvgAS regulated factors that can mediate ciliary binding (Chapter

3). To test if these additional factors on B. bronchiseptica preferentially bind asialoGM1,

we repeated the ELISA assay with a mutant that does not express FHA, fimbriae,

pertactin or CyaA (quadruple mutant RB71). RB71 adhered to asialoGM1 at significantly

higher rates compared to GM1, however, overall binding by RB71 was much lower than

other mutants tested (Figure 4.5D). From these results, we conclude that unidentified B.
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bronchiseptica adherence factors can mediate preferential binding of the bacterium to

asialoGM1 compared to GM1.
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Role of sulfated sugars in ciliary binding by B. bronchiseptica. Sulfated sugars

are present in large amounts in the lung and trachea (158). To assay whether sulfated

sugars serve as ciliary binding receptors in initial host/pathogen interactions, the RTEC

ciliary binding assay was repeated in the presence of exogenous sulfated sugars in

solution as binding site competitors. A concentration of 0.1 mg/ml was initially chosen

based upon a previous study that reported with dextran sulfate competition at this

concentration significantly inhibited B. pertussis binding to hamster trachea cells (31). In

the presence of 0.1 mg/ml dextran sulfate, B. bronchiseptica was slightly decreased

compared to binding in the absence of the sugar. However, this decrease was significant

at only one of the eight time points tested (Figure 4.6A). In order to enhance blocking

effect of dextran sulfate, the RTEC ciliary binding assay was repeated in the presence of

10X the conentration of dextran sulfate (1.0 mg/ml) added immediately, or 30 minutes

prior to experimentation. Binding in the presence of 1.0 mg/ml dextran sulfate added

immediately prior to experimentation was significantly lower than RB50 binding in the

absence of sugar at two of the eight time points tested (Figure 4.6A). No significant

differences were observed following a 30 minute preincubation with 1.0 mg/ml dextran

sulfate, or in the presence of dextran added immediately or 30 minutes prior to

experimentation (Figure 4.6B). Similarly, no significant differences in binding were seen

in the presence of a second sulfated sugar, chondroitin sulfate, added immediately, or 30

minutes prior, to co-incubation (Figure 4.6C). A significant reduction in ciliary binding

was not maintained during the assay with any of the tested sulfated sugars and thus, we
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conclude that sulfated sugars are not successful competitors of B. bronchiseptica

adherence.
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DISCUSSION

Although airway epithelial cell cilia are the likely first point of host cell/pathogen

contact during Bordetella infection, the specific ciliary receptor/Bordetella adhesin

interactions have not been defined. In the present study, we assayed carbohydrates as

receptors for B. bronchiseptica binding using the RTEC ciliary binding model and a

modified ELISA. Removal of sialic acid residues by pretreatment of RTEC with

neuraminidase resulted in a significant enhancement of B. bronchiseptica ciliary binding

capacity. To further explore a role for sialic acid in occluding B. bronchiseptica binding,

attachment to the glycocongates GM1 and asialoGM1 was directly compared. B.

bronchiseptica wild type (RB50) and CyaA deficient mutant (RB58) strains bound

immobilized asialoGM1 at significantly higher levels than to GM1. In contrast, B.

bronchiseptica FHA knockout mutant (RBX9) and fimbriae knockout mutant (RB63)

strains did not exhibit preferential binding to either glycolipid. In RTEC binding assays,

none of the carbohydrates previously shown to alter Bordetella binding in forced

adhesion assays – sialic acid, dextran sulfate, and chondroitin sulfate – were able to

significantly inhibit ciliary binding by B. bronchiseptica. From these data, we conclude

that ciliary adhesion by B. bronchiseptica includes binding to asialylated compounds,

which is a candidate for ciliary receptor, and that binding at asialoGM1 can be mediated,

in part, through FHA, fimbriae and possibly pertactin.

Sialic acid residues are common to many of the gangliosides on ciliated airway

epithelial cells (1, 60) and may be a target for specific interactions with colonizing

bacteria. However, studies aimed to evaluate sialic residues as binding partners for
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Bordetella have not been consistent. In a model for ciliated cell attachment, isolated

swine nasal epithelial cell binding by B. bronchiseptica was reduced in the presence of

sialic acid or sialic acid containing compounds (130). Treatment of these cells with

neuraminidase, to remove terminal sialic acid residues, resulted in a 91% decrease in B.

bronchiseptica binding (130). In contrast to these findings, B. pertussis adhesion to

suspended human ciliated epithelial cells was not affected by the presence of exogenous

sialic acid (251). It should be noted that in both of these studies host cell adhesion was

evaluated after extended co-incubations (30 minutes – 3 hours) of Bordetella and isolated

ciliated cells, and did not differentiate between binding to ciliated or aciliated cells

surfaces. In the present studies, we used the RTEC ciliary binding assay to directly

evaluate the ability of exogenous sialic acid to out-compete ciliary binding by B.

bronchiseptica within the first 5 minutes of co-incubation and found no significant

alterations in binding. In complementary experiments, neuraminidase-treated RTEC

allowed for an increase in ciliary binding by B. bronchiseptica. Taken together, these data

do not support a role for sialic acid as a ciliary receptor, rather that ciliary sialic acid

residues on RTEC occlude binding by B. bronchiseptica.

The increase in ciliary binding following neuraminidase treatment of RTEC cilia

could be explained by the release of sialic acid residues from existing glycocongugates to

expose ciliary receptors. An intriguing glycocongugate pair that might contribute to this

change is GM1 and asialoGM1. Both of these glycocongugates are found in the lung

(159). As shown in Table 4.2, GM1 is a ganglioside with an oligosaccahride chain that

contains a single, terminal sialic acid residue (243). AsialoGM1 has a similar
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oligosaccharide chain, but does not contain sialic acid (243). AsialoGM1 has been shown

to be a receptor for a variety of pathogens, including Streptococcus pneumoniae, S.

aureus, and P. aeruginosa (159). Radiolabeled B. pertussis preferentially bound to

asialoGM1 over GM1 immobilized on microtiter plates (31). Similarly, B. pertussis

bound to asialoGM1 and neuraminidase-treated GM1, but not GM1, in thin layer

chromatography assays (31). In the present studies, we used an ELISA assay to

demonstrate that B. bronchiseptica adhere asialoGM1 and not GM1. The preferential

binding to asialylated glycocongugates is therefore shared among Bordetella species and

asialoGM1 remains a viable receptor candidate for Bordetella adhesins.

AsialoGM1 contains an exposed, internal GalNAcβ1–4Gal linkage that is

occluded in GM1 by sialic acid (243). GalNAcβ1–4Gal linkages have been demonstrated

as a receptor for other airway pathogen adhesins, including P. aeuriginosa pilin (224) and

flagellin (74), and S. pneumoniae C-polysaccharide (242). B. bronchiseptica express a

variety of virulence factors, including FHA, fimbriae, pertactin, CyaA, and unidentified

adhesins, that can contribute to ciliary binding (47, 168, 176)(Chapters 2-3). Of these

factors, FHA has a defined carbohydrate recognition domain (CRD) that makes it a

candidate for GalNAcβ1–4Gal linkage/asialoGM1 binding (207, 251). Our finding that

the B. bronchiseptica mutant lacking FHA (RBX9) loses the preferential binding to

asialoGM1 compared to GM1 is consistent with this hypothesis. However, the Bvg-

phase-locked mutant strain of B. bronchiseptica that ectopically expresses FHA (DF8)

did not recover the significantly higher binding to asialoGM1 compared to GM1. This

does not, however, definitively dispute the conclusion that FHA can bind asialoGM1.
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The level of surface FHA presented by DF8 as compared to wild type is unknown.

Because FHA interacts with CyaA (279) and possibly other adhesins/toxins on the

bacterial surface, it may require expression of other virulence factors for stabilization

and/or correct presentation of its binding sites. We have previously shown that DF8 is

able to adhere RTEC cilia at a rate comparative to RB50 (Chapter 2). DF8 also exhibits

binding to aciliated RTEC surfaces that are not bound by RB50 (97). This indicates that,

although FHA expressed by DF8 retains ability to bind host cell surfaces, the host-cell

receptor affinity is different from the FHA expressed by RB50. Therefore, DF8 binding

may not accurately represent FHA-mediated binding.

The number of different receptors bound by each Bordetella adhesin, as well as

whether or not multiple Bordetella adhesins bind the same receptor, is unknown. We

repeated the GM1/asialoGM1 ELISA binding comparison assay with additional single

knockout strains and the quadruple knockout strain of B. bronchiseptica to test if

fimbriae, pertactin, CyaA, or other unidentified adhesins, preferentially adhere to

asialoGM1. Similar to the loss of FHA, the loss of fimbriae expression by B.

bronchiseptica (RB63) resulted in a loss of preferential binding to asialoGM1 when

compared to GM1. Although B. bronchiseptica fimbriae have not been reported to have

ganglioside binding activity, related pilin proteins expressed by P. aeuriginosa have been

shown to bind the GalNAcβ1-4Gal linkage contained in asialoGM1 (224). Although the

pertactin knockout strain of B. bronchiseptica (SP5) exhibited a slight preference for

asialoGM1 binding over GM1, a statistical difference in binding was not observed.

Sequence analysis of pertactin has identified multiple protein-protein interaction motifs,
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including an RGD sequence, proline-rich regions, and leucine-rich repeats (71). Studies

presented here provide the first evidence that pertactin may have a role in binding to non-

protein receptors on host cell cilia. A B. bronchiseptica strain that does not express CyaA

exhibited preferential adherence to asialoGM1 similar to RB50. This indicates that CyaA

does not bind asialoGM1, and that the loss of CyaA does not alter ability of other B.

bronchiseptica adhesins to bind asialoGM1. A B. bronchiseptica strain that does not

express any of these four adhesins (RB71) bound asialoGM1 at significantly higher

amounts than GM1, indicating that unidentified adhesins may mediate observed ciliary

binding (Chapter 3) and rat nasal colonization (175) by binding asialyated

glycoconjugates.

Sulfated sugars (e.g., dextran sulfate, chondroitin sulfate, heparin, and heparan

sulfate) have been implicated previously as binding sites for Bordetella (31, 87, 184). B.

pertussis binding to sulfatides separated by thin layer chromatography was blocked by

the presence of dextran sulfate (31). Similarly, B. pertussis bound isolated dextran

sulfate, chondroitin sulfate, and heparan sulfate in an ELISA assay (87). In studies using

host cell culture models and B. pertussis, binding to HeLa cells (184) and to hamster

tracheal cells (31) was significantly blocked by presence of dextran sulfate. The

Bordetella adhesins FHA and fimbriae have been described as mediating adherence of

the bacterium to sulfated sugars through their heparin binding domains (87, 184). B.

pertussis strains that do not express fimbriae were unable to bind to sulfated sugars at the

same level as a wild type strain (87). Studies presented here utilized the RTEC ciliary

binding assay to determine the likelihood that sulfated sugars act as receptors for binding
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during initial host/Bordetella interactions. Competition with dextran sulfate did not cause

a consistent loss of binding in our ciliary binding assay. This binding pattern was much

less than would be expected from a significant competitor of ciliary binding (e.g.,

surfactant protein A; Chapter 2). Neither dextran nor chondroitin sulfate significantly

altered ciliary binding at any of the time points tested. Taken together, these results

indicate that sulfated sugars are not ciliary receptors for Bordetella binding during initial

host/pathogen interaction. Our results conflict with previous studies that showed dextran

sulfate blocked B. pertussis binding (31, 184). These experiments, however, measured

binding to epithelial cells during extended co-incubation times (4 hours) (31), or

extended co-incubations times with non-airway, non-ciliated cell models (e.g., WiDr

human adenocarcionma cells, HeLa cells, or CHO cells) (31, 184). We used a ciliated cell

model (RTEC) on a time scale consistent with initial host/pathogen interactions (< 5

minutes). Therefore, sulfated sugars may not act as receptors for initial Bordetella

binding, but this does not preclude their involvement in binding events at later stages in

colonization.

In summary, we examined GM1 and asialoGM1 as binding partners for B.

bronchiseptica, and evaluated isolated sugars as binding site competitors with the idea

that may be part of the ciliary receptor for B. bronchiseptica. We found that B.

bronchiseptica preferentially adhered to asialoGM1 over GM1 and ciliary binding was

improved after removal of sialic acid groups by neuraminidase treatment of RTEC

cultures. Additionally, sialic acid, the sulfated sugars dextran sulfate and chondroitin

sulfate, and dextran did not out-compete B. bronchiseptica binding to RTEC cilia. Future
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studies examining specific B. bronchiseptica adhesin/asialoGM1 interactions and

determining specific asialoGM1 linkages required for those interactions will present

targets for blocking binding by Bordetella and other primary colonizing bacteria.
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CHAPTER 5:
EVIDENCE FOR CONDUCTING AIRWAY EPITHELIAL CELL NITRIC

OXIDE PRODUCTION AS A DEFENSE AGAINST BORDETELLA
BRONCHISEPTICA INFECTION

Author’s Note: Portions of Figure 5.3 are included in (1) Omsland, A. 2005.
“Antimicrobial Effects of Reactive Nitrogen Species and Reactive Oxygen Species on
Bordetella and a Role for Dermonecrotic Toxin in Bacterial Physiology.” Doctor of
Philosophy. The University of Arizona, Tucson, AZ and (2) “Bordetella bronchiseptica
Responses to Physiologically Relevant Concentrations of Reactive Nitrogen Species and
Reactive Oxygen Species.” submitted for publication to Infection and Immunity and
authored by A. Omsland, J. A. Edwards, R. L. Friedman, K. M. Miranda, and S. Boitano.
The authors acknowledge Peggy A. Cotter, University of California, Santa Barbara, for
her supply of and help in working with mutant strains of Bordetella bronchiseptica and
Margaret K. McCuskey, University of Arizona, for processing and imaging of samples
for SEM analysis.



132

SUMMARY

The airway surface liquid (ASL) that covers the respiratory epithelium contains

an array of antimicrobial components produced, in part, by the underlying epithelial cells.

Nitric oxide (NO) and NO-derived reactive nitrogen-oxide species (RNOS) represent a

subset of ASL antimicrobials that contribute to host defense in the airway. Studies

presented here were performed to assess the role(s) for NO in host defense against

Bordetella, a primary colonizing bacterium of the conducting airway epithelium. We

show that NO can have toxic effects on Bordetella bronchiseptica as two different NO-

releasing compounds decreased the rate of log phase growth by the bacteria. Rabbit

tracheal mucosa and primary cultured tracheal epithelial cells (RTEC) expressed mRNA

for inducible nitric oxide synthase (iNOS), the enzyme that catalyzes high levels of NO

production. A novel method for isolating ciliated cells from the rabbit tracheal epithelium

was developed and used to show that iNOS mRNA is expressed specifically by these

ciliated cells. Because direct measurements of NO production by RTEC cultures were

unsuccessful, a second model, the human bronchial epithelial cell line 16HBE14o-, was

used to assay NO production by airway epithelial cells. Cultured 16HBE14o- cells

expressed iNOS protein and released measurable levels of NO that were detected by an

NO-sensitive electrode. These findings suggest that NO can have toxic effects on B.

bronchiseptica and provide evidence that conducting airway epithelial cells have the

capacity for NO release through continuous iNOS expression.
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INTRODUCTION

NO is a gaseous molecule with multiple biological functions including cell

signaling and host defense (18, 69, 215, 258). In the cell, NO is produced by three

isoforms of the enzyme Nitric Oxide Synthase (NOS). There are two constitutive forms

of NOS, neuronal (nNOS; Type I NOS) and endothelial (eNOS; Type III NOS), and one

inducible form of NOS (iNOS; Type II NOS) (82). The constitutive forms of NOS are

Ca2+-dependent and produce femtomolar to picomolar concentrations of NO for short

durations (215). These low amounts of NO are important in NO-mediated cell signaling

events such as vasodilation and non-adrenergic non-cholinergic nerve signaled

bronchodilation (18, 69, 258). The Ca2+-independent iNOS isoform can produce

nanomolar concentrations of NO over extended time periods (215), conditions that are

conducive to antimicrobial function (73). Consistent with antimicrobial activity, iNOS

can be induced by lipopolysaccharide (LPS; a component of the Gram-negative bacterial

outer membrane), and cytokines such as interleukin-1β (IL-1β), tumor necrosis factor-α

(TNF-α), and interferon-γ (IFN-γ) (76, 109), factors associated with innate immunity (76,

109). iNOS expression has been localized to airway epithelial cells (2, 201, 217, 260).

Primary cultured human airway epithelial cells continually express iNOS mRNA (102)

and protein (152), possibly due to regulating factors (e.g., cytokines) present in the

airway milieu (102). This continuous iNOS expression was not noted in other airway cell

types (102), and therefore airway epithelial cells may have developed an unique

mechanism for continuous iNOS expression. Future studies are required to determine the
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factors that may induce or maintain iNOS protein expression in the airway epithelial

cells.

NO can contribute to airway epithelial cell defense against primary colonizing

bacteria such as members of the genus Bordetella. The genus Bordetella includes the

mammalian pathogens B. pertussis, B. parapertussis and B. bronchiseptica. B. pertussis

in an obligate human pathogen that causes the disease pertussis (whooping cough) (39).

B. parapertussis can cause a milder pertussis-like disease in humans (115), and a separate

subspecies of B. parapertussis has also been isolated from sheep (206). B. bronchiseptica

has the widest host range of these three species; this strain can cause symptomatic or

asymptomatic disease in a variety of animals, including dogs, rabbits, swine, and

continually exposed or immunocompromised humans (90). An important step in

Bordetella airway colonization is the initial adherence to airway cilia (263) thereby

overcoming clearance by the mucociliary escalator. The clinical hallmark of pertussis is

the paroxysmal cough, which is likely due, in part, to destruction of ciliated cells in the

conducting airway (176). NO may be a mediator in the pathology of ciliated cell

destruction that occurs in pertussis (116). Primary cultured hamster tracheal epithelial

cells exposed to a combination of the Bordetella toxins LPS and tracheal cytotoxin (TCT)

activated iNOS in aciliated cells that resulted in extrusion of the ciliated cells from the

epithelium (77). In contrast to this detrimental effect of NO on tracheal ring organ

cultures exposed to B. pertussis, NO has also been suggested to have protective effects

against Bordetella, as an iNOS knockout mouse model was shown to be more susceptible

to B. pertussis colonization than wild type mice (36).
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Although evidence exists for the involvement of NO in both positive and negative

aspects of the Bordetella/host interaction, the direct effects of NO in host epithelial cell

defense during initial interaction with Bordetella remain unknown. In this study, we

examine the effects of NO on B. bronchiseptica growth to evaluate potential

antimicrobial activity. We show for the first time that rabbit tracheal epithelial cells taken

from the mucosa or grown in culture (RTEC) continuously express iNOS mRNA, and

this mRNA can be localized to ciliated cells, where initial Bordetella/host interactions

occur. In recognizing the limitations for studying iNOS regulation with primary cultured

RTEC, we characterize a human bronchial epithelial cell line, 16HBE14o-, that may

better model NO production at the airway epithelium.
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MATERIALS AND METHODS

Materials. Spermine NONOate, diethylenetriaamine (DETA) NONOate, and S-

Nitroso-N-acetyl-D,L-penicillamine (SNAP) were from Cayman Chemical (Ann Arbor,

MI). Dulbecco’s Modified Eagle Medium, Minimum Essential Medium with Earle’s salt

and L-glutamine, fetal bovine serum (FBS), Hanks’ Balanced Salt Solution, and

antibiotic-antimycotic (AA; penicillin, streptomycin, and amphotericin B) were from

Invitrogen (Carlsbad, CA). LHC basal medium was from Biosource International

(Camarillo, CA). Bordet Gengou blood agar plates, NucleoSpin RNA II kit, bovine

collagen 1 and human fibronectin were obtained from Becton, Dickinson and Company

(Franklin Lakes, NJ). Protease Type XIV (pronase), mouse monoclonal anti-β-tubulin IV

antibody, and goat anti-rabbit IgG – peroxidase conjugated secondary antibody were

from Sigma-Aldrich Corporation (St. Louis, MO). Rabbit anti-iNOS primary antibody

and NG-Nitro-L-arginine methyl ester (L-NAME) were from Calbiochem (San Diego,

CA). SuperSignal West Femto Maximum Sensitivity Substrate for chemiluminescence

was from Pierce (Rockford, IL). TO-PRO-3 iodide, Alexa Fluor 488 chicken anti-rabbit

IgG and Alexa Fluor 488 goat anti-mouse IgG secondary antibodies were from Molecular

Probes Inc. (Eugene, OR). First Strand cDNA synthesis kit was from MBI Fermentas

(Burlington, ON Canada). Taq DNA polymerase was from Promega (Madison, WI).

Recombinant mouse interferon-γ (IFN-γ), interleukin-1β (IL-1β), and tumor necrosis

factor-α (TNF-α) were from Chemicon International (Temecula, CA). Vectashield

mounting medium for fluorescence was from Vector Laboratories Inc. (Burlingame, CA).

16HBE14o- cells were purchased from the California Pacific Research Institute (San
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Francisco, CA). B. bronchiseptica strains were gifts from Drs. Peggy A. Cotter

(University of California, Santa Barbara), and Jeffery F. Miller (University of California,

Los Angeles).

B. bronchiseptica cell culture. The B. bronchiseptica strain used in this study

was the phase-locked virulent strain RB53. RB53 was derived from a wild type strain

(RB50) isolated from a naturally infected rabbit and has been described previously (48).

Because RB50 can modulate from virulent and avirulent phases in response to

environmental conditions (48), which may include exposure to reactive nitrogen and

oxygen species (197), RB53 was used to prevent phase switching and maintain the test

bacteria in the virulent phase. Bacterial cultures were grown as described previously

(Chapter 2). Briefly, cultures were maintained on Bordet Gengou blood agar plate, and

prior to use, were grown overnight at 37°C under constant shaking in Supplemented

Stainer Scholte broth (SSS; 63 mM L-glutamic acid, 2 mM L-proline, 43 mM NaCl, 3.7

mM KH2PO4, 2.7 mM KCl, 1 mM MgCl2, 0.14 mM CaCl2•2H2O, 29 mM Tris-HCl, 33

mM L-cysteine, 3.6 mM FeSO4•7H2O, 3.2 mM nicotinic acid, 48.8 mM glutathione,

227.1 mM ascorbic acid, pH 7.6) (238).

Eukaryotic cell culture. Rabbit tracheal epithelial cell cultures (RTEC) were

prepared as described previously (66) with modifications described in Chapter 2. Briefly,

New Zealand White rabbits were injected in the marginal ear vein with sodium

pentobarbital. Tracheas were removed, the tracheal epithelia were teased away, sectioned

into explants, and seeded onto 15 mm glass coverslips coated with rat-tail collagen.

Cultures were maintained at 37°C in 5% CO2 in Dulbecco’s Modified Eagle Medium
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containing 0.2% NaHCO3, 10% FBS and 1% AA (DMEM). Prior to use, RTEC were

washed in Hanks’ Balanced Salt Solution (1.3 mM CaCl2, 5.0 mM KCl, 0.3 mM KH2PO4,

0.5 mM MgCl2, 137.9 mM NaCl, 0.3 mM Na2PO4 and 1% glucose) additionally buffered

with 25 mM HEPES (HBSS). RTEC were from 7-10 days old for all experiments.

16HBE14o- cells are a SV40 transformed human bronchial epithelial cell line

(99). 16HBE14o- cells were expanded in tissue culture flasks prior to culture on 15 mm

glass coverslips. Flasks (2 ml) and coverslips (250 µl) were coated with matrix coating

solution (88% LHC basal media, 10% Bovine Serum Albumin (BSA; 1 mg/ml), 1%

bovine collagen type I (2.9 mg/ml), and 1% human fibronectin (1 mg/ml)) and incubated

for 2 hours at 37°C. The coating solution was then removed and the flasks and coverslips

were allowed to dry for at least 1 hour. 16HBE14o- cells from frozen stocks or expanded

flask cultures were plated at a concentration of 1x105 cells/cm2. Cells were cultured in

350 µl of control growth media (CGM: Eagle’s MEM supplemented with 10% FBS, 1%

L-glutamine (200mM), 1% AA) at 37°C in a 5% CO2 atmosphere. CGM was replaced

every other day until the cells reached confluence.

B. bronchiseptica growth curves in the presence of NO donors. Overnight

cultures of RB53 were seeded in 3 ml fresh SSS to an optical density (OD) 600 from 0.041

to 0.076. These cultures were maintained at 37°C with shaking throughout the

experiment. At 2 hours post bacterial addition, NO donors Spermine NONOate or DETA-

NONOate were added to the bacterial cultures at the indicated concentrations. These NO

donors release a steady state level of NO over time (Figure 5.1) making them an effective

method for continuous NO delivery (144). To control for effects of NO donor
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components other than NO on bacterial growth, expired Spermine NONOate or DETA

NONOate were assayed for effects of B. bronchiseptica growth also. Donors were

expired by adjusting the pH of the donor to 5, followed by incubation at 37°C for at least

12 hours.  OD600 readings of the bacterial cultures exposed to each donor or expired donor

as controls (data not shown) were taken at 5, 7, and 9 hours following donor addition and

compared to growth of the strains in the absence of donor.

Isolation of ciliated cells from the rabbit tracheal epithelium.  Overnight

cultures of RB53 were resuspended in ddH2O to an OD600 > 0.5. Resuspended bacteria

(250 µl) were added to pre-warmed 15 mm glass coverslips and flame-dried over a

Bunsen burner to heat-affix the bacteria. The rabbit tracheal mucosa was isolated as
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above and digested as previously described (66) with modifications (197). Briefly, the

tracheal mucosa was cut into thin strips with a #22 blade and digested in 3 ml pronase

solution (0.5% w/v in DMEM without FBS or antibiotic-antimycotic) for 50 minutes at

37°C under constant agitation. At 10 minute intervals throughout the incubation, the

solution was vortexed vigorously to increase individual cell yield. After incubation,

visible pieces of tissue were removed, digested cells were collected by centrifugation at

100 x g for 5 min, and resuspended in HBSS. A 50 µl aliquot of the resuspended cell

solution was added to the RB53-coated coverslips and monitored with light microscopy

for cell adherence to the bacteria fixed to the coverslip (< 10 minutes). Coverslips were

gently rinsed twice with HBSS to remove non-adherent cells.

To confirm isolation of ciliated cells, recovered adherent cells were fixed with 4%

paraformaldehyde for 20 minutes at 37°C. Fixed cells were permeablized with 0.2%

Triton X-100 for 20 minutes at room temperature (RT), blocked for 1 hour in phosphate

buffered saline (PBS; 10 mM HEPES, 8 mM Na2HPO4, 128 mM NaCl, 2 mM KCl)

additionally supplemented with 3% bovine serum albumin (PBSA) then incubated with

mouse anti-β-tubulin-IV (1:250 dilution in 3% PBSA) for 1 hour at 37°C. Cells were

blocked for 1 hour in 3% PBSA and incubated in Alexa Fluor 488-conjugated goat anti-

mouse secondary antibody (1:500 dilution in 3% PBSA) overnight at 4°C. Cells were

washed thoroughly with PBS, incubated in TO-PRO-3 nucleic acid stain (1:500 dilution

in PBS) for 15 minutes at RT, and washed again with PBS. Stained coverslips were

mounted onto a glass slide with Vectashield mounting medium and visualized with an
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Olympus IX70 microscope and a Photometrics CoolSnap camera (Roper Scientific,

Tucson, AZ) with RS Image software (Roper Scientific, Tucson, AZ).

Reverse transcriptase polymerase chain reaction (RT-PCR) for iNOS mRNA in

rabbit tracheal epithelial cells. To assay for iNOS mRNA expression in tracheal mucosa,

RTEC cultures, or ciliated cells, total RNA was isolated from each preparation using the

NucleoSpin RNA II kit following manufacturer’s protocol. cDNA was synthesized using

the First Strand cDNA synthesis kit following manufacturer’s protocol using both

oligo(dt)18 primer and random hexamers. For cDNA synthesis, samples were incubated

for 10 minutes at 25°C, 60 minutes at 37°C and 10 minutes at 70°C. To ensure no DNA

contamination, control samples were run without reverse transcriptase (RT). cDNA was

amplified using primers specific for rabbit iNOS or β-actin (Table 5.1) constructed using

online software Primer 3 (http://www-genome.wi.mit.edu/cgi-bin/primer/primer3.cgi).

PCR reactions were run for 35 cycles of 94°C for 1 minute, 57°C for 0.5 minutes, and

72°C for 2 minutes. Resulting products were separated on 1% agarose gels containing

ethidium bromide and visualized under ultraviolet light using a ChemiDoc illumination

system and Quantity One software (BioRad, Hercules, CA).

Table 5.1.  Sequences of primers used in this study.

mRNA Primer 1 Primer 2

INOS 5’CAAATACGAGTGGTTTCGGG3’ 5’TGGTCACATTCTGCTTCTGG3’

β-actin 5’CGTGGGCCGCCCTAGGCACCA3’ 5’TTGGCCTTAGGGTTCAGGGGGG3’
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Detection of iNOS protein expression in 16HBE14o- cells. For iNOS

immunocytochemistry in 16HBE14o- cells, serum exposed or serum-starved (24 hours)

cultures were washed thoroughly with HBSS and fixed with 3.7% formaldehyde for 15

minutes at RT. Fixed cells were permeablized with 0.1% Triton X-100 in 1% PBSA for

30 minutes at room temperature. Cells were blocked in 1% PBSA overnight at 4°C, and

then incubated in rabbit anti-iNOS antibody (1:100 dilution in 1% PBSA) for 2 hours at

37°C. Coverslips were incubated in 1% PBSA 30 minutes followed by Alexa Fluor 488

conjugated chicken anti-rabbit secondary antibody (1:500 dilution in 1% PBSA) for 2

hours at 37°C and washed thoroughly with double distilled H2O (ddH2O). Stained

16HBE14o- cells were mounted and visualized as described for rabbit ciliated cells

above.

For iNOS Western blotting in 16HBE14o- cells, medium from flasks containing

nearly confluent 16HBE14o- was replaced with serum-free MEM 48 hours prior to

protein isolation. At 24 hours prior to protein isolation, medium was replaced with either

serum-free MEM or with serum-free MEM supplemented with a cytokine mixture (10

ng/ml each of IL-1β, IFN-γ, TNF-α) to induce iNOS expression. For protein isolation,

cells were rinsed with PBS and removed from flask by an initial rinse with detachment

solution (PET; 1% polyvinylpyrrolidone, 0.02% EGTA, 0.02% trypsin in PBS), followed

by a 5 minute incubation with PET solution at 37°C. Dislodged cells were collected in a

50 ml ice-cold centrifuge tube and diluted 4X with MEM. PET incubation was repeated

until all cells were detached. Cells were collected by centrifugation at 200 x g and 4°C

and lysed in ice-cold NP-40 lysis buffer (150 mM NaCl, 50 mM Tris, 1% NP-40, pH 8.0)
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for 30 minutes. Lysate was centrifuged at 10,000 x g and 4°C for 10 minutes and

supernatant was collected. Proteins from equal volumes of lysate from the cytokine

challenged and non-cytokine challenged cells were separated on a 5% SDS-PAGE gel

and transferred overnight to a PVDF membrane. Non-specific sites on the membrane

were blocked overnight at 4°C in tris buffered saline (TBS; 20 mM Tris-HCl, 50 mM

NaCl) containing 0.01% Tween-20 and 5% dry milk (TBS-TM). Membranes were

incubated for 1 hour at room temperature with anti-iNOS antibody (1:1000 dilution in

TBS-TM), blocked for 30 minutes in TBS-TM, and washed with TBS containing 0.01%

Tween-20 (TBS-T). Membranes were then incubated at room temperature for 1 hour with

peroxidase-conjugated goat anti-rabbit secondary antibody (diluted 1:2500 in TBS-TM),

washed with TBS-T and then with distilled water. Protein bands were visualized by

development with chemiluminescent reagent and imaged with a Chemi Doc illumination

system under Quantity One Software Control (BioRad, Hercules, CA).

Measurement of NO production in RTEC and 16HBE14o- cultures. For

measurement of NO produced by RTEC, total NO, nitrite (NO2
-), nitrate (NO3

-), and

nitrosothiols (SNO) present in conditioned RTEC cell supernatant were measured using a

Nitric Oxide Analyzer (NOA 280i; Sievers Instruments, Inc., Boulder, CO) according to

manufacturer’s protocol. Briefly, conditioned supernatants were collected and generated

NO2
-, and NO3

- and SNO in the medium were reduced to NO with a saturating amount of

vanadium (III) chloride in 1 M HCl at > 90°C. Reduced supernatants were loaded on the

NOA 280i and total NO signal was recorded onto a PC computer using Sievers

Instruments’ NOAnalysis liquid program software (Boulder, CO). NO measurements
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were taken from RTEC supernatant conditioned for 2 hours. NO concentrations in these

samples were extrapolated from a calibration curve performed on the same day using

known concentrations of NaNO3 as the standard.

To measure NO produced by 16HBE14o- cells, the ISO-NO Mark II Nitric Oxide

meter equipped with an ISO-NOPMC 4 mm NO sensitive electrode (World Precision

Instruments, Sarasota, FL) was used. Prior to experimentation, 16HBE14o- cell cultures

were serum-starved for 24 hours and exposed to L-NAME at concentrations expected to

inhibit iNOS activity (1 mM or 10 mM) where indicated. Prior to recording, the NO

sensitive electrode was equilibrated in PBS until the background signal stabilized. The

16HBE14o- cultures were washed thoroughly in PBS, and the electrode was placed near

the cell monolayer using a micromanipulator. Sufficient PBS was present to allow for

complete coverage of the probe without direct cell interaction. The NO meter was then

zeroed and signal was recorded for 60 minutes onto a Macintosh computer using a

PowerLab data acquisition system and PowerLab Scope software (ADInstruments Inc.,

Colorado Springs, CO). NO concentrations were extrapolated from a calibration curve

performed on the same day as experimentation using known concentrations of SNAP as

the standard.

Statistics. In RB53 growth assays, data is presented as bound bacteria +/- standard

error of the mean. Significant differences in growth rate between RB53 and RB53

exposed to 0.5 mM or 5.0 mM spermine NONOate, and 5.0 mM DETA NONOate were

determined for each time point at P < 0.05 using a student t-test. Statistical analysis was

performed using Prism Software (GraphPad Software Inc., San Diego, CA).
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RESULTS

Inhibition of B. bronchiseptica growth by NO donors. To test if NO has an

antimicrobial effect on B. bronchiseptica, we assayed growth of a virulent B.

bronchiseptica strain (RB53) in the absence or presence of 0.5 mM and 5.0 mM spermine

NONOate and 5.0 mM DETA-NONOate. RB53 growth was significantly inhibited by

both concentrations of spermine NONOate (Figure 5.2A) and DETA-NONOate (Figure

5.2B). When NO is released from these donors, the carrier compounds spermine and

diethylenetriaamine (DETA) remain in the solution. To control for bacterial growth

inhibition due to donor breakdown products other than NO, expired spermine NONOate

or DETA NONOate was added to actively growing B. bronchiseptica cultures. The

expired donors did not have a similar antimicrobial effect (data not shown). From these

data, we conclude that NO can affect growth of virulent B. bronchiseptica.
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Expression of iNOS mRNA in primary cultured rabbit tracheal epithelial cells

(RTEC). Although iNOS has been shown to be expressed in human and rodent airway

epithelial cells (102, 217, 219), similar studies with ciliated airway epithelial cells from a

natural host for B. bronchiseptica are lacking. To determine if iNOS is expressed in the

rabbit conducting airway, we assayed for iNOS mRNA in the tracheal mucosa and in

RTEC cultures (Figure 5.3). iNOS mRNA was detected in both the tracheal mucosa

immediately following removal from the trachea, and in 7-10 day old RTEC monolayers.

To control for the potential induction of iNOS by serum (FBS), expression of iNOS was

assayed in RTEC cultures deprived of FBS for 2, 6, and 12 hours (Figure 5.3). iNOS

expression remained following serum-starvation for each of these time points.

 

The tracheal mucosa and RTEC cultures contain both ciliated and aciliated (e.g.,

mucus-secreting and basal) cells. We have previously shown that B. bronchiseptica bind

to the cilia of RTEC cultures with almost no binding to aciliated cell surfaces (Chapter 2).
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Expression of iNOS by ciliated cells would allow for production of NO near to attaching

B. bronchiseptica. To address if iNOS expression is expressed in ciliated cells, we took

advantage of the strong interaction between B. bronchiseptica and cilia to isolate ciliated

cells from the rabbit tracheal mucosa. Individual epithelial cells digested from the

tracheal mucosa were captured onto glass coverslips coated with heat-affixed phase-

locked Bvg+ B. bronchiseptica RB53 as described in Material and Methods (Figure 5.4

A-C). iNOS mRNA was detected in both the captured, ciliated RTEC as well as in the

cells that did not bind to the RB53-coated coverslips (Figure 5.4 D). Ciliated airway

epithelial cells, which are involved in the initial host contact with Bordetella and thus can

provide the first line of defense by the airway, are capable of producing antimicrobial

NO.
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Measurement of NO from RTEC conditioned medium in the absence and

presence of B. bronchiseptica. Initial efforts to measure iNOS protein expression with

immunocytochemistry and Western blotting were unsuccessful. Experimental conditions

were limited by a lack of available anti-iNOS antibodies produced outside of rabbits and

lack of specificity from the available antibodies (data not shown). In an effort to

determine if NO was produced by airway epithelial cells in response to Bordetella

challenge, we used traditional methods, including the Griess reagent and an NO-sensitive
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electrode, to assay NO and NO reaction products in RTEC conditioned medium prior to

and following B. bronchiseptica challenge. NO and NO reaction products in RTEC

conditioned media were below the detection limit of the Griess reagent. The NO-sensitive

electrode could not be confidently used because of interference from sugars present in the

necessary RTEC culture buffer (HBSS). In a chemiluminescent assay, baseline

concentrations of RTEC produced NO and the NO breakdown products NO2
-, NO3

-, SNO

reached 10-12 µM (Figure 5.5). Following a 2 hour incubation of RTEC with B.

bronchiseptica RB53, the concentration of NO and NO reactants in the conditioned

medium decreased (Figure 5.5). In control experiments, a similar drop in NO reactants

was observed after incubation of buffer with Bordetella (data not shown). In effect,

Bordetella quenched the NO signal, and therefore, direct measurements of NO

production resulting from bacterial challenge in this system could not be interpreted.
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Expression of iNOS in 16HBE14o- cell cultures. To begin to establish a cell

model that would produce NO via iNOS and could therefore be used in studying B.

bronchiseptica response to host cell produced NO, we assayed for iNOS protein

expression in 16HBE14o- cells. 16HBE14o- cells are derived from the human bronchial

epithelium, are polarized, and have been demonstrated to express cilia when grown in an

air-liquid interface (53). Prior studies suggested that, in serum-free media, 16HBE14o-

cells showed sporadic staining of iNOS that increased substantially in response to

induction by cytokine-stimulated neutrophils (183). In studies presented here, strong
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iNOS immunoreactivity was seen in the majority of cultured 16HBE14o- cells (Figure

5.6 B). In complementary Western blot experiments, a strong signal at the expected size

for iNOS was also present in cell lysates from serum-starved, cytokine-free or cytokine-

treated 16HBE14o- cells (Figure 5.6 C). We conclude that 16HBE14o- cell monolayers

express iNOS protein in culture, and this expression is independent of serum or added

cytokines in the culture medium.
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Measurement of NO produced by 16HBE14o- cells. We next tested if

16HBE14o- cells release detectable levels of NO into medium directly surrounding the

apical membrane with an NO-sensitive electrode placed near the cell culture surface. The

NO-sensitive electrode was used because it specifically detects NO in real time.



154

Additionally, 16HBE14o- cells can be incubated in PBS, which does not interfere with

readings using the NO-sensitive electrode. We detected NO signal above background

(PBS alone) for all conditions tested. In the presence of the NOS competitive inhibitor

NG-Nitro-L-arginine methyl ester (L-NAME), peak NO signal was decreased at lower

concentrations (1 mM) and steady-state NO signal was decreased at higher

concentrations (10 mM) (Figure 5.7). We conclude that cultured 16HBE14o- cells

enzymatically produce NO that can be detected in the conditioned medium immediately

above the apical membrane.
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DISCUSSION

The ciliated upper airway epithelium presents the first cellular line of defense

against inhaled microorganisms. Airway epithelial cells produce many factors, including

NO, demonstrated to be part of this defense (13, 62, 84, 196, 257). In the present study,

we assayed the antimicrobial effect of NO on B. bronchiseptica, and the potential for

conducting airway epithelial cells to produce NO in the presence or absence of inducing

factors (e.g, cytokines or serum). We show that NO released by spermine NONOate and

DETA NONOate reduced log-phase growth of a phase-locked virulent strain of B.

bronchiseptica. We show that ciliated rabbit airway epithelial cells express iNOS mRNA

in the absence of inducing factors. Total NO signal produced by RTEC cultures and

measured by chemiluminescence was decreased in the presence of B. bronchiseptica,

possibly due to quenching of the NO signal by the bacterium. Because assays to measure

RTEC iNOS and NO were unsuccessful, we used an alternative airway model,

16HBE14o- human bronchial epithelial cells, to evaluate NO production in the airway.

16HBE14o- cells expressed iNOS enzyme in culture, independent of serum or cytokine

activation. The NOS inhibitor L-NAME decreased NO production in these cells as

measured directly by an NO-sensitive electrode placed near the apical membrane of

monolayer cultures. We therefore present 16HBE14o- cells as an alternative NO cell

delivery model for future studies of the role of NO in Bordetella/host cell interactions.

Nitric Oxide is produced by airway epithelial cells (2, 201, 217, 260). As a

primary colonizing respiratory pathogen, Bordetella likely encounter NO in the airway

during infection. NO has been shown to be an effective antimicrobial against other
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pathogens (73, 192, 215), however, studies on NO effects on Bordetella are lacking. In

this study, we show that NO-donors spermine NONOate and DETA NONOate reduced

log phase growth by B. bronchiseptica. Spermine NONOate has a much shorter half-life

(39 minutes at 37°C) than DETA-NONOate (20 hours at 37°C) (144). The shorter half-

life of spermine NONOate results in a comparatively greater concentration of NO in the

spermine NONOate incubated samples at any given time during the assay, consistent

with the greater susceptibility of the bacteria to this donor. Based on in vivo estimates of

endothelial cell NO production, a conservative estimate for NO concentration in the

airway is 300-400 nM (172). Such a steady-state NO concentration can be achieved after

approximately 10 minutes of incubation of 6 µM spermine NONOate in PBS (pH 7.1-2)

at 37°C (197). Although we have demonstrated an anti-Bordetella activity of NO in vitro,

the concentrations of NO donors used in this initial examination required to impede

growth of B. bronchiseptica are higher than conservative estimates of NO in the airway.

Recently, B. bronchiseptica growth inhibition studies from our laboratory have used

spermine NONOate at concentrations that would produce NO concentrations closer to

physiological levels (197). These studies measured the effect of spermine NONOate-

delivered NO on reduced Bordetella numbers and were performed in PBS to better mimic

the airway environment. In these studies, spermine NONOate concentrations of as low as

62.5 µM significantly reduced B. bronchiseptica growth. Lower concentrations of

spermine NONOate (3.9 µM) contribute to inhibiting growth of B. bronchiseptica when

introduced in bacterial cultures with 2.5 µM hydrogen peroxide (H2O2) (197). These



157

results further indicate a role of NO in host defense against B. bronchiseptica as part of

the environment of innate immune effectors in the ASL.

We have shown previously that B. bronchiseptica adhere specifically to RTEC

cilia (Chapter 2). To determine if the ciliary/airway surface liquid environment might

contain NO, we monitored iNOS mRNA expression in rabbit tracheal epithelial cells

immediately following removal from the trachea and in cultured RTEC. The iNOS

mRNA detected in tracheal epithelial cells remained when those cells were grown in

culture in the absence of cytokines present in the ASL and in the absence of serum,

indicating that these cells may have mechanisms for continual iNOS expression. We have

developed a unique method to isolate ciliated cells from the tracheal mucosa and further

show that iNOS mRNA expression occurs in rabbit tracheal ciliated cells, the first

cellular point of contact for Bordetella in the airway. Therefore, Bordetella likely

encounter and interact with gaseous NO and it’s reactive byproducts during infection, and

specifically during ciliary attachment, of their respective mammalian host.

Multiple assays can be used to measure NO and NO breakdown products,

including the Griess reagent, NO-sensitive electrodes, and chemiluminescence. Prior

studies using the Griess reagent to measure nitrite accumulation in hamster tracheal cell

supernatant following B. pertussis challenge showed a significant increase in nitrite

accumulation following a 20 hour incubation with TCT or LPS compared to non-

challenged cells (77). Incubation of these with both TCT and LPS resulted in a

significantly higher level of nitrite accumulation than TCT or LPS alone (77). In the

RTEC assay, there was not a high enough accumulation of NO end products to be
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accurately measured by the Griess reagent. NO-sensitive electrodes can be used to

specifically measure NO as it is being produced. Attempts to measure NO produced by

RTEC with an NO-sensitive electrode were inconsistent due to the need for RTEC to be

incubated in buffers that contain sugars, which interfered with the measurements. Low

concentrations of NO and its accompanying end products NO2
-, NO3

-, SNO in media

containing sugars can be measured in a chemiluminescent assay using the Sievers

NOAnalyzer. With this instrument, NO was detected in HBSS buffer incubated on an

RTEC culture for 2 hours. A decreased concentration of NO was detected from an RTEC

culture that was exposed to B. bronchiseptica in HBSS for 2 hours. This is not consistent

with our hypothesis of NO acting as an antimicrobial as we would expect NO production

to increase following bacterial challenge. Because NO has the capacity to react with a

variety of biological molecules, the presence of B. bronchiseptica in the system may be

acting to quench the NO signal. This indicates that NO produced by RTEC is interacting

with the bacteria, consistent with NO potentially acting as an antimicrobial against B.

bronchiseptica.

Because of the difficulties in identifying iNOS protein in the rabbit model stated

above, we sought an alternative cell model system for furthering these studies.

16HBE14o- cells are human bronchial epithelial cells, which make them more suitable

for study with currently available iNOS antibodies, and create a polarized epithelium

when grown in monolayer culture (99). It has also been shown that, when grown in an

air-liquid interface, 16HBE14o- cells express cilia (53). To verify that iNOS is expressed

by these cells, we assayed iNOS expression by immunocytochemistry and Western
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blotting. iNOS was detected in monolayer cultures in the absence of serum, cytokines, or

bacterial challenge, indicative of continuous iNOS expression by these cells. This is in

agreement with RTEC studies, but in contrast to previous results with 16HBE14o- cells

that showed only sporadic iNOS positive cells in serum-free culture conditions (183). To

further assay NO production by 16HBE14o- cells in culture, we quantified NO release

from the apical membrane using an NO-sensitive electrode and measured approximately

150 nM NO. To our knowledge, this is the first direct measurement of NO release by

polarized airway epithelial cells. Although measurements of NO produced by iNOS-

expressing epithelial cells have not been reported, it would be expected that these

amounts would be higher than the NO production catalyzed by eNOS in endothelial cells

(400-500 nM (172)) because of the greater capacity for iNOS to produce NO compared to

eNOS (215). One possible contribution to our low measurements may be the headspace

air above the cell culture supernatant, which allows for NO reaction and thus, would

lower NO that could reach the electrode. Future studies are required to maximize

detection of NO produced by 16HBE14o- cells before accurate measures of NO

production by airway epithelial cells can be reported.

Data presented here and in studies from our laboratory that followed up on these

early results (197) show that NO can have toxic effects on B. bronchiseptica and can be

produced by airway epithelial cells that are a primary site of colonization by this

bacterium. This positive effect of iNOS produced NO in the innate immune response to

Bordetella is in agreement with the increase in B. pertussis infection in the iNOS

knockout mouse compared to the parent strain (36). However, there is also evidence that
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continued NO production may have detrimental effects on the host cells; exposure of

hamster tracheal rings to a combination of B. pertussis TCT and LPS for 26 hours

induced iNOS expression by aciliated cells that resulted in damage and extrusion of

ciliated cells from the organ culture (77). Measuring the amount of iNOS expressed and

NO produced in conducting airway epithelial cells prior to and following challenge with

various B. bronchiseptica strains over several time points would further these studies.

Additional work with the rabbit model may be difficult due to lack of appropriate

antibodies for iNOS. For this reason, future studies would benefit from developing a

pathogen/host interaction model between Bordetella and host cells for which iNOS

probes are available. We propose in these studies that the 16HBE14o- human bronchial

epithelial cell line can be used as a host cell model for studying Bordetella response to

airway epithelial cell-produced NO. 16HBE14o- cells, however, express limited cilia, the

site of Bordetella attachment in the airway (263). We therefore recommend that future

experiments include the use of primary cultured normal human bronchial epithelial cells

as a host model cell for B. pertussis.
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CHAPTER 6:
FUTURE DIRECTIONS OF RESEARCH
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Identification of Bordetella adhesin/ciliary receptor binding interactions.

Bordetella infection is initiated upon the attachment of the bacterium to the conducting

airway epithelial cell cilia of its host (263). This attachment is mediated by adhesins and

toxins expressed by the bacterium during the virulent (Bvg+) phase (48, 173, 186). The

choice of model used to study Bordetella/host interactions is of significance as results

from adherence varied greatly dependent on the model system used (176). In the studies

presented in this dissertation, I assayed the contribution of various Bordetella virulence

factors to adhesion by measuring B. bronchiseptica mutant strain binding to primary

cultured ciliated rabbit tracheal epithelial cells (RTEC) (98). The rabbit is a natural host

for B. bronchiseptica (90), and the wild type B. bronchiseptica strain used in these

studies (RB50) was isolated from a naturally infected rabbit (48). I show that filamentous

hemagglutinin (FHA), fimbriae, pertactin and adenylate cyclase-hemolysin (CyaA)

contribute to initial ciliary-specific binding in the RTEC ciliary binding assay (Figures

2.4-5), but that there are additional, unidentified, virulence factors that can mediate

binding to cilia as well (Figure 3.1).

Identification of additional Bordetella adhesins may be applied to B. pertussis

vaccine design. The adhesins FHA, fimbriae and pertactin are featured prominently in the

multi-component diphtheria, tetanus, acellular pertussis (DTaP) vaccines currently

licensed for use in the United States (42). FHA is often discussed as the major Bordetella

adhesin based upon tissue culture based assays (185, 207, 210, 211, 251, 252, 254),

however, the necessity of FHA for in vivo adherence is undetermined. Vaccine efficacy

trials have shown that a whole-cell pertussis vaccine that contained minimal amounts of
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FHA and induced a minimal FHA response, was much more effective than its follow-up

DTaP vaccine, which contained large amounts of FHA and induced a greater anti-FHA

response (113, 114, 239). This suggests that factors other than FHA mediate B. pertussis

colonization. Results presented in this dissertation from a cell culture-based assay present

the first evidence that Bordetella adhesins other than FHA can contribute equally to

initial ciliary-specific binding and that virulence factors other than FHA, fimbriae,

pertactin and CyaA can mediate this attachment. Although I have ruled out

dermonecrotic toxin, the type III secretion system, and FhaS as contributing to maximal

ciliary binding in this assay, other potential adhesins exist (e.g., LPS, FhaL, Vag8, BrkA).

To test the role of LPS in ciliary binding, the RTEC ciliary binding assay can be repeated

with a mutant strain of B. bronchiseptica that expresses a truncated form of LPS (233)

and comparing that to wild type RB50, which expresses the full length LPS.

Alternatively, RB50 binding in the presence of the hydrophobic compound para-

nitrophenol could be measured as a method to out-compete potential interactions between

the hydrophobic LPS and host cell cilia (151). Development of B. bronchiseptica mutant

strains that do not express FhaL, Vag8 or BrkA would allow for assaying the contribution

of these adhesins to ciliary binding in the RTEC ciliary binding assay. Immunity to B.

pertussis wanes quickly, with protection lasting only 5-10 years following pertussis

vaccination (75, 135). A better understanding of Bordetella adhesins and their role in

binding and colonization may present new candidate vaccine components for creation of

a more effective, longer lasting vaccine.
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The specific ciliary receptors bound by Bordetella adhesins during the initial

binding event remain unknown, but have been speculated to include sialic acid residues,

sulfated sugars and asialyated gangliosides (e.g., asialoGM1) (31, 130, 251). In the

studies presented here, I provide evidence against sialic acid and sulfated sugars as

receptors for initial B. bronchiseptica binding to RTEC cilia (Figures 4.1, 4.6). I show

that asialoGM1 is bound by B. bronchiseptica and is a potential binding partner for FHA,

fimbriae and pertactin, but not CyaA (Figures 4.3-5). Detection of B. bronchiseptica with

rabbit serum does not allow for direct comparison between different bacterial strains, and

so the relative contribution of these three adhesins to asialoGM1 binding could not be

concluded from my results. An assay where bacterial binding to asialoGM1 is quantified

by dilution plating similar to one described in (249) could be adapted for use with

Bordetella and would allow for direct comparison of binding between the different

mutant strains. A direct binding comparison between mutant strains would indicate

which, if any, of the Bordetella adhesins are predominate in the Bordetella/asialoGM1

interaction and would identify which adhesin to target for continuing examination as a

binding partner for asialoGM1.

The GalNAcβ1–4Gal linkage in asialoGM1 has been proposed as the minimal

linkage required for binding of B. pertussis (31). Similarly, I show that B. bronchiseptica

do not bind as well to GM1 as to asialoGM1, possibly because a terminal sialic acid

residue on GM1 blocks bacterial access to the GalNAcβ1–4Gal linkage in this glycolipid

(Figure 4.3). Pretreatment of RTEC with neuraminidase, an enzyme that cleaves terminal

sialic acid residues from glycoconjugates, enhanced B. bronchiseptica binding (Figure
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4.2). To confirm that the GalNAcβ1–4Gal linkage is important in B. bronchiseptica

binding to asialoGM1 and that sialic acid blocks this linkage in GM1, the glycolipid

binding assay could be performed following pretreatment of GM1 with neuraminidase.

To assay asialoGM1 as a receptor in a cell-based assay, asialoGM1 and portions of

asialoGM1 can be used as potential competitors in the RTEC ciliary binding assay.

Alternatively, asialoGM1-specific antibodies or ligands could be used to block these sites

on RTEC cilia prior to measuring binding.

Even though vaccination has proven to be effective in drastically reducing

incidence of pertussis over the past 60 years, pertussis has become a re-emerging

infection, with diagnosed cases increasing steadily since 1980 and nearly doubling from

2003 to 2004 (38). B. pertussis colonization in adults represents a reservoir for the

disease, which can then be passed to young children (23, 61). Understanding initial

adhesin/receptor interactions may identify therapeutic targets for the prevention and

treatment of B. pertussis infection by interrupting bacteria/ciliary interactions to be used

in conjunction with vaccination.

Innate immune effectors that protect against Bordetella colonization. The

surfactant proteins (SP) A and D have been shown to mediate antimicrobial effects

through a variety of mechanisms (58, 68, 180, 274). In these studies, I show that SP-A

significantly inhibits B. bronchiseptica adherence to RTEC cilia (Figure 2.2). SP-A

blocks binding sites on the influenza A virus preventing its attachment to host cells (21).

In this dissertation, I report the first evidence that SP-A blocks airway ciliary cell

adherence by a primary colonizing bacterium. I hypothesize that the SP-A carbohydrate
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moiety is blocking B. bronchiseptica binding sites on the RTEC ciliary membrane to

prevent attachment. To test this hypothesis, the SP-A binding competition assay can be

repeated following enzymatic cleavage of the SP-A carbohydrate moiety. Additionally,

specific Bordetella adhesins that are blocked by SP-A could be detected by using the

established RTEC ciliary binding model with Bordetella mutants in the presence of SP-

A. If binding by an adhesin knockout strain is decreased in the presence of SP-A, then

SP-A is blocking host cell interaction involving that specific adhesin. SP studies

presented in this dissertation were performed only with SP-A and should be repeated with

SP-D to assay the contribution of this protein to host defense against Bordetella.

Because of their multiple antimicrobial activities, SP-A and SP-D have

therapeutic potential for prevention of airway colonization. SP-A knockout mice have

been shown less effective in clearing infections of group B Streptococcus, M. pulmonis,

P. aeruginosa and H. influenza (121, 164-166) and SP-D knockout mice have altered

antimicrobial activity due, in part, to diminished capacity for bacterial phagocytosis by

macrophages (166). The SP-A and SP-D knockout mice have not been tested for their

susceptibility to Bordetella. To assay the potential therapeutic benefits of SP, the SP-A

and SP-D knockout mice could be treated with exogenous SP prior to and/or during

Bordetella challenge to assay for ability of added SP to prevent colonization.

In this dissertation, I show that a second innate immune effector molecule, NO,

can inhibit growth of B. bronchiseptica (Figure 5.1). These studies have been furthered

by examining B. bronchiseptica susceptibility to lesser concentrations of NO alone or in

combination with other reactive species present in the conducting airway (197). It was
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shown that B. bronchiseptica exposed to NO displayed two distinct colony morphologies,

indicative of a bacteriostatic effect of NO on the bacteria (197). The mechanism of this

bacteriostatic effect is unknown, and may include inhibition of bacterial respiration (73).

A proteomics approach assaying changes in metabolic protein expression in NO exposed

compared to non-exposed cultures would identify protein expression changes due to NO

exposure. Of particular interest would be identification of Bordetella proteins that are

used to protect the bacterium from damaging effects of NO as this would identify targets

for knocking out the natural defense of the bacteria against NO making them more

susceptible to clearance.

Airway epithelial cells continually express functional iNOS (102), potentially as

part of host defense against continual exposure to inhaled potential pathogens. However,

the regulation of iNOS in these cells remains unknown. The levels of iNOS expression by

ciliated RTEC prior to and following challenge remain undetermined due to lack of

appropriate probes for iNOS protein. Development of an iNOS antibody that can be used

in the rabbit model would alleviate problems with detecting iNOS enzyme expression in

RTEC. NO production in RTEC was difficult to assess because of the low level NO

output by these cells and because the presence of necessary buffer components interfered

with analytical NO measurements. NO-fluorescent indicators, such as 4,5-

diaminofluorescein (DAF-2), would allow for real time imaging of NO as it is produced

by RTEC cells. DAF-2 is non-fluorescent until it reacts with NO in the presence of

oxygen (153). Future studies using DAF-2 should allow for both a spatial and temporal

resolution of low-level NO production by RTEC prior to and following bacterial
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challenge. Additional NO-specific fluorescent probes should be utilized as they are

developed because of the limitations of DAF-2 (e.g., reactivity with reactive oxygen

species). Once appropriate protocols are developed, iNOS expression and NO production

by RTEC can then be assayed following B. bronchiseptica challenge. These studies

would address if airway epithelial cells respond to primary colonizing bacteria with

increased NO production.

Development of a human model for Bordetella/host interactions. In this

dissertation, I used B. bronchiseptica as a model for the human pathogen B. pertussis.

Although there is a great deal of conservation between B. pertussis and B. bronchiseptica,

there are some specific differences in virulence factor expression that likely contribute to

the host-specificity of these pathogens. Most notably, B. pertussis expresses pertussis

toxin whereas B. bronchiseptica does not. Although pertussis toxin is a key component in

most pertussis vaccines, the precise role for pertussis toxin in B. pertussis pathogenesis

remains a mystery. Long-term directions of this research include developing a human/B.

pertussis model for studying initial host/pathogen interactions. I show that 16HBE14o-

cells have the potential to be an effective cell model for continued NO studies.

16HBE14o- cells can be cultured to express small concentrations of cilia (53). The

potential for these cells to express higher levels of cilia should be further investigated. A

second human cell model, normal human bronchial epithelial cells, will retain ciliary

expression when grown in an air-liquid interface (95). These cells can therefore be

substituted for RTEC in similar assays as a natural host cell for B. pertussis. This model

would allow for direct testing of pertussis toxin in adherence and in signaling response in
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host cells. Results from these experiments would further the understanding of initial

host/pathogen interactions in pertussis that may further be manipulated for prevention

and treatment of this disease.
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